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Pumilio/feminization of XX and XO animals (fem)-3 mRNA-binding
factor (PUF) proteins bind sequence specifically to mRNA targets
using a single-stranded RNA-binding domain comprising eight
Pumilio (PUM) repeats. PUM repeats have now been identified in
proteins that function in pre-rRNA processing, including human
Puf-A and yeast Puf6. This is a role not previously ascribed to PUF
proteins. Here we present crystal structures of human Puf-A that
reveal a class of nucleic acid-binding proteins with 11 PUM repeats
arranged in an “L”-like shape. In contrast to classical PUF proteins,
Puf-A forms sequence-independent interactions with DNA or RNA,
mediated by conserved basic residues. We demonstrate that equiv-
alent basic residues in yeast Puf6 are important for RNA binding,
pre-rRNA processing, and mRNA localization. Thus, PUM repeats
can be assembled into alternative folds that bind to structured
nucleic acids in addition to forming canonical eight-repeat crescent-
shaped RNA-binding domains found in classical PUF proteins.
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RNA-binding proteins have evolved to perform biological
functions requiring recognition of a variety of RNA ligands,

from specific sequence motifs to structural shapes or combina-
tions of sequence and structural features. Classical Pumilio/fem-3
mRNA-binding factor (PUF) proteins, named for Drosophila
melanogaster Pumilio and Caenorhabditis elegans FBF (fem-3
mRNA-binding factor), are evolutionarily conserved in eukar-
yotes and regulate mRNA stability and translation in embryonic
development, germ-line stem cell maintenance, and neuro-
genesis (1–3). Crystal structures of the characteristic ∼40-kDa
RNA-binding domain, known as the Pumilio Homology Domain
(PUM-HD) or PUF domain, from fly, human, mouse, yeast, and
worm PUF proteins reveal eight α-helical PUM repeats of ∼36 aa
each, arranged in a crescent shape (4–10). Single-stranded target
RNA binds to the inner concave surface of the protein with the 5′
end of the RNA bound to the C terminus of the PUM-HD. The
classical PUF protein, human Pumilio1 (PUM1), uses conserved
side chains in its eight repeats to recognize eight RNA bases (4).
Structural studies thus far have revealed only PUF proteins with
eight PUM repeats.
New protein families with PUM repeats have emerged with

the increasing availability of sequence data. One family includes
human Puf-A (also known as KIAA0020) and its yeast ortholog,
Puf6. Another includes yeast nucleolar protein 9 (Nop9) and its
ortholog, human NOP9 (also known as C14orf21). Some of the
known cellular functions of the Puf-A/Puf6 and Nop9 families
differ from the mRNA regulatory function of classical PUF
proteins. For example, Puf-A/Puf6 and Nop9 proteins are lo-
calized to the nucleolus, in contrast to the cytoplasmic localiza-
tion of classical PUF proteins, and both yeast Puf6 and Nop9 are
involved in ribosome biogenesis (11–14). Yeast Puf6 also binds
to asymmetric synthesis of homothallic switching endonuclease
(HO) 1 (ASH1) mRNA and represses its translation until it is
localized at the bud tip of daughter cells, where Ash1 protein is
asymmetrically segregated and inhibits the expression of HO
endonuclease to prevent mating-type switching in the daughter

cell (15). In addition to these functional differences, it is unclear
how these new PUM repeat proteins would interact with target
RNA. For example, only six PUM repeats are predicted in Puf-A
and Puf6, and their RNA base-interacting residues are poorly
conserved.
Vertebrate Puf-A functions appear to be important for diseases

and embryonic development, but more knowledge is needed to
connect vertebrate morbidities with molecular mechanisms. Human
Puf-A changes localization from predominantly nucleolar to nu-
clear when cells are treated with transcriptional or topoisomerase
inhibitors (14). It is overexpressed in breast cancer cells, with higher
levels in more advanced stages (16). A peptide derived from human
Puf-A residues 289–297 (RTLDKVLEV) has been classified as
minor histocompatibility antigen HA-8 (17), which is associated
with an increased risk of graft-versus-host disease (18, 19). Zebra-
fish Puf-A is involved in the development of eyes and primordial
germ cells (20).
To examine the structural and functional relationship between

Puf-A/Puf6 proteins and classical PUF proteins, we determined
crystal structures of Puf-A. These structures reveal a new protein
fold with 11 PUM repeats in an L-like shape, despite only six
PUM repeats predicted by amino acid sequence. We show that
Puf-A and Puf6 possess nucleic acid binding properties different

