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Proteins bound to the poly(A) tail of mRNA transcripts, called
poly(A)-binding proteins (Pabs), play critical roles in regulating
RNA stability, translation, and nuclear export. Like many
mRNA-binding proteins that modulate post-transcriptional
processing events, assigning specific functions to Pabs is chal-
lenging because these processing events are tightly coupled to
one another. To investigate the role that a novel class of zinc
finger-containing Pabs plays in these coupled processes, we
defined the mode of polyadenosine RNA recognition for the
conserved Saccharomyces cerevisiae Nab2 protein and assessed
in vivo consequences caused by disruption of RNA binding. The
polyadenosine RNA recognition domain of Nab2 consists of
three tandem Cys-Cys-Cys-His (CCCH) zinc fingers. Cells
expressing mutant Nab2 proteins with decreased binding to
polyadenosine RNA show growth defects as well as defects in
poly(A) tail length but do not accumulate poly(A) RNA in the
nucleus. We also demonstrate genetic interactions between
mutant nab2 alleles and mutant alleles of the mRNA 3’-end
processing machinery. Together, these data provide strong evi-
dence that Nab2 binding to RNA is critical for proper control of
poly(A) tail length.

Following transcription by RNA polymerase II in the
nucleus, mRNA transcripts must be spliced and polyadeny-
lated, exported to the cytoplasm, and perhaps even transported
to a distant site of translation (1). Although these steps are often
presented as disconnected parts of a tangled web of processing,
they are actually tightly coupled to one another and normally
function as one integrated machine for producing transcripts
ready for translation in the cytoplasm (2). Like any efficient
assembly line, early steps in the pathway ready the transcript for
subsequent processes. The vast majority of the proteins bound
to mRNA transcripts are evolutionarily conserved and have
been ascribed multiple functions in mRNA biogenesis. Many of
these functions have been inferred from mutant phenotypes
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(3). However, because of the coupled nature of mRNA process-
ing events (4), the question arises as to whether these proteins
actually function in multiple processing/maturation steps or
whether a defect in an early step in mRNA biogenesis indirectly
causes a problem in steps downstream.

One example of a protein implicated in multiple aspects of
RNA biogenesis is the Saccharomyces cerevisiae nuclear
poly(A)-binding protein 2 (Nab2). Previous studies have dem-
onstrated that Nab2 and its putative orthologue in higher
eukaryotes, ZC3H14, bind specifically and with high affinity to
polyadenosine RNA in vitro (5-7). Importantly, these proteins
are members of a novel class of tandem zinc finger (ZnF) pro-
teins that recognize polyadenosine RNA via Cys-Cys-Cys-His
(CCCH) zinc fingers (6). In contrast, all other characterized
poly(A)-binding proteins (Pabs)? bind polyadenosine RNA via
at least one well conserved RNA recognition motif (8). Thus,
Nab2 and other members of this evolutionarily conserved
CCCH zinc finger-containing Pab family must recognize poly-
adenosine RNA through a fundamentally different mechanism
than the RNA recognition motif-containing family of poly(A)
RNA-binding proteins. Further characterization of the molec-
ular mechanisms of polyadenosine RNA recognition by CCCH
zinc fingers will allow for critical insight into the means by
which Pabs post-transcriptionally regulate gene expression.

Nab2 has been implicated in at least two separate but coupled
steps in mRNA biogenesis. First, Nab2 modulates poly(A) tail
length as nab2 mutants have extended poly(A) tails in vivo (7, 9,
10), and the addition of recombinant Nab2 to in vitro poly-
adenylation assays limits poly(A) tail length (7, 9, 11). Second,
Nab2 is implicated in the export of poly(A) RNA from the
nucleus (7, 12—14). Some nab2 mutant cells show poly(A) RNA
accumulation within the nucleus, and nab2 alleles show genetic
interactions with genes encoding mRNA export factors, includ-
ing YRAI and MEX67 (14, 15). Furthermore, Nab2 physically
interacts with Mlp1/2 at the inner face of the nuclear pore com-
plex to facilitate export of RNA from the nucleus (16, 17). A
logical model based on this information is one in which Nab2
plays a role in polyadenylation, associates with the poly(A) tail
of mature mRNA transcripts, interacts with components of the
nuclear pore, and subsequently exits the nucleus in complex

3 The abbreviations used are: Pab, poly(A)-binding protein; 5-FOA, 5-fluoro-
orotic acid; nt, nucleotide.
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TABLE 1

Strains and plasmids used in this study
Strain/Plasmid Description Source
ACY427 ANAB2:HIS (pAC636) MATa leu2 ura3 12
ACY1669 ANAB2:HIS rat8-2 (dbpS5) MATa leu2 ura3 trpl 25
pRS315 (pAC3) CEN, LEU2 43
pAC636 NAB2, CEN, URA3 12
pAC717 NAB2, CEN, LEU2 12
pAC1945 PGEX-4T-1 (containing TEV cleavage site instead of thrombin) 44
pAC2027 Nab2-C262A, CEN, LEU2 This study
pAC2028 Nab2-C283A, CEN, LEU2 This study
pAC2029 Nab2-C340A, CEN, LEU2 This study
pAC2030 Nab2-C371A, CEN, LEU2 This study
pAC2031 Nab2-C415A, CEN, LEU2 This study
pAC2033 Nab2-C437A, CEN, LEU2 This study
pAC2035 Nab2-C458A, CEN, LEU2 This study
pAC2133 Untagged NAB2, pMW 172 bacterial expression vector 6
pAC2203 Nab2-C415A,C437A,C458A, CEN, LEU2 This study
pAC2222 Nab2-C415R,C437R,C458R, CEN, LEU2 This study
pAC2304 GST-NAB2 zinc fingers 1-7 6
pAC2305 GST-NAB2 zinc fingers 1-4 This study
pAC2307 Nab2-C437S, CEN, LEU2 25
pAC2502 Nab2-Y428A, CEN, LEU2 This study
pAC2503 Nab2-F450A, CEN, LEU2 This study
pAC2504 Nab2-F460A, CEN, LEU2 This study
pAC2505 Nab2-F471A, CEN, LEU2 This study
pAC2522 GST-NAB2 zinc fingers 5-7 This study
pAC2597 GST-Nab2 zinc fingers 5-7 F450A, F471A This study
pAC2624 GST-Nab?2 zinc fingers 5-7 Y428A, F450A, F471A This study
pAC2672 Nab2-Y428A, F450A, F471A, CEN, LEU2 This study
pAC2702 Untagged Nab2-AZnF 5-7, pMW172 bacterial expression vector This study
pAC2713 Untagged Nab2-Y428A, pMW 172 bacterial expression vector This study
pAC2714 Untagged Nab2-F450A, pMW172 bacterial expression vector This study
pAC2716 Untagged Nab2-F471A, pMW 172 bacterial expression vector This study

with the poly(A) tail of mRNA transcripts. However, although it
is certainly possible that Nab2 could play roles in both poly-
adenylation and RNA export from the nucleus, it is also plausi-
ble that a defect in one of these coupled processes could indi-
rectly cause the other observed defect. In fact, mutations in
many bona fide 3'-end processing factors cause poly(A) RNA
export defects, whereas defects in select export factors cause
longer poly(A) tails (18, 19). As with many RNA-binding pro-
teins that function in highly coupled post-transcriptional RNA
processing events (20), a major challenge is to determine the
main function of Nab2 in producing mature mRNA transcripts
primed for translation in the cytoplasm.

