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Abstract

Pre-mRNA splicing is critical for achieving required amounts of a transcript at a given time

and for regulating production of encoded protein. A given pre-mRNA may be spliced in

many ways, or not at all, giving rise to multiple gene products. Numerous splicing factors are

recruited to pre-mRNA splice sites to ensure proper splicing. One such factor, the 60 kDa

poly(U)-binding splicing factor (PUF60), is recruited to sites that are not always spliced, but

rather function as alternative splice sites. In this study, we characterized the interaction of

PUF60 with a splice site from the adenovirus major late promoter (the AdML 3’ splice site,

AdML3’). We found that the PUF60–AdML3’ dissociation constants are in the micromolar

range, with the binding affinity predominantly provided by PUF60’s two central RNA recogni-

tion motifs (RRMs). A 1.95 Å crystal structure of the two PUF60 RRMs in complex with

AdML3’ revealed a dimeric organization placing two stretches of nucleic acid tracts in oppos-

ing directionalities, which can cause looping of nucleic acid and explain how PUF60 affects

pre-mRNA geometry to effect splicing. Solution characterization of this complex by light-

scattering and UV/Vis spectroscopy suggested a potential 2:1 (PUF602:AdML3’) stoichiom-

etry, consistent with the crystal structure. This work defines the sequence specificity of the

alternative splicing factor PUF60 at the pre-mRNA 3’ splice site. Our observations suggest

that control of pre-mRNA directionality is important in the early stage of spliceosome assem-

bly, and advance our understanding of the molecular mechanism by which alternative and

constitutive splicing factors differentiate among 3’ splice sites.
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Introduction

Pre-mRNA splicing is a critical mechanism of post-transcriptional processing required for the

maturation of mRNA [1]. Alternative splicing adds complexity to the expression of many

eukaryotic genomes by including or skipping various exons/introns [2–4]. Defects of pre-

mRNA splicing have gained increasing notice due to its clinical implications in both diagnos-

tics and therapeutics [5]. Examples include the pursuit of modifying the splicing of apolipopro-

tein B (APOB) pre-mRNA to lower circulating cholesterol levels and of survival of motor

neuron 2 (SMN2) pre-mRNA for treatment of spinal muscular atrophy [6].

In eukaryotes, constitutive splicing is a dynamic multi-step process of spliceosome assembly

involving small nuclear ribonucleoprotein particles (snRNPs), their auxiliary splicing factors,

and many other RNA-binding proteins (RNABPs). The early-stage recognition of the 3’ splice

site (ss) region of the pre-mRNA sequences is considered critical for exon/intron definitions

and therefore the final products of splicing. The spliceosome assembly process begins with the

U1 snRNP binding to the 5’ ss, and splicing factor 1 (SF1) recognizing the branch point

sequence (BPS) near the 3’ ss to form the E’ complex. The E’ complex is then converted into

the E complex by recruiting the heterodimeric U2 snRNP auxiliary factor (U2AF), with its

small subunit U2AF35 recognizing the 3’ terminal AG and the large subunit U2AF65 recogniz-

ing the poly-pyrimidine tract (PPT) in between the BPS and 3’ terminal AG. Continuing spli-

ceosome assembly then transitions through the A, B, and C complexes to complete the

catalysis [1,4].

U2AF65 is a major component facilitating the recognition of the 3’ ss region and the bridg-

ing of multiple splicing factors. Recombinant U2AF65 alone is sufficient to reconstitute the

splicing activity in cell extracts depleted of U2AF [7]. U2AF65 contains an N-terminal Arg-Ser

repeat-containing (RS) domain, two central canonical RNA recognition motifs (RRMs) and a

C-terminal degenerate RRM, now categorized as the U2AF homology motif (UHM). U2AF65

uses its two central RRMs to recognize the PPT and its C-terminal UHM to associate with SF1

[8]. The RS domain is associated with BPS, and part of the linker between the RS domain and

the first RRM provides the interaction interface for association with U2AF35 [9]. The binding

to the 3’ terminal AG by U2AF35 can help stabilize U2AF65 on weak PPTs [10]. U2AF65

interacts cooperatively with SF1 to contribute to the initial recognition of the BPS/PPT region

[8]. Biochemical and structural analyses also suggest that U2AF65 structures the pre-mRNA to

prime for subsequent spliceosome assembly and juxtapose reactive functional groups on the

pre-mRNA [9,11].

Homologous to both U2AF65 and the yeast Mud2p, the Poly(U)-binding splicing factor 60

kDa (PUF60) shares domain features with U2AF65 by also containing two central RRMs and a

C-terminal UHM [12]. The most noticeable differences of domain structure between PUF60

and U2AF65 include the lack of the RS domain in PUF60 and a highly extended linker con-

necting the second RRM and UHM in PUF60 (Fig 1).

PUF60 can associate with either itself or U2AF65 [13,14]. PUF60 may function on some

substrates to a degree in the absence of U2AF in vitro, but the presence of both proteins

enhances splicing efficiency [14]. PUF60 and U2AF65 appear to co-facilitate the association of

U2 snRNP with pre-mRNA [12]. It was proposed that U2AF65 and PUF60 may associate with

the pre-mRNA in a sequential manner. U2AF65 may bind first to the pre-mRNA, and thereby

recruit PUF60. The subsequent binding of PUF60 may weaken the association between

U2AF65 and the pre-mRNA [14].

Although both U2AF65 and PUF60 are general splicing factors, the PUF60/U2AF65 ratio

in cells influences alternative splicing patterns [14], suggesting PUF60 is implicated in alterna-

tive splicing. PUF60 appears to promote splicing at a weak 3’ splice site [12,14]. PUF60 is
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associated with the alternative splicing of the amyloid precursor protein (APP) minigene [13].

Depletion of PUF60 from HeLa cells favors brain-specific splicing for APP and bridging inte-

grator 1 (BIN1). Mutation of the Drosophila ortholog of PUF60, Half pint (Hfp), alters alterna-

tive splicing patterns during development [15]. Deletion of PUF60 results in Verheij syndrome

[16–18], a developmental disorder characterized by cardiac defects, microcephaly, short stat-

ure, intellectual disability and developmental delay, and often coloboma [19–21]. Mutations in

the puf60 gene also have been found to cause this syndrome [17,21].