Significance

RNA regulation occurs at many levels including processing to
mature forms, subcellular localization, and translation. RNA-
binding proteins are crucial to direct and regulate these pro-
cesses. Pumilio/feminization of XX and XO animals (fem)-3
mRNA-binding factor (PUF) proteins are RNA-binding proteins
formed from eight α-helical repeats [Pumilio (PUM) repeats] that
recognize specific mRNA sequences. Previous structural studies
revealed characteristic curved structures and sequence specificity
unique to these classical PUF proteins. We show here that PUM
repeats also form different folds with 11 PUM repeats. Moreover,
these proteins, exemplified by human Puf-A and yeast Puf6 pro-
teins, recognize double-stranded RNA or DNA without sequence
specificity. Interestingly, Puf-A and Puf6 PUM repeats lack speci-
ficity for RNA bases yet use residues at conserved positions on
topologically equivalent protein surfaces for new nucleic acid
recognition modes.
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from classical PUF proteins. Puf-A and Puf6 are more promiscuous
and bind to double- or single-stranded RNA or DNA without se-
quence specificity, in contrast to classical PUF proteins, like PUM1,
which bind to RNA bases with designable specificity (4, 21–23). We
further demonstrate that conserved basic surfaces in and near the
N-terminal PUM repeats of Puf6 are required for nucleic acid
binding, pre-rRNA processing, and ASH1 mRNA localization.

Results
Eleven PUM Repeats Form an L-Shaped Human Puf-A Protein. We
determined a 2.2-Å resolution crystal structure of human Puf-A
(Table S1). The structure revealed a new nucleic acid binding
fold, related structurally to that found in the classical PUF

proteins. Puf-A is composed of two subdomains of PUM repeats
that form a right angle (Fig. 1). The C-terminal subdomain
(residues 278–646) retains the curved assembly with eight PUM
repeats (C-R1 to C-R8) and a C-terminal pseudorepeat (C-R8′)
seen in human PUM1 (Fig. 2A). The N-terminal subdomain
(residues 131–277) includes three additional PUM repeats
(N-R1 to N-R3) flanked by an N-terminal pseudorepeat (N-R1′).
The protein construct for crystallization lacked the nucleolar
localization sequence and residues preceding it (residues 1–123).
Eight of the 11 PUM repeats in Puf-A are structurally similar to
prototypical PUM repeats (rmsd, 1.0–1.7 Å over 36 Cα atoms),
whereas three repeats diverge in structure from prototypical
repeats (C-R1, C-R5, and C-R7) (Fig. S1). Only six repeats were
predicted based on amino acid sequence: N-R1 to N-R3 and
C-R3 to C-R5 (24).
Although the C-terminal region of Puf-A is structurally similar

to that of PUM1, its function appears distinct. For classical PUF
proteins, a five-residue motif in the α2 helix of each PUM repeat
defines the specificity of RNA base recognition (Fig. 2 B and C
and Fig. S2) (4, 21). These RNA-interacting residues are highly
conserved among classical PUF proteins but are different in
Puf-A. For example, repeats C-R2 through C-R5 contain a leucine
or a methionine at the fifth position. These hydrophobic residues
are buried beneath a long insertion in repeat C-R5 between
helices α2 and α3 (Fig. 2D), making it impossible for Puf-A to
interact with RNA as classical PUF proteins do. Nevertheless, 12
of the 33 residues in the “RNA-binding” motifs are basic residues
(Fig. 2B). Given these structural differences, we asked whether
Puf-A binds RNA but adopts a different RNA-binding mode.

Puf-A Binds to Structured Nucleic Acids Using Conserved Basic Residues.
Three distinct patches of positive electrostatic potential on the
surface of Puf-A appear well suited to interact with negatively
charged nucleic acids (labeled 1, 2, and 3 in Fig. S3). We obtained
crystals of Puf-A with dsDNA, although we attempted crystalli-
zation with dsRNA, ssRNA, stem-loop RNA, and ssDNA. We

Fig. 1. Puf-A/Puf6 proteins represent a new PUM repeat fold. Ribbon dia-
gram of a crystal structure of human Puf-A (residues 131–646). PUM repeats
are colored alternately red and pink in the N-terminal domain (N-R1–N-R3)
and light blue and pale cyan in the C-terminal domain (C-R1–C-R8). N- and
C-terminal pseudorepeats are indicated (N-R1′ and C-R8′, respectively). Inser-
tions in repeats C-R5 and C-R7 are colored gold.

