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Messenger RNA transcripts are coated from cap to tail with a
dynamic combination of RNA binding proteins that process, pack-
age, and ultimately regulate the fate of mature transcripts. One
class of RNA binding proteins essential for multiple aspects of
mRNA metabolism consists of the poly(A) binding proteins. Previ-
ous studies have concentrated on the canonical RNA recognition
motif-containing poly(A) binding proteins as the sole family of
poly(A)-specific RNA binding proteins. In this study, we present
evidence for a previously uncharacterized poly(A) recognition
motif consisting of tandem CCCH zinc fingers. We have probed the
nucleic acid binding properties of a yeast protein, Nab2, that
contains this zinc finger motif. Results of this study reveal that the
seven tandem CCCH zinc fingers of Nab2 specifically bind to
polyadenosine RNA with high affinity. Furthermore, we demon-
strate that a human protein, ZC3H14, which contains CCCH zinc
fingers homologous to those found in Nab2, also specifically binds
polyadenosine RNA. Thus, we propose that these proteins are
members of an evolutionarily conserved family of poly(A) RNA
binding proteins that recognize poly(A) RNA through a fundamen-
tally different mechanism than previously characterized RNA rec-
ognition motif-containing poly(A) binding proteins.

CCCH zinc finger � poly(A) binding protein � RNA binding

The fate of an mRNA transcript is largely determined by its
associated RNA binding proteins. A wide variety of RNA

binding proteins associate with the nascent transcript cotran-
scriptionally and act as processing factors involved in capping,
splicing, cleavage, and polyadenylation of the transcript (1).
Additional RNA binding proteins package the mRNA into
complexes that regulate transcript stability (2), promote export
from the nucleus (3), and modulate translation (4). Accordingly,
the protein constituents of these mRNA ribonucleoprotein
(mRNP) complexes have been accurately equated to posttran-
scriptional activators and repressors (5, 6) of gene expression.

One family of proteins that are key posttranscriptional regu-
lators of gene expression is composed of the poly(A) binding
proteins (Pabs). Functional studies in a wide variety of organisms
ranging from yeast to humans have demonstrated that members
of this evolutionarily conserved protein family (reviewed in refs.
7–9) directly contact the poly(A) tail of mRNA transcripts to
regulate transcript polyadenylation (10, 11), translation (12–16),
stability (17, 18), and possibly nuclear export (19, 20). All known
Pab family members specifically bind to poly(A) RNA via at least
one RNA recognition motif (RRM) (21, 22). For example, the
primary cytoplasmic Saccharomyces cerevisiae Pab, poly(A) bind-
ing protein 1 (Pab1), contains four RRMs that can each bind
RNA with varying specificity and affinity (21–23).

Although all conventional Pabs interact with RNA through
RRM domains (24), there is evidence to suggest that at least one
other type of RNA binding motif may confer specific binding to
polyadenosine RNA (9, 25–27). The yeast protein, nuclear poly(A)
binding protein 2 (Nab2), lacks RRM domains and instead contains
two other potential RNA binding motifs, an arginine–glycine–
glycine (RGG) repeat domain and seven tandem CCCH zinc

fingers (25, 28). Nab2 was originally identified as an essential
heterogeneous nuclear ribonucleoprotein (hnRNP) that copurified
with polyadenylated RNA transcripts (25). Subsequent studies
revealed that Nab2 shuttles between the nucleus and the cytoplasm
and is required for both nuclear export and proper polyadenylation
of mRNA transcripts (26, 28).

The original copurification of Nab2 with polyadenylated RNA
transcripts merely indicated that Nab2 associates with RNA
transcripts that contain poly(A) sequences and did not provide
any information about the sequence specificity of this class of
zinc finger proteins. Further characterization revealed that Nab2
bound to homopolymeric RNA and single-stranded DNA (25,
26). Domain analyses also suggested that the zinc finger domain
could confer binding to poly(A) sepharose (25). A later study
that purified several yeast hnRNPs and analyzed the copurified
RNA for consensus binding motifs revealed a Nab2 consensus of
(A)11G (27) but did not directly examine binding specificity by
using purified Nab2 protein. Thus, although Nab2 association
with poly(A) sequences has been observed, the specificity of this
interaction has not been thoroughly examined. Given that Nab2
modulates poly(A) tail length in vivo, specific recognition of
polyadenosine could be a key aspect of Nab2 function. Taken
together, these results suggest that Nab2 may be a member of a
new class of poly(A)-specific RNA binding proteins that recog-
nizes poly(A) sequences in an RRM-independent manner.