To understand the structural basis behind the commonality and difference between the

functions of PUF60 and U2AF65 in constitutive and alternative splicing, the functional and

structural features of the core domains of PUF60 –two central RRMs and one C-terminal

UHM—are delineated. Herein is reported a 1.95 Å crystal structure of the two RRMs of

PUF60 (PUF60 RRMs) in complex with a sequence from the adenovirus major late promoter

(AdML) pre-mRNA 3’ splice site region (AdML3’). The structure reveals a homo-dimeric orga-

nization, where each participating PUF60 monomer captures a nucleic acid tract, and the

PUF60 dimer places two nucleic acid tracts in antiparallel directionalities. A solution study

verifies that the nucleic acid binding affinity predominantly comes from its two central RRMs,

with dissociation constants in the micromolar-range. Solution characterization of the complex

by light-scattering and UV/Vis spectroscopy confirms the 3’ intron sequence-induced dimer-

ization of PUF60 mediated by its two central RRMs. This binding behavior of PUF60 to the

AdML 3’ intron sequence suggests an alternative strategy adopted by PUF60 to direct the con-

formation of the 3’ intron where the directionalities of the pre-mRNA would be similarly

reversed as by U2AF65 [9,11], but with a unique loop generated. Similarly, as for U2AF65, a

cooperative interaction also exits between PUF60 and SF1, in which interaction with PUF60

Fig 1. Domain structures of PUF60 and the AdML pre-mRNA 3’ intron sequence. (A) PUF60 is a 559-amino acid protein, consisting of two RNA-recognition

motifs (RRMs) and one U2AF homology motif (UHM). PUF60 resembles U2AF65 in the two RRMs and one UHM, but lacks the N-terminal Arg-Ser repeat-

containing (RS) domain that U2AF65 possesses to associate with the branch point sequence (BPS). (B) The sequence of the 3’-adenovirus major late promoter

(AdML3’) pre-mRNA 3’ splice site (ss) region used in these studies [10,22]. AdML3’ contains the whole BPS, and the poly-U tract, which represents the majority of

the polypyrimidine tract (PPT). The 3’ terminal AG splice site is positioned on the far right.

https://doi.org/10.1371/journal.pone.0242725.g001
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allocates its C-terminal UHM to associate with SF1. The more extended linker between the

second RRM and the UHM of PUF60 compared to U2AF65 is likely conferring flexibility for

UHM to locate SF1 on the pre-mRNA loop generated by PUF60 binding. Our observations

suggest the importance of the modulation of the pre-mRNA directionality in the early stage of

spliceosome assembly. The alternative “looping” strategy used by PUF60 may generate distinct

local structures in the pre-mRNA 3’ss region, which may have implications in the transition of

functional complexes during spliceosome assembly and/or intron/exon definitions.

Materials and methods

Cloning, protein expression, purification, and complex formation

Nucleotides encoding human Splicing Factor 1 (SF1) (UniProtKB/Swiss-Prot code Q15637)

amino acids 1–260, were cloned into the pET100 protein expression vector with the Cham-

pion™ pET Directional TOPO1 Expression System (Invitrogen). Cloning artifacts introduced

one glycine at the N-terminus of the protein following cleavage of a histidine tag with TEV

protease. To ease protein handling, cysteine 171 was replaced by alanine (Cys171Ala) by

QuickChange1 Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA).

Nucleotides encoding human PUF60 amino acids 118–316 (here referred to as PUF60

RRMs), were cloned into the pET15b protein expression vector with an R to G mutation at

amino acid 106. After cleavage of a histidine tag with TEV protease, cloning artifacts intro-

duced 16 amino acids (GHMASMTGGQQMGRGS) at the N-terminus of the protein, of

which most are disordered and not visible in the final electron density. Nucleotides encoding

human PUF60 (UniProtKB/Swiss-Prot code: Q9UHX1) amino acids 118–559 (here referred

as PUF60 RRMs+UHM), were cloned into the pET100 protein expression vector. Cloning arti-

facts introduced 4 amino acids (GRGS) at the N-terminus of the protein following cleavage of

a histidine tag with TEV protease. To ease protein handling, cysteine residues in both PUF60

sequences were replaced by serine (Cys129) or alanine (Cys255, Cys487) depending on their

predicted location in the protein structure (alanine if buried, serine if exposed). All proteins

were expressed in Escherichia coli, strain BL21 (DE3), using standard methods.

We used an oligonucleotide sequence (here referred to as AdML3’: 5’-GAUGUCAUA
CUUAUCCUGUCCCUUUUUUUU-3’, 30-mer) that corresponds to the 3’ intron sequence of the

AdML splicing substrate [10,22], and encompasses the branchpoint sequence (5’-
CUUAUCC-3’) and the full U-tract of the polypyrimidine tract (5’-UCCCUUUUUUUU -3’)

(Fig 1). Synthetic AdML3’ RNA and the AdML3’ analogues (including (1) a DNA backbone

that carries the AdML3’ AUCG base sequence, here referred to as dAdML3’; (2) 5’-fluorescein-

labeled dAdML3’; (3) dAdML3’ brominated at carbon 8 of either G4 or G18) were purchased

from The Midland Certified Reagent Company (Midland, TX).

Size exclusion chromatography-coupled laser light scattering

The light scattering data were collected using a Superdex 200, 10/30, HR Size Exclusion Chro-

matography (SEC) column (GE Healthcare, Piscataway, NJ), connected to High Performance

Liquid Chromatography System (HPLC), Agilent 1200, (Agilent Technologies, Wilmington,

DE) equipped with an autosampler. The elution from SEC was monitored by a photodiode

array (PDA) UV/VIS (UV) detector (Agilent Technologies, Wilmington, DE), differential

refractometer (RI) (OPTI-Lab rEx Wyatt Corp., Santa Barbara, CA), static and dynamic, mul-

tiangle laser light scattering (LS) detector (HELEOS II with QELS capability, Wyatt Corp.,

Santa Barbara, CA). The SEC-UV/LS/RI system was equilibrated in 50mM Tris-HCl, 150mM

NaCl, 20μM EDTA, pH 8.0, buffer at the flow rate of 1.0 ml/min. Two software packages were

used for data collection and analysis: the Chemstation software (Agilent Technologies,
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Wilmington, DE) controlled the HPLC operation and data collection from the multi-wave-

length UV/VIS detector, while the ASTRA software (Wyatt Corp., Santa Barbara, CA) col-

lected data from the refractive index detector, the light scattering detectors, and recorded the

UV trace at 280, 295 or 315 nm sent from the PDA detector. The weight average molecular

weights, Mw, were determined across the entire elution profile in the intervals of 1 sec from

static LS measurement using ASTRA software as previously described [23].

Mw for PUF60 RRMs+UHM:dAdML3’ complex was determined at a concentration range

from 2 μM to 111 μM from 9 independent analyses of PUF60:dAdML3’ complexes, and from

PUF60 RRMs+UHM alone from 7 μM to 115 μM from three analyses. The weight average

molecular mass, Mw, for PUF60 RRMs:dAdML3’ complex was determined at concentration

range from 4.6 μM to 169.3 μM from 10 independent analyses of PUF60:dAdML3’ complexes,

and from PUF60 RRMs alone from 6 μM to 124 μM from four analyses. The samples were

dilutions of PUF60:dAdML3’ complexes formed by mixing the protein and oligonucleotides at

a 1:1.1 molar ratio in a buffer containing 50 mM Tris-HCl, 150 mM NaCl, 20 μM EDTA, pH

8.0.

