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Abstract

Myofibroblast differentiation is characterized by increased expression of cytoskeletal smooth
muscle a-actin. In human and murine fibroblasts, the gene encoding smooth muscle a-actin
(Acta2) is tightly regulated by a network of transcription factors that either activate or repress the
5" promoter-enhancer in response to environmental cues signaling tissue repair and remodeling.
Purine-rich element binding protein B (Purf) suppresses the expression of ActaZ by cooperatively
interacting with the sense strand of a5 polypurine sequence containing an inverted MCAT c¢/s-
element required for gene activation. In this study, we evaluated the chemical basis of
nucleoprotein complex formation between the Purp repressor and the purine-rich strand of the
MCAT element in the mouse Acta2 promoter. Quantitative single-stranded DNA (ssDNA)-binding
assays conducted in the presence of increasing concentrations of monovalent salt or anionic
detergent suggested that the assembly of a high-affinity nucleoprotein complex is driven by a
combination of electrostatic and hydrophobic interactions. Consistent with the results of pH
titration analysis, site-directed mutagenesis revealed several basic amino acid residues in the
intermolecular (R267) and intramolecular (K82, R159) subdomains that are essential for Purf
transcriptional repressor function in Acta2 promoter-reporter assays. In keeping with their
diminished ActaZ repressor activity in fibroblasts, purified Purp variants containing an R267A
mutation exhibited reduced binding affinity for purine-rich ssDNA. Moreover, certain double and
triple point mutants were also defective in binding to the ActaZ2 corepressor protein, Y-box binding
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protein 1. Collectively, these findings establish the repertoire of non-covalent interactions that
account for the unique structural and functional properties of Purp.

Graphical Abstract

Myofibroblasts arise from the differentiation of connective tissue fibroblasts and play a key
role in granulation tissue formation and wound healing by mediating extracellular matrix
deposition and wound closurel. Although the smooth muscle cell-like contractile
properties of myofibroblasts are beneficial for wound repair, chronic activation and survival
of extracellular matrix-producing myofibroblasts provokes aberrant tissue remodeling
including hypertrophic scar formation, vascular stiffening, and chronic organ fibrosis
particularly of the heart, liver, and lung®’. To develop better and more effective therapeutic
strategies for treating fibrotic diseases, it is necessary to identify and characterize the
molecular pathways that govern myofibroblast proliferation and differentiation.

Smooth muscle a-actin (SMaA) is the most widely accepted protein biomarker of fibroblast
to myofibroblast conversion and acquisition of a contractile phenotype? 8-10, Consistent
with its phenotype-defining properties, expression of the murine SMaA gene (Acta2) in
fibroblasts is tightly regulated by a network of transcriptional activators and repressorsl: 12,
The 5”-flanking region of ActaZ contains a variety of positive cis-regulatory elements
including an inverted muscle-CAT (MCAT) motif, CArG boxes, CAGA elements, and GC-
rich sequences that serve as cognate binding sites for certain basal or growth factor-
responsive frans-activators, namely transcription enhancer factor 1 (TEF-1), serum response
factor (SRF), small mothers against decapentaplegic (Smad) proteins, and specificity
proteins 1 and 3 (Sp1/3), respectively3-17. Conversely, repression of Acta2transcription in
fibroblasts is apparently mediated by the coordinate interaction of purine-rich element
binding proteins A and B (Pura and Purp) and Y-box binding protein (YB-1) with the
opposing strands of an asymmetric polypurine-polypyrimidine (Pur/Pyr) tract containing the
MCAT motifl4 18-20 Although Pura. and Purf both interact with purine-rich single-
stranded nucleic acids and possess the capacity to destabilize duplex DNA21-23 Purp
appears to function as a more potent repressor of ActaZ transcription in both fibroblasts and
smooth muscle cells?4-26,
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Purp is a member of a small but highly conserved family of purine-rich sSDNA/RNA.-
binding proteins?’. Each member of the Pur family (Pura,, Purp, Pury variant A, Pury
variant B) contains three central sequence elements designated PUR repeats I, 11, and
1112729, These elements account for the roughly 70% sequence homology between
mammalian Pura. and PurBZ2. The recently solved x-ray crystal structures of Drosophila
melanogaster (Dm)Pura. (amino acids 40 to 185) and Borrelia burgdorferi (Bb) Pura
(amino acids 8 to 105) revealed that PUR repeat sequences fold to form a 4-stranded anti-
parallel B-sheet followed by an a-helix. In the case of Dm Pura, intramolecular association
of PUR repeats | and 11 produces a Whirly-like globular domain (dubbed the PUR domain)
capable of sSDNA interaction?8. In the case of B Pura, intermolecular dimerization of the
single encoded PUR repeat forms a ssDNA-binding PUR domain, which is nearly identical
to the domain generated by intramolecular association of PUR repeats | and Il of Dm
Pura.?9, Because full-length Pur proteins in metazoans contain three PUR repeats, PUR
repeat 111 likely serves to mediate intermolecular interaction of Pur protein monomers to
form dimers as first reported in Dm Pura28,

Our efforts to establish the molecular basis for ssDNA-binding and ActaZ repression by Mus
musculus (Mm) Purf have provided additional insight into the similarities and differences in
the structural and functional properties of members of the Pur protein family. For example,
hydrodynamic analyses revealed that recombinant mouse Purf reversibly self-associates to
form a homodimer in the absence of ssDNA30. Rigorous quantitative analyses of
nucleoprotein complex formation between Purp and the 32 nt sense strand of the MCAT-
containing Pur/Pyr element from Acta2were consistent with a cooperative, multisite binding
mechanism leading to formation of a high-affinity 2:1 Purp:ssDNA complex3L. Results of
limited tryptic digestion suggested that the presence of all three PUR repeats is required for
high affinity binding of Pur to the purine-rich strand of the Acta2-derived MCAT enhancer
element32. To further define the structural elements in Purp responsible for multisite binding
to ssDNA and consequent ActaZ repression in fibroblasts, we recently reported that dimeric
Purp is comprised of three distinct PUR subdomains each capable of interacting with a
separate ssDNA binding site33. Consistent with the cooperative nature of Purp-ssDNA
interaction, all three PUR subdomains are required for high affinity interaction of the Pur
homodimer with the ActaZ promoter. Interestingly, when studied in isolation, the central
dimerization subdomain of Purp formed by intermolecular association of two PUR repeat 11l
sequences exhibited markedly higher ssDNA-binding affinity than the comparable
subdomain formed by intramolecular association of PUR repeats | and 1133

