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ABSTRACT

The yeast poly(A) RNA binding protein, Nab2, facili-
tates poly(A) tail length regulation together with tar-
geting transcripts to nuclear pores and their export
to the cytoplasm. Nab2 binds polyadenosine RNA
primarily through a tandem repeat of CCCH Zn
fingers. We report here the 2.15 Å resolution
crystal structure of Zn fingers 3–5 of Chaetomium
thermophilum Nab2 bound to polyadenosine RNA
and establish the structural basis for the molecular
recognition of adenosine ribonucleotides. Zn fingers
3 and 5 each bind two adenines, whereas finger
4 binds only one. In each case, the purine ring
binds in a surface groove, where it stacks against
an aromatic side chain, with specificity being
provided by a novel pattern of H-bonds, most
commonly between purine N6 and a Zn-coordinated
cysteine supplemented by H-bonds between purine
N7 and backbone amides. Residues critical for
adenine binding are conserved between species
and provide a code that allows prediction of
finger-binding stoichiometry based on their
sequence. Moreover, these results indicate that, in
addition to poly(A) tails, Nab2 can also recognize
sequence motifs elsewhere in transcripts in which
adenosines are placed at key positions, consistent
with its function in mRNP organization and compac-
tion as well as poly(A) tail length regulation.

INTRODUCTION

Before the nuclear phase of the gene expression pathway is
completed by the export of mRNA to the cytoplasm
through nuclear pore complexes (NPCs), nascent tran-
scripts progress through a co-ordinated series of modifi-
cations, including 50-capping, splicing and 30-cleavage/
polyadenylation, that are mediated by a host of mRNA-
binding proteins (1–7). Moreover, this process is also

monitored by a complex surveillance apparatus that
prevents the export of incorrectly processed transcripts
(8). In Saccharomyces cerevisiae, nuclear export of bulk
mRNA is mediated primarily by the export factor
Mex67:Mtr2 that binds both mRNPs and NPC proteins
(1–8) and facilitates the passage of mature transcripts
through the pores. The essential heterogeneous nuclear
ribonuclearprotein, Nab2 (nuclear abundant poly(A)
RNA binding protein 2), a conserved polyadenosine
RNA-binding Zn finger protein, functions in
polyadenylation, surveillance and the generation of
export-competent mRNPs (9–17). Thus, nab2 mutants
frequently generate hyperadenylation, defects in surveil-
lance and reduced mRNA nuclear export resulting in
nuclear accumulation of poly(A)-mRNA (11,16,18–21).
However, the severity of these effects varies between
mutants, indicating that the different nab2 phenotypes
are separable and result from this protein functioning at
several different steps in the gene expression pathway. For
example, at the restrictive temperature (14�C), the cold-
sensitive nab2-21 mutant (in which residues 424–445 are
deleted) shows both hyperadenylation and mRNA export
defects, whereas at the permissive temperature (30�C),
only hyperadenylation is seen, consistent with the hypoth-
esis that the export and adenylation defects can be
separated (11).

Nab2 appears to associate with most mRNAs be-
fore they are exported (17,22), and, although localized to
the nucleus at steady-state, it shuttles between the nu-
cleus and cytoplasm (10,12). Nab2 appears to become
attached to the mRNP after splicing and during or imme-
diately after polyadenylation (17,22) and influences the
generation of export-competent mRNPs [15,17,reviewed
by (1–8)]. Interestingly, mutation of the gene encoding
the human Nab2 counterpart, ZC3H14, leads to an in-
herited form of intellectual disability (13,14), highlighting
the importance of this protein in the brain of higher
organisms.

The S. cerevisiae Nab2 protein contains four domains
(Figure 1): an N-terminal PWI-like domain that interacts
with NPCs (23–25) followed by a Gln-rich linker; then an
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Arg-Gly (RGG) domain required for nuclear import (26);
and finally a domain containing seven tandem CCCH Zn
fingers that binds polyadenosine-RNA in vitro, contrib-
utes to poly(A) tail length control and is also a checkpoint
for proper 30 processing (13,27). The Zn finger domain is
essential for Nab2 function and for its binding to poly(A)
mRNA, albeit only fingers 5–7 are necessary and sufficient
for high-affinity polyadenosine-RNA binding (27).
Although Nab2 clearly binds to polyadenosine and
mRNA poly(A) tails, this protein may also bind to
other regions of the transcript in addition to the poly(A)
tails and has been proposed to contribute to mRNP or-
ganization and compaction (22). Thus, yeast mRNPs
isolated by TAP-tagged Nab2 pull-downs contain
approximately nine Nab2 molecules per Kb (22),
whereas poly(A) tails probably only bind two or three
Nab2 molecules (28). Similarly, transcriptome-wide
analysis of RNP composition (17) and chromatin
immunoprecipitation (ChIP) studies (29) also indicate
that Nab2 is bound throughout the body of mRNAs in
addition to being concentrated at their 30 poly(A) tail.

How Nab2 contributes to mRNP polyadenylation,
assembly and surveillance is currently unclear. Although
overexpression of PAB1 [poly(A) binding protein 1]
suppresses deletion of nab2, it does not correct the
associated hyperadenylation (11). Moreover, addition of
Nab2p and Pab1p did not lead to stimulation or inhibition
of polyadenylation in vitro, whereas addition of Nab2p
suppresses binding of Pab1p and the associated shortening
of the poly(A) tail by the PAN (poly(A) nuclease) complex
(28), suggesting that poly(A) tail length is influenced pri-
marily by Nab2p and not Pab1p. Moreover, although
both Pab1p and Nap2p are required to prevent
polyadenylated transcripts being cleaved again by the
cleavage and polyadenylation factor, addition of Nab2p
prevents cleavage and polyadenylation factor adding
further adenosines to mature polyadenylated transcripts,
suggesting that Nab2 can more specifically prevent acces-
sibility of the 30 ends of mature tails to poly(A) polymer-
ase, albeit both Nab2p and Pab1p inhibit poly(A)
polymerase to comparable extents (28). Nab2 requires