A B

C D

Fig. 2. (A) Superposition of the C-terminal domain of Puf-A with human PUM1. The Cα trace of Puf-A is colored as in Fig. 1, and PUM1 is colored gray (rmsd,
2.84 Å over 268 Cα atoms). (B) Alignment of α2 helix amino acid sequences of PUM1 and Puf-A. The five-residue sequences that recognize RNA in PUM1 are
numbered 1–5 above the sequences. Residues in PUM1 that recognize the edges of bases (first and fifth positions) are highlighted green and blue, re-
spectively, whereas residues that stack with RNA bases (second position) are highlighted magenta. Equivalent positions in Puf-A are indicated. Basic residues
within or near the α2 helices are shown in blue. (C) Representative sequence-specific interaction of a PUM repeat with an RNA base. Interaction of residues in
PUM1 repeat 6 with base U3 is shown. Side chains are colored as in B. Dotted lines indicate hydrogen bond interactions. (D) Hydrophobic side chains in repeats
C-R2 to C-R5 are buried beneath a long insertion in repeat C-R5. Side chains in repeats C-R2 to C-R5 are shown in stick representation, colored as in B. Atoms in
the long insertion are shown as gold space-filling spheres.
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determined a 3.0-Å resolution crystal structure of Puf-A with
14 bp of DNA visible (Fig. 3 A and B). The electron density
map shows nonideal B-form DNA extending through the crystals,
although the density was too weak to model the correct DNA se-
quence (Fig. S4A). The DNA binds along the concave faces of the
N- and C-terminal subdomains of the protein. Protein:DNA inter-
actions visible in the crystal structure are sequence-independent,
because they involve the positively charged residues of Puf-A in
basic surface patches 1 and 2 and the negatively charged phosphate
backbone of the DNA (Fig. S4B).
Puf-A, like other PUM repeat proteins, appears to interact

with nucleic acids using amino acid side chains from the α2 he-
lices of PUM repeats. In classical PUF proteins like PUM1,
protein:RNA interactions are dominated by recognition of bases
through the conserved RNA-binding motifs in the α2 helices
(Fig. 2B). In addition, residues at the N termini of the α2 helices
of PUM1 and other classical PUF proteins make van der Waals
contacts with the ribose bases of the single-stranded RNA (Fig.
S4C, Right). In Puf-A, many basic residues within or near the
PUM1 RNA-binding motifs contact the phosphate backbone of
DNA (Fig. S4B). Moreover, conserved aromatic residues at the
N termini of the α2 helices of Puf-A repeats C-R4 and C-R5 are
near the major groove of the DNA, suggesting they may be in-
volved in nucleic acid interaction (Fig. S4C, Left). A unique
feature of Puf-A is a long inserted loop in repeat C-R5 that
contains an α helix whose N terminus is near the minor groove of

the DNA (Fig. 3B), suggesting the potential to form interactions
with target nucleic acids.

Puf-A and Puf6 Bind Sequence Independently to RNA or DNA. To
probe structure-function questions, we turned to the yeast
ortholog Puf6 and identified a basic surface in the N-terminal
subdomain of Puf6 that is important for in vitro RNA binding.
Puf6 and Puf-A share ∼24% sequence identity. We performed
small-angle X-ray scattering (SAXS) analysis of Puf6 and through
ab initio modeling confirmed that Puf6 is structurally similar to
Puf-A (Fig. 3C). We therefore used the structure of Puf-A to
guide analyses of yeast Puf6’s established functions in pre-rRNA
processing and ASH1 mRNA localization. We assessed the
nucleic acid-binding ability of Puf6 and Puf-A using fluorescence
polarization assays with representative RNA or DNA. Both Puf6
and Puf-A bound without apparent specificity to single- or dou-
ble-stranded RNA or DNA, and binding was dramatically re-
duced when the salt concentration was raised from 50 mM to 150
mM or tRNA was added (Table S2 and Fig. S5). This general
nucleic acid-binding activity is distinct from sequence-specific
binding to single-stranded RNA by classical PUF proteins, such
as human PUM2 (Table S2). Using the Puf-A:DNA crystal
structure as a guide, we mutated five groups of conserved basic
residues to alanine in Puf6 (Fig. 4A and Figs. S2 and S3). Mutants
M1a/M1b, M2, and M3a/M3b correspond to basic surface patches
1–3, respectively. Mutant M3a includes residues in basic patch 3
that do not contact DNA in the crystal structure. In vitro binding
to single- or double-stranded RNA was reduced for mutants M1a
and M1b but was not affected for mutant M2, M3a, or M3b
(Table 1). Thus, basic patch 1 is most important for in vitro
RNA binding.