In this report, the detergent- and salt-sensitivity of the nucleoprotein complex formed
between Purp and its ActaZ-derived purine-rich target sequence was initially evaluated to
estimate the contribution of hydrophobic and ionic interactions in facilitating the high
affinity binding of Purp to ssSDNA. Based on homology modeling of the tertiary and
quaternary structure of Purf in comparison to Pura., several basic amino acid residues in
PUR repeats I, 11, and I11 were identified and empirically validated as essential for the Acta2
repressor activity of Purf in fibroblasts. Biochemical analyses implicated these residues in
mediating the high affinity binding of Purp to purine-rich sSDNA and to the corepressor
protein mouse YB-1 (MSY1). Our findings suggest that a combination of hydrophobic and
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electrostatic interactions are responsible for the unique ssDNA-binding and transcriptional
regulatory properties of Purp.

EXPERIMENTAL PROCEDURES

Computational modeling of Purp.

Hydrophobic side chains were identified in a Mus musculus Purp homology model using
PyMOL to depict regions of Purf with high hydrophobic amino acid content33: 34,
Additionally, electrostatic surface maps were generated to identify solvent-exposed, charged
amino acids. To select positively charged amino acid residues of Purf that might confer
ActaZrepression, a ClustalW multiple pairwise sequence alignment of Mm Purf3 and Dm
Pura was performed to identify Purp residues corresponding to the Pura residues (R80,
R158, and R229) that had been previously implicated in single-stranded nucleic acid
interaction35-37. The lack of conservation of Pura. R158 led us to align the crystal structure
of DmPura (amino acids 40-185) and the homology model of Mm Purp I-11 to identify a
positionally conserved arginine in spatial proximity to Om Pura. R158.

Construction of Expression Vectors.

The original mammalian expression plasmid encoding recombinant N-terminally
hexahistidine-tagged mouse Purf (pCl-NHis-Purf) was described in a previous study14 20,
The QuikChange® Primer Design Program (Stratagene) was used to design complementary
oligonucleotide primers (Table S1) for site-directed mutagenesis of the pCl-NHis-Purp
template. Multiple plasmids encoding different combinations of single, double, and triple
point mutations of selected lysine or arginine residues in the Purb open reading frame were
sequentially produced using the QuikChange® XL site-directed mutagenesis kit as directed
by the manufacturer (Agilent). Plasmids encoding Purp mutants K82A, R159A, R267A,
K82A/R159A, K82A/R267A, R159A/R267A, and K82A/R159A/R267A were sequence
validated (Mermont Cancer Center DNA Analysis Facility) and purified by double cesium
chloride gradient centrifugation. Quantification of isolated plasmids was achieved by
measuring the optical density at 260 nm. Plasmid purity was assessed via analytical agarose
gel electrophoresis following double restriction enzyme digestion with BamH| and Kpnl to
validate the size of the cDNA inserts. The cDNAs encoding selected single, double, and
triple Purp mutants (R267A, R159A/R267A, and K82A/R159A/R267A) were excised from
pCl with E£coRI and Sall and then subcloned into the bacterial expression plasmid pQE30,
which had been treated with the same restriction enzymes. The resulting bacterial expression
plasmids were propagated in £. coli IM109 cells and screened for cDNA insertion and
sequence fidelity as described above.

Protein Purification.

Wild-type NHis-Purp and selected deletion and point mutants were expressed in £. coli
JM1089 cells by induction with isopropyl p-D-1-thiogalactopyranoside (IPTG) as previously
described30. The recombinant NHis-tagged proteins expressed included full-length Purp
(Purp FL), the core ssDNA-binding region (Purf I-11-111, residues 41-303), the
intermolecular subdomain (Purp 111, residues 209-303), the R267A single point mutant, the
R159A/R267A double point mutant, and the K82A/R159A/R267A triple point mutant.
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NHis-Purp proteins were purified from £. coli cell lysates by a combination of metal chelate
affinity chromatography, heparin-agarose ion exchange chromatography, and size exclusion
chromatography (SEC)33. Additional details about the purification steps used for each point
mutant are provided in Supporting Information. Column fractions were monitored for
protein content either by optical density measurement at 280 nm (A gy or by Bradford assay
(Thermo Scientific) using bovine serum albumin (BSA) as a standard. The relative size and
purity of isolated Purp proteins were assessed by denaturing sodium dodecy! sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) on 10% or 12% mini-gels. Resolved
proteins were visualized by staining with Coomassie® Brilliant Blue R-250 on gels
standardized with the PageRuler™ Broad Range Protein Ladder (Thermo Scientific). The
protein concentration of purified Purp preparations was determined by A,gp measurement
using theoretical molar extinction coefficients for full-length or truncated Pur@33. Purified
protein preparations were assayed to ensure the absence of nuclease contamination39: 33,

Protein Thermostability Assay.