the Zn finger region plus an N-terminal moiety that
includes the RGG box to perform its function in mRNA
30-end formation (28). Deletion of the RGG domain
(residues 201–264) showed some hyperadenylated tran-
scripts and some of normal length, suggesting a partial
involvement of the RGG domain (the N-terminal
domain was still present). However, deletion of the
RGG domain did not appear to decrease the affinity of
Nab2 for poly(A). Deletion of the polyQ domain shows
no influence on poly(A) tail length (28).
Because the function of Nab2 in polyadenylation relies

critically on its recognizing poly(A) mRNA specifically, it
is important to establish the structural basis for this mo-
lecular recognition. The solution structure of S. cerevisiae
fingers 5–7 showed that these fingers form a novel
coherent structure that binds to a total of eight adeno-
sines, but it was not possible to establish precisely how
these nucleotides were bound or to define how the Nab2
Zn fingers were able to distinguish adenosine from other
nucleotides (15). The solution structure of Zn fingers 1–4
(30) indicates that both fingers 1 and 2 and fingers 3 and 4
form coherent pairs with an intervening helix. Fingers 1–4
bind �12 adenosines somewhat more weakly than fingers
5–7, but here too it was not possible to define the basis of
molecular recognition (30). Here we describe the crystal
structure of a complex between polyadenosine RNA and
Chaetomium thermophilum Nab2 Zn fingers 3–5 that are
homologous to S. cerevisiae fingers 5–7. As observed with
the S. cerevisiae protein, (15) the three C. thermophilum Zn
fingers have similar folds and associate into a single
coherent structural unit. The crystal structure shows
how the Nab2 Zn fingers are able to recognize adenosine
specifically, primarily through the formation of H-bonds
involving purine N6 and N7 nitrogens, which cannot be
formed with other bases. Although eight adenosines are
required to bridge S. cerevisiae Zn fingers 5–7 (15), the
crystal structure indicates that probably only five of
these bases are bound by the fingers, which would
enable Nab2 to also recognize A-rich motifs in the tran-
script that contained key adenosines separated by spacer
nucleotides in which the base was not crucial.
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Figure 1. Domain architecture of S. cerevisiae and C. thermophilum Nab2. Both proteins contain an N-terminal domain based on a PWI fold
(yellow) followed by an RGG domain (grey), a stretch of Gln-rich sequences (red) and finally a C-terminal domain (blue) that contains CCCH Zn-
fingers (seven in S. cerevisiae and five in C. thermophilum). Saccharomyces cerevisiae fingers 5–7 are crucial for control of poly(A) tail length and
BLAST analysis (Supplementary Figure S1) indicated that they are most similar to C. thermophilum fingers 3–5.
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MATERIALS AND METHODS

Cloning, protein synthesis and purification

A synthetic gene corresponding to Nab2 residues 401–466
from C. thermophilum DSM 1495 (Accession Number
EGS19143) and optimised for Escherichia coli expression
was purchased from Genescript (Piscataway, USA) and
cloned into the BamHI and NotI restriction sites into
the pGEX-TEV vector (31). The construct was trans-
formed into E. coli BL21-CodonPlus�(DE3)-RIL cells
(Agilent). Cells were grown at 37�C to an OD600 of 0.5,
when they were induced with 200 mM IPTG plus 50 mM
ZnCl2 and grown at 20�C for further 16 h. Cells were har-
vested by centrifugation at 5000 g and resuspended in
50mM Tris–HCl (pH 8.5), 200mM NaCl, 300 mM
ZnCl2, 3mM DTT, 20% sucrose and stored at �20�C.
Cells were lysed on ice by high-pressure cavitation at
10–15 Kpsi. Complete EDTA-free protease inhibitor
mixture (Roche, Burgess Hill, UK), 1 mg/ml
Deoxyribonuclease I (Sigma-Aldrich, St Louis, USA),
1 mg/ml Ribonuclease A (Sigma-Aldrich), 1mM MgCl2
and 1mM MnCl2, were added to the lysate, and the
mixture was incubated at room temperature for 30min.
The lysate was clarified by centrifugation and bound to
gluthathione Sepharose 4B resin (GE Healthcare,
Amersham, UK) for 1 h at 4�C. The glutathione
S-transferrase (GST)-tagged protein was eluted in
50mM Tris–HCl (pH 8.5), 50mM NaCl, 300 mM ZnCl2,
3mM DTT, 20mM reduced glutathione (Sigma-Aldrich).
The GST tag was removed by incubating the protein over-
night at 4�C with 100 mg of His-tobacco etch virus (TEV)
protease [SV219V mutant (32)]. The Nab2 Zn finger
protein was separated from the GST and TEV-protease
by size exclusion chromatography using a HiLoad
Superdex 75 26/60 column (GE Healthcare) equilibrated
in 20mM Tris–HCl (pH 8.5), 50mM NaCl, 2mM Mg
acetate, 100 mM ZnCl2, 1mM DTT.