To directly test whether a protein that lacked an RRM domain
could bind specifically to polyadenosine RNA, we exploited a
combination of conventional gel-shift assays and fluorescence
correlation spectroscopy (FCS) (29–32) to measure the inter-
action between Nab2 and a variety of oligonucleotides in vitro.
FCS measures the translational diffusion of fluorescently labeled
oligonucleotides in solution and can distinguish between rapidly
diffusing free oligonucleotides and the more slowly diffusing
fluorescent oligonucleotides bound to protein (31, 32). The
relative concentration of bound and free oligonucleotides can be
recovered from these measurements, allowing for the direct
determination of binding constants. Results of these studies
indicate that Nab2 binds with nanomolar affinity to fluorescently
labeled poly(A) RNA oligonucleotides. We have also investi-
gated the specificity of this interaction through a series of
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competition experiments and find that Nab2 specifically binds to
polyadenosine RNA as compared with other RNA or DNA
sequences. Importantly, domain analyses reveal that the zinc
finger domain of Nab2 mediates this sequence-specific RNA
binding. To extend this study, we provide the first characteriza-
tion of a human protein, ZC3H14 (zinc finger protein with
CCCH motif #14), that contains CCCH zinc fingers similar to
those found in Nab2. This zinc finger protein also specifically
binds to polyadenosine RNA. Thus, our studies provide evidence
to support the existence of evolutionarily conserved zinc finger
polyadenosine RNA binding proteins.

Results
To test the hypothesis that a protein lacking an RRM domain
could specifically bind polyadenosine RNA, we performed in
vitro FCS-based binding experiments with purified, recombinant
Nab2 and a Cy3-labeled 25-nt poly(A) RNA oligonucleotide
[Cy3-poly(rA)25]. As described in Materials and Methods, a
sample of concentrated Nab2 and Cy3-poly(rA)25 was prepared.
Nab2 was then serially diluted while the concentration of Cy3-
poly(A)25 RNA remained constant. FCS measurements were
taken for each concentration of Nab2, resulting in a series of
autocorrelation curves (Fig. 1A). As Nab2 is serially diluted, a
smaller fraction of the Cy3-poly(rA)25 is bound to the protein,
resulting in shorter average diffusion times and the correspond-
ing leftward shift of the correlation curves. FCS analysis of free
oligonucleotide in solution and oligonucleotide bound to Nab2
yields diffusion coefficients of 1.25 � 10�6 and 4.5 � 10�7 cm2/s
for free RNA and Nab2-bound RNA, respectively. Global fitting
of correlation curves to a multicomponent diffusion model by
using these recovered diffusion coefficients returns the bound
and free concentrations of Cy3-poly(rA)25 at each protein con-
centration [supporting information (SI) Methods]. The recov-
ered concentration dependence of the protein-bound fraction of

Cy3-poly(rA)25 is shown in Fig. 1B. By using a least-squares
fitting routine, these data were fit to Eq. 2 (SI Methods) to
recover an average value for the dissociation constant, Kd, of
29 � 10 nM. This value is consistent with a previous study that
examined GST-Nab2-His6 binding to poly(A)25 RNA by using a
filter binding assay and measured a Kd of �10 nM (26). As a
control, titration experiments with both Pab1, a known yeast
poly(A) binding protein (9), and ovalbumin, which is not ex-
pected to interact with nucleic acids, were performed (SI Fig. 5).
The Pab1 data yields a slower diffusion time (D � 2.7 � 10�7

cm2/s) because of the interaction of Pab1 with the fluorescent
oligonucleotides. In contrast, FCS experiments with ovalbumin
are indistinguishable from pure oligonucleotide in buffer even at
high protein concentrations (2.5 �M), indicating no interaction.