Conserved Basic Residues on Puf6 Are Required for Pre-rRNA Processing
and ASH1 mRNA Localization. We tested whether mutation of the
conserved basic amino acids in Puf6 interferes with pre-rRNA
processing in the yeast S. cerevisiae and found that basic patch 1a
residues are important for 7S pre-rRNA processing. Previously, it
has been shown that yeast lacking Puf6 accumulate the 35S, 27S
and 7S pre-rRNAs (11), all intermediates that result from the
cleavage events that produce the large ribosomal subunit (LSU;
Fig. 4B) (25). We created a yeast strain where the endogenous Puf6
can be conditionally and acutely depleted by growth in glucose
(Fig. 4C). Either the unmutated (wild-type or WT) or each of the
Puf6 mutations in Fig. 4A was ectopically expressed from a plasmid
(p414GPD). A strain bearing the empty vector (EV) was included
as a negative control. The endogenous Puf6 was tagged with a tri-
ple-HA epitope, and the plasmid-expressed Puf6 was tagged with a
triple-FLAG epitope. Western blotting indicated that after growth
of this strain in glucose for 24 h, the endogenous Puf6 was reduced
to undetectable levels (Fig. 4C). Similarly, each plasmid-expressed
Puf6 was expressed to comparable levels after 72 h at 17 °C (Fig.
4C). We analyzed the in vivo effects on pre-rRNA processing of
the five sets of Puf6 mutations (Fig. 4A) by assessing yeast growth
rate and the levels of intermediate pre-rRNAs by Northern blotting
(Fig. S6 and Fig. 4D). We monitored growth at 17 °C, as was done
previously for Puf6 (11), because defects in ribosome assembly
often result in cold sensitivity (26). Our results indicate that Puf6-
depleted yeast (EV) grew more slowly than yeast expressing WT
Puf6 (Fig. S6A). Mutant M1a showed mildly reduced cell growth
compared with WT, whereas the other mutants grew similarly to
WT. In Northern blot analysis for pre-rRNA processing defects,
mutant M1a displayed a statistically significant defect in 7S pre-
rRNA processing, which was comparable to Puf6-depleted yeast
(EV; P < 0.0001) (Fig. 4D). Unlike previous work (11), no strain
exhibited defects in 27S pre-rRNA processing. This may be due to
differential effects on pre-rRNA processing when Puf6 is acutely
depleted, as we have done here, compared with when the PUF6
gene is deleted, as was done previously. This may be an example of

Fig. 3. Puf-A/Puf6 family proteins interact with structured nucleic acids. (A)
Surface representation of a crystal structure of human Puf-A in complex with
double-stranded DNA. The molecular surface of Puf-A is colored by elec-
trostatic potential and shown with 14 bp of DNA (modeled as poly G:poly C),
which formed a continuous helix through the crystals. DNA is shown as
a stick representation with atoms colored by element (carbon, gray; nitro-
gen, blue; oxygen, red; phosphorus, orange). (B) Ribbon diagram of Puf-A in
complex with DNA. Puf-A is colored as in Fig. 1, and the DNA is shown as
a cartoon representation. The protein in the structure of the complex is very
similar to the structure of Puf-A alone, with an rmsd of 1.03 Å over 495 Cα
atoms. (C) Ab initio SAXS envelope model for S. cerevisiae Puf6 (green
spheres) superimposed with ribbon diagram of Puf-A (pink).
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how yeast adapt to chronic defects in ribosome biogenesis (27).
These results indicate that the conserved basic residues in mutant
group M1a on the inner concave surface of the N-terminal region
of Puf6 are important for 7S pre-rRNA processing.
Similarly, we found that conserved basic residues on the sur-