Fluorescence anisotropy analysis

Binding of PUF60 RRMs+UHM or RRMs to the RNA analogue was monitored by a change in

the steady-state fluorescence anisotropy (r) of a 5’-fluorescein-labeled 30-mer sequence from

the 3’ end of the AdML intron region (�5’-GAUGUCAUACUUAUCCUGUCCCUUUUUUUU-3’
on a DNA backbone, hereafter referred as �AdML3’). The concentration of �AdML3’ was kept

constant at 10 nM, while the concentration of protein was varied from 0 to 200 μM. Samples

were prepared in a buffer of 50mM Tris–HCl, 150mM NaCl, 20μM EDTA, pH 8.0, and equili-

brated at room temperature for at least 30 min before measurements were taken on EnVision™
Multilabel Plate Reader—model 2101 (Perkin Elmer, Waltham, MA). Reactions were excited

with a 480 nm polarized filter, and the emissions were read with two 535 nm polarized filters,

one parallel to the polarization of the excitation filter, and the other perpendicular.

Equilibrium binding affinities were obtained by fitting the [PUF60]-dependent change of

anisotropy (Δr([PUF60])) to the following equation, which assumes that two PUF60 molecules

bind sequentially to two independent sites on the �AdML3’:

robs � ro ¼ Dr ½PUF60�ð Þ ¼
Dr1½PUF60�=Kd1 þ Dr2½PUF60�

2
=ðKd1Kd2Þ

1þ ½PUF60�=Kd1 þ ½PUF60�
2
=ðKd1Kd2Þ

ð1Þ

where r0 is the anisotropy of free �AdML3’ nucleotides, Δr1 is the difference between r0 and the

anisotropy of one PUF60 molecule bound to �AdML3’, Δr2 is the difference between r0 and the

anisotropy of two PUF60 molecules bound to �AdML3’, Kd1 is the equilibrium dissociation

constant for the first PUF60 binding to �AdML3’, and Kd2 is the equilibrium dissociation con-

stant for the second PUF60 binding to �AdML3’.

X-ray crystallography

Crystallization and data collection. Both PUF60 RRMs:dAdML3’ and PUF60 RRMs:bro-

minated-dAdML3’ complexes were formed by mixing the protein and oligonucleotides at a

1:1.1 molar ratio in a buffer containing 50 mM Tris-HCl, 150 mM NaCl, 20 μM EDTA, pH

8.0. Crystals of the PUF60 RRMs:dAdML3’ complex grew from hanging drops at 20˚C in at

least 7 days after the protein solution (10 mg/ml PUF60 RRMs with nucleic acid, 50 mM Tris–

HCl, pH 8.0, 150 mM NaCl, 20 μM EDTA) was mixed with an equal volume of the reservoir

solution of 0.1 M Tris–HCl, 25% PEG 4000, 5–10 mM barium chloride dihydrate, pH 8.7. The

same crystallization conditions were used for the complexes with the wild-type, and the two
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brominated dAdML3’ constructs (with either G4 or G18 brominated on carbon 8). Data using

wild-type (unbrominated) dAdML3’ were collected at Advanced Photon Source Beam

24-ID-C. Data using the brominated constructs were collected at CHESS station A1. The crys-

tals were flash frozen in liquid nitrogen without cryoprotection, mounted directly onto the

beamline. Unbound PUF60 RRMs was crystallized using hanging drop vapor diffusion upon

mixing 10 mg/ml protein with an equal volume of 0.1 M HEPES (pH 7.5), 1 M Li2SO4, 5%

glycerol. X-ray data of the unbound protein were collected on a Rigaku rotating anode x-ray

generator with an R-Axis IV detector. All data sets were processed using HKL2000 [24].

Solvent fraction calculation. The solvent content was calculated from the Mathews coef-

ficient using the partial specific volume of the separate protein and RNA analogue constituents

according to the method of Matthews as modified by Kantardjieff and Rupp [25,26].

Structure determination. Molecular replacement was performed with the program Pha-

ser through the CCP4 [27,28] suite for the bound PUF60 RRM complexes and with Molrep

[29] for the unbound structure. The molecular replacement was performed using protein coor-

dinates of the published structure of the FIR:FUSE complex (PDB ID 2QFJ, or in the case of

the unbound PUF60 RRMs, using an earlier, partially refined set of coordinates from the FIR:

FUSE data). Nucleic acid coordinates were not included in any of the search models. The twin-

ning fractions were found to be 0.49 (unbrominated), 0.46 (G4-brominated) and 0.47

(G18-brominated) using CNS [30,31]. The crystals were treated as perfect twins, and the data

accordingly detwinned using CNS. Structure refinement was performed with REFMAC5 [32]

and CNS. The native data set was refined to 1.95 Å using CNS. The data for the brominated

complexes were similarly detwinned, and the structures refined, using CNS (S1 Table). Manual

adjustments were performed using the programs O [33] and COOT [34]. Crystallographic

software was licensed through the SBGrid [35].

Isothermal titration calorimetry

The heat generated by addition of SF1 1–260 to PUF60-RRMsUHM or RRMs in a sample

cell was measured at 30˚C using a VPITC calorimeter (Microcal, Piscataway, NJ). Samples

were extensively dialyzed into 50 mM NaCl, 25 mM Hepes, (pH 7.4) before experiments. The

heat from the last 10 injections of each experiment were similar and the average of them was

subtracted from the whole dataset for correction for enthalpy of dilution. The PUF60-RRM-

sUHM datasets were further corrected by the subtraction of the reference titration of

SF1 enthalpy of dilution. Data were processed and thermodynamic parameters obtained using

the least squares fitting routines available in the Origin v5.0 software (Microcal, Piscataway,

NJ).

Electrophoretic mobility shift assay

Proteins were mixed with RNA oligonucleotides (5μM final concentration in 20μl total reac-

tion volume) in 50 mM Tris-HCl, 150 mM NaCl, 20 μM EDTA, pH 8.0. True RNA was used

for this assay (AdML3’); a deoxyribose backbone was not employed. Ten microliters of 6X Phe-

nol Blue dye was added to the reactions prior to sample loading. Electrophoresis was per-

formed in 0.5X TBE 5.5% native polyacrylamide gels run at 300V for 120 minutes at 4˚C. To

denote the relative locations of band shifts, 3μl of 1kb+ DNA ladder was subjected to electro-

phoresis along with the samples. The gel was post-stained with SYBR Green II RNA gel stain

(Invitrogen, Carlsbad, CA) in the cold room for 40 min before visualization under SYBR1

photographic filter.
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Results

AdML 3’ splice site region sequence recognition by PUF60

To study the interaction between PUF60 and the AdML 3’ splice site region sequence, first the

dissociation constants between a 30-mer analogue of AdML3’ (Fig 1) and two PUF60 con-

structs were determined by fluorescence anisotropy.