The relative thermostability of wild-type and mutated Purp proteins was evaluated by
thermal shift assay using SYPRO® Orange (Life Technologies) to monitor protein unfolding
as a function of temperature3® 39, Assays were conducted at protein concentrations ranging
from 0.3-8.5 uM in SEC/storage buffer consisting of 50 mM NaH,PO,4, 300 mM NacCl, 10
mM imidazole pH 8.0 with 10 mM p-mercaptoethanol (BME). In some cases, assays were
conducted in buffer composed of 20 mM HEPES, 150 mM NaCl, 10 mM BME adjusted to
selected pH values. A 4 pL solution of a 100x stock of SYPRO® Orange pre-diluted in
protein storage buffer was combined with solutions of wild-type or mutated Pur proteins to
achieve a final volume of 80 L. The mixture was then dispensed in 40 uL aliquots into the
wells of a 96 well PCR microplate (Axygen Scientific), which was covered with optical
quality sealing tape (Applied Biosystems). Fluorescence data points were collected at 1°C
increments at temperatures ranging from 25° to 94°C on an AB 7500 Fast Sequence
Detection System real-time PCR instrument (Applied Biosystems) with excitation and
emission wavelengths set at 480 nm and 568 nm, respectively (Vermont Cancer Center DNA
Analysis Facility). The average background fluorescence detected in the buffer only control
was subtracted from each incremental fluorescence value obtained in wells containing
protein. The data points were then normalized by dividing the background-corrected
fluorescence measured at each temperature by the maximum fluorescence (F;4,) Obtained in
that well. To calculate the temperature midpoint of the protein unfolding transition curve
(7,,), data points obtained in the range of 40°C-70°C were fit to the Boltzmann equation
using Prism 6 (GraphPad Software, Inc.). Data points acquired below 40°C and after the
fluorescence maximum were excluded from the curve fitting analysis due to the well-to-well
variability in baseline protein fluorescence seen at low temperature and excessive protein
aggregation occurring at high temperature.

Single-Stranded DNA-Binding Assay.

The interaction of purified, recombinant Purf proteins with a synthetic 3" biotinylated
ssDNA probe corresponding to the purine-rich sense strand of the Acta? MCAT element (5'-
GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA-3’, nt —195 to —164, dubbed PE32-
bF) was monitored by enzyme-linked immunorsorbent assay (ELISA) as described
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previously32 40, To assess the effects of either detergent or salt on nucleoprotein complex
formation, the DNA binding step was carried out by incubating 1.0 nM full-length, wild-
type Purp, 1.0 nM Purp I-11-111, or 5.0 nM Purp 111 with 0.5 nM PE32-bF immobilized on
StreptaWells™ (Roche) in binding buffer containing varying concentrations of sodium
deoxycholate or NaCl (Sigma). In these experiments, the DNA binding buffer consisted of
20 mM HEPES, 150 mM NaCl, 1.5 mM MgCl,-6H,0 pH 7.5 plus 0.2% (w/v) BSA, 0.05%
(v/v) Tween 20, 0.5 mM dithiothreitol (DTT), and 100 nM dT32 oligonucleotide. To assess
the effects of point mutations on nucleoprotein complex formation, varying concentrations
of wild-type Purf or mutants R267A, R159A/R267A, or K82A/R159A/R267A were
incubated with 0.5 nM PE32-bF pre-bound to StreptaWells™ (Roche). After overnight
incubation (typically 16 h) at room temperature, wells were washed and solid-phase
Purp:PE32-bF complexes were immunodetected by sequential 1 h incubations with 1.0
pg/ml of an affinity-purified primary rabbit polyclonal antibody directed against mouse Purp
amino acids 210-22920 followed by a 1:8000 dilution of a secondary goat anti-rabbit 1gG
conjugated to horseradish peroxidase (Santa Cruz Biotechnology). Antibody bound
nucleoprotein complexes were detected by the addition of colorimetric substrate solution 2,
2’-AZINO-bis [3-ethylbenziazoline-6-sulfonic acid] (ABTS) (Millipore). After quenching
color development with 1% (w/v) sodium dodecyl sulfate, endpoint absorbance
measurements were obtained at 405 nm (A4gs) using a Vmax plate reader (Molecular
Devices).

For detergent and salt inhibition assays, data points were fit by nonlinear least squares
regression analysis to a four-parameter variable-slope equation to obtain an IC50 value using
Prism 6 (Graphpad Software, Inc.). For assessment of the relative ssDNA-binding affinity of
wild-type vs. mutant Purp proteins, A5 readings were corrected for background by
subtracting the A5 signal generated in wells without DNA at each concentration of protein
tested. Background corrected A,p5 values were fit by nonlinear least squares regression
analysis to the equation for a rectangular hyperbola to estimate the By, (i.6. Apax) for each
protein using Prism 6 (GraphPad Software, Inc.). The calculated A4, Was used to
normalize absorbance values at each concentration of protein tested (A/A;4x) for the
purpose of evaluating the reproducibility of the apparent Kyor EC50 determined in separate
trials. In some experiments, the coating concentration of biotinylated sSDNA probe was
varied and the amount of fluid-phase Purp was fixed. To assess sSSDNA-binding specificity,
titration assays were performed with the mutant probe in which the PUR elements were
substituted with thymidylate (PE32-bF-315T7)31,

Protein-Protein Interaction Assay.

The binding of purified Purp proteins to purified MSY 1 was evaluated by ELISA as
previously described0. Briefly, NHis-tagged MSY 120 was diluted to 100 nM in coating
buffer consisting of 20 mM HEPES, 150 mM NacCl, 1.5 mM MgCl,-6H,0 pH 7.5 with 5.0
ug/ml BSA and then applied to microtiter wells (Costar® EIA/RIA plate, 96 Well Easy
Wash™, Certified High Binding, Corning, Inc.). After a 3 h incubation at room temperature,
the wells were washed, blocked, and solutions of either wild-type or mutant Pur3 protein
were applied in binding buffer consisting of 20 mM HEPES, 150 mM NacCl, 1.5 mM
MgCl,-6H,0 pH 7.5 plus 0.2% (w/v) BSA, 0.05% (v/v) Tween 20, and 0.5 mM DTT. After
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overnight incubation (= 16 h) at 4°C, wells were washed and solid-phase Purf:MSY1
complexes were detected in the same manner as described for the ssDNA-binding ELISA
using a primary rabbit antibody recognizing amino acids 210-229 or 302-324 of mouse
Purp20. To estimate the relative affinity of wild-type vs. mutant Purp proteins for MSY1,
Apsreadings were corrected for background by subtracting the A4pssignal generated in
wells coated with BSA only from the MSY 1-coated wells at each concentration of Purf
protein tested. Background corrected A5 values were fit by nonlinear least squares
regression analysis to the equation for a rectangular hyperbola to estimate the apparent Ky
using Prism 6 (GraphPad Software, Inc.).