face of Puf6 containing mutant group M1a are important for
localization of ASH1 mRNA in S. cerevisiae. To assess a second
in vivo function of Puf6, we scored ASH1 mRNA localization at
late anaphase by in situ hybridization (Fig. 5), using the yeast
strain and WT, EV, and mutant plasmids created to test pre-
rRNA processing defects (Fig. 4C). We evaluated effects on
ASH1 mRNA localization after growth in glucose at 30 °C to
deplete endogenous Puf6 but to avoid pre-rRNA processing
defects (no growth defects were observed upon Puf6 depletion at
30 °C) (Fig. S6B). We found significantly different ASH1 local-
ization patterns between yeast expressing WT Puf6 and those
depleted of Puf6 (EV; P < 0.0001). Yeast expressing WT Puf6

had a greater proportion of daughter cells with ASH1 mRNA at
the bud tip compared with yeast depleted of Puf6 (55% WT vs.
14% EV). Expression of Puf6 mutants M1a and M3a showed the
strongest defects in ASH1 localization (∼23% daughter cells with
bud tip localization; Fig. 5), with ASH1 localization patterns

Fig. 4. Structure-guided mutations of Puf6 basic residues disrupt growth and pre-rRNA processing. (A) Location of mutation groups on the surface of Puf-A. Five
sets of mutations of conserved basic residues to alanine in yeast Puf6 were created (mutant M1a, K139, K148, H177, R181, R216, and K221; mutant M1b, K228 and
R268; mutant M2, K436 and K440; mutant M3a, K381, K385, and K388; mutant M3b, K472, K473, R479, and R480), and the locations of the equivalent residues
(mutant M1a, K128, K137, H168, R172, K207, and K212; mutant M1b, R219 and R259; mutant M2, K427 and R431; mutant M3a, K372, K376, and K379; mutant
M3b, K465, K466, R472, and H473) are shown on a molecular surface representation of the crystal structure of human Puf-A in complex with DNA (stick rep-
resentation colored by element). (B) Diagram focused on the LSU pre-rRNA processing steps in yeast. The pre-rRNA is transcribed as a 35S polycistronic precursor
and is processed through a number of cleavage events to remove the external transcribed spacers (5′ and 3′ ETS) and internal transcribed spacers (ITS1 and 2) to
produce the mature 18S, 5.8S, and 25S rRNAs. Oligonucleotide probe e in ITS2 was used for Northern blotting (indicated). This probe detects all 27S and 7S pre-
rRNAs. (C) Schematic of the yeast strain used for testing Puf6 mutants. Endogenous Puf6 was placed under the control of the inducible GAL promoter, and FLAG-
tagged WT or mutant Puf6 was constitutively expressed from the p414GPD plasmid. A strain bearing the EV was also included. Total yeast extract was separated
on an SDS/PAGE gel and analyzed by Western blotting with either anti-HA, anti-FLAG, or anti-Mpp10 antibodies. Mpp10 levels serve as a loading control. (D)
Mutation of conserved basic residues in patch 1a of Puf6 disrupts processing of the 7S precursor to the 5.8S rRNA. Total RNA was extracted from yeast bearingWT,
EV, or mutant Puf6 after depletion of endogenous Puf6 in glucose for 72 h at 17 °C and detected on a Northern blot with oligonucleotide probe e in ITS2. The
intensity of the bands was quantified, and the ratios of 27S or 7S to the loading control RNA, Scr1, were calculated. Bar graphs created in GraphPad PRISM plot the
averages from three replicate experiments, calculated with error bars representing the SEM. The significance of the ratios of 27S/Scr1 and 7S/Scr1 of each Puf6
mutant or of Puf6 depleted yeast (EV) compared with WT was evaluated using one-way ANOVA. ****P < 0.0001.

Table 1. In vitro binding of Puf6 and Puf6 mutants to
representative RNAs (Kd, nM)