To analyze the sequence specificity of the Nab2 interaction
with polyadenosine RNA, a series of RNA competition exper-
iments were performed (SI Table 1). For these experiments, a
sample containing Nab2 and Cy3-poly(A)25 RNA oligonucleo-
tide was incubated with increasing amounts of a nonfluorescent
competitor oligonucleotide. Oligonucleotides that compete with
the Cy3-RNA for binding to Nab2 will displace the fluorescent
RNA from the protein, resulting in faster average diffusion times
and smaller bound fractions of Cy3-poly(rA)25 in FCS measure-
ments. Oligonucleotides that do not compete for binding do not
produce any change in measured diffusion rates or bound
fraction.

We first tested whether an unlabeled 25-nt poly(A) RNA
oligonucleotide could efficiently compete with Cy3-poly(A)25
RNA for binding to Nab2. As shown in Fig. 2A, unlabeled
poly(rA)25 competes efficiently for binding to Nab2. The amount
of competitor needed to displace 50% of the bound fluorescent
oligo (IC50) was determined by fitting the competitor concen-
tration dependence of the bound fraction of Cy3-RNA to Eq. 3
(SI Methods). Once the IC50 has been determined, the Ki of the
competitor oligonucleotide can then be computed by using Eq.
4 (SI Methods). In several independent experiments, the Ki
calculated for the unlabeled poly(A) RNA oligonucleotide (Ki �
33 � 12 nM) was virtually identical to the Kd calculated for the
labeled poly(A)25 RNA oligonucleotide (Kd � 29 � 10 nM). This
analysis confirms that FCS-based competition assays can be used
to assess binding to unlabeled oligonucleotides. Furthermore,
these results demonstrate that the Cy3 label appears to have only
minimal impact on the binding of the poly(A) oligonucleotide to
Nab2.

To assess the binding specificity of the zinc finger-containing
protein, Nab2, we tested the ability of a 25-nt single-stranded
DNA oligonucleotide (Random ssDNA) to compete with Cy3-
labeled poly(A)25 RNA oligonucleotide for binding to Nab2. As
illustrated by Fig. 2B, the DNA oligonucleotide showed only
minimal competition at very high concentrations of unlabeled
competitor. This result indicates that Nab2 does not bind indis-
criminately to nucleic acids. To determine whether Nab2 pref-
erentially binds to RNA or single-stranded DNA, we analyzed
binding of Nab2 to Cy3-labeled poly(A)25 RNA when unlabeled
poly(A)25 DNA was added as competitor (Fig. 2C). Again, only
minimal competition was observed, suggesting that Nab2 pref-
erentially binds RNA rather than DNA. Because some weak
non-sequence-specific binding of DNA oligonucleotides to Nab2
was observed (Fig. 2 B and C), we used FCS to directly examine
Nab2 binding to single-stranded DNA using a 25-nt Cy3-labeled
poly(A) DNA oligonucleotide (SI Fig. 6). The results of this
analysis reveal that the interaction between Nab2 and DNA
highly depends on salt concentration. In agreement with the
competition experiments, Nab2 binding to Cy3-poly(A)25 DNA
was observed in buffer containing 50 mM NaCl (Kd � 400 � 170
nM). However, in buffer containing 100 mM NaCl, only very
weak binding to DNA could be detected and the Kd was too weak
to be determined. In contrast, binding to Cy3-poly(A)25 RNA

Fig. 1. Nab2 binds polyadenosine RNA with high affinity. (A) Representative
normalized FCS curves from a binding titration experiment where a concen-
trated sample of Nab2 (2.5 �M) was serially diluted while the Cy3-poly(A)25

RNA concentration (�140 nM) remained constant. As Nab2 is diluted, the FCS
decay curves shift to the left, indicating a decrease in the fraction of bound
oligonucleotide. (B) FCS decay curves from A were used to determine the
fraction of Nab2-bound Cy3-poly(A)25 RNA. Data were fit with Eq. 1 (SI
Methods) by using global fit analysis to yield a Kd of 29 � 10 nM.
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was virtually identical in buffer containing 50 mM (Kd � 29 �
10 nM) or 100 mM (Kd � 39 � 16 nM) NaCl. Thus, Nab2 does
display some weak binding to single-stranded DNA, but it
displays a much stronger affinity for poly(A) RNA.