Transient Transfection Assay.

AKR-2B mouse embryo fibroblasts (MEFs) were seeded at 4.0 x 104 in McCoy’s 5A
medium supplemented with 5% heat-inactivated FBS in 6-well plates. Cells were incubated
at 37°C in an incubator with 5% CO, for 24 h to facilitate adherence to the plate. MEFs
were transiently transfected with a total of 2 ug/mL of DNA consisting of 0.1 pg/mL of
pSV40-BGal, 1 pg/mL of expression plasmid encoding single, double, or triple point
mutations, and 0.9 pg/mL of Acta2 promoter-reporter construct, pVSMP8-luciferase33. After
48 h incubation at 37°C, transfected cells were washed with PBS and harvested by lysis in
1x Passive Lysis Buffer (Promega) supplemented with protease inhibitors leupeptin,
pepstatin A, and aprotinin at 1.0 pg/mL. Cleared lysates were assayed for total protein
content by either Bradford or BCA™ assay (Thermo Scientific) and reporter gene
expression by luciferase activity assay (Promega). Datasets were analyzed by performing a
one-way analysis of variance and Tukey’s multiple comparison test with significance of p
<0.05 using Prism 6 (Graphpad Software, Inc.).

Immunoblotting.

RESULTS

Total soluble protein from cell lysates was precipitated by addition of 5 volumes of cold
ethanol and incubation at —20°C for 1 h. Precipitated protein was collected by centrifugation
and dissolved in 1x SDS-PAGE loading buffer (20 mM Tris-Cl, pH 6.8, 0.5% w/v SDS, 5%
viv glycerol, 0.005% wi/v bromophenol blue, 5% v/v BME), heated for 3-5 minutes at
100°C, and run on a 12% w/v acrylamide/bisacrylamide (29:1) mini-gel with molecular
weight standards (BenchMark™ Prestained Protein Ladder, Invitrogen). Protein (10 g or 20
ug) was transferred to an Immobilon-P polyvinylidene difluoride membrane (Millipore) at
125V for 90 min at 4°C in 25 mM Trizma base, 192 mM glycine, 20% v/v methanol. His-
tagged Purf proteins were detected with a mouse anti-RGS-His monoclonal antibody
(Qiagen) at 1.0 pg/ml followed by a goat anti-mouse IgG-HRP antibody. Bands were
visualized via chemiluminescent detection (Pierce® ECL Western Blotting Substrate,
Thermo Scientific). Blots were reprobed with a mouse anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) antibody (clone 6C5, Millipore).

Mapping of polar and nonpolar regions in Mm Purf.

The chemical properties of amino acid residues in the homology model of the homodimeric
form of Mm Pur@32 were displayed using hydrophobic and electrostatic maps generated in
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PyMOL34. As expected, hydrophobic amino acid residues are predominantly located at the
interior of both the intramolecular (PUR repeat I-11) and intermolecular subdomains (PUR
repeat 111) (Figure 1C, D). Hydrophobic side chains in the Bpppa structure formed by each
PUR repeat protrude away from the surface and in toward the interface of two PUR repeats.
This arrangement suggests that a hydrophobic core is located at the center of each PUR
subdomain presumably to facilitate protein folding and dimerization.

An electrostatic map of presumably solvent-exposed residues in the AMm Purf3 homodimer
model shows regions of localized negative charge around the a-helices of each PUR
subdomain and pockets of positively charged residues on the B-sheet surface (Figure 1E, F).
Interestingly, the PUR I-11 intramolecular domain exhibits one positively charged pocket on
the surface of the B-sheets while evidence of two positively charged channels exist at the
surface of the B-sheets in the PUR 111 intermolecular dimerization domain (Figure 1E).
These results are consistent with surface charge maps of the Dm Pura. I-11 crystal structure
which exhibited moderately negative charges on the a-helix surface side and positive
charges around the B-sheets® 29, The positively charged channels localized around the p-
sheets of the PUR subdomains point to potential binding surfaces for negatively charged
nucleic acid.

Effect of detergent or salt on Purp binding to the Acta2 MCAT element.

To investigate whether hydrophobic interactions play a role in Purp nucleoprotein complex
formation, ssDNA-binding ELISAs were conducted in binding buffer supplemented with
increasing concentrations of selected detergents. In this assay system, a 3’ biotinylated
single-stranded oligonucleotide (PE32-bF) corresponding to the purine-rich sense strand of
the MCAT enhancer of Acta?was used as the sSDNA probe. This oligonucleotide has
previously been shown to form high-affinity 2:1 Purf:PE32-F nucleoprotein complex with a
macroscopic K, of approximately 0.3 nM3L, Thus, the protein-ssDNA binding step of the
assay was conducted with a limiting concentration of PE32-bF (0.5 nM) and a 2-5 fold
molar excess of purified recombinant Purf proteins. Predictably, the non-ionic and non-
denaturing detergent, Triton X-100, had no effect on the binding of full-length Purp to
ssDNA, while the anionic and denaturing detergent, sodium dodecy! sulfate, was a much
more potent inhibitor than the anionic bile salt detergent sodium deoxycholate (Figure S1).
The amphiphilic properties of deoxycholate allow this detergent to interact with hydrophobic
surfaces of proteins in a non-cooperative and non-denaturing manner%, Consequently,
deoxycholate is useful in disruption of protein-protein interaction?2 43, As shown in Figure
2A, very low concentrations of deoxycholate (< 0.0156% or 0.38 mM) had little to no effect
on Purp binding to purine-rich ssDNA. However, at deoxycholate concentrations exceeding
1 mM, protein binding to PE32-bF was markedly inhibited in the case of full-length Purf
(IC50 = 0.098%, 2.36 mM), the core Purf I-11-111 construct (ICsg = 0.084%, 2.03 mM), and
the isolated Purf Il intermolecular subdomain (1Csq = 0.060%, 1.45 mM). The
concentration-dependent inhibitory effect of deoxycholate on Purp-ssDNA interaction is
presumably due to detergent-mediated disruption of hydrophobic contacts that dictate the
structural stability and/or ssDNA-binding activity of the intermolecular subdomain of the
protein. Consistent with this interpretation, thermal shift assay revealed that the isolated
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Purp 111 dimerization domain becomes progressively less thermostable at sodium
deoxycholate concentrations between 0.38 and 2.0 mM (Figure S2).