In this study, we precisely defined the high affinity polyade-
nosine RNA binding domain of Nab2 and then generated nab2
mutants that would allow us to assess the requirement for
Nab2-RNA binding in poly(A) tail length control and poly(A)
RNA export from the nucleus. We hypothesized that the essen-
tial function of Nab2 requires binding to polyadenosine RNA.
In support of this hypothesis, Nab2 zinc fingers 5-7 mediated a
high affinity specific interaction between Nab2 and polyade-
nosine RNA. Furthermore, amino acid substitutions within
zinc fingers 5-7 decreased poly(A) RNA binding in vitro. Cells
that expressed Nab2 RNA-binding mutants showed an in-
crease in poly(A) tail length but no nuclear accumulation of
poly(A)RNA suggesting that Nab2 binding to polyadenosine
RNA is required for the modulation of poly(A) tail length. In
addition, these nab2 variant alleles genetically interacted with
mutant alleles of the mRNA 3'-end processing machinery.
These results provide critical insight into the molecular mech-
anism underlying polyadenosine RNA recognition by CCCH
zinc fingers as well as the means by which Pabs can post-tran-
scriptionally regulate gene expression.
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EXPERIMENTAL PROCEDURES

Chemicals, Plasmids, and S. cerevisiae Manipulations—
Chemicals were obtained from Fisher, Sigma, or United States
Biological (Swampscott, MA) unless otherwise noted. DNA
manipulations were performed according to standard methods
(21), and all media were prepared by standard procedures (22).
All S. cerevisiae strains and plasmids used in this study are
described in Table 1. Plasmids encoding mutant Nab2 pro-
teins were generated by site-directed mutagenesis of a wild-
type NAB2 plasmid (pAC717) using the QuikChange site-
directed mutagenesis kit (Stratagene). All plasmids were
fully sequenced to ensure that no mutations other than those
targeted were introduced during site-directed mutagenesis.
The NAB2 open reading frame was deleted from S. cerevisiae
strains encoding the 3'-end processing mutants papI-1 or
rnalS-2 using PCR-based gene disruption essentially as
described previously (23).

In Vivo Functional Analysis—The in vivo function of each
Nab2 mutant was tested using a plasmid shuffle assay (24). S.
cerevisiae cells deleted for NAB2 (ACY427) and containing a
wild-type NAB2 URA3 plasmid (pAC636) were transformed
with LEU2 plasmids expressing various Nab2 mutants. Trans-
formants were grown to saturation, and cells were then serially
diluted and spotted onto control ura™ leu™ glucose plates or
plates containing 5-fluoroorotic acid (5-FOA). Plates were then
incubated at 18, 25, 30, or 37 °C for 3-5 days. The toxic uracil
analogue, 5-FOA, kills cells that contain a functional uracil bio-
synthetic pathway (24). Hence, only those cells that lose the
URA3 plasmid encoding wild-type NAB2 and retain a func-
tional copy of nab2 on the LEU2 plasmid will grow on media
containing this drug.
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For analysis of rat8-2 (dbp5) suppression, a plasmid shuffle
assay was performed as described previously (25). Briefly,
ANAB2 rat8-2 cells transformed with plasmids expressing
wild-type or mutant Nab2 were first grown on selective media
containing 5-FOA, then grown on rich media (YPD), and finally
grown to saturation, serially diluted, and spotted onto YPD.
Plates were then incubated at 16, 18, 25, 30, or 32 °C for 3-5
days.

Protein Expression and Purification—GST-tagged proteins
were expressed in Escherichia coli and purified essentially as
described previously (6). Briefly, plasmids encoding GST, GST-
Nab2, GST-Nab2 zinc finger (ZnF) 1-4, or GST-Nab2-ZnF
5-7 were transformed into BL21(DE3) E. coli cells. Single col-
onies were inoculated into 2-ml cultures and grown overnight
to saturation. These starter cultures were used to inoculate 50
ml of media. Cultures were grown at 37 °C until they reached an
Agoo nm Of 0.4—0.6. Protein expression was induced with 200
uM isopropyl B-p-1-thiogalactopyranoside for 5 h at 30 °C. Fol-
lowing protein induction, cells were pelleted and frozen at
—80 °C. Frozen cell pellets were resuspended in lysis buffer
(20 mm Tris-HCI, pH 8.0, 100 mMm NaCl, 5% glycerol, 4 um
2-mercaptoethanol, 2 um ZnCl,, 1 mm phenylmethylsulfonyl
fluoride) and lysed by sonication. GST-tagged proteins were
purified on GST-Sepharose 4B (GE Healthcare) according to
the manufacturer’s directions. A small amount of purified pro-
tein was resolved by SDS-PAGE to determine the purity of the
sample. Untagged recombinant proteins were purified essen-
tially as described previously (6). For all assays utilizing
untagged proteins, binding assays were performed within 72 h
of purification due to an inability to freeze/thaw the Nab2 pro-
tein. Thus, experiments always compared results from batches
of protein purified on the same day. This approach yielded
some modest variation in the absolute number obtained for
binding constants (e.g. 16 versus 29 nM for wild-type Nab2), but
these binding constants remained quite consistent within a
batch of Nab2 as evidenced by the relatively small standard
deviations in the values obtained. Because of this variation,
wild-type Nab2 was independently purified, and the binding
constant was calculated to provide a relative binding constant
within each experimental data set.

RNA Oligonucleotides and Fluorescein Labeling—All RNA
oligonucleotides, including Cy3-labeled r(A),s, were obtained
from Dharmacon (Lafayette, CO) and were deprotected in the
supplied deprotection buffer according to the manufacturer’s
instructions. Deprotected oligonucleotides were evaporated to
dryness and stored at —20 °C. For use in anisotropy assays,
deprotected RNA oligonucleotides were 3'-end-labeled with
fluorescein-5-thiosemicarbazide essentially as described previ-
ously (26). Typical labeling efficiencies were ~60—-70%.

Fluorescence Anisotropy—In a typical anisotropy experi-
ment, fluorescein-labeled 25-nt poly(A) RNA oligonucleotides
were incubated in binding buffer (20 mm Tris-HCI, pH 8.5, 150
mMm NaCl, 2% glycerol) with untagged full-length Nab2 or
mutant Nab2 protein for ~2 h at room temperature. Typical
final concentrations of labeled RNA were 1-2 nwm, although
protein concentrations varied between 50 pm and 5-10 um.
Binding reactions were then transferred to a 384-well plate, and
the apparent fluorescence anisotropy of each sample was deter-
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mined using a fluorescence plate reader fitted with fluorescein
filters and polarizers. Each experiment was performed in trip-
licate. The percentage of bound fluorescein-labeled oligonu-
cleotide was plotted as a function of protein concentration for
each experiment. To determine the apparent dissociation con-
stant (K ), the data were subsequently fit with Equation 1,

£ = (Kg + [Plot + [Olior) — \(Kd + [Plot + [O]tot)2 — 4[Plior[Oliot
b 2Ol

(Eq. 1)

where [P] and [O], represent the total protein concentration
and total oligonucleotide concentration, respectively.