The AdML 3’ splice site region sequence is based on a biologically-relevant splicing sub-

strate previously used [10,22]. The 30-mer fragment selected for this binding study contains

the BPS, with flanking sequences on both ends. On the 3’ end to BPS, all the uridines of the

PPT were included because uridine nucleotides were previously identified to be the key deter-

minant for PUF60 recognition [12]. The oligonucleotide analogue used for the binding study

was 5’ fluorescein-labeled, and synthesized with adenosine, uridine, cytosine, and guanidine-

based deoxyribonucleotides (�AdML3’) to mimic the pre-mRNA, yet maintain stability. The

PUF60 constructs used contain either all its RRMs and UHM (PUF 60 RRMs+UHM), or the

RRMs only (PUF60 RRMs).

The binding curve (Fig 2(A)) for PUF60 constructs and �AdML3’ was fit to a two-site

sequential binding model (Fig 2(C)) in accordance to a dimerizing behavior previously

observed [36]. The dissociation constants for �AdML3’ are determined for PUF60 RRMs

+UHM (Kd1 = 4.61±1.19 μM; Kd2 = 167.61±111.77 μM) and RRMs (Kd1 = 3.64±3.60 μM;

Kd2 = 55.10±22.82 μM) (Fig 2(B)). RRMs+UHM and RRMs have comparable affinities toward
�AdML3’. This observation suggests that the two central RRMs are the major domains respon-

sible for �AdML3’ recognition.

Structure of PUF60 RRMs in complex with AdML pre-mRNA 3’ splice site

region sequence analogue

To understand the structural basis of the recognition between PUF60 and the pre-mRNA 3’

splice site region sequence, a crystal structure of the PUF60 RRMs in complex with the

Fig 2. Binding of PUF60 domains to AdML pre-mRNA 3’ splice site region sequence. (A) Binding curves of PUF60 domains, RRMs+UHM or RRMs, to
�AdML3’ as determined by fluorescence anisotropy. (B) Reported parameters of RRMs+UHM and RRMs binding to �AdML3’ by curve fitting with a 2:1

stoichiometric model. (C) Fitting equation assuming two-site sequential binding of two PUF60 molecules to one �AdML3’.

https://doi.org/10.1371/journal.pone.0242725.g002
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AdML3’ oligonucleotide analogue (with the deoxyribonucleotide backbone, but without the

fluorescent label—dAdML3’) was determined at 1.95 Å (PDB ID: 5KVY). Use of the deoxyri-

bose backbone was useful for enhancing stability of the nucleic acid, as protein crystallization

can take many days to weeks, and it was important for the nucleic acid to remain stable for

such a long period. RNA often is degraded by contaminating ribonucleases during such a long

time frame. Structure determination was facilitated by molecular replacement based on our

previously published coordinates of the same protein construct in complex with the FUSE

DNA at 2.1 Å resolution (PDB ID: 2QFJ). Only protein coordinates were used in the molecular

replacement. FUSE DNA binds to an alternatively spliced version of PUF60, known as FIR,

which is identical in its RRMs. Statistics of crystallographic data and refinement are listed in

S1 Table.

The overall structure of PUF60 RRMs:dAdML3’ complex is analogous to that of the FIR:

FUSE complex (PDB ID: 2QFJ) in many structural features. First, there is a dimeric arrange-

ment of RRMs. Second, each monomer only binds to a short tract of nucleic acid using only

the RRM1 but not the RRM2. Third, the conventional residues used for RNA binding in

RRM2 are buried in the interface between RRM 1 and RRM2. Fourth, the two helices in the

linker between RRM1 and RRM2 form a cross-like structure, stabilizing the relative orienta-

tion of RRM1 and RRM2 (Fig 3).

Similar to what was observed in the FIR:FUSE DNA structure [36], there are two nucleotide

tracts captured by the two RRM1 domains of the two protein chains in the dimeric structure.

From the electron density, the directionalities of the two tracts can be confidently assigned,

which are anti-parallel relative to each other. Each oligonucleotide tract extends its 3’ terminus

toward the linker between RRM1 and RRM2 (Fig 3).

Two bases can be seen in the electron density bound to each subunit. The first base on each

side is clearly observed as uracil (Fig 4). Although uracil and cytosine are isosteric and would

look identical in the electron density, the hydrogen bonding distinguishes uracil from cytosine.

The base in the first position on each side donates a hydrogen bond from the nitrogen at posi-

tion 3 to the main chain carbonyl of Arg-204 of the proximal PUF60 subunit (Fig 5). If the

base were a cytosine, the atom at position 3 would be a deprotonated nitrogen, and would not

be able to donate a hydrogen bond. Uracil, however, has a protonated nitrogen at this position,

which is able to donate the hydrogen bond. Therefore, the first base on each subunit must be

uracil. Furthermore, the first position uracil bound to subunit A accepts a hydrogen bond

from Lys-201 of subunit B (Fig 5), as discussed in the next section. RRM1 residues surround-

ing the uridine are shown in Fig 5, where Tyr-132 is the most outstanding feature that provides

stacking for the uracil base. Phe-172 and Phe-174 may participate to define the shape of the

binding pocket. Phe-174 also provides stacking for the base in the second position.

The density for the next base is different on each subunit. For the second nucleotide base

bound to subunit B, although the density is fairly weak, it is sufficient enough to show that it is

a pyrimidine (Fig 4). The hydrogen bonding indicates that it is uracil based on the fact that the

4-carbonyl group is in hydrogen-bonding distance to the main chain amide of Asn-207 of sub-

unit B (Fig 6). Asn-207 is in a region of high mobility or disorder, and therefore can likely

adapt to accommodate either a purine or a pyrimidine. However, this would not favor a cyto-

sine, which has an amino group at position 4 that cannot accept a hydrogen bond. A table of

hydrogen bond distances are presented in S2 Table. All of the protein-nucleic acid hydrogen

bonds involve the bases of dAdML3’. The nucleic acid backbone is not involved in any hydro-

gen bond interactions. This indicates that the use of a deoxyribose backbone in the construct is

sufficient to provide information about the interaction between PUF60 and the RNA bases of

the target sequence. The major nucleic acid-protein interactions are the aromatic interactions

with Tyr-132, Phe-172 and Phe-174.
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The electron density of the second base bound to subunit A is ambiguous; however, it is

extensive enough to indicate that it is a purine (Fig 4). Again, the hydrogen bonding pattern

was used to determine whether this is an adenine or a guanine. Asn-207 of subunit A donates

a hydrogen bond to the substituent at position 6 of the purine (Fig 6). This shows that the base

must be guanine, which has a carbonyl at position 6 that can accept a hydrogen bond, as

opposed to adenine, which has an amino group at this position that would rather donate a

hydrogen bond. Therefore, UG is found bound to one subunit and UU bound to the other.