To evaluate the involvement of electrostatic forces in Purp-ssDNA interaction, the effects of
increasing NaCl concentration on the binding of full-length Purp, the core I-11-111 construct,
and the isolated Pur Il subdomain to PE32-bF was monitored by ELISA (Figure 2B).
Results indicated that salt concentrations greater than ~0.6 M abolished the binding of each
Purp construct to PE32-bF. Given the similarity of the competition curves, these data
suggest that each Purp subdomain possesses charged amino acid residues that enable stable
nucleoprotein complex formation between Purp and ssDNA. In support of this contention,
assessment of the effect of pH on the interaction of Purp with PE32-bF indicated that
nucleoprotein complex formation was markedly reduced at solution pH = 10.5 (Fig. 3A).
This outcome was not attributable to protein unfolding as thermal shift assay revealed that
Purp retains it native structure at pH 10.5 and 11.5 (Fig. 3B). The thermal shift profiles of
full-length Purp at pH 7.5, 10.5, and 11.5 were virtually identical (7, =53.2 £ 0.92 °C)
while some degree of structural instability was apparent at pH 12.5. Interestingly, lowering
the pH had no substantive effect on the binding of full-length Purf to PE32-bF, while raising
the pH had an analogous inhibitory effect on sSDNA-binding by the core I-11-111 construct
and the isolated Purf Il subdomain (Fig. S3). Collectively, these results are consistent with
the deprotonation of the side chains of solvent-exposed lysine, arginine, and possibly
tyrosine residues leading to reduced electrostatic interaction of Purp with ssSDNA.

Identification of K/R residues in PUR repeats I, Il, and Ill that are essential for Purf
repressor activity.

Based on the reported ability of certain basic amino acid residues to mediate RNA-binding
by Dm Pura®’, three basic residues located in B-strands of each PUR repeat of AMm Purf
were selected for site-directed mutagenesis. Alignment of human and mouse Pura and Purf
sequences revealed that Dm Pura residues R80 and R229 are positionally conserved in Pura
and Purp orthologs and correspond to residues K82 and R267 located in the fourth B-strand
of the PUR I and PUR 111 repeats in mouse Purf (Figure S4). The absence of a conserved
basic residue in the PUR 11 repeat led us to align the PUR repeat I-11 subdomain of the Mm
Purp homology model with the Dm Pura I-11 structure?8: 33, This maneuver uncovered a
unique R159 residue located in the 3™ B-strand of Purf repeat I1 in spatial proximity to
Pura R158. Mapping the three residues onto the homology model of the Purp homodimer
shows that each residue is predicted to be surface exposed in the intramolecular (K82, R159)
or intermolecular (R267) subdomains (Figure S5).

To evaluate the consequence of K82A, R159A, and R267A point mutations on the Acta2
repressor activity of Purf, AKR-2B MEFs were co-transfected with Purf expression vectors
and a full-length Acta2 promoter-reporter construct (VSMP8-luciferase)33. All single point
mutants tested demonstrated reduced repressor activity toward the VSMP8 promoter-
reporter in MEFs with R267A being the most influential mutation (Figure 4A). The effects
of double and triple point mutations were more pronounced than the single point mutations.
Immunoblotting of the cell lysates confirmed that all the Purf point mutants were stably
expressed in MEFs (Figure 4B). Interestingly, all Purp constructs containing the PUR repeat
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111 R267A mutation exhibited greatly diminished ActaZ repressor activity suggesting that the
R267 residue plays a critical role in the physical and functional interaction of Purp with the
ActaZ gene. The KB2A/R159A/R267A triple mutant and R159A/R267A double mutant were
much weaker repressors than the single R267A mutant alone. The results of transient co-
transfection assays comparing the ActaZrepressor activity of Purf K82A/R159A/R267A
and R159A/R267A expressed at increasing concentrations in MEFs confirmed the functional
impairment of these mutants relative to wild-type Purp (Figure 4C, D).

Purification and structural characterization of Purp K/R mutants.

Results of cell-based promoter-reporter assays suggested that certain basic residues in each
Purp subdomain are likely involved in mediating the functional properties of Purf3. To assess
the effect of these mutations on protein structure, mouse Purp mutants R267A, R159A/
R267A, and K82A/R159A/R267A were expressed in and purified from £. coli. Protein
preparations obtained after metal chelate and heparin affinity chromatography were analyzed
by calibrated SEC. As evidenced by the SEC elution profiles of each protein, the single,
double, and triple mutants were each capable of forming homodimers when resolved at
protein loading concentrations in the micromolar range (Figure S6). Peaks corresponding to
homodimer were collected and the purity and structural integrity of each of the point
mutants was evaluated by a combination of SDS-PAGE and thermal shift assay. As shown in
Figure 5A, the thermal shift profiles of the Purp mutants are comparable to the wild-type
protein when evaluated under relatively high ionic strength conditions. The calculated
midpoint temperatures for the protein unfolding transition were nearly identical when
assayed across a range of protein concentrations suggesting that the mutant Purp proteins are
properly folded (Figure 5B). Results of SDS-PAGE revealed that the isolated mutants were
of sufficient purity to merit further functional analysis (Figure S7).

Effect of K/R mutations on Purp binding to ssDNA.