RNA Electrophoretic Mobility Shift Assays—For RNA gel
shift assays, a Cy3-labeled 25-nt poly(A) RNA oligonucleotide
was incubated in binding buffer (20 mm Tris-HCI, pH 8.5, 50
mMm NaCl, 2 um ZnCl,, 2% glycerol) with GST or GST-tagged
proteins as indicated for 20 min at room temperature. Binding
reactions were loaded onto a native 5% polyacrylamide gel and
electrophoresed in 0.3X TBE for 30—60 min to resolve free
Cy3-labeled oligonucleotide from RNA-protein complexes.
The position of the Cy3-labeled oligonucleotide within the
native gel was determined using a Typhoon phosphorimager
(Amersham Biosciences) equipped with a laser capable of excit-
ing Cy3. RNA gel shift competition experiments were per-
formed as described previously (6).

Limited Trypsin Proteolysis and Poly(A)-Sepharose Binding
Assays—For partial proteolysis, 3.2 mg of recombinant purified
GST-Nab2 was incubated with 20 g of trypsin for 30 min at
room temperature. The entire reaction was then incubated
with poly(A)-Sepharose 4B (Sigma); the Sepharose was washed,
and bound complexes were eluted. Bound fractions were
resolved by SDS-PAGE and either stained with Coomassie Blue
or transferred to PVDF membranes for N-terminal sequencing.
Edman degradation N-terminal sequencing was performed by
the Emory Microchemical Facility to identify the N-terminal
eight amino acids of the eluted Nab2 RNA-binding fragments.

Poly(A) Tail Length Determination—Cells expressing wild-
type Nab2 or Nab2 mutant proteins were inoculated into YPD
media and grown to saturation at 30 °C. Cells were then diluted
into 50 ml of YPD and grown at either 30 or 16 °C until they
reached Ay, o, Of 0.4—0.6. A total of 20 absorbance units of
cells was harvested from each culture, and poly(A) tail length
was determined as described previously (10, 27). Briefly, total
RNA was end-labeled with **P-pCp and T4 RNA ligase. To
digest nonpoly(A) RNA, the **P-labeled RNA was subsequently
digested with RNases A/T1 and then ethanol-precipitated.
Resuspended RNA was then resolved by denaturing urea-acryl-
amide gel electrophoresis and imaged using a phosphorimager.
Quantification of poly(A) tail lengths was performed using the
Image] software package as described previously (28). Densi-
tometry was performed on poly(A) tails comparing the ratio of
short 3*P-labeled poly(A) tails near the bottom of the gel to
longer **P-labeled poly(A) tails near the top of the gel. For each
temperature, this ratio was set to 1.0 for RNA isolated from
wild-type cells, and the poly(A) tail ratio from cells expressing
mutant Nab2 proteins was compared with wild type to deter-
mine whether any significant difference in poly(A) tail length
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was observed. A Student’s ¢ test was performed to determine
significant differences in poly(A) tail length ratios.
Fluorescence in Situ Hybridization (FISH)—Cells expressing
wild-type Nab2 or Nab2 mutant proteins were initially grown in
2-ml cultures to saturation at 30 °C. These starter cultures were
then used to inoculate 10-ml cultures that were grown over-
night (~12-16 h) at 30 °C. Cultures were then split into two
5-ml cultures and grown at either 30 or 16 °C. Cells were then
fixed by the addition of 700 ul of 37% formaldehyde and incu-
bated at 30 or 16 °C for 90 min, and FISH using an oligo(dT)
probe to detect poly(A) RNA was performed as described pre-
viously (29). Cells were also stained with 4’,6-diamidino-2-phe-
nylindole (DAPI) to visualize DNA within the nucleus.

RESULTS

To define the RNA-binding module of Nab2, we first
exploited a previously described genetic interaction between
NAB2 and DBPS5, which encodes the nuclear pore associated
mRNA-protein complex remodeler (30-32) (also called Rat8
(33)). Importantly, an amino acid substitution in the RNA bind-
ing domain of Nab2, Nab2-C437S, which decreases the affinity
of Nab2 for polyadenosine RNA 4-fold (6), suppresses the
growth defect and poly(A) RNA accumulation of a Dbp5
mutant rat8-2 (dbp5) (25). These data suggest that if the RNA
binding affinity of a Dbp5 substrate, such as Nab2, is decreased,
as in Nab2-C437S, a partially functional mutant Dbp5 protein
may retain sufficient remodeling activity to remove the weakly
bound Nab2-C437S protein from the mRNA transcript. This
model implies that other Nab2 mutants that weaken the inter-
action of Nab2 with polyadenosine RNA may also suppress the
temperature-sensitive phenotype of the rat8-2 (dbp5) mutant.
Hence, this genetic assay was employed as a simple approach to
identify putative residues that are critical for Nab2 binding to
RNA.

To determine which of the seven zinc fingers in Nab2 are
important for RNA binding, we generated point mutants that
result in cysteine to alanine amino acid changes in the first
cysteine of each of the seven zinc fingers (Fig. 14), and we tested
whether these mutants could suppress the temperature-sensi-
tive growth phenotype of the rat8-2 (dbp5) mutant at 32 °C. As
shown in Fig. 1B, individual cysteine to alanine substitutions
within each of the first cysteines of Nab2 zinc fingers 1-4 did
not suppress the temperature-sensitive phenotype of the rat8-2
(dbpS) mutant. In contrast, individual cysteine to alanine sub-
stitutions in each of the first cysteines of zinc fingers 5-7 did
suppress the temperature-sensitive growth phenotype of the
rat8-2 (dbp5) mutant. This genetic result suggests that only the
last three zinc fingers of Nab2 may be necessary for polyade-
nosine RNA binding.