Crystallization and structure determination

The protein was concentrated to 60mg/ml using Amicon
centrifugal concentrators (Millipore, Billerica, USA).
RNA with a sequence of AAAAAAAA (A8) was
purchased from Integrated DNA Technologies (Leuven,
Belgium) and dialysed against 20mM Tris–HCl (pH 8.5),
50mM NaCl, 2mM Mg acetate, 100 mM ZnCl2, 1mM
DTT at 4�C overnight. RNA was added to the protein
in a 1.2:1 molar ratio, and the mixture was diluted to a
final protein concentration of 40mg/ml. Protein–RNA
crystals were obtained by hanging drop vapour diffusion
in 20% PEG 4000, 300mM MgCl2, 100mM Tris–HCl
(pH 8.5). Crystals in well solution supplemented with
20% glycerol were vitrified by plunging into liquid
nitrogen. Crystallographic data were collected at
beamline I02 at the Diamond Light Source, UK.
Initial phases were obtained using single anomalous dis-

persion (exploiting the anomalous signal of the six Zn
atoms present in the asymmetric unit) using the AutoSol
automated protocols in the PHENIX suite followed by
AutoBuild (33). The resultant model was rebuilt
manually and solvent flipping applied (34), which

enhanced the clarity of the maps considerably. Iterative
cycles of refinement were performed using phenix.refine,
with local rebuilding in COOT (35) to give a final structure
with an Rwork/Rfree of 19.5/20.7% and excellent overall
stereochemistry (Table 1) with a final MolProbity (36)
score of 0.85 (100th percentile).

Physical biochemistry methods

Size exclusion chromatography–multi-angular light scat-
tering used a Superdex 200 10/30 column coupled to a
Wyatt Heleos II 18 angle light scattering instrument as
described (37). Protein and RNA concentrations were
determined from the excess differential refractive index
(�RI), based on values of 0.186 for 1mg/ml protein,
0.168 for 1mg/ml RNA and 0.177 for 1mg/ml protein–
RNA complexes. The measurements were performed in
50mM Tris (pH 8.5), 100mM NaCl, 2mM Mg Acetate,
100 mM ZnCl2 and 1mM DTT. The molar mass
determined as described (37). Isothermal calorimetry was
performed in 50mM Tris–HCl (pH 8.5), 50mM NaCl,
10 mM ZnCl2 and 1mM DTT as described using S.
cerevisiae Zn fingers 5–7 (15). The stoichiometry of each
measurement was normalised to 1 based on the RNA con-
centration, which was determined from the absorption at
260 nm.

RESULTS AND DISCUSSION

Crystal structure of C. thermophilum Zn fingers 3–5

Although attempts to obtain crystals of S. cerevisiae
Nab2 Zn fingers 5–7 complexed with polyadenosine
RNA were unsuccessful, it was possible to obtain
crystals using a construct obtained from the thermophilic
yeast C. thermophilum. Sequence analysis using
BLAST indicated that Zn fingers 3–5 of C. thermophilum
Nab2 showed the highest level of homology to the fingers
5–7 of S. cerevisiae Nab2 (Supplementary Figure S1). The

Table 1. Data collection and refinement statistics

Data collection
Resolution range (Å) 45.47 - 2.15 (2.27 - 2.15)
Space group P 3121
Unit cell (Å) 90.9, 90.9, 54.1
Total reflections 129 094 (19 213)
Unique reflections 14 357 (2077)
Multiplicity 9.0 (9.3)
Completeness (%) 100 (100)
Mean I/s(I) 12.4 (2.3)
Anomalous completeness (%) 100 (100)
Anomalous multiplicity 4.5 (4.6)
Wilson B-factor 46.74
Rpim 0.042 (0.689)

Refinement
R-factor/Rfree 0.1946/0.2066
Bonds RMS (Å) 0.003
Angles RMS (�) 0.87
Ramachandran favored (%) 99.2
Ramachandran outliers (%) 0
MolProbity score (percentile) 0.85 (100%)

Values for the highest-resolution shell are shown in parentheses.
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DNA corresponding to fingers 3–5 (residues 401–466)
was synthesised and the protein expressed in E. coli. The
resultant protein formed a complex with single-stranded
polyadenosine RNA containing eight nucleotides that
multi-angle light scattering indicated contained one
protein chain and one RNA chain. Thus, the apparent
Mr of Zn fingers 3–5 alone was 8.2 kDa (theoretical
7.7 kDa), that of A8 RNA 3.4 kDa (theoretical 2.6 kDa)
and that of fingers 3–5 complexed with A8 RNA 10.6 kDa
(theoretical 10.2 kDa for a 1:1 complex). This material was
used to generate crystals that had P3121 symmetry with
two protein:RNA complexes in the asymmetric unit. The
structure was solved by phasing with the anomalous signal
from the six protein-bound Zn atoms followed by iterative
rounds of model building and refinement. The final 2.15 Å
resolution structural model had an R-factor of 19.5%
(Rfree 20.7%) and excellent geometry (Table 1), with a
final MolProbity (36) score of 0.85 (100th percentile).
The final model (Figure 2) contained two copies of
Nab2 Zn fingers 3–5 (chains A and B) with three Zn
atoms each, two acetate molecules, four magnesium ions
and 25 water molecules. Additionally, three poly(A) RNA
chains were unambiguously placed into the electron
density (Figures 2 and 3), two of which contained four
nucleotides (chains C and D) and the third contained
two nucleotides (chain E). All nucleotides placed into
the model showed substantially higher B-factors than the
protein chains. Each RNA chain bound to two different
protein chains (Supplementary Figure S2), probably as a
result of a form of domain swapping induced by the
packing of the molecules into a crystalline lattice. A
similar domain swapping was observed for the interaction
between MLB1 and RNA (38). Generally, the RNA
chains were defined most clearly when they were in
direct contact with the protein (Supplementary Figure
S3). Although some less well-defined electron density
was observed linking the nucleotide chains, this was not
sufficiently clear to enable a reliable model to be built in
these regions. The electron density of the adenosine bases
bound to each Zn finger and their associated ribose and
phosphate was unambiguous and well-defined (Figure 3),
which enabled the structural basis of molecular recogni-
tion of polyadenosine RNA by each Nab2 Zn finger motif
to be established unambiguously.