To determine the effect of R267A, R159A/R267A, and K82A/R159A/R267A mutations on
Purp function, the single, double, and triple mutants were quantitatively evaluated for Acta?
ssDNA-binding affinity and specificity. All purified Purp preparations were checked to
ensure that any proteins tested in the sSDNA-binding assay were free of nuclease
contamination (Figure S8). Nucleoprotein complex formation between Purf and the Acta?
probe, PE32-bF, immobilized on streptavidin-coated microtiter wells was measured by
ELISA. The primary Purp antibody used to detect complex formation was initially screened
to ensure that the residue 210-229 epitope located between the PUR 11 and PUR 111 repeats
was recognized equivalently in the wild-type and mutated Purp proteins (Figure S9). To
evaluate the effects of the K/R mutations on ssDNA-binding affinity and specificity, each
mutant protein was tested for interaction with PE32-bF and a mutated probe in which each
PUR element (3" end, internal, 5" end) was substituted with thymidylate (PE32-3I5T7). As
shown in Figure 6A and B, the single R267A mutation in PUR repeat 111 reduced the
apparent ssDNA-binding affinity of the protein by ~3-fold (Ky= 0.57 = 0.04 nM) relative to
wild-type Purp (Ky=0.17 £ 0.01). The addition of the R159A mutation in PUR repeat I
did not result in any further diminishment in ssDNA-binding affinity in the R159A/R267A
double mutant (Ky= 0.60 £ 0.04). Importantly, addition of the K82A mutation in PUR
repeat | reduced the ssDNA-binding affinity of the triple mutant by ~8-fold (Ky= 1.39
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+0.12 nM) (Figure 6A and B). Interestingly, the K/R mutations did not affect ssDNA-
binding specificity per se as each Purp mutant tested demonstrated preferential interaction
with the wild-type, purine-rich Acta2 probe but only weak binding to the T7 mutated probe
(Figure 6). Collectively, these data indicate that specific basic residues in both the intra- and
intermolecular subdomains account for the high affinity binding of Purp to purine-rich
SSDNA.

Effect of K/R mutations on Purp binding to MSY1.

To evaluate the potential effect of these mutations on heterotypic interaction between Pur
and its ActaZ corepressor partner MSY1, the single, double, and triple mutants were tested
for their ability to bind to purified MSY1 by ELISA. As shown in Figure 7, the R267A
mutant actually exhibited a somewhat higher binding affinity for MSY1 compared to wild-
type Purp, while the double and triple point mutants demonstrated reduced MSY1 binding
affinity consistent with their diminished ActaZ repressor activity. The use of a different Purp
antibody recognizing a C-terminal epitope to detect PurB-MSY1 complex formation gave
essentially identical results (Figure S10) and further validated the distinction in MSY'1
binding affinity among the Purf mutants tested.

DISCUSSION

During normal wound repair, inflammatory cytokine-stimulated #frans-differentiation of
resident stromal fibroblasts leads to the transient formation of contractile myofibroblasts
expressing SMa.A3. However, persistent myofibroblast activation resulting from sustained
inflammatory signaling can promote excess connective tissue deposition resulting in
aberrant tissue remodeling associated with many fibrotic diseases** 4°. A better
understanding of the intracellular factors that regulate ActaZtranscription in myofibroblasts
is necessary to identify relevant molecular targets for the purpose of developing novel
therapies to reverse myofibroblast differentiation and to limit pathological tissue fibrosis.
Purp may represent one such target as this protein functions as a transcriptional repressor of
ActaZby virtue of its ability to interact with the purine-rich strand of a MCAT-containing
element in the 5" flanking region of the gene. Purp likely operates in conjunction with other
ssDNA-binding corepressors, namely MSY1, to disrupt the combinatorial assembly of
canonical double-stranded DNA-binding #rans-activators on their respective MCAT, CArG,
or G/C-rich elements in Acta2 promoter in fibroblasts14: 20. 26,33,

Previous homology modeling of the tertiary and quaternary structure of Purf in conjunction
with empirical analysis of the physical and functional properties of the intermolecular and
intramolecular subdomains indicated the presence of three discrete sSDNA-binding modules
in the Purp homodimer33. In this report, in silico analysis of the distribution of non-polar
and polar amino acid residues in each subdomain revealed an asymmetric arrangement with
hydrophobic residues predominating in the interior and charged residues on the solvent-
exposed surface of each subdomain. While this is not necessarily surprising based on
principles of protein folding, there is a clear distinction in the extent of clustering of
positively charged residues in the intramolecular subdomain composed of PUR repeats | and
I in comparison to the intermolecular dimerization subdomain composed of two PUR II1
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repeats. Notably, the two basic channels evident in the intermolecular dimerization domain
may explain why this subdomain demonstrates a higher ssDNA-binding affinity than the
isolated intramolecular subdomain33.

Because these computational modeling studies implied the importance of both hydrophobic
and electrostatic forces in mediating protein self-association and DNA-binding, we tested
this concept by evaluating the effects of anionic detergent, monovalent salt, and pH on the
binding of purified Purp to sSDNA. To ensure conceptual relevance to ActaZ gene
regulation, the assembly of nucleoprotein complexes composed of Pur and the purine-rich
strand of the ActaZ promoter element (PE32-bF) containing a functional MCAT motif was
monitored by quantitative ELISA. Our results indicated that at concentrations in excess of
1.0 mM, sodium deoxycholate inhibited the binding of full-length Purf and truncated Purf3
proteins containing the PUR repeat |11 dimerization domain to the PE32-bF probe. The
anionic detergent-sensitivity of each of the recombinant Purp constructs analyzed is
consistent with previous findings in which the inhibitory effect of deoxycholate on the
interaction of native fibroblast-derived Pura and Purf with ssDNA was documented by band
shift assay in comparison to Triton X-10020. It should be noted that all protein-DNA binding
assays presented in this report were conducted in the presence of 0.05% (v/v) Tween 20,
another non-ionic detergent which has no apparent effect on PurB-ssDNA interaction.
Consequently, the ability of deoxycholate to hinder Purp-ssDNA interaction is potentially
due to interference with PUR repeat 111 dimerization and/or obstruction of hydrophobic
contacts between Purp and nucleobases in the sSDNA. Although physical destabilization of
the PUR repeat I-11 subdomain by deoxycholate cannot be formally excluded, our results do
corroborate existing structural data implicating hydrophobic interactions as the principal
driver of both intramolecular and intermolecular association of the homologous PUR repeats
in Pura?®,