We also used a biochemical approach to define the domain of
Nab?2 that binds to polyadenosine RNA. The genetic suppres-
sion assay (Fig. 1B) implicates zinc fingers 5-7 in binding to
polyadenosine RNA. To test this prediction, we expressed and
purified recombinant Nab2 protein fragments containing zinc
fingers 1-7 (amino acids 262—-473), zinc fingers 1-4 (amino
acids 262-387), or zinc fingers 5-7 (amino acids 403—477) as
GST fusion proteins. To assess RNA binding for each of these
domains, RNA gel shift assays were used to examine binding of
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FIGURE 1. Cysteine to alanine substitutions in Nab2 zinc fingers 5-7 result
in mutants that suppress the temperature-sensitive phenotype of rat8-2
(dbp5) cells. A, schematic depicting the domains of S. cerevisiae Nab2. The
C-terminal CCCH zinc finger domain contains seven tandem zinc fingers
(black boxes). The position of the first cysteine of each zinc finger is indicated
below the corresponding zinc finger. B, S. cerevisiae plasmid shuffle assay ana-
lyzing the suppression of the temperature-sensitive growth phenotype of
rat8-2 (dbp5) cells by the indicated Nab2 mutants. ANAB2 cells harboring a
URA3 plasmid encoding wild-type Nab2 and expressing either wild-type
Dbp5 (left panel) or the mutant Rat8 -2 (dbp5) (right panel) were transformed
with LEU2 plasmids containing either wild-type Nab2 or Nab2 with the
denoted individual changes resulting in cysteine to alanine substitutions in
zinc fingers 1-7 (ZnF 1-7). Transformants were streaked to media containing
5-FOA to select against cells retaining the URA3 wild-type NAB2 plasmid. Cells
were then inoculated into YPD liquid, grown to saturation at 25 °C, serially
diluted, and spotted onto YPD plates. Plates were incubated at 25, 30, or
32°C.

each protein to a Cy3-labeled poly(A),; RNA oligonucleotide
(Cy3-r(A),s5). As shown in Fig. 24, neither GST alone nor GST-
zinc fingers (ZnF) 1- 4 bound the Cy3-labeled poly(rA), oligo-
nucleotide, but GST-ZnF 1-7 and GST-ZnF 5-7 both bound
to Cy3-r(A),s. Binding of Nab2 zinc fingers 5—7 was specific
for stretches of polyadenosine RNA because only unlabeled
poly(A) RNA oligonucleotide (r(A),s) and not a randomized
25-nt RNA oligonucleotide (r(N),;) competed for binding
(Fig. 2B).

To determine whether ZnF 5-7 are necessary for high affin-
ity binding of Nab2 to polyadenosine RNA, we used fluores-
cence anisotropy to quantitatively measure binding of full-
length Nab2 or Nab2 AZnF 5-7 (lacking residues 403-525) to
fluorescein-labeled poly(A),5 RNA oligonucleotides. Both full-
length Nab2 and Nab2 AZnF 5-7 were expressed and purified
from bacteria as untagged recombinant proteins. As shown
in Fig. 2C, wild-type Nab2 bound the fluorescein-labeled
poly(A),5 RNA oligonucleotides with an apparent K, of 29.7 =
2 nMm, which is consistent with previous studies (6, 7). Interest-
ingly, Nab2 AZnF 5-7 bound the poly(A),s RNA oligonucleo-
tide significantly more weakly (~50-fold), with an apparent K,
of 1.7 £ 0.1 um. This finding confirms that ZnF 5-7 constitute
the primary high affinity binding site for polyadenosine RNA.
The binding affinity of the Nab2 ZnF 5-7 domain alone for
fluorescein-labeled poly(A),; RNA oligonucleotide was not
investigated due to the small molecular mass of the Nab2 ZnF
5—7 domain (~9 kDa). We estimated that the difference in ani-
sotropy between the bound and unbound state would be
extremely small and therefore would result in a grossly inaccu-
rate calculation of the binding affinity for this interaction.
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FIGURE 2. Nab2 zinc fingers 5-7 are necessary and sufficient to mediate
specific binding to polyadenosine RNA. A, GST (2 um), GST ZnF 1-7 (62.5
nM-500 nm), GST ZnF 5-7 (62.5 nM-500 nm), or GST ZnF 1-4 (1 um) as indicated
below the gel was incubated with ~125 nm Cy3-labeled poly(A) RNA oligo-
nucleotide for 20 min at room temperature. RNA-protein complexes were
resolved from free probe by nondenaturing electrophoresisin a 5% polyacryl-
amide gel. The position of the free probe is evident (free Cy3-r(A),s) in the
control lane with no protein added (—). B, binding specificity of GST ZnF 5-7
was investigated by incubating 250 nm GST ZnF 5-7 with 115 nm Cy3-r(A),5 in
the presence of 125 nm to 2.5 um unlabeled 25-nt poly(A) RNA oligonucleo-
tide (pA,s) competitor or 125 nm to 2.5 um unlabeled 25-nt randomized RNA
oligonucleotide (pN,s) competitor. RNA-protein complexes were resolved
from free probe by nondenaturing electrophoresis in a 5% polyacrylamide
gel. The position of free Cy3-pA (Cy3-r(A),s) is indicated. Competitor concentra-
tion ([Comp]) and those samples containing no competitor (—) are indicated.
As a control, no binding to Cy3-r(A),s is observed with 2 um GST. C, binding of
increasing concentrations of untagged full-length Nab2 or untagged Nab2
AZnF 5-7 to 1 nm fluorescein-labeled poly(A) RNA oligonucleotide (r(A),s) or
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The relatively weak binding of Nab2 AZnF 5-7 to poly(A),
suggests that Nab2 might contain a sequence nonspecific RNA
binding domain outside of ZnF 5-7. To test this idea, binding of
both Nab2 and Nab2 AZnF 5-7 to random RNA sequences
(fluorescein-labeled poly(N),s RNA) was analyzed by fluores-
cence anisotropy. As shown in Fig. 2C, both full-length Nab2
(K,=12.3 uwm) and Nab2 AZnF 5-7 (K, = 16.9 um) bound very
weakly to fluorescein-labeled poly(N),.

As a complementary and unbiased biochemical approach to
define an independently folding domain within Nab2 that
might bind polyadenosine RNA, GST-tagged recombinant
Nab2 was expressed and purified from E. coli and subjected to
partial trypsin proteolysis. Trypsinized Nab2 fragments were
then incubated with poly(A)-Sepharose, and bound fragments
were eluted, separated by SDS-PAGE, and transferred to a
PVDF membrane. A prominent band of ~10 kDa was then
N-terminally sequenced to define the Nab2 poly(A) binding
domain (supplemental Fig. 1). This analysis led to the identifi-
cation of three nested protein fragments with N termini imme-
diately upstream of zinc finger 5. Based upon the mass of these
protein fragments, each was predicted to contain zinc fingers
5-7. These data suggest that the Nab2 domain containing
CCCH zinc fingers 5-7 mediates specific high affinity binding
to poly(A) RNA in vitro.