Overview of the structure

The final model contained two protein chains with three
Zn fingers each and three separate RNA chains with each
one being in contact with more than one protein chain.
Although the three Zn fingers lacked secondary structural
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Figure 2. Structure of Nab2 Zn fingers 3–5 in complex with poly(A)
RNA. The X-ray structure was determined from C. thermophilum Nab2
Zn fingers 3–5. (A) The purine bases of the polyadenosine RNA
(yellow) bind to surface grooves on the protein (black), whereas the
RNA ribose-phosphate backbone is oriented away from the protein
and lies over its surface. Zn (orange balls) is coordinated from
cysteine and histidine residues (cyan stick representation). (B) The
calculated electrostatic surface potential (±50 kT/e) of the fingers

Figure 2. Continued
shows the positive charged environment (blue) of the RNA (yellow)
binding site of the Nab2 Zn fingers. (C) Superposition of the C-a
traces of the crystal structure of Nab2 Zn fingers 3–5 from
C. thermophilum (black) and the NMR structure of Nab2 Zn fingers
5–7 from S. cerevisiae (red), which was solved in the apo-state. The Zn
fingers of both proteins have the same overall fold. However, whereas
the terminal Zn fingers superimpose well, the middle Zn finger is
rotated by �53� between the C. thermophilum and S. cerevisiae
proteins.
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elements, they were packed into a single coherent structure
that closely resembled that seen with S. cerevisiae fingers
5–7 (15), albeit superimposition of both structures using
their terminal Zn fingers (Figure 2C) indicated that the
middle Zn finger (Zn finger 6 in S. cerevisiae and Zn
finger 4 in C. thermophilum) had rotated by �53� relative
to the terminal fingers. However, the structure of individual
fingers was strongly conserved, and, for example, superim-
position of the corresponding single Zn fingers from each
protein had RMSD values ranging between 1.2 and 1.8 Å.
The RNA backbone was arranged on the protein surface,
whereas the purine bases were buried into characteristic
pockets formed in the Zn fingers. Overall, the density of
protein chain A together with its bound nucleotides was
defined considerably more clearly than chain B, where,
although all the major structural features were conserved,
the B-factors were higher and, in some parts of the chain,
the electron density was less well-defined than for chain A.
Consequently, chain A was generally used for detailed
analysis of the protein structure and its interactions with
RNA.

Protein–RNA interaction

Poly(A) RNA binding to Nab2 Zn fingers involved mainly
its purine bases, which insert into specific binding pockets
on each finger. The primary contacts between the RNA
and the protein were formed by the adenine bases, whereas
the ribose and phosphate backbone was oriented towards
the solvent-exposed surface and made only marginal con-
tributions to RNA binding. All four Mg2+ions placed into
the electron density were coordinated to oxygens of the
RNA backbone phosphates and therefore contribute to
neutralizing its negative charge.
Nab2 protein chain A interacted with five nucleotides

overall, with Zn fingers 3 and 5 each binding two adeno-
sines and Zn finger 4 interacting with one (Figures 2
and 4). In each binding pocket, the purine base stacked
against an aromatic side chain with the hydrophobic
region of commonly a lysine or arginine residue masking
its other face. There also often appeared to be putative p
interactions with these basic residues. Thus, the position
of Lys406 and Lys447 appeared to be consistent with a
cation–p interaction (Figure 4A and B). However,
although the position of Arg427 in the A-chain did not
match the criteria for a cation–p interaction, this appeared

to be due to its forming a putative H-bond with the phos-
phate of A2 of chain E in the crystal lattice.

The interaction of chain A with RNA buried 1893 Å2 of
surface area that was primarily the result of the purine
rings stacking in surface grooves on the Zn fingers. In
addition, each base formed key H-bonds between the N6
and N1 or N7 atoms of the purine ring and the protein.
Thus, finger 3 bound nucleotides A1 and A2 of chain C,
with A1 stacked between Phe418 and Lys406 and A2
stacked against Tyr407. Putative H-bonds were formed
between nitrogen N6 of both adenines and the SG atom
of a Zn coordinating cysteine (A1 to Cys405 and Cys416;
A2 to Cys411). Base A1 was oriented with its Watson–
Crick edge towards the Zn coordination site, enabling
its N1 nitrogen to form an additional putative H-bond
with the main-chain amide of Lys406, whereas the A2
adenine of chain C presented its Hoogsten edge towards
the Zn so that the amide N-H of Ala412 was in an optimal
orientation for forming a putative H-bond with the purine
N7. These bases were also linked by solvent-mediated H-
bonds (Supplementary Figure S3). Water S15 interacted
with N6 in each base and water S7 with N1 and N7 in A2
and A1, respectively. Zn finger 4 recognized only a single
adenosine, A2 of chain E, that was oriented such that its
Hoogsten edge was facing the CCCH-Zn cluster. The base
of A2 was stacked between Arg427 and Phe439 and
H-bonded with N1, N6 and N7 to water S18 and S19,
the SG sulphur of Cys426, and the main chain amide
nitrogen of Arg427, respectively. Zn finger 5 bound two
nucleotides in chain D: adenine A3 was stacked between
Phe458 and Lys447 and A4 stacked against Phe448. Both
were oriented with the Watson–Crick edge facing the Zn.
However, whereas A3 had putative H-bonds via N6 and
N1 to the peptide carbonyl of Pro445 and main chain
amide of Lys447, respectively, A4 had putative H-bonds
via N6 and N1 to the SG of Zn coordinating Cys451 and
the main chain amide of Thr452, respectively.

In summary, all bases were bound to the Zn fingers via
stacking interactions with an aromatic side chain, and,
except of adenine A3 of chain D, they all formed
putative H-bonds between the purine N6 and a Zn
coordinating cysteine residue and N1 or N7 with the
subsequent main chain nitrogen (Figure 4D). This
hydrogen-bonding pattern was observed irrespective of
the orientation of the bases, i.e. facing with their
Hoogsten or Watson–Crick edge into the binding pocket
of the protein.