With respect to the salt and pH sensitivity of Purp interaction with sSDNA, protein binding
to ssDNA was blocked at concentrations of NaCl exceeding 0.6 M in the case of full-length
Pur@, Purf I-11-111, and the Purf Il intermolecular domain. Purp-ssDNA complexes were
relatively stable across a wide range of solution pH conditions. However, in accordance with
a specific role for basic, positively charged residues in mediating nucleoprotein complex
formation, assembly of Purp-ssDNA complexes was abolished at pH = 10.5 where
deprotonation of the e amino and guanidino groups of lysine and arginine would be
predicted to occur?®. Collectively, our findings suggest that a combination of hydrophobic
and electrostatic interactions contribute to the formation and stability of the Purp-PE32-bF
complex. In particular, the hydrophobic core of each subdomain presumably accounts for the
structural stability of each ssDNA-binding module while basic residues located on the
solvent-exposed surface serve to mediate subdomain contact with nucleic acid. This
interpretation is entirely consistent with the subdomain architecture of the Purf dimer and
the cooperative mechanism of nucleoprotein complex assembly31: 33, Furthermore, the
recently solved x-ray crystal structure of the Dm Pura I-11 subdomain in complex with CGG
trinucleotide-repeats substantiates the importance of direct electrostatic and hydrophobic
contacts between specific amino acid residues and nucleobases in mediating Pura binding to
ssDNA%.
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Inspired by the results of the pH and salt sensitivity assays, we investigated the role of
several basic residues that are positionally conserved in PUR repeats | (K82), 1l (R159) and
111 (R267) of mouse and human Pur proteins and for which data exists indicating their
involvement in mediating nucleic acid interaction by Dm Pura28: 37, To evaluate the effect
of PUR repeat-specific K82A, R159A, and R267A point mutations on Purf function, either
single, double, or triple mutants were expressed in undifferentiated MEFs and assayed for
their ability to repress an Acta2 promoter-luciferase reporter gene. The results showed that
Purf constructs containing the R267A mutation were the most demonstrably defective in
ActaZrepressor activity. Of the mutants tested, Purf R159A/R267A, K82/R159/R267, and
K82A/R267A demonstrated the most profound deficiency in ActaZ repressor activity. These
findings suggest that residue R267 in PUR repeat |11 plays a critical role in mediating Purp
repressor activity but that residues K82 and R159 in PUR repeats | and 11 contribute to
ActaZrepression as well. This interpretation was further validated by the finding that the
deficiency in ActaZrepressor activity of the R159A/R267A and K82A/R159A/R267A
mutants was evident over a broad range of expressed protein concentrations.

Consistent with the stable expression of the Purf point mutants in fibroblasts, structural
analyses performed on the purified R267A, R159A/R267A, and K82/R159A/R267A point
mutants indicated that each mutant protein was properly folded and capable of self-
association. However, further biochemical analyses of the single, double, and triple point
mutants in comparison to wild-type Purf revealed a 3.5-8.5 fold reduction in binding
affinity of the point mutants for the purine-rich strand of the ActaZ MCAT element. Loss of
electrostatic contacts between basic, solvent-exposed residues in the protein and potential
hydrogen bond acceptors or negatively-charged phosphate groups in the DNA presumably
account for this finding. Although we cannot formally exclude the possibility of altered
subcellular trafficking of the expressed Purf point mutants, such a defect in sSSDNA-binding
function would translate into a deficiency in ActaZrepressor activity. Interestingly, these
particular mutations did not impact ssDNA-binding specificity per se as all the mutants
demonstrated preferential interaction with purine-rich sSSDNA in comparison to a SSDNA
probe containing thymidylate substitutions in each of three putative binding sites3!. It is
important to note that the analogous mutations in the 4™ B-strand of PUR repeats I, 11, and
I11 of Dm Pura have been reported to abolish RNA-binding without having any effect on
Pura protein dimerization3’. Moreover, the R80 residue in PUR repeat | of Dm Pura., which
is positionally-conserved with the K82 residue in Pur, has been reported to participate in
direct hydrogen bond interaction with guanine in GCGGCGG ssDNA*’.

Although the results of ssDNA-binding assays were consistent with changes in sSSDNA-
binding affinity as the biophysical basis for the impaired ActaZ repressor function of each
Purf mutant, the results of protein-protein interaction assays suggested another possible
reason for the diminished repressor activity particularly of the Purp double and triple point
mutants. As previously reported, MSY1 binds to the pyrimidine-rich strand of the Acta?
MCAT element!4 20, Consequently, a deficiency in the ability of Purp to interact with

MSY1 may impair the ability of these corepressor proteins to assemble an inhibitory
nucleoprotein complex capable of altering DNA structure and preventing cis-element
recognition by transcriptional activators. The fact that the Purp K82A/R159A/R267A mutant
exhibited the most dramatic reduction in MSY1 binding affinity is consistent with the
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original study suggesting that the entire core sSDNA-binding region of Pura is required to
mediate robust interaction of human Pura. with human YB-148. In the case of Pur, we have
found that the isolated intermolecular and intramolecular subdomains of the protein interact
much more weakly with fibroblast-derived MSY1 than does full-length Pur or a truncation
protein containing all three PUR repeats33. The observation that the single R267A point
mutant has apparently enhanced affinity while the R159A/R267A double and K82/R159A/
R267A triple mutants have reduced affinity for MSY1 points to a differential role for each
subdomain in the modulating the interaction of the assembled Purp homodimer with MSY1.
Consequently, the preponderance of the evidence presented in this report suggests that the
loss of ActaZrepressor function, particularly in the triple point mutant, is likely due to
decreased interaction of Purf with both sSDNA and corepressor binding partners.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