We hypothesized that amino acid substitutions within zinc
fingers 5—7 that are predicted to disrupt the structural integrity
of the CCCH zinc fingers would impair the function of the
essential Nab2 protein and have consequences in vivo. To test
this hypothesis and examine the impact of these amino acid
substitutions on Nab2 function in vivo, a plasmid shuffle assay
was performed (24). Cells deleted for the essential NAB2 gene
and complemented by a wild-type NAB2 maintenance plasmid
were transformed with plasmids encoding a control wild-type
Nab2 or various Nab2 mutant proteins containing individual
cysteine to alanine (Cys — Ala) or cysteine to arginine (Cys —
Arg) amino acid changes in the first cysteine of zinc fingers 5-7.
These cells were then serially diluted and spotted onto control
plates and plates containing 5-fluoroorotic acid (5-FOA) to
select against the wild-type maintenance plasmid and reveal
any phenotype of cells with only the Nab2 mutant proteins.
Single Cys — Ala or Cys — Arg substitutions at the first cys-
teine of individual CCCH zinc fingers 1-7 did not impair Nab2
function as the cells expressing these mutants as the sole copy
of Nab2 grew in a manner indistinguishable from wild-type
cells (Figs. 1B and 3). As a control, cells that express a Nab2
variant lacking the N-terminal 97 amino acids of Nab2 (AN-
Nab2) and display a severe growth defect (12) were also serially
diluted and spotted on the same plates. To assess the conse-
quence of impairing the function of multiple zinc fingers, we
constructed plasmids encoding combinations of Cys — Ala or
Cys — Arg amino acid substitutions at the first cysteine of zinc
fingers 5-7 (Nab2-C,_,—A). Cells expressing nab2 alleles con-

2 nm poly(N) RNA oligonucleotide (r(N),s) was analyzed by fluorescence anisot-
ropy as described under “Experimental Procedures.” The % bound RNA is plotted
as a function of Nab2 protein concentration. Each binding experiment was per-
formed in triplicate. K, values and associated standard deviations in the data are
indicated.
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FIGURE 3. Combinatorial cysteine substitutions in Nab2 zinc fingers 5-7
impair Nab2 function. ANAB2 cells harboring a URA3 plasmid encoding
wild-type Nab2 were transformed with LEU2 plasmids encoding either wild-
type Nab2, AN-Nab2 (missing amino acids 3-97), or Nab2 mutant proteins
that contain the denoted individual or combinatorial cysteine to alanine or
cysteine to arginine substitution(s) in ZnF 5-7. C5_,—A or C;_,—R indicates
that the first cysteines of ZnF 5 (Cys-415), 6 (Cys-437), and 7 (Cys-458) were all
changed to alanine or arginine, respectively. Transformants were inoculated
into liquid media, grown to saturation at 30 °C, and serially diluted. Dilutions
were then spotted onto either control media lacking both uracil and leucine
or media containing 5-FOA to eliminate the wild-type Nab2 maintenance
plasmid. The control plate was incubated at 30 °C for 2 days, although plates
containing 5-FOA were incubated at the indicated temperatures for 3-5 days.

taining these triple Cys — Ala or Cys — Arg amino acid substi-
tutions showed greatly diminished viability at 18 °C, suggesting
that a combination of these amino acid changes impacts the
essential function of the Nab2 protein. This loss of Nab2 func-
tion is not due to changes in the level of the Nab2 protein as
immunoblotting reveals that all Nab2 proteins were expressed
at approximately equal levels in exponentially growing yeast
cells at either 30 or 18 °C (data not shown).

To test whether the combination of cysteine to alanine sub-
stitutions within zinc fingers 5-7 disrupts RNA binding in vitro,
we expressed and purified recombinant wild-type GST-ZnF
1-7; GST-ZnF 1-7 C415A,C437A,C458A (GST-ZnF 1-7
Cs_,—A); wild-type GST-ZnF 5-7; and GST-ZnF 5-7 C415A,
C437A,C458A (GST-ZnF 5-7 C;_,—A) and analyzed binding
of each of these proteins to a Cy3-labeled poly(A) RNA oligo-
nucleotide in RNA gel shifts assays. As diagrammed in Fig. 44,
both GST-ZnF 1-7 C,_,—>A and GST-ZnF 5-7 C,_,—A con-
tain cysteine to alanine amino acid changes in the first cysteines
of zinc fingers 5 (C415A), 6 (C437A), and 7 (C458A).

As shown previously (Fig. 2), wild-type GST ZnF 5-7 bound
Cy3-labeled poly(A) RNA oligonucleotide; however, GST-ZnF
5-7 C5_,—> A showed no detectable binding to Cy3-r(A),; (Fig.
4B). To determine whether Nab2 zinc fingers 5-7 were neces-
sary for polyadenosine RNA binding, we changed the first cys-
teine of zinc fingers 5—7 to alanine in the context of the full zinc
finger domain (ZnF 1-7). As expected (Fig. 2) (6), wild-type
GST-ZnF 1-7 bound the Cy3-labeled polyadenosine oligonu-
cleotide; however, GST-ZnF 1-7 C,_,—A did not bind Cy3-
r(A),s (Fig. 4C). These in vitro binding data strongly support
our conclusion that the Nab2 domain containing zinc fingers
5-7 mediates high affinity binding to poly(A) RNA.

Because of the structural role cysteines and histidines are
likely to play in the three-dimensional folding of any CCCH
zinc finger (34, 35), cysteine to alanine substitutions in the zinc
finger domain of Nab?2 are likely to abolish binding to polyade-
nosine RNA by altering the structure of the zinc finger domain.
The cysteines and histidines of most zinc fingers, however, usu-
ally make no direct contact with nucleic acids and instead act as
structural scaffolds (34). These scaffolds allow other residues,
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FIGURE 4. Combinatorial cysteine to alanine substitutions in Nab2 zinc fin-
gers 5-7 cause defects in polyadenosine RNA binding. A, schematic of pro-
teins used in RNA gel shift assays. GST ZnF 5-7 proteins contain Nab2 residues
403-477,and GST ZnF 1-7 proteins contain Nab2 residues 262-477.GST ZnF 5-7
Cs_,—A and GST ZnF 1-7 C;_,—A contain cysteine to alanine substitutions in
thefirst cysteines of zinc fingers 5 (C415A), 6 (C437A), and 7 (C458A). B, combina-
torial cysteine to alanine substitutions in ZnF 5-7 abolish RNA binding. GST (1
um), GST ZnF 5-7 (62.5-500 nm), and GST ZnF 5-7 C5_,—A (62.5-500 nm) were
incubated with ~125 nm Cy3-labeled poly(A) RNA oligonucleotide. RNA-protein
complexes were resolved from free probe by electrophoresis in a 5% nondena-
turing polyacrylamide gel. The position of the free probe (Cy3-r(A),s) is evident in
the control lane with no protein added (—). G, combinatorial cysteine to alanine
substitutions in ZnF 5-7 abolish RNA binding in the context of the entire Nab2
zinc finger domain. GST (1 um), GST ZnF 1-7 (62.5-500 nm), and GST ZnF 1-7
Cs_,—A (62.5-500 nm) were incubated with ~125 nm Cy3-labeled poly(A) RNA
oligonucleotide. RNA-protein complexes were resolved from free probe (Cy3-pA)
by electrophoresis in a 5% nondenaturing polyacrylamide gel. Competitor con-
centration ([Comp]) and those samples containing no competitor (—) are indi-
cated. As a control, no binding to Cy3-r(A),5 was observed with 1 um GST.

interspersed between the cysteines and histidines, to be posi-
tioned in a way such that they specifically interact with nucleic
acids (34). To identify the intervening residues within zinc fin-
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gers 5-7 of Nab2 that might specifically interact with polyade-
nosine RNA, we analyzed an alignment of zinc fingers from
Nab2 orthologues with the prediction that residues playing cru-
cial roles in polyadenosine RNA recognition would be con-
served between species. Based on this analysis, we identified
several aromatic residues (Tyr-428, Phe-450, and Phe-471)
within zinc fingers 5-7 of Nab2 that are conserved in higher
eukaryotic Nab2 orthologues and that have the potential to
form base stacking interactions with polyadenosine RNA
(underlined residues in Fig. 54).