Figure 3. 2Fo-Fc electron density for each polyadenine RNA chain in the C. thermophilum Nab2 crystal structure and its associated Mg2+ ions
(green spheres). Both the purine bases and the RNA ribose-phosphate backbone could be fitted unambiguously into the electron density. For clarity,
the surrounding protein and solvent atoms have been omitted, but are shown, together with the network of H-bonds that determines binding
specificity, in Figure 4.
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Molecular recognition of adenosine

Saccharomyces cerevisiae Nab2 Zn fingers 5–7 bind
poly(A) RNA with �100 nM affinity (15), whereas no
binding was detected to poly(C), poly(G), poly(U) RNA
(Supplementary Figure S4). As illustrated in Figure 4D,
molecular recognition of polyadenosine RNA by
C. thermophilum Nab2 Zn fingers is based on the forma-
tion of H-bonds by the N6 nitrogen of the purine base
augmented by p interactions with adjacent aromatic
residue and, in four cases out of five, a positively
charged side chain. In fingers 3 and 4, N6 forms
H-bonds with the SG of Zn coordinating cysteines and
N7 forms H-bonds with an adjacent main-chain
carbonyl oxygen. Adenine N6 is a H-bond donor,
whereas in guanine this position is occupied by the O6
atom that is a H-bond acceptor that cannot bond to the
SG of the cysteine because its hydrogen is lost when
bound to Zn2+. The interaction between finger 5 and the
adenines is similar to that observed with fingers 3 and 4,
albeit with some differences in detail. Thus, although N6
of adenine A4 of chain D forms a putative H-bond to the
SG of Cys451, N7 does not approach the Nab2 main

chain and instead N1 forms H-bonds with the main
chain amide of Thr452. Adenine A3 of chain D instead
forms an H-bond to the peptide carbonyl of Pro445 with
N7. Although a cytosine pyrimidine N4 could in principle
form an H-bond to the SG of a cysteine residue, it would
be unable to form a second H-bond because it lacks a
corresponding N7 and so would be expected to bind
more weakly, whereas uridine would be analogous to
guanine and so unable to participate in the H-bond
network. Consequently, only adenosine is able to bind
with high affinity to the Nab2 Zn fingers.
Although in solution, C. thermophilium Zn fingers 3–5

formed a 1:1 complex with A8 RNA, in the crystals
domain swapping resulted in each protein chain binding
to three different RNA chains (Supplementary Figure S2).
This sort of domain swapping is seen in other Zn finger
crystals (38) and probably results from the binding of each
individual adenine to a finger being comparatively weak so
that the RNA chains are able to rearrange in the crystal.
Consequently, although the crystal structure established
the molecular basis for the recognition of adenine in pref-
erence to other nucleotides, it does not establish the
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Figure 4. H-bonding pattern that results in C. thermophilum Nab2 fingers 3 (A), 4 (B) and 5 (C) recognizing adenosine selectively. In fingers 3 and 5,
two adenosines are bound, whereas finger 4 binds only a single adenosine. In each case, the adenine purine ring is bound to a groove on the surface
of the finger and is stacked against an aromatic protein side chain (Tyr407 and Phe418 in finger 3; Phe439 in finger 4; and Phe448 and Phe458 in
finger 5) and frequently a basic side chain (such as Lys406 or Lys447). The ribose-phosphate backbone of the RNA lies on the surface of the finger
and forms relative few specific interactions with the protein. Specificity for adenosine binding is provided by a network of H-bonds, primarily
between the purine ring and the protein. Protein carbons are green and nucleotide carbons are white. (D) Schematic illustration of the most common
pattern of H-bonds, involving those between the adenine N6 and the SG atom of cysteines bound to Zn; and between the adenine N1 and an
adjacent peptide NH.
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precise path followed by A8 on the surface of a single
protein chain in solution and raises the question of
whether it would be possible for a single A8 chain to
bind to all five sites identified in the crystal. We therefore
investigated whether it was possible to build models con-
sistent with this idea and found that this could be accom-
plished relatively easily. Supplementary Figure S5 shows
one of many possible models that can be constructed in
which a single protein chain containing fingers 3–5 binds
five adenines in a single A8 chain that has normal bond
lengths (RMSD 0.005 Å) and angles (RMSD 0.78�) and in
which the five adenine bases arranged to have the most
common interaction geometry identified in the crystals
(Figure 4D). Although this model shows that such an
interaction can occur, further work will be required to
establish experimentally the precise path followed by the
A8 chain on C. thermophilium Zn fingers 3–5.

Comparison with other RNA-binding Zn finger domains

The molecular recognition of adenosine by Nab2 Zn
fingers differed considerably from the pattern of inter-
actions observed in the interactions between TIS11d (39)
and MBNL1 (38). Thus, although the adenines in Nab2
are stacked against an aromatic residue and form putative
p interactions with a basic residue that is frequently
observed when single-stranded RNAs bind to proteins
(40–42), the pattern of H-bonds that generated the speci-
ficity of the interaction (Figure 4D) was different to those
observed previously. Thus, TIS11d binds to UAUU RNA
sequence motifs in which the N6 and N7 of the adenine
purine form H-bonds to main-chain carbonyls or amides
and do not interact with the SGs from the Zn-
coordinating cysteines (39). MBNL1 binds to CG steps
that are dominated by a network of H-bonds formed pri-
marily with the protein main chain (38). Although the
guanines form H-bonds with the Zn coordinating
cysteine SGs, these involve purine N1 and N2, with O6
H-bonded to a main-chain carbonyl, whereas the cytosine
pyrimidines are H-bonded almost exclusively to the
protein main-chain and do not form any H-bonds to the
Zn coordinating cysteine SGs.