There are two UG pairs in the oligonucleotide used in the co-crystallization—bases 3–4 and

bases 17–18. In order to determine which UG is bound to the protein, two other oligonucleo-

tides were used having sequences identical to dAdML3’, but with either G4 or G18 brominated

on carbon 8. Each of these was co-crystallized with PUF60 RRMs, and the structure deter-

mined at 2.10 Å (dAdML3’-BrG4, PDB ID: 5KW1) and at 1.90 Å (dAdML3’-BrG18, PDB ID:

5KW6). The structure of dAdML3’-BrG4 bound to PUF60 RRMs was essentially identical to

that of wt dAdML3’ bound to PUF60 RRMs (S1 Fig). No bromine atom was visible in the elec-

tron density, although the guanine was visible in the second position bound to subunit A. In

Fig 3. Overview of PUF60:dAdML3’ complex structure and its dimeric interface. The overall structure of PUF60

RRMs:dAdML3’ complex is analogous to that of the FIR:FUSE complex (PDB ID: 2QFJ) in many structural features

including the dimeric conformation of RRMs. Subunit A of PUF60 RRMs is shown in pink, and subunit B in cyan. The

bound dAdML3’ is shown with carbon atoms in yellow. The opposing 5’– 3’ directionalities of the observed nucleotides

indicate that the backbone loops out as it extends from one side of the dimer to the other. A possible path of the

nucleotide backbone is shown in green.

https://doi.org/10.1371/journal.pone.0242725.g003
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contrast, the structure of the dAdML3’-BrG18 oligonucleotide bound to PUF60 RRMs

revealed UU bound to both subunits of the dimer (S2 and S3 Figs), suggesting that the guanine

that is bound in the wild-type sequence is G-18, but this cannot bind when it is brominated,

presumably due to perturbation of the phosphodiester backbone—needed to avoid steric clash

of the bromine atom with the backbone—which would not favor binding. Therefore, the bases

of the wild-type sequence bound to the protein were assigned as U17-G18 on one side of the

dimer, and UU from the polypyrimidine tract (PPT) on the other. The only other UU in the

sequence consists of bases 11–12. However, there are not enough nucleotides between U-12

and U-17 to loop around from one side of the dimer to the other. Therefore, the looping in the

wt dAdML3’ is deduced to occur between U17-G18 and the PPT. It is interesting to note that

U17-G18 is found immediately after the BPS, and just before the PPT.

Fig 4. Identification of bound nucleotides. Simulated-annealing omit maps are displayed, omitting all nucleotides (A,B) or only the

nucleotides in the second binding site on each subunit (C,D). The identification of the first nucleotide on each site allowed for that to be

included in map calculations, and the second base became apparent in the electron density maps. (A) The uracil in the first binding site on

subunit A (U-17). (B) The uracil (from the poly-U tract) in the first binding site on subunit B. (C) A guanine (G-18) is bound in the second

binding site on subunit A. (D) However, a uracil is found in the second site on subunit B. The color-coding of chains in all panels is the same as

in Fig 3.

https://doi.org/10.1371/journal.pone.0242725.g004
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Fig 5. Recognition of bases bound in the first position of the nucleic acid binding site on the PUF60 RRM

domains. (A) U-17 (immediately after the BPS) bound to subunit A. Lys-201 from subunit B donates a hydrogen bond

to the nucleotide. (B) Poly-U tract uracil bound to subunit B.

https://doi.org/10.1371/journal.pone.0242725.g005
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Fig 6. Recognition of second position bases by PUF60 RRMs. Hydrogen-bonding helps identify the identity of bases

bound to the second nucleotide binding site on each PUF60 RRM subunit. (A) A uracil in the poly-U region accepts a

hydrogen bond from Asn-207 of subunit B in the second nucleotide binding site. (B) The equivalent Asn-207 of

subunit A donates a hydrogen bond to G-18 in the second nucleotide position on that particular subunit.

https://doi.org/10.1371/journal.pone.0242725.g006
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It is quite possible that the specific nucleotides bound in the poly-U sequence vary, and that

the oligonucleotide can slide from one portion of the poly-U region to another. There is resid-

ual density observed after the nucleotide in the second position of the UU bound to subunit B,

but the density is too poor to model the nucleotide. Therefore, in the deposited coordinates,

the UU was labeled as U28-U29, although it may be a variety of consecutive UU bases in the

poly-U tract.

Lys-201 is another PUF60 residue which does not only associate with the uridine bound,

but also crosses the dimerization interface and reveals asymmetrical positioning (Fig 7). The

Lys-201 side-chain from subunit B contacts U17 of dAdML3’, which is bound on the other

side of the dimeric interface. This lysine donates a hydrogen bond to the 4-carbonyl oxygen of

U17. The side chain of Lys-201 from chain A approaches the 4-carbonyl oxygen of the PPT

uracil bound in the first binding site near chain B, but does not approach closely enough to be

considered a hydrogen bond donor. The oppositely facing orientations of the two Lys-201 resi-

dues could be due to their mutual repulsion from each other, and the attraction provided by

the negative charge on the oligonucleotide backbone. Possibly, this asymmetry can form in

either direction in solution. The interactions between the Lys-201 residues and the uridines

across the PUF60 dimerization interface contributes to the dimerization upon recognition of

the pre-mRNA sequence by PUF60.

The dimerization interface is similar to two hands coming together face-to-face, with the

palms curving away from each other (Fig 3). The volume between these ‘palms’ are filled with

water, and therefore this portion of the molecule does not contribute to the dimerization inter-

face. All of the residues involved in the subunit-subunit interaction are polar, with hydrogen

bonds stabilizing the interaction (S4 Fig).

Fig 7. K201 residues are asymmetrically positioned, reaching across the dimerization interface to associate with

bound nucleotides. Nucleotides and the K201 residues from both the A and B-chain monomers of PUF60 are shown

as sticks. The rest part of the PUF60 structure is shown in ribbon-style. One of the Lys-201 residues donates a

hydrogen bond to U-17 of dAdML3’ on the other side of the dimeric interface.

https://doi.org/10.1371/journal.pone.0242725.g007
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AdML3’ induces the dimerization of PUF60 RRMs

In order to validate the stoichiometry of PUF60:dAdML3’ in solution, size-exclusion chroma-

tography-coupled light scattering (SEC-LS) was used to analyze mixtures of PUF60 constructs

with excess dAdML3’ (molar ratio of dAdML3’:PUF60�1.1:1). Experiments were conducted

under identical near-physiological conditions as previously used for the apo-protein [36]. Our

current data shows that PUF60 RRMs+UHM gives rise to a plateau molecular weight (M.W.)

above that of the dimer but less than that of trimer (Fig 8A). The UV/RI ratio of the PUF60

RRMs+UHM:dAdML3’ complex suggests the protein may aggregate onto dAdML3’ (Fig 8B).