To determine whether Nab2 binds in a sequence-nonspecific
manner to RNA, we investigated the ability of an unlabeled
poly(N)25 RNA competitor oligonucleotide to compete for Nab2
binding. The poly(N) RNA sample consists of a pool of ran-
domized 25-nt RNA oligonucleotides. Upon addition of increas-
ing amounts of poly(N)25 RNA, no competition was detected
(Fig. 2D). To determine whether Nab2 binds polyadenosine
RNA specifically or merely stretches of polypurine, we used an
RNA gel-shift assay to determine whether a 25-nt unlabeled
poly(G) or poly(AG) competitor oligonucleotide could compete
with poly(A)25 RNA for binding to Nab2. As indicated by the
shift from free probe to bound complex, Nab2 binds to a
radioactively labeled 25-nt poly(A) RNA oligonucleotide (Fig.
2E). This binding is specific for poly(A) because unlabeled
poly(A)25 RNA oligonucleotide, but not poly(G) or poly(AG)

RNA oligonucleotides, compete for binding to Nab2. These
results further strengthen the argument that Nab2 is a specific
polyadenosine RNA binding protein.

Nab2, unlike other poly(A) binding proteins, lacks an RRM
RNA binding domain but instead contains two other domains,
an RGG domain (33) and seven tandem CCCH zinc fingers (34),
previously implicated in RNA binding. Hence, specific binding
of either domain to poly(A) RNA constitutes a fundamentally
different mechanism for polyadenosine RNA recognition than
has been previously characterized. To determine which domain
of Nab2 confers specific poly(A) RNA binding, we used an RNA
gel-shift assay. Both full-length Nab2 (Fig. 3A) and the zinc
finger domain alone (Fig. 3B) bind to a radioactively labeled
25-nt poly(A) RNA oligonucleotide specifically because unla-
beled poly(A)25 RNA competitor, but not unlabeled poly(N)25
RNA competitor, can compete for binding. In contrast, a
C-terminal truncation of Nab2 lacking the zinc fingers but still
containing the RGG domain shows no binding to poly(A)25
RNA (Fig. 3A, GST-�CT).

To further probe the role of zinc fingers in mediating specific
binding to polyadenosine RNA, we exploited a Nab2 variant,
C437S, which contains a single conservative cysteine-to-serine
amino acid change in the first cysteine of the sixth zinc finger.
Because the last three zinc fingers of Nab2 have been implicated
in Nab2 cross-linking to polyadenylated RNA transcripts in vivo
(28), we predict that this substitution should disrupt the sixth zinc
finger and alter the RNA binding properties of Nab2. To test this
prediction, we used FCS to compare the binding affinity of
wild-type Nab2 and C437S Nab2 for Cy3-poly(rA)25 (Fig. 3 C and
D). This analysis yielded a binding affinity of C437S Nab2 for
Cy3-poly(A)25 RNA (Kd � 150 � 40 nM) that is almost 4-fold
weaker than the affinity of wild-type Nab2 for Cy3-poly(A)25
RNA (Kd � 39 � 3 nM). Together, these gel-shift and FCS
experiments establish that a functional Nab2 zinc finger domain
is both necessary and sufficient to confer preferential binding of
Nab2 to polyadenosine RNA compared with random RNA.

Zinc fingers are common RNA binding motifs found in many
proteins (34). One family of proteins that contain two CCCH
zinc fingers, similar to those found in Nab2, consists of the
human tristetraproline (TTP)/Tis11 proteins, which specifically
bind to the sequence UAUU to regulate the stability of specific
mRNA transcripts (35, 36). To test whether the CCCH zinc
finger motifs in Nab2 might also display affinity for the sequence
recognized by this family of proteins, we used FCS-based
competition assays to examine binding of Nab2 to a 25-nt RNA
oligonucleotide (UAUU RNA) containing tandem repeats of
the TTP/Tis11 target sequence. As shown in Fig. 3E, no com-
petition was observed, demonstrating that the zinc fingers of
Nab2 show preferential binding to poly(A) RNA as compared
with the target sequence of other proteins containing CCCH zinc
fingers.