Conservation of key binding residues between Nab2
Zn fingers

Adenosine recognition in Nab2 followed a general pattern
of N6 binding to the first or second cysteine in the CCCH
Zn finger with N1 or N7 binding to the following main
chain amine NH (Figure 4). The highly conserved lysine

and arginine residues that follow the first cysteine residue
in each finger (Lys406, Arg427, Arg447) function in base
stacking, contributing to neutralizing the negative charge
of the RNA backbone and providing a main chain amine
that contributes to the recognition of the adenine bases.
The aromatic residues Tyr407, Phe418, Phe439, Phe448
and Phe485 (that are all involved in base stacking) were
always located at the second position after the first or
third cysteine of the finger, except for ZnF4, which has
only an aromatic residue after the third cysteine. All these
aromatic residues were highly conserved between species
(Figure 5). The adenine-binding residues identified in the
crystal structure are consistent with mutagenesis results
from S. cerevisiae Nab2. Mutations of the key aromatic
residues and basic residues all result in decreased affinity
for A8 RNA and production of longer poly(A) tails (15).

Sequence analysis (Figure 6) together with the struc-
tures of S. cerevisiae fingers 1–4 (30) and 5–7 (15) and
C. thermophilum fingers 3–5 (Figure 2) indicates that the
Zn fingers in both C. thermophilum and S. cerevisiaeNab2
clearly fall into two groups: fingers that contain aromatic

341 ------TVCRFNLRCQNK-DCKFAHQSPAAPPG 366
391 ------QDCKYWPNCANP-LCAFRHPTM----- 423
446 ------TPCKFRP-CTNR-SCPFLHE------- 461
255 -PTKKEGRCRLFPHCPLGRSCPHAHP------- 279
336 PVQTGIVLCKFGALCSNP-SCPFGHPTPANED- 362
411 PVEKSLEQCKFGTHCTNK-RCKYRHARS----- 433
455 -----NEDCRFGVNCKNI-YCLFRHPPGRVPLP 480

363 ITIDVKDVCSYGVACKNR--KCVGRHPSPAAKA 397
424 ------PPCRNGGECKVP--GCKFTH------- 441
280 -----TKVCNEYPNCPKPPGTCEFLHPNEDEEL 307
359 AKVIDLMWCDKNLTCDNP--ECRKAHSSLSKIK 393
434 -----HIMCREGANCTR---DCLFGHPI----- 454

Ct finger 3
Ct finger 5

Ct finger 2
Ct finger 4

Sc finger 6

Sc finger 3
Sc finger 5
Sc finger 7

Sc finger 1

Sc finger 2
Sc finger 4

A

B

Ct finger 1

Figure 6. Sequence alignment of individual Nab2 Zn fingers from
S. cerevisiae and C. thermophilum. The Zn-binding cysteine and histi-
dine residues are shown in bold. (A) All of the odd-numbered Zn
fingers contain the highly conserved basic and aromatic residue (red
box) after the first cysteine of the finger and the highly conserved
aromatic residue after the third cysteine that are crucial for binding
adenosine specifically. In C. thermophilum, fingers 3 and 5 bind two
adenosines, and the pattern of conservation indicates that this would
also be the case for the other fingers in this group. (B) The remaining
Zn fingers appear to retain only one of the two adenosine-binding
motifs and, by analogy to C. thermophilum finger 4, are thought to
bind only a single base.

C. thermophilum
S. cerevisiae
C. elegans
D. melanogaster
H. sapiens

401 SEQDCKYWPNCAN-PLCAFRHPTMP-PCRNGGECKV-PGCKFTHLKTP-CKFRP-CTNRSCPFLHE
411 SLEQCKFGTHCTN-KRCKYRHARSHIMCREGANCTR-IDCLFGHPINEDCRFGVNCKNIYCLFRHP
488 VKERCIFWPKCTKGDTCAFMHPTTN--CKNFPNCTFGIRCLFIHPP---CRFDRFCTKKHCPFTHH
855 PKERCKYHPNCTK-QFCEYYHPTAP--CKSFPNCKFADKCMYSHPK---CKFDMACMSIDCNYAHG
597 LLERCKYWPACKNGDECAYHHPISP--CKAFPNCKFAEKCLFVHPN---CKYDAKCTKPDCPFTHV

Figure 5. Multiple sequence alignment of Nab2 proteins from different species shows strong conservation of the residues involved in binding
adenosine specifically in the crystal structure of C. thermophilum fingers 3–5. The Zn-binding cysteine and histidine residues are shown in bold.
The basic and aromatic residues (red) that follow the first cysteine and the aromatic residue (cyan) that follows the third Cys of the CCCH motif are
strongly conserved. Most of the residues conserved between species are involved in either Zn-coordination or RNA binding.
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residues in the second position after the first and third Cys
of the CCCH motif and which would bind two adenosines
(such as C. thermophilum fingers 3 and 5 or S. cerevisiae
fingers 5 and 7) and those that have an aromatic residue at
only one of these positions in the finger and bind only a
single adenosine (such as C. thermophilum finger 4 or S.
cerevisiae finger 6). In S. cerevisiae Nab2, sequence
analysis (Figure 6) indicates that fingers 3, 5 and 7
would bind two adenosines, whereas fingers 2, 4 and 6
would bind only one. Although S. cerevisiae finger 1
does not fit the consensus precisely, it does have Leu in
position 1 and His in position 14, which could enable it to
also bind two adenosines. An important implication of
this observation is that, although the Nab2 Zn fingers
show sequence motifs consistent with their binding adeno-
sine exclusively, between the bound adenosines there are
probably spacer nucleotides in which the identity of the
base is not crucial. Thus, S. cerevisiae Nab2 fingers 5–7
bind to a total of eight nucleotides (15) but, by analogy
with the C. thermophilum structure, only five of these nu-
cleotides are probably recognized by the protein (two by
fingers 5 and 7 and one by finger 6). Thus, although Nab2
will therefore clearly bind to polyadenosine RNA, it could
also bind to A-rich sequences in which the adenosines are
spaced at appropriate intervals, although avidity consid-
erations would result in polyadenosine sequences, espe-
cially 30 poly(A) tails, binding more strongly that the
appropriate A-rich sequences. Consequently, poly(A) se-
quences would be expected to be isolated preferentially by
any selection procedure based on affinity and so would be
consistent with the finding that co-immunoprecipitatation
analysis for Nab2 identified a 12-nt motif with the
sequence AAAAAAAAAAAG (43).