Analysis of the PUF60 RRMs:dAdML3’ complex reveals that the M.W. approaches the mass of

a dimeric protein complexed to single-stranded dAdML3’ (Fig 8C). The UV/Vis ratio of the

complex lies between the ones expected for 2:1 and 2:2 protein: nucleic acid stoichiometries

(Fig 8D). However, in the absence of nucleotide, PUF60 RRMs does not dimerize [36], and

neither does PUF60 RRMs+UHM (S5 Fig).

Fig 8. PUF60 dimerizes upon dAdML3’ binding. (A) SEC-LS analysis of the dAdML3’:PUF60 RRMs+UHM complex. Each data point represents an average

molecular weight measured at the apex of an eluent peak of the complex at a certain concentration. Expected MW (104.8 kDa) for a 2:1 (protein: Nucleic acid)

complex is indicated by the dashed line, with its expected 5% deviation shown in dotted lines; (B) UV/RI analysis of the dAdML3’:PUF60 RRMs+UHM complex.

The UV/RI ratios from the three data points at the highest concentrations from (A) are averaged, and shown in the filled bar to be compared to other standard and

expected values as described; (C) SEC-LS analysis of the dAdML3’:PUF60 RRMs complex. Each data point represents an average molecular weight measured at the

apex of an eluent peak of the complex at a certain concentration. Expected MW (55.6 kDa) for a 2:1 (protein: Nucleic acid) is indicated by the dashed line, with its

expected 5% deviation shown in dotted lines; (D) UV/RI analysis of the dAdML3’:PUF60 RRMs complex. The UV/RI ratios from the three data points at the

highest concentrations from (C) are averaged, and shown in the filled bar to be compared to other standard and expected values as described.

https://doi.org/10.1371/journal.pone.0242725.g008
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In summary, our data indicate that AdML3’ may induce the dimerization of PUF60 RRMs

just as FUSE DNA induces the dimerization of FIR [36].

PUF60 and SF1 cooperative recognition of the 3’ splice site region of AdML pre-

mRNA. U2AF65 utilizes its UHM to cooperatively interact with SF1 to facilitate BPS/PPT

recognition [8]. In order to know whether a similar behavior also exits between PUF60 and

SF1, the association between PUF60 and SF1 was studied by isothermal titration calorimetry

(ITC), and also the ternary interactions between PUF60, SF1, and the AdML 3’ intron pre-

mRNA sequence by electrophoretic mobility shift assay (EMSA).

The protein-protein interaction between PUF60 RRMs+UHM and SF1 (residues 1–260)

was characterized. ITC analysis (Fig 9A, left panel) reveals a dissociation constant of 332±55

nM (Fig 9B), while for PUF60 RRMs, there is no observed association with SF1 (Fig 9A, right

panel).

Fig 9. PUF60 uses UHM to associate with SF1 and cooperatively interact with AdML3’ splice site region pre-mRNA. (A) Representative isotherms from ITC

experiments to detect the association between SF1 1–260 and either PUF60 RRMs+UHM or PUF60 RRMs. (Left panel) Titration of SF1 1–260 into PUF60 RRMs

+UHM. The best fit of the binding stoichiometry (n) was one. All titrations were measured at 30˚C. (Right panel) Titration of SF1 1–260 into PUF60 RRMs; (B)

Reporting the thermal dynamic parameters measured in (A). The mean parameters and standard deviations of two experiments are reported. The standard state (˚)

for these experiments is defined as 1 M concentrations of each protein at 30˚C. The dissociation constant (Kd) and stoichiometry of binding (n) are derived from

curve fitting based on datasets subtracted with the reference titration of SF1 heat of dilution. a Calculated using the equation ΔG˚ = –RT ln(Kd
-1). b Calculated using

the equation ΔG˚ = ΔH˚-TΔS˚. (C) EMSA study of the interplay of SF1 1–260 and PUF60 RRMs+UHM with AdML3’ RNA. The bright-dark colors of the gel

image are digitally reversed for clarity in presentation.

https://doi.org/10.1371/journal.pone.0242725.g009
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EMSA was then used to study the interactions between the AdML3’ pre-mRNA and either

SF1 or PUF60 RRMs+UHM individually and with both proteins. The far-left 5 lanes in Fig 9C,

demonstrate that increasing SF1 1–260 concentrations up to 40 μM correlate with the

increased amount of AdML3’ pre-mRNA bound. The far-right four lanes demonstrate that

PUF60 RRMs+UHM also shifted the free RNA. Two conformations may exist for the PUF60

RRMs+UHM:AdML3’ pre-mRNA complex at 20 μM of PUF60 which then gradually converge

into a larger complex as PUF60 concentration increases, consistent with the SEC-LS data. In

the center four lanes of Fig 9C, the ternary interactions between the RNA and both SF1 and

PUF60 were studied. When both proteins are present, all bound populations shift farther

upward than when only one protein is present in the reaction, which suggests the presence of

ternary complex of PUF60, SF1, and RNA, similar to what was observed for U2AF65, SF1, and

RNA [8].

Discussion

Dimerization of PUF60 suggests an alternative strategy to structure the 3’

splice region of pre-mRNA

The current model for U2AF65:pre-mRNA interaction suggests that U2AF65 may bend the 3’

ss region to prime the pre-mRNA for spliceosome assembly and juxtapose reactive functional

groups (Fig 10(B)) [9,11]. The structure of dimeric PUF60 RRMs in complex with the AdML
pre-mRNA 3’ ss region sequence suggests that PUF60 may also structure the pre-mRNA, albeit

using a “looping” mechanism instead of “bending” as used by U2AF65 (Fig 10). Both strategies

used by PUF60 and U2AF65 to structure the pre-mRNA would change the directionality of

the pre-mRNA. This common outcome facilitated by either PUF60 or U2AF65 suggests that

modulation of the directionality of the pre-mRNA is an important step in the early-stage 3’ ss

recognition and spliceosome assembly.