Protein ssRNA dsRNA Stem-loop RNA 1 Stem-loop RNA 2

Puf6 WT 42.5 ± 6.7 34.0 ± 0.2 27.7 ± 3.1 20.4 ± 2.2
M1a 162 ± 35 192 ± 18 119 ± 5.7 93.0 ± 10.9
M1b 112 ± 13 124 ± 13 54.6 ± 5.5 41.7 ± 1.2
M2 49.8 ± 1.6 27.4 ± 1.9 27.5 ± 3.3 25.3 ± 0.6
M3a 31.4 ± 0.4 29.6 ± 2.5 27.4 ± 2.5 20.1 ± 3.1
M3b 35.1 ± 0.2 33.6 ± 3.1 26.7 ± 2.5 22.8 ± 2.7
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significantly different from WT (P = 0.0015 and 0.0004 for M1a
and M3a, respectively) and not significantly different from the
EV control (P = 0.63 and 0.19, respectively). The corresponding
basic patches are adjacent to each other, in and near the N-
terminal PUM repeats of the Puf-A crystal structures (Fig. 4A).
Yeast expressing mutants M1b and M3b displayed intermediate
defects in ASH1 localization (∼33% daughter cells with bud tip
localization). The localization patterns for mutants M1b and
M3b were significantly different from WT (0.01 < P < 0.05), and
M1b was also not significantly different from EV (P = 0.07).
However, M3b was significantly different from EV (P = 0.015),
consistent with the intermediate ASH1 localization defect. Basic
patch 2 is not important for ASH1 bud tip localization: The
ASH1 localization patterns for yeast expressing mutant M2 were
not significantly different from WT (Fig. 4A; P = 0.08). Together
these data indicate that the protein surface containing basic patches
1a and 3a is important for in vivo ASH1 mRNA localization.

Discussion
Our crystal structures and mutational analyses of Puf-A/Puf6
proteins identify a family of atypical PUM repeat-containing pro-
teins. In contrast to the sequence-specific PUF proteins repre-
sented by the namesake Pumilio and FBF proteins, Puf-A/Puf6
proteins appear to bind to nucleic acids without sequence spec-
ificity. Although the C-terminal repeats bear resemblance to the
curved eight-repeat PUF proteins, basic residues on the concave
surface typically used for RNA interaction are not important for
Puf-A/Puf6 RNA interaction. Instead, conserved basic residues
on the inner concave surface of the N-terminal extension of Puf6
are necessary for nucleic acid interaction, pre-rRNA processing,
and ASH1 mRNA localization.
Our experiments suggest that the Puf-A/Puf6 proteins bind

equally well and without apparent sequence specificity to single-
or double-stranded RNA or DNA, leading us to speculate that
Puf-A/Puf6 protein specificity for its RNA targets (e.g., pre-
rRNA and ASH1 mRNA for Puf6) requires binding partners.
For ASH1mRNA, switching deficient 5p (Swi5p)-dependent HO
expression protein 2 (She2) binds cotranscriptionally, and then
Puf6 and localization of ASH1 mRNA protein 1 (Loc1) join the
ribonucleoprotein (RNP) complex as the RNA passes through

the nucleolus. She2 associates in vivo with Puf6 or Loc1 in an
RNA-independent manner; thus, She2 or Loc1 may enhance
Puf6 specificity. However, no interaction between Puf6 and She2
or Loc1 was detected in vitro with purified components (28, 29).
This inconsistency may indicate that other factors are necessary
for Puf6 to associate with the She2/Loc1 complex on ASH1
mRNA. Such factors may bridge the interaction between She2/
Loc1 and Puf6 or perhaps remodel the RNP so that Puf6 can bind.
Our mutational analyses showed that conserved basic surfaces in
and near the N-terminal region of Puf6 are important for in vitro
RNA-binding, pre-rRNA processing, and ASH1 mRNA localiza-
tion. The representative nucleic acids in our in vitro binding assays
could be missing sequence or structural elements that are recog-
nized by basic patch 3. Alternatively, rather than interacting with
RNA, basic surface 3 may interact with proteins in complexes
specific for ASH1 mRNA localization.
Many α-helical repeat protein families form adaptable scaf-

folds for ligand binding with varying numbers of modular repeats
(30–32), and this work demonstrates that PUM repeats form
structures with more than eight repeats and with nucleic acid
binding properties different from classical PUF proteins like
PUM1. Puf-A/Puf6 proteins bind RNA or DNA regardless of
sequence, whereas PUM1 binds specific RNA sequences. Although
the proteins have different functions, the overall structure of Puf-A
is reminiscent of the size and shape of the Huntingtin/elongation
factor-3/protein phosphatase 2A/target of rapamycin 1 (HEAT)
repeat-containing α-subunit of the clathrin adaptor complex, AP-2
(33), and nucleic acid interaction is similar to the enfolding of DNA
by transcription terminator MTERF1 (34) (Fig. 6). These similari-
ties reflect the utility of α-helical repeats to bind protein or nucleic
acid ligands. Our structures of Puf-A follow this theme and establish
the expanded use of PUM repeats for nucleic acid recognition.

Methods
Detailed methods are available in SI Methods.