In addition to their function in binding to poly(A) tails
and regulating their length, Nab2 has also been proposed
to function in mRNA nuclear export as well as compac-
tion and organization of mature mRNPs (16,22). Pull-
down experiments with TAP-tagged Nab2 indicate that
�12 Nab2 molecules are bound per Kb of mRNA (22),
whereas only two or three Nab2s would be expected to
bind to the �70 nt poly(A) tail (28) present on S. cerevisiae
transcripts, suggesting that Nab2 may also bind to regions
of the transcript outside the poly(A) tail. Similarly, tran-
scriptome-wide analysis of RNP composition (17) and
ChIP studies (29) also indicate that Nab2 is bound
throughout the body of mRNAs in addition to being
concentrated at their 30 poly(A) tail. It has been
proposed that additional Nab2 molecules bound to the
bulk of the transcript are important for mRNP organiza-
tion and compaction as well as surveillance (17,22). The
ability of Nab2 to bind to sequences in which key adeno-
sines were located with the appropriate spacing could
enable Nab2 to bind to regions of many transcripts
located outside their poly(A) tails. In principle, these inter-
actions could involve either spacer residues filling the gaps
between bound adenosines in a continuous sequence or,
alternatively, could involve binding to separated adeno-
sine-rich clusters to enable tethering of highly remote
regions and thereby contribute to transcript compaction.
The way in which the RNA chains swap between different
protein chains in the crystal (Supplementary Figure S2)

could possibly indicate how the Nab2 fingers could bind
to remote A-rich clusters, but further experimental work
will be required to evaluate these possibilities.
In summary, the crystal structure of C. thermophilum

Nab2 Zn fingers 3–5 demonstrates the molecular basis
for their selectivity in binding poly(A) RNA. Although
in common with other CCCH Zn fingers, the purine
bases are intercalated between an aromatic side chain
and frequently a basic residue, in Nab2, sequence specifi-
city in recognition is achieved by a specific network of H-
bonds between the protein and N7 and N6 of the adenine
purine. Moreover, the pattern of binding indicates that,
whereas Nab2 Zn fingers 1, 3, 5 and 7 appear to bind two
adenosines, fingers 2, 4 and 6 appear to bind only a single
nucleotide and provides an explanation for Nab2 binding
to A-rich sequences in which specific key adenosines can
be separated by spacers containing any nucleotide. This, in
turn, could account for Nab2 binding to regions in the
bulk of the transcript and contributing to its organization
and compaction (22) in addition to its function in
regulating poly(A) tail length (11,13,15,27,28).
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1. Köhler,A. and Hurt,E. (2007) Exporting RNA from the nucleus
to the cytoplasm. Nat. Rev. Mol. Cell Biol., 8, 761–773.

2. Iglesias,N. and Stutz,F. (2008) Regulation of mRNP dynamics
along the export pathway. FEBS Lett., 582, 1987–1996.

3. Carmody,S.R. and Wente,S.R. (2009) mRNA nuclear export at a
glance. J. Cell Sci., 122, 1933–1937.

4. Kelly,S.M. and Corbett,A.H. (2009) Messenger RNA export from
the nucleus: a series of molecular wardrobe changes. Traffic, 10,
1199–1208.

5. Stewart,M. (2010) Nuclear export of mRNA. Trends Biochem.
Sci., 35, 609–617.

Nucleic Acids Research, 2014, Vol. 42, No. 1 679

-
'
nucleotide 
'
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt876/-/DC1
-
http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt876/-/DC1


6. Grünwald,D., Singer,R.H. and Rout,M. (2011) Nuclear export
dynamics of RNA-protein complexes. Nature, 475, 333–341.

7. Valkov,E., Dean,J.C., Jani,D., Kuhlmann,S.I. and Stewart,M.
(2012) Structural basis for the assembly and disassembly of
mRNA nuclear export complexes. Biochim. Biophys. Acta, 1819,
578–592.

8. Fasken,M.B. and Corbett,A.H. (2009) Mechanisms of nuclear
mRNA quality control. RNA Biol., 6, 237–241.

9. Anderson,J.T., Wilson,S.M., Datar,K.V. and Swanson,M.S. (1993)
NAB2: a yeast nuclear polyadenylated RNA-binding protein
essential for cell viability. Mol. Cell. Biol., 13, 2730–2741.

10. Green,D.M., Marfatia,K.A., Crafton,E.B., Zhang,X., Cheng,X.
and Corbett,A.H. (2002) Nab2p is required for poly(A) RNA
export in Saccharomyces cerevisiae and is regulated by arginine
methylation via Hmt1p. J. Biol. Chem., 277, 7752–7760.

11. Hector,R.E., Nykamp,K.R., Dheur,S., Anderson,J.T., Non,P.J.,
Urbinati,C.R., Wilson,S.M., Minvielle-Sebastia,L. and
Swanson,M.S. (2002) Dual requirement for yeast hnRNP Nab2p
in mRNA poly(A) tail length control and nuclear export. EMBO
J., 21, 1800–1810.

12. Marfatia,K.A., Crafton,E.B., Green,D.M. and Corbett,A.H.
(2003) Domain analysis of the Saccharomyces cerevisiae
heterogeneous nuclear ribonucleoprotein, Nab2p. Dissecting the
requirements for Nab2p-facilitated poly(A) RNA export. J. Biol.
Chem., 278, 6731–6740.