The difference in the resulting pre-mRNA structure as manipulated by either PUF60 or

U2AF65 is that a loop would be generated by PUF60 binding. Whether the loop structure has

implications in the different functionality or the cooperative action between PUF60 and

U2AF65 is a pending question. PUF60 can associate with U2AF65 [13,14], cooperating with it

to associate U2snRNP with pre-mRNA [12]. It was proposed that PUF60 and U2AF65 may

bind to pre-mRNA in a sequential manner, in which U2AF65 may bind first to the pre-

mRNA, and recruit PUF60. Later, PUF60’s presence on the pre-mRNA may destabilize

U2AF65 from the 3’ss region [14]. Does the bending by U2AF65 help shape the pre-mRNA for

enhanced PUF60 binding, while the looping facilitated by the dimerization of PUF60 eventu-

ally weaken U2AF65 binding? The answer for this question may reveal an important mecha-

nistic process allowing for transitioning through various stages of functional complexes in pre-

mRNA splicing.

Solution studies with SEC-UV/LS/RI demonstrated that the presence of single stranded

nucleic acid induced dimerization of PUF60 (both the RRMs+UHM and RRMs constructs),

while the apo-PUF60 stayed monomeric even at high concentrations (S5 Fig) [36]. The PUF60

RRMs dimeric structure, although partially driven by the high concentration and/or lattice

packing in the crystalline environment, possibly reveals a low-energy architectural state typi-

cally induced by PUF60-nucleic acid interactions at physiological concentrations. With no

known literature of in vivo study on the conformation and stoichiometry of the functional

PUF60 assemblies in cells, our crystal structure presents one of the best-supported models to

explain how PUF60 might structurally impact the topology of substrate RNA to drive alterna-

tive splicing. The topology of the protein-RNA complex induced by protein dimerization

would necessarily loop a single bound nucleic acid strand, and reverse pre-mRNA
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directionality at the 3’ splice site. The topological changes induced by PUF60 dimerization

upon nucleic acid binding are likely to be important for processing functional complexes at

the 3’ splice site, and may be of importance in weak 3’ splice site recognition and splicing.

Recognition of degenerate PPT in eukaryotes

Recognizing various degenerate PPT sequences in eukaryotic genome is a critical task for splic-

ing factors like U2AF65 and PUF60 that are widely used. U2AF65 and PUF60 need to possess

flexibility and cannot be overly stringent with respect to binding specificity. The structure and

Fig 10. Alternative strategies to structure the 3’ spice site region of pre-mRNA: Looping by PUF60 vs. Bending by U2AF65. (A) Hypothetical

drawing of the potential looping that can occur on pre-mRNA structure upon PUF60 binding; (B) Direct excerpt from the work of Kent et al. to show the

current model for the bending of the pre-mRNA by U2AF65 and other factors [9]; (C) Direct excerpt from Sickmier et al. of the crystal structure of the

U2AF65 RRMs in complex with a poly-U tract to demonstrate the bending mechanism supported by structural data [11]. Notice that, with either

strategy, the directionality of the pre-mRNA will be modulated. The modulation of the directionality may bring distant components on the pre-mRNA

into proximity.

https://doi.org/10.1371/journal.pone.0242725.g010
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biophysical studies have suggested that U2AF65 may apply several layers of flexibility to recog-

nize the often degenerate PPTs: (1) flexible side chain conformation on its RNA-binding sur-

face [11,37], (2) coordinating with bound water molecules to form its RNA-binding surface

[11], and (3) flexible inter-RRM linker to confer plasticity of the relative arrangement of multi-

ple RRMs [38].

It was found that PUF60 prefers to bind to poly(U) over poly(A), poly(C) or poly(G), based

on their respective abilities to compete against pyrimidine tract RNA [12]. Moreover, accord-

ing to the same study, the affinity for poly(CU) is similar to that of poly(U) and the affinity of

poly(GU) appears even greater. The crystal structure of the PUF60 RRMs-dAdML3’ complex

demonstrates that preference structurally, as UU is observed bound to one side and UG is

bound to the other. Therefore, it is the 5’-UG-3’ in the poly(GU) that attracts the PUF60 tan-

dem RRM domains. The affinity for poly(CU) is consistent with the observation of cytosine in

the first position on one side of the dimer interface in the FIR:FUSE structure. A possibility is

that PUF60 may accommodate the needs for both sequence specificity and flexibility by adopt-

ing a short, but highly specific binding pocket.

An interesting example about the relevance of sequence specificity in alternative splicing

exists between the polypyrimidine tract binding protein (PTB) and U2AF65. PTB and

U2AF65 compete for binding on PPT. U2AF65 prefers binding to U-tracts, and can exert its

flexibility to adapt to most PPT sequences. On the other hand, PTB prefers CU-rich PPTs. The

sequence selectivity may correlate to the fact that several C to U changes in some CU-rich

PPTs can remove the repression by PTB and make the alternative exons constitutive [39–42].

Nucleotide recognition and base specificity

The tandem RRM construct used in the co-crystallization with dAdML3’ is the same as was

co-crystallized with DNA of the FUSE enhancer element of the c-myc gene in a previous study

[36]. The fact that this construct recognizes both RNA and DNA reflects flexibility of base rec-

ognition. Although the primary interaction of the protein with these single-stranded nucleic

acid ligands is with the bases and not the backbone, the sequences recognized in dAdML3’ are

quite different from those recognized in FUSE. In FUSE, the protein recognizes CG on one

side of the dimer, and AT on the other. However, the two Lys-201 residues do not cross over

the subunit interface when bound to FUSE as they do when bound to dAdML3’. (Lys-201 cor-

responds to Lys-184 in the FIR-FUSE structure because 17 residues are missing in full-length

FIR relative to PUF60 due to alternative splicing. However, the nucleic acid binding-domain

construct used in both studies immediately follows those 17 residues, and therefore the con-

structs are identical. In this paper, the PUF60 residue numbering is used to be consistent.)

Rather, when bound to FUSE, Lys-201 from one subunit, extends outward towards the phos-

phodiester backbone, presumably due to electrostatic attraction. This causes the other Lys-201

residue to fold into the dimer interface, as it is repelled electrostatically by the other Lys-201

residue. This allows the Lys-201 residue to participate in the formation of the dimeric inter-

face, promoting dimer formation.

In the case of dAdML3’, dimer formation is also promoted by the oligonucleotide, however,

it is by crossing of the Lys-201 residues. Lys-201 from one subunit hydrogen bonds with the

uracil at the first position on one side of the dimer, reaching across the dimeric interface as it

participates in this interaction. However, if thymine, which also possesses a carbonyl at the

4-position, were present instead of uracil, the methyl group at position 5 would be within 2.8

Å from the epsilon-amino group of Lys-201. Although this is sterically possible, it is not a

favorable interaction. This may be the explanation for the preference of cytosine or adenine in

the first position when a DNA sequence is used. However, the presence of uracil in RNA
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provides a base that is apparently preferred over the others for binding in the first position.

Therefore, absence of uracil changes the sequence specificity.