To begin to assess whether Nab2 is part of an evolutionarily
conserved family of CCCH zinc finger proteins that preferentially
binds polyadenosine RNA, we performed a BLAST search to
identify other eukaryotic orthologues containing CCCH zinc fin-
gers with similar spacing to those found in Nab2 (CX5CX4–6CX3H).
A survey of the database reveals a single human protein with zinc
finger motifs that are closely related to Nab2, ZC3H14 [also known
as NY-REN-37 (37) or UKp68]. Whereas the yeast protein con-
tains seven zinc finger domains, the human protein contains only
five (Fig. 4 A and B). However, only a subset of the yeast zinc fingers
has been directly implicated in binding to RNA in vivo (28),
suggesting that all seven zinc fingers in the yeast protein may not be
critical for RNA binding. Nab2 and ZC3H14 also share homology
within their N-terminal regions (Fig. 4A), a domain required for
Nab2 export from the nucleus (28) and association with other
mRNA export factors (38). Whereas Nab2 contains an arginine–
glycine–glycine (RGG) repeat domain that mediates nuclear im-

Fig. 2. Nab2 binds preferentially to polyadenosine RNA. Nucleic acid binding
properties of Nab2 were investigated by competition experiments. Nab2 was
incubated in binding buffer with Cy3-poly(A)25 RNA and increasing amounts (up
to 5 �M) of an unlabeled 25-nt competitor oligonucleotide. (A) Poly(A) RNA. (B)
Random sequence ssDNA (CTTCTCTAGTTCAATCTTAGCATCG). (C) Poly(A) DNA.
(D) Poly(N) RNA (a pool of random 25-nt RNA oligonucleotides). Unlabeled
poly(A)25 RNAcompetes forbindingtoNab2.BothDNAoligonucleotides showed
very limited competition. No competition was observed when using poly(N)25

RNA oligonucleotide. (E) GST-Nab2 (50 nM) was incubated with a radioactively
labeled poly(A)25 RNA oligonucleotide probe (�30 pM), and increasing amounts
of unlabeled poly(A)25, poly(G)25, or poly(AG)12 RNA competitor were added as
indicated. RNA–protein complexes were then resolved from free probe by elec-
trophoresis on a 5% nondenaturing polyacrylamide gel. No significant compe-
tition for Nab2 binding was observed upon addition of either poly(G)25 or
poly(AG)12 RNA competitor oligonucleotide.
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port (39), ZC3H14 lacks an RGG domain and instead contains a
predicted classical bipartite NLS. To test whether ZC3H14 is
localized to the nucleus, we created a plasmid encoding ZC3H14-
GFP and transiently transfected both HeLa and HEK cells. Similar
to Nab2, the steady-state localization of ZC3H14 is nuclear (Fig.
4C). Finally, to test whether the human CCCH zinc finger protein,
ZC3H14, displays nucleic acid binding properties similar to Nab2,
we examined the interaction of GST-ZC3H14 with a radioactively
labeled poly(A) RNA using a gel-shift assay. As shown in Fig. 4D,
GST-ZC3H14, but not GST alone, binds a radioactively labeled
25-nt poly(A) RNA oligonucleotide. Furthermore, unlabeled 25-nt
poly(A) RNA competitor competes for binding, whereas unlabeled
25-nt poly(N) RNA competitor does not, indicating that, like the
yeast Nab2, ZC3H14 preferentially binds poly(A) RNA.

Discussion
In this study, we report three important findings. First, the yeast
zinc finger protein, Nab2, binds with high affinity (�30 nM) to
polyadenosine RNA oligonucleotides in vitro. This interaction is
specific for polyadenosine RNA, because poly(N), poly(G),
poly(AG) RNA oligonucleotides, or RNA oligonucleotides con-
taining the TTP/TIS11 binding sequence, UAUU, could not
compete for binding to Nab2. Second, we show that the zinc
fingers of Nab2 are necessary and sufficient to mediate this
specific interaction. The sixth zinc finger at least partially
contributes to this interaction because a conservative amino acid
change in the first cysteine of this zinc finger causes a 4-fold
decrease in the affinity of Nab2 for poly(A)25 RNA in vitro.
Finally, we also present evidence to support the existence of a
Nab2 orthologue in higher eukaryotes that contains highly
homologous CCCH zinc finger motifs to those found in Nab2
and also preferentially binds polyadenosine RNA. Together,
these results provide evidence for a previously uncharacterized
family of CCCH zinc finger-containing poly(A)-specific RNA
binding proteins. To the best of our knowledge, these are the only

poly(A) RNA binding proteins that lack RRM domains and bind
specifically to poly(A) RNA, suggesting that they may be found-
ing members of a new class of zinc finger-containing poly-
adenosine RNA binding proteins.