To analyze the contributions of these aromatic residues (Tyr-
428, Phe-450, and Phe-471) within zinc fingers 5-7 to Nab2
function, we constructed alleles that result in these three resi-
dues being changed to alanine, either individually or in combi-
nation, and we assessed whether these mutants could suppress
the temperature-sensitive growth defect of the rat8-2 (dbp5)
mutant. We also examined Phe-460, an aromatic residue in zinc
finger seven that is located between the first and second cys-
teine residues, by changing the phenylalanine to alanine.
Expression of either Nab2-F450A or Nab2-F471A suppressed
the temperature-sensitive growth phenotype of rat8-2 (dbp5)
cells (Fig. 5B). Expression of Nab2-Y428A or Nab2-F460A did
not suppress the temperature-sensitive growth phenotype of
rat8-2 (dbp5) cells, suggesting that specific aromatic residues
may make direct contacts with polyadenosine RNA, although
other aromatic residues are not required for polyadenosine
RNA recognition. We also tested the function of each of these
mutant proteins by determining whether they could replace Nab2
in vivo. As shown in Fig. 5C, yeast cells expressing the
individual aromatic mutants Y428A, F450A, F460A, or
F471A as the only copy of the essential NAB2 gene grew in a
manner indistinguishable from cells expressing a wild-type
NAB?2 allele. However, cells expressing an allele of nab2 that
encodes a triple (Y428A,F450A,F471A) mutant showed a
significant cold-sensitive growth defect. Similar results were
observed when yeast cell growth in liquid culture was ana-
lyzed over time by measuring absorbance at 600 nm using a
plate reader (supplemental Fig. 2).

Finally, to assess more precisely the contributions of
these aromatic residues to polyadenosine RNA recognition,
untagged full-length wild-type Nab2 as well as untagged full-
length Nab2-Y428A, Nab2-F450A, or Nab2-F471A recombi-
nant protein was purified from E. coli, and binding of each of
these proteins to fluorescein-labeled r(A),; was analyzed
using fluorescence anisotropy (Fig. 5D). As expected, wild-
type full-length Nab2 bound r(A),.-fluorescein with a K, of
16.3 = 2 nMm). The Y428A and F471A amino acid changes
decreased the affinity of full-length Nab2 for poly(A) RNA to
71.8 = 8 or 56.3 = 5 nw, respectively. Interestingly, Nab2-
F450A had an even greater reduction in binding affinity for
r(A),s-fluorescein (K, = 172 * 12 nm). Taken together, these
data suggest that poly(A) RNA recognition by Nab2 requires spe-
cific aromatic amino acids within zinc fingers 5-7.

Nab2 has been implicated in the control of poly(A) tail length as
well as poly(A) RNA export from the nucleus (7, 12, 17). Presum-
ably, the growth defects seen in Nab2 RNA-binding mutants can
be attributed to defects in one or both of these essential functions.
To examine the direct requirement for Nab2 binding to RNA in

26028 JOURNAL OF BIOLOGICAL CHEMISTRY

A,  ZnF1 *EEGRCRLFPHCPLERS - CrHAHPTRY 22
ZnF2 ?°pTEY CNEYPN CPEPPET CEFLHPHED 3
ZnF3 3°cIvL CEFeal Csnps-- CpFeHPTRR 3
ZnF4 *DLMw CDENLT CDNPE-- CREAHSssLS 30
ZnF5 “"'SLEQ CRFGTH CTHER-- CEYRHARSH
ZnF6 “FeHIMCREG2 CTRID-- CLFeHPINE #°
ZnF7 **1NED CREGVN CENTY -~ CLERHPPGR *7

B. NAB2::HIS3 rat8-2 (dbp5)
25°C 30°C 32°C
Nab2 [ER]
ZnF6 C437S .
ZnF5 Y428A [0
ZnF6 F450A
ZnF7 F460A
ZnF7 F471A )

C. Control
30°C_

5-FOA

16°C  25°C  30°C

ZnF6 C437S

ZnF5 Y428 ALEE

ZnF6 FASOA LT

ZnF7 FA460A LS

ZnF7 FATIA LK

Y428A, F450A, £
F471A

D --Wild-type Nab2 K ;= 16.3 + 2 nM
. 1.59 -=-Y428A (ZnF5) Na 2 K;=71.8+8nM
=+=F450A (ZnF6) Nab2 K ;=172 + 12 nM
K9=563+5nM T

<+F471A (ZnF7) Nab2

% RNA Bound

Protein Concentration (uM)

-0.57

FIGURE 5. Evolutionarily conserved aromatic residues in Nab2 zinc fin-
gers 5-7 are critical for Nab2 function and binding to polyadenosine RNA.
A, alignment of the seven Nab2 CCCH zinc fingers. Numbers corresponding to
the first and last amino acid are shown surrounding each zinc finger. Cysteines
and histidines are larger and shown in boldface, and conserved aromatic residues
(Tyr-428, Phe-450, Phe-460, and Phe-471) are shown in boldface and underlined.
B, S. cerevisiae plasmid shuffle assay analyzing the suppression of the tempera-
ture-sensitive growth phenotype of rat8-2 (dbp5) cells by the indicated Nab2
aromatic mutants. ANAB2 cells complemented by a plasmid encoding wild-type
Nab2 and expressing the mutant Rat8-2 (dbp5) were transformed with plasmids
encoding either wild-type Nab2, Nab2-C437S, or Nab2 mutant proteins that con-
tain the denoted individual tyrosine or phenylalanine to alanine substitution in
zinc fingers 5-7. Transformants were streaked to media containing 5-FOA to
select against cells retaining the wild-type maintenance plasmid. Cells were then
inoculated into YPD liquid, grown to saturation at 25 °C, serially diluted, and spot-
ted onto YPD plates. G, plasmid shuffle assay analyzing the function of individual
or combinatorial aromatic Nab2 mutants. ANAB2 cells harboring a URA3 plasmid
encoding wild-type Nab2 were transformed with LEU2 plasmids encoding wild-
type Nab2, Nab2-C437S, or Nab2 proteins that contain the denoted individual or
combinatorial cysteine to alanine or cysteine to arginine substitution(s) in ZnF
5-7.Cells were spotted onto either control media lacking both uracil and leucine
or media containing 5-FOA to eliminate the wild-type Nab2 maintenance plas-
mid. D, binding of increasing concentrations of untagged full-length Nab2 or
untagged Nab2 aromatic mutant proteins (Y428A, F450A, or F471A) to 1 nm
fluorescein-labeled poly(A) RNA oligonucleotide was analyzed by fluorescence
anisotropy as described under “Experimental Procedures.” The % bound RNA is
plotted as a function of total protein concentration. Binding was performed in
triplicate. K, values and standard deviations in the data are indicated.