The structure of PUF60 RRMs was determined in the absence of ligand (S6 and S7 Figs,

PDB ID: 5KWQ). Although it was determined that this construct is a monomer in solution

[36], the crystal structure, presumably due to the very high concentration in the crystal,

revealed a dimer with the Lys-201 residues crossing the subunit interface, similar to that in the

dAdML3’-bound structure. Therefore, the dAdML3’ sequence takes advantage of an inherent

tendency of PUF60 RRMs to dimerize with the binding site Lys-201 residues crossing over to

mediate protein dimerization. The protein-protein interactions between the subunits do not

involve Lys-201 but rather several other residues (S4 Fig). These residues actually form the

dimeric interface, and yield this inherent dimerization tendency. However, in the unbound

PUF60 RRMs structure, most of the residues in the dimeric interface are not close enough to

hydrogen bond (S7 Fig). Although the dimerization is unrealized at normal protein concentra-

tion, the interaction of uracil in the oligonucleotide with Lys-201 adds one more hydrogen

bond, which would make dimer formation more energetically favorable. Due to the fact that

separate portions of the dAdML3’ sequence is recognized by the two subunits, it is possible for

there to be a 2:1 protein to nucleic acid ratio even in the absence of dimerization (simply hav-

ing one PUF60 RRMs monomer bound at the end of the polypyrimidine tract and another

PUF60 RRMs monomer bound in the middle of the sequence). However, the dimerization

forces the nucleic acid to take the looped topology that it adopts.

PUF60 interacts with SF1 to recognize the 3’ splice site region

The 3’ ss region contains several features including the BPS, the PPT, and the 3’ AG cleavage

site. The BPS is a critical determinant for 3’ss selection. Base substitution in the BPS alters 3’ ss

selection in vivo [43]. SF1 is the major factor to recognize the BPS, using its K-homology (KH)

motif to perform sequence specific recognition of the BPS, and its accessory modules to assist

the recognition, probably through interaction with the phosphodiester backbone of RNA [44].

SF1 also possesses an N-terminal UHM Ligand Motif (ULM) and can interact with UHM-

proteins such as U2AF65 and PUF60 [45]. Through the UHM-ULM interaction, U2AF65 and

SF1 cooperatively facilitate recognition of the BPS [8]. The studies reported herein reveal that

PUF60 also uses its UHM to interact with SF1, and forms a ternary complex with both SF1

and pre-mRNA (Fig 10). This emphasizes the common feature between U2AF65 and PUF60.

However, a major difference between the domain structures of U2AF65 and PUF60 is the

extended linker between RRM2 and UHM in PUF60 compared to U2AF65. Considering the

looped structure of pre-mRNA that may be induced by PUF60, we hypothesize that the

extended linker in PUF60 might confer flexibility for its UHM to search and reach SF1, which

may be positioned more distantly due to the looped pre-mRNA structure.

Conclusion

The current literature suggests that PUF60 and U2AF65 use different strategies to affect pre-

mRNA structure to favor splicing, and recognize degenerate PPT sequences. Our study defines

the sequence specificity of the alternative splicing factor PUF60 at the 3’ splice site. This infor-

mation may be important for understanding the molecular mechanism by which alternative

and constitutive splicing factors differentiate pre-mRNA 3’ splice sites.
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S1 Fig. Electron density of dAdML3’-BrG4 bound to PUF60 RRMs. Brominating Guanine-4

on the C8 atom has no effect on the binding mode of dAdML3’ to PUF60 RRMs. Simulated
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annealing omit maps, contoured at 3σ, in which all nucleotides (A,B) or the nucleotides bound

in the second position of each subunit (C,D) were omitted from the electron density calcula-

tions. (A) U-17 bound to subunit A. (B) Uracil from the Poly-U region bound to the first posi-

tion on subunit B. (C) G-18 bound to subunit A (position 2). (D) the poly-U tract uracil that is

bound in the second position on subunit B.

(DOCX)

S2 Fig. Electron density of dAdML3’-BrG18 bound to PUF60 RRMs. ssBrominating Gua-

nine-18 on the C8 atom changes the nucleotides bound to PUF60 RRMs. Simulated annealing

omit maps were calculated, excluding all nucleotides from the map calculation. The maps are

contoured at 3σ. (A) Two uridines bound to subunit A are clearly displayed by the electron

density. (B) The same uridines are shown from a different angle to highlight the quality of the

electron density even on the second-position uracil, which clearly defines it. (C) Two uridines

are also bound to subunit B.

(DOCX)

S3 Fig. Two uracil bases are bound on both sides of the dimer when G-18 is brominated.

Shown are simulated annealing omit maps, in which only the second position nucleotides were

omitted. The electron density is clearer after the first-position nucleotides are added to the

model. The map contours are 3σ. (A) Uracil bound in the second position to subunit A (U-12).

(B) Uracil from the poly-pyrimidine tract (PPT) bound in the second position to subunit B.

(DOCX)

S4 Fig. Dimeric interface interactions in the dAdML3’/ PUF60 RRMs complex. The sub-

unit-subunit interactions are very similar to those observed in the complex of the same dimer

with FUSE DNA (23). Hydrogen bonds are represented by dashed lines.

(DOCX)

S5 Fig. PUF60 does not dimerize in the absence of dAdML3’. SEC-LS analysis of the PUF60

RRMs+UHM apo-protein. Each data point represents an average molecular weight measured

at the apex of an eluent peak of the complex at a certain concentration. Expected MW (47970.7

Da) is indicated by the dashed line, with its expected 5% deviation shown in dotted lines. The

dimensions of the X- and Y-axes are intentionally kept identical as in Fig 8A in the main text

for comparison.

(DOCX)

S6 Fig. Crystal structure of unbound PUF60. (A) The structure of PUF60 RRMs in the

absence of oligonucleotide was determined to 2.8 Å. A dimer is observed in the crystal struc-

ture, although the protein is monomeric in solution when unbound. (B) The dimer interface

observed in the crystal structure of unbound PUF60 RRMs is fairly similar to that seen in the

dAdML3’-bound structure, with Lys-201 from each subunit crossing each other to span the

dimer interface, suggesting that the dAdML3’ takes advantage of an inherent capability of the

protein to dimerize, so that the higher oligomeric state is induced in solution in the presence

of the oligonucleotide.

(DOCX)

S7 Fig. Dimerization interface found in the crystal structure of PUF60 RRMs in the

absence of nucleotide. ssDimerization of unbound PUF60 RRMs is not observed in solution,

and therefore must be due to high concentration of protein in the crystal. The similarity of the

dimeric interface of the unbound protein to that found when the protein is bound to dAdML3’

indicates that the propensity for dimerization is inherent in the protein before it encounters

nucleic acid, and the nucleic acid enhances this propensity to dimerize such that dimerization
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