Numerous studies have demonstrated that the poly(A) tail and
its associated proteins greatly influence the fate of an mRNA
transcript and hence gene expression (5, 7–9). Transcripts lack-
ing poly(A) tails are not properly translated and are quickly
degraded (40). Additionally, S. cerevisiae transcripts that are
terminated by a self-cleaving ribozyme element and thereby lack
poly(A) tails are at least partially retained in the nucleus (41),
suggesting that the poly(A) tail may also play a role in mRNA
export from the nucleus. By regulating the stability, translat-
ability, and even subcellular localization of mRNA transcripts,
the poly(A) tail and its associated proteins can act as potent
posttranscriptional regulators of gene expression. We speculate
that Nab2 and possibly other zinc finger-containing poly(A)
binding proteins, such as ZC3H14, could function in some of the
roles previously attributed to the canonical family of RRM-
containing Pabs.

Poly(A)-specific RNA binding proteins were once considered
histone-like proteins that merely packaged the mRNA and
prevented it from being prematurely degraded. More recent
work has provided a better understanding of posttranscriptional
control of gene expression and has convincingly established a
direct link between the poly(A) tail, poly(A) binding proteins,
and the stability and translatability of numerous mRNA tran-
scripts. Interestingly, all recent studies investigating the role of
the family of poly(A) binding proteins in translation and tran-
script stability have solely focused on RRM-containing poly(A)
binding proteins. With the identification of a zinc finger protein
that displays poly(A) binding, the repertoire of this family of
proteins has expanded. Given that zinc finger domains are one
of the most abundant domains found in the human genome (42),
this finding raises the possibility that there are additional pro-

Fig. 3. The zinc finger domain of Nab2 mediates polyadenosine RNA binding. Gel-shift assays were used to determine which domain of Nab2 confers RNA
binding. Fifty nanomolar full-length GST-Nab2 (A), GST-Nab2-�CT (amino acids 1–261) (A), or GST-Nab2-CT (amino acids 262–473) (B) was incubated with a
radioactively labeled poly(A)25 RNA oligonucleotide probe (�30 pM). RNA–protein complexes were then resolved from free probe by electrophoresis on a 5%
nondenaturing polyacrylamide gel. To investigate binding specificity, either unlabeled poly(A)25 RNA or poly(N)25 RNA competitor oligonucleotides were added
as indicated. No binding was observed to GST alone or Nab2 lacking the C-terminal zinc finger domain (GST-�CT). (C and D) Binding curves for wild-type (C) and
C437S (D) Nab2 binding to Cy3-poly(A)25 RNA generated from FCS analysis. (E) An oligonucleotide containing repeats of the TTP/TIS11 target sequence, UAUU,
cannot compete with Cy3-labeled poly(A)25 RNA for binding to Nab2.
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teins that could interact with polyadenylated mRNA transcripts
and modulate gene expression.

Materials and Methods
Chemicals and Plasmids. Chemicals were obtained from Fisher
Scientific (Pittsburgh, PA), Sigma–Aldrich (St. Louis, MO), or
USBiological (Swampscott, MA) unless otherwise noted. DNA
manipulations were performed according to standard methods
(43) and all media were prepared by using standard procedures
(44). Plasmids for protein expression are described in SI
Methods.

Oligonucleotides. RNA oligonucleotides were obtained from
Dharmacon (Lafayette, CO). Fluorescent RNA oligonucleotides
were labeled with Cy3 on the 5� end and PAGE-purified. All
RNA oligonucleotides were deprotected by using the manufac-
turer-supplied buffer and protocol. Deprotected oligonucleo-
tides were then evaporated to dryness by using a speed-vac
centrifuge and frozen at �20°C. Fluorescent and nonfluorescent
competitor DNA oligonucleotides were obtained from Inte-
grated DNA Technologies (Coralville, IA). All oligonucleotides
used were 25 nt long. Oligonucleotides were resuspended in
binding buffer (20 mM Tris�HCl, pH 8.5/50 mM NaCl/2 mM
MgOAC/2 �M ZnCl2/2% glycerol) before each experiment.