each of these processes, we tested whether cells expressing Nab2
variants defective for RNA binding show changes in poly(A) tail
length, poly(A) RNA export from the nucleus, or both processes.
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FIGURE 6. Cells that express Nab2 mutants defective for RNA binding
show longer poly(A) tails. A, total RNA was isolated from yeast cells grown at
16 or 30°C expressing wild-type Nab2, AN-Nab2, Nab2-C,_,—A, Nab2-
Y428A, Nab2-F450A, Nab2-F471A, or Nab2-Y428A,F450A,F471A and end-la-
beled with 32P-pCp and T4 RNA ligase. RNA was then digested with RNase A
and RNase T1 to digest nonpoly(A) RNA tracts. Resulting stretches of poly(A)
RNA were then resolved by denaturing urea-polyacrylamide gel electro-
phoresis and visualized by autoradiography. The position of the 70 nucleo-
tide (nt) typical poly(A) tail length marker is indicated to the left. B, quantifi-
cation of poly(A) tail length. The ratio of longer poly(A) tails (greater than
~90-100 nts) to shorter poly(A) tails (near the gel origin) was set to 1.0 for
wild-type (WT) cells at both 16 °C (black bars) and 30 °C (gray bars). Standard
deviations in the data are indicated (n = 3). Poly(A) tails from cells expressing
mutant copies of Nab2 that were significantly longer, as determined by a t
test, than wild-type poly(A) tails at a given temperature are denoted by aster-
isks (p < 0.05).

RNA isolated from cells depleted for Nab2 or cells containing
mutant alleles of NAB2 display longer tracts of poly(A) than
wild-type cells (7, 10). We therefore postulated that the growth
defect seen in cells expressing Nab2-C415A,C437A,C458A
(Nab2-C;_,—A) or Nab2-Y428A, F450A, F471A could be due
to deregulation of polyadenylation. To test this hypothesis, we
analyzed poly(A) tail length in yeast cells expressing wild-type
Nab2 or various Nab2 mutant proteins (Fig. 6). As expected,
cells expressing wild-type Nab2 showed normal poly(A) tail
length, whereas those expressing AN-Nab2 showed extended
poly(A) tails at both 30 and 16 °C (7, 10). Yeast cells expressing
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FIGURE 7. Cysteine to alanine amino acid substitutions within the Nab2
polyadenosine RNA binding domain do not cause accumulation of
poly(A) RNA in the nucleus. FISH using an oligo(dT) probe to detect poly(A)
RNA was performed on yeast cells expressing wild-type Nab2, AN-Nab2,
Nab2-C,_,—A, Nab2-Y428A, Nab2-F450A, Nab2-F471A, or Nab2-Y428A,
F450A,F471A. Corresponding DAPI and differential interfering contrast (DIC)
images are shown.

Nab2-C,_,—A also showed longer poly(A) tails at both tem-
peratures. Interestingly, cells expressing Nab2-F450A showed
significantly longer poly(A) tails at both 30 and 16 °C, whereas
the Nab2-Y428A and Nab2-F471A mutants caused no signifi-
cant increase in poly(A) tail length (Fig. 6, A and B). Extended
poly(A) tails were also observed in RNA isolated from cells
expressing the triple Nab2-Y428A,F450A,F471A mutant.
Together, these results provide a direct correlation between
polyadenosine RNA binding affinity and poly(A) tail length and
suggest that Nab2 RNA binding is critical for proper control of
poly(A) tail length.

To examine whether changes within the CCCH zinc finger
binding domain of Nab2 cause defects in poly(A) RNA export,
we used FISH to localize poly(A) RNA transcripts in cells
expressing Nab2, AN-Nab2 (which displays a poly(A) RNA
export defect (12) and serves as a positive control in this exper-
iment), and other Nab2 zinc finger mutants (Fig. 7). As
expected, cells expressing wild-type Nab2 showed no accumu-
lation of poly(A) RNA in the nucleus, although cells expressing
AN-Nab2 displayed a significant accumulation of poly(A) RNA
in the nucleus at both 30 and 16 °C (Fig. 7). Cells expressing any
of the zinc finger mutants, including Nab2-C,_,— A and Nab2-
Y428A,F450A,F471A, showed no detectable nuclear accumula-
tion of poly(A) RNA at 30 or 16 °C. This result suggests that the
growth defect seen in cells expressing Nab2-C,_— A or Nab2-
Y428A,F450A,F471A is not due to a primary defect in the
export of poly(A) RNA from the nucleus.
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FIGURE 8. Nab2 genetically interacts with mRNA 3’-end processing com-
ponents. ANAB2 (top row), ANAB2 pap1-1 (middle row), or ANAB2 rnal5-2
(bottom row) cells harboring a URA3 plasmid encoding wild-type NAB2 were
transformed with LEU2 plasmids encoding either wild-type Nab2, AN-Nab2,
Nab2-C;_,—A, or Nab2-C437S. Cells were spotted onto either control media
lacking both uracil and leucine (Control) or media containing 5-FOA to elimi-
nate the wild-type Nab2 maintenance plasmid and incubated at 25 °C for 3-5
days.

Results of our analysis provide evidence that Nab2 plays a
critical role in mRNA 3'-end formation, suggesting that mutant
alleles of nab2 might show genetic interactions with compo-
nents of the mRNA 3’-end processing machinery responsible
for cleavage and polyadenylation. To test for an interaction
with the mRNA 3'-end processing machinery, the NAB2 gene
was deleted in yeast cells expressing either a mutant allele of the
poly(A) polymerase, papi-1 (36), or a mutant allele of a com-
ponent of the cleavage machinery, rnal5-2 (27). Cells deleted
for the essential NAB2 gene were complemented by a wild-type
NAB2 maintenance plasmid and transformed with plasmids
encoding either wild-type Nab2, AN-Nab2, Nab2-C,_,—A, or
Nab2-C4378S. Cells were then serially diluted and spotted onto
either control plates or plates containing 5-FOA to select
against the wild-type NAB2 maintenance plasmid. As shown in
Fig. 8, cells expressing Nab2-C;_,—>A in combination with
either Papl-1 or Rnal5-2 showed a severe growth defect at
25 °C, further supporting the hypothesis that Nab2 RNA bind-
ing plays a critical role in 3’-end formation. In addition,
AN-Nab2 showed little or no genetic interaction with pap1-1 or
rnal5-2, suggesting that any genetic interaction between NAB2
and RNA15 may be allele-specific and perhaps directly related
to the decreased polyadenosine RNA binding affinity of Nab2-
C,_,— A protein for poly(A) RNA.