13. Kelly,S.M., Pabit,S.A., Kitchen,C.M., Guo,P., Marfatia,K.A.,
Murphy,T.J., Corbett,A.H. and Berland,K.M. (2007) Recognition
of polyadenosine RNA by zinc finger proteins. Proc. Natl Acad.
Sci. USA., 104, 12306–12311.

14. Leung,S.W., Apponi,L.H., Cornejo,O.E., Kitchen,C.M.,
Valentini,S.R., Pavlath,G.K., Dunham,C.M. and Corbett,A.H.
(2009) Splice variants of the human ZC3H14 gene generate
multiple isoforms of a zinc finger polyadenosine RNA binding
protein. Gene, 439, 71–78.

15. Brockmann,C., Soucek,S., Kuhlmann,S.I., Mills-Lujan,K.,
Kelly,S.M., Yang,J.C., Iglesias,N., Stutz,F., Corbett,A.H.,
Neuhaus,D. et al. (2012) Structural basis for polyadenosine-RNA
binding by Nab2 Zn fingers and its function in mRNA nuclear
export. Structure, 20, 1007–1010.

16. Soucek,S., Corbett,A.H. and Fasken,M.B. (2012) The long and
the short of it: the role of the zinc finger polyadenosine RNA
binding protein, Nab2, in control of poly(A) tail length. Biochim.
Biophys. Acta, 1819, 546–554.

17. Tuck,A.C. and Tollervey,D. (2013) A transcriptome-wide atlas of
RNP composition reveals diverse classes of mRNAs and
lncRNAs. Cell, 154, 996–1009.

18. Roth,K.M., Wolf,M.K., Rossi,M. and Butler,J.S. (2005) The
nuclear exosome contributes to autogenous control of NAB2
mRNA levels. Mol. Cell. Biol., 25, 1577–1585.

19. Fasken,M.B., Stewart,M. and Corbett,A.H. (2008) Functional
significance of the interaction between the mRNA-binding
protein, Nab2, and the nuclear pore-associated protein, Mlp1, in
mRNA export. J. Biol. Chem., 283, 27130–27143.

20. Iglesias,N., Tutucci,E., Gwizdek,C., Vinciguerra,P., Von Dach,E.,
Corbett,A.H., Dargemont,C. and Stutz,F. (2010) Ubiquitin-
mediated mRNP dynamics and surveillance prior to budding
yeast mRNA export. Genes Devel., 24, 1927–1938.

21. Schmid,M., Poulsen,M.B., Olszewski,P., Pelechano,V., Saguez,C.,
Gupta,I., Steinmetz,L.M., Moore,C. and Jensen,T.H. (2012)
Rrp6p controls mRNA poly(A) tail length and its
decoration with poly(A) binding proteins. Mol. Cell, 47,
267–280.

22. Batisse,J., Batisse,C., Budd,A., Böttcher,B. and Hurt,E. (2009)
Purification of nuclear poly(A)-binding protein Nab2 reveals
association with the yeast transcriptome and a messenger
ribonucleoprotein core structure. J. Biol. Chem., 284,
34911–34917.
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Echols,N., Headd,J.J., Hung,L.W., Kapral,G.J., Grosse-
Kunstleve,R.W. et al. (2010) PHENIX: a comprehensive Python-
based system for macromolecular structure solution. Acta
Crystallogr. Ser. D, Biol. Crystallogr., 66, 213–221.

34. Abrahams,J.P. and Leslie,A.G. (1996) Methods used in the
structure determination of bovine mitochondrial F1 ATPase.
Acta Crystallogr. Ser. D Biol. Crystallogr., 52, 30–42.

35. Emsley,P. and Cowtan,K. (2004) Coot: model-building tools for
molecular graphics. Acta Crystallogr. Ser. D Biol. Crystallogr., 60,
2126–2132.

36. Chen,V.B., Arendall,W.B. III, Headd,J.J., Keedy,D.A.,
Immormino,R.M., Kapral,G.J., Murray,L.W., Richardson,J.S.
and Richardson,D.C. (2010) MolProbity: all-atom structure
validation for macromolecular crystallography. Acta Crystallogr.
Ser. D Biol. Crystallogr., 66, 12–21.

37. vanBreugel,M., Hirono,M., Andreeva,A., Yanagisawa,H.,
Yamaguchi,S., Nakazawa,Y., Morgner,N., Petrovich,M.,
Ebong,I.O., Robinson,C.V. et al. (2011) Structures of SAS-6
Suggest Its Organization in Centrioles. Science, 331, 1196–1199.

38. Teplova,M. and Patel,D.J. (2008) Structural insights into RNA
recognition by the alternative-splicing regulator muscleblind-like
MBNL1. Nat. Struct. Mol. Biol., 15, 1343–1351.

39. Hudson,B.P., Martinez-Yamout,M.A., Dyson,H.J. and
Wright,P.E. (2004) Recognition of the mRNA AU-rich element
by the zinc finger domain of TIS11d. Nat. Struct. Mol. Biol., 11,
257–264.

40. Brown,R.S. (2005) Zinc finger proteins: getting a grip on RNA.
Curr. Opin. Struct. Biol., 15, 94–98.

41. Lunde,B.M., Moore,C. and Varani,G. (2007) RNA-binding
proteins: modular design for efficient function. Nat. Rev. Mol.
Cell Biol., 8, 479–490.

42. Muto,Y. and Yokoyama,S. (2012) Structural insight into
RNA recognition motifs: versatile molecular Lego building
blocks for biological systems. Wiley Interdiscip. Rev. RNA, 3,
229–246.

43. Kim Guisbert,K., Duncan,K., Li,H. and Guthrie,C. (2005)
Functional specificity of shuttling hnRNPs revealed by
genome-wide analysis of their RNA binding profiles. RNA, 11,
383–393.

680 Nucleic Acids Research, 2014, Vol. 42, No. 1