Protein Expression and Purification. To express recombinant Nab2
in E. coli, the expression plasmid, pAC2133, was transformed
into BL21(DE3)pLYS cells (Novagen). Single colonies were
inoculated into 2 ml of media and grown to saturation overnight.
This culture was then used to inoculate 1 liter of LB media. Cells
were grown at 37°C until they reached an OD600 of 0.4–0.6 nm.
Cultures were then shifted to 30°C and induced with 200 �M
isopropyl �-D-1-thiogalactopyranoside (IPTG) for 5 h. Un-
tagged Nab2 was purified by anion-exchange and gel-filtration
chromatography (see SI Methods). GST-tagged proteins were
purified by incubation with glutathione Sepharose 4B (GE
Healthcare Life Sciences) according to the manufacturer’s di-
rections. Recombinant His-Pab1 was expressed and purified
essentially as described in ref. 20.

FCS Measurements. Two-photon FCS data were acquired to
measure the interaction between fluorescent oligonucleotides
and Nab2 by using a previously described home-built instrument
(45, 46). Multicomponent diffusion FCS analysis was applied to
determine the fraction of fluorescent oligonucleotides bound to
Nab2 for different experimental conditions (32, 46, 47). All FCS
curves were fit by using a standard 3D Gaussian multicomponent
diffusion model (29, 48) with the volume calibrated by using
rhodamine 6G. Each series of FCS experiments used global
analysis to simultaneously fit all FCS curves acquired at different
protein or competitor concentrations for a given fluorescent
oligonucleotide. The global fits return the concentrations of
bound and free fluorescent oligonucleotides for each Nab2
protein or competitor oligonucleotide concentration (32, 49, 50).
Binding constants were determined by measuring the fraction of
Cy3-labeled oligonucleotide bound to Nab2 at different protein
concentrations as described in SI Methods.

Gel-Shift RNA Binding Assays. Synthetic 25-nt poly(A) RNA oli-
gonucleotides (Dharmacon) were 5�-end-labeled with
[�-32P]ATP (GE Healthcare Life Sciences) by using T4 polynu-
cleotide kinase (Promega). RNA electrophoretic mobility-shift
assays were performed by incubating 50 nM recombinant GST,
GST-Nab2, GST-Nab2-CT, or GST-Nab2�CT with �30 pM
radioactively labeled poly(A) RNA oligonucleotide and an in-
creasing amount of unlabeled 25-nt competitor RNA oligonu-
cleotide in binding buffer for 30 min at 20°C. For binding

Fig. 4. A human CCCH zinc finger protein, ZC3H14, binds specifically to
polyadenosine RNA. (A) Domain alignment of Nab2 and a putative human
orthologue, ZC3H14. The percentage of similar amino acid residues be-
tween the N- and C-terminal zinc finger domains is indicated. (B) The
cysteine and histidine residues in the zinc fingers of Nab2 (Upper, S.
cerevisiae) and ZC3H14 (Lower, human) have a similar spacing pattern
(CX5CX4 – 6CX3H). Cysteine and histidine residues are shown in bold. The first
cysteine of the sixth zinc finger, which is changed to serine in C437S Nab2,
is boxed, and conserved residues are underlined. (C) Localization of
ZC3H14-GFP is shown in both HEK (Upper) and HeLa (Lower) cells. (D) RNA
binding properties of ZC3H14 analyzed by gel-shift assay. GST-ZC3H14, but
not GST, binds poly(A)25 RNA in a gel-shift assay. GST-ZC3H14 (1.2 �M) was
incubated with a radioactively labeled poly(A)25 RNA probe (�30 pM), and
increasing amounts of unlabeled poly(A)25 or poly(N)25 RNA competitor
oligonucleotides were added as indicated. RNA–protein complexes were
then resolved from free probe by electrophoresis on a 5% nondenaturing
polyacrylamide gel. Unlabeled poly(A)25 RNA competitor efficiently com-
petes for binding to ZC3H14, whereas unlabeled poly(N)25 competitor
does not.
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reactions containing GST-ZC3H14, a solution of 1.2 �M GST or
GST-ZC3H14 was incubated with �30 pM radioactively labeled
poly(A) RNA oligonucleotide and an increasing amount of
unlabeled competitor RNA oligonucleotide. Binding reactions
were loaded onto a 5% native polyacrylamide gel and electro-
phoresed at 30 mA in 0.3� TBE for 30 min to separate free

oligonucleotide from protein–RNA complexes. Gels were dried
and exposed overnight by using a PhosphorImager (Amersham).
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