Protein Expression and Purification. Puf-A and Puf6 proteins were expressed as
His6-SUMO fusion proteins in Escherichia coli strain BL21-CodonPlus(DE3)-RIL
(Agilent) and purified with Ni2+-NTA resin. After cleavage of the fusion
protein with Ulp1 protease, Puf-A or Puf6 was purified by heparin affinity
and size exclusion chromatography.
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Fig. 5. Structure-guided mutations of Puf6 basic residues disrupt ASH1
mRNA localization to the daughter cell bud tip. ASH1 mRNA localization in
parent–daughter pairs was classified into four categories (Top Left, repre-
sentative images). The GAL::3HA-PUF6 strain was transformed with EV or
vectors expressing WT or mutant Puf6. After shifting from galactose to
glucose medium for 18–20 h at 30 °C to deplete 3HA-Puf6 expression, par-
ent–daughter bud pairs in late anaphase displaying ASH1 mRNA signal were
identified (n, the number of pairs counted) and classified by ASH1 mRNA
localization pattern, and the proportions of each pattern are shown on pie
charts. The distributions were evaluated using Fisher’s exact test, and P
values versus 3xFLAG-WT control are indicated.
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Fig. 6. Comparison of Puf-A structures with other tandem helical repeat
proteins. (A) Structure of Puf-A complexed with dsDNA. (B) Structure of the
clathrin adaptor protein AP-2 α-subunit, which contains 14 HEAT repeats
[Protein Data Bank (PDB) ID code 2VGL] (33). Although each HEAT repeat
comprises two α-helices, the arrangement of repeats 1–11 in AP-2α is similar
to that in Puf-A. (C) Structure of human mitochondrial transcription termi-
nator MTERF1 in complex with DNA (PDB ID code 3MVA) (34). Similar to the
Puf-A:DNA structure, the DNA molecule binds along the concave face of
MTERF1. MTERF1:DNA contacts are mediated by a combination of sequence-
specific and sequence-independent interactions.
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Crystallization, X-Ray Structure Determination, and SAXS. Crystals of Puf-A or
a Puf-A:DNA complex were obtained by hanging drop vapor diffusion. X-ray
diffraction data were collected at the Southeast Regional Collaborative Access
Team (SER-CAT) Beamline 22-ID at the Advanced Photon Source, Argonne
National Laboratories. Data statistics are shown in Table S1. The crystal
structure of Puf-A was determined by SeMet single wavelength anomalous
diffraction and of the Puf-A:DNA complex by molecular replacement. A Puf6
SAXS model was calculated from scattering curves collected with three dif-
ferent concentrations of Puf6 (1.0, 2.3, and 3.2 mg/mL).

RNA-Binding Assays. RNA-binding affinities were determined for Puf-A, Puf6,
and PUM2 proteins by fluorescence polarization using 5′-fluorescein–labeled
RNA or DNA. Assays were performed in triplicate, and mean Kd values with
SEM are shown in Table 1 and Table S2.

Yeast Analyses. A GAL::3HA-PUF6 strain was created that expresses 3HA-
tagged endogenous Puf6 when grown in medium containing galactose but
that represses endogenous Puf6 expression when grown in medium con-
taining glucose. The 3xFLAG-tagged unmutated (WT) or mutant Puf6 was
expressed from a plasmid in Puf6-depleted yeast. A strain transformed with
EV was also included. RNA was harvested after shifting from galactose to
glucose medium for 72 h at 17 °C and analyzed on a Northern blot using an
oligonucleotide probe complementary to ITS2 of the yeast pre-rRNA. The
blot was also probed for Scr1 RNA levels using a complementary oligonu-
cleotide, as in Li et al. (11). The 7S and 27S pre-rRNAs were quantified on

a Biorad Personal Molecular Imager, and the ratios of 7S or 27S to the RNA
Scr1 were calculated. Each experiment was repeated three times, and
averages and error bars (SEM) were calculated using GraphPad PRISM. Sig-
nificance was determined using one-way ANOVA. Localization of ASH1
mRNA by in situ hybridization was performed for yeast spheroplasts after
shifting from galactose to glucose medium for 18–20 h at 30 °C using the
same GAL::3HA-PUF6 strain and EV, WT, or mutant Puf6 plasmids as for the
pre-rRNA processing analyses. Significance of differences in ASH1 mRNA
localization versus WT or EV controls was determined using Fisher’s exact
test (SAS 9.3, SAS Institute, Inc.).
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