DISCUSSION

In this study, we define the RNA binding domain within
the tandem CCCH zinc fingers of the polyadenosine RNA-
binding protein Nab2. We show through a combination of
genetic and biochemical methods that the Nab2 domain
containing zinc fingers 5-7 mediates specific high affinity
binding to polyadenosine RNA. Amino acid substitutions
within the polyadenosine RNA binding domain of Nab2 that
disrupt Nab2 binding to poly(A) RNA in vitro also impair
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Nab2 function in vivo and result in aberrant control of
poly(A) tail length. Interestingly, cells that express these
variants of Nab2 show no nuclear accumulation of poly(A)
RNA. These findings provide evidence that Nab2 associates
with RNA to control poly(A) tail length but that high affinity
Nab2 binding to RNA is not required for efficient export of
bulk poly(A) RNA from the nucleus.

A close inspection of the Nab2 amino acid sequence reveals
seven zinc fingers that are arranged in three clusters consisting
of two (ZnF 1-2 and ZnF 3-4) or three (ZnF 5-7) zinc fingers
(diagrammed in Fig. 1). The zinc fingers within each cluster are
arranged in close proximity to one another, suggesting that they
might function as independently folding domains. Consistent
with this idea, we identified a self-folding, trypsin-resistant
domain consisting of zinc fingers 57 that binds with high affin-
ity to polyadenosine RNA. It is tempting to postulate that zinc
fingers 5—7 may interact with one another to constitute a spe-
cific polyadenosine RNA-binding module.

Although Nab2 zinc fingers 5-7 appear to play a principal
role in high affinity binding to polyadenosine RNA, Nab2-AZnF
5-7 retains some ability to bind RNA. The weak binding of
Nab2-AZnF 5-7 to polyadenosine RNA could be mediated by
either zinc fingers 1-4 or the RGG domain of Nab2. Impor-
tantly, only the third zinc finger cluster (containing ZnF 5-7)
contains three zinc fingers, while the other two clusters contain
only two zinc fingers. Thus, three consecutive zinc fingers
within close proximity to one another may be required for high
affinity binding to polyadenosine RNA. In addition to zinc fin-
gers, Nab2 also contains an arginine-glycine-glycine (RGG)
repeat-containing domain, a motif that has been characterized
as a nucleic acid interaction motif in other proteins (37) and
could also mediate weak binding between Nab2-AZnF 5-7 and
nucleic acids. Although these weak interactions could promote
binding of Nab2 to specific mRNA transcripts via interactions
between ZnF 1-4 or the RGG domain and sequences within the
3’-UTR of select transcripts, recent evidence suggests that
Nab2 is associated with the majority of yeast transcripts (38)
consistent with binding to the poly(A) tail of a large number of
transcripts.

Importantly, we present evidence that cysteine to alanine
amino acid substitutions in zinc fingers 5-7 disrupt polyade-
nosine RNA binding and also cause defects in poly(A) tail
length but do not cause nuclear accumulation of poly(A) RNA,
suggesting that Nab2 plays a critical role in the control of
poly(A) tail length and that RNA binding is not required for
efficient export of RNA from the nucleus. In support of this
idea, aromatic residues within zinc fingers 5-7 are also critical
for the interaction between Nab2 and polyadenosine RNA. In
particular, phenylalanine 450 (Phe-450) within zinc finger 6
appears critical for the interaction between Nab2 and polyade-
nosine RNA. Substitution of alanine at position 450 not only
disrupts RNA binding but also leads to longer poly(A) tails,
providing a direct correlation between poly(A) tail length and
RNA binding affinity. Although this Phe to Ala substitution is
less likely than changes to the structural Cys residues to alter
the overall conformation of this domain, our results do suggest
that zinc finger 6 may be particularly critical for binding to
polyadenosine RNA.
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Our finding that RNA binding by Nab2 is critical for proper
control of poly(A) tail length is consistent with several previous
observations linking Nab2 directly to control of poly(A) tail
length (7, 9, 10). Although previous studies have demon-
strated that Nab2 controls poly(A) tail length in vitro (7, 9)
and in vivo (7, 10), the RNA binding ability of Nab2 mutants,
which show longer poly(A) tails, has not been investigated.
For example, cells expressing a Nab2 mutant in which part of
the sixth and the entire seventh zinc finger were deleted also
caused longer poly(A) tails in vivo (7) and in vitro (9). Cells
expressing this mutant, Nab2-21, also showed a cold-sensi-
tive growth phenotype, similar to Nab2-C,_,— A and Nab2-
Y428A,F450A,F471A, but no detailed analyses of changes in
RNA binding affinity were performed for the Nab2-21 pro-
tein. We present data here that strongly link the RNA bind-
ing affinity of zinc fingers 5-7 with poly(A) tail length.

In contrast to the RNA-binding mutants, deletion of the N
terminus of Nab2, which targets the protein to the nuclear
pore complex (14, 39), causes both nuclear accumulation of
poly(A) RNA and extended poly(A) tails (10, 12). Recent evi-
dence suggests that Dbp5 remodels ribonucleoprotein com-
plexes as they exit the nucleus, removing key nuclear factors,
including Nab2 (25) and Mex67 (40). According to this
model, failure to remove these proteins from the RNA would
result in a “back-up” of the assembly line and accumulation
of poly(A) RNA in the nucleus. Therefore, mutant proteins
that cannot be removed by Dbp5 may be deleterious to the
cell. Hence, we propose that mutant versions of Nab2, such
as AN-Nab2, that cause defects in both poly(A) tail length
and poly(A) RNA export from the nucleus may be more dif-
ficult to remove from polyadenosine RNA than wild-type
Nab2, resulting in a back-up of the RNA assembly line and
accumulation of poly(A) RNA in the nucleus. In support of
this hypothesis, the AN-Nab2 protein is UV cross-linked in
vivo to poly(A) RNA transcripts at higher levels than wild-
type Nab2, and overexpression of AN-Nab2 impairs cell
growth (12).

A primary requirement for Nab2 binding to RNA for proper
mRNA 3’-end processing and not for mRNA export, although
somewhat surprising, may be consistent with evidence
obtained in other model organisms. A recent genome-wide
study investigating the components required for proper export
of poly(A) RNA in Drosophila melanogaster S2 cells suggests
that the putative D. melanogaster Nab2 orthologue, CG5720, is
not required for mRNA export (41). In addition, recent work
characterizing the putative human Nab2 orthologue, ZC3H14,
demonstrates that ZC3H14 co-localizes with the nuclear
speckle marker, SC35 (5). Nuclear speckles are thought to
house factors for the mRNA assembly line as they contain many
splicing factors as well as transcription-related proteins that
play critical roles in RNA metabolism (reviewed in Ref. 42).
Hence, localization of ZC3H14 in nuclear speckles strongly
suggests a role in mRNA processing. Overall, the evidence pre-
sented here supports the idea that carefully defining a specific
protein function, such as RNA binding, and making mutants to
disrupt that function, allows for precise definition of a cellular
role of that protein. Analysis of these RNA-binding mutants
reveals that the interaction of Nab2 with RNA is required for
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proper control of polyadenylation. Here, we provide insight
into the novel mechanism of polyadenosine RNA recognition
by the CCCH zinc fingers of Nab2 and define key aromatic
residues as at least one element of this molecular recognition.
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