Purp purine-rich element binding protein B
SMaA smooth muscle a-actin

ssDNA single-stranded DNA

MCAT muscle-CAT box

Sp(1/3) specificity protein 1 and 3

Pura purine-rich element binding protein A
Dm Drosophila melanogaster

Mm Mus Musculus

YB-1 Y-box binding protein 1

MEF mouse embryo fibroblast

Pur/Pyr polypurine/polypyrimidine

TGF-1 transforming growth factor 1

nt nucleotide

SEC size exclusion chromatography
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BSA bovine serum albumin
SDS sodium dodecyl sulfate
PAGE polyacrylamide gel electrophoresis
BME -mercaptoethanol
DTT dithiothreitol
MSY1 mouse YB-1
GAPDH glyceraldehyde-3-phosphate dehydrogenase
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Figure 1.
Hydrophobic and electrostatic surface maps of the Mm Purp homodimer generated by

computational homology modeling. (A, B) Ribbon model of the Mm Purf dimer
highlighting sequences corresponding to PUR repeats | (violet), Il (blue), and 111 (green).
Two intramolecular subdomains are formed by association of PUR repeats | and II. The
central dimerization subdomain is formed by intermolecular interaction of PUR repeat 111
sequences from each monomer. (C, D) Hydrophobic maps of the Mm Purf dimer show the
non-polar core of each subdomain. Yellow spheres represent hydrophobic amino acids while
purple spheres represent non-hydrophobic residues. (E, F) Electrostatic surface maps of the
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Mm Purf dimer show regions of charged amino acids. Blue areas indicate positively charged
residues and red represents negatively charged residues. Images in B, D, and F are rotated
180° around the horizontal axis with respect to the corresponding images in A, C, and E.
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Figure2.
Effect of anionic detergent and salt on the interaction of Purp with ActaZ ssDNA. (A) The
binding of full-length Purp (Purp FL), its core region (Purf I-11-111), and its intermolecular

subdomain (Purp 111) to 0.5 nM PE32-bF ssDNA was assessed in assay buffer containing
varying concentrations of sodium deoxycholate. Solid-phase Purp-PE32-bF complexes were
detected by ELISA using rabbit anti-mouse Purf 210-229 as the primary antibody. (B) The
same ELISA format was used to evaluate the effect of varying concentrations of salt on the
binding of Purp FL, Purp I-11-111, and Purp 111 to ssSDNA. Data points show absorbance
values at 405 nm normalized to the maximum absorbance observed at the lowest
concentration of deoxycholate tested (A) or normalized to the absorbance obtained in buffer
with 0.15 mM NaCl (B) (mean = SD, n = 4).
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Figure 3.
Effect of solution pH on the interaction of Purp with Acta2ssDNA. (A) The binding of full-

length Purf (1.0 nM) to PE32-bF ssDNA (0.5 nM) was assessed in assay buffer without
MgCls, at pH ranging from 7.5 to 12.5. Solid-phase Purp-PE32-bF complexes were detected
by ELISA using rabbit anti-mouse Purp 210-229 as the primary antibody. Nonspecific
background absorbance at 405 nm in control wells without any DNA was subtracted from
the signal generated in PE32-bF-coated wells. Background corrected A405 values measured
at each pH were normalized by dividing by the mean A405 value determined at pH 7.5
(mean £ SD, n = 4). (B) Effect of solution pH on the thermostability of Purf. The unfolding
of full-length Purp was evaulated by thermal shift assay at a protein concentration of 2.8 yM
in 20 mM HEPES, 150 mM NaCl, 10 mM B-mercaptoethanol adjusted to pH 7.5, 10.5, 11.5,
or 12.5.
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Figure 4.

Evaluation of the ActaZrepressor activity of Purp point mutants expressed in fibroblasts. (A)
Subconfluent AKR-2B MEFs were transiently co-transfected with mammalian expression
plasmids encoding either wild-type (WT) Purp or the indicated point mutants and an Acta2
promoter-luciferase reporter plasmid, VSMP8. After 48 h, transfected MEFs were harvested
and whole cell extracts were assayed for both luciferase enzyme activity and total protein
concentration. Relative luciferase reporter expression measured in MEFs co-transfected with
an empty pCl vector control was defined as 1. Bars show the fold repression of the VSMP8
reporter by each Purf construct (mean £ SEM, n = 6-15). **** p< 0.0001 compared to
Purp WT. (B) Immunoblot analysis was performed with a His tag antibody to confirm the
expression of single, double, and triple NHis-Purf point mutants in transfected cells. The
anti-His tag blot was reprobed with a GAPDH antibody as a loading control. (C) A titration
assay was performed with plasmids encoding the indicated double and triple Purp point
mutants in comparison to the wild-type protein. Symbols show the relative VSMP8 repressor
activity of each Purp construct (mean+ SEM, n = 3). (D) Immunoblot analysis was
performed to confirm the dose-dependent expression of NHis-Purp in transfected cells. The
anti-His tag blot was reprobed with a GAPDH antibody as a loading control. (B, D)
Numbers on the left indicate molecular mass in kilodaltons.
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Assessment of the relative thermostability of purified Purf point mutants. (A) The unfolding
of wild-type (WT) Purp in comparison to point mutants R267A (single), R159A/R267A
(double), and K82A/R159A/R267A (triple) was evaulated by thermal shift assay at a protein
concentration of 2.8 M in 50 mM sodium phosphate pH 8.0, 300 mM NaCl, 10 mM
imidazole, 10 mM B-mercaptoethanol. (B) Bars show the calculated 7, of each protein
determined at multiple protein concentrations ranging from 1.0 to 8.5 uM (mean + SD, n =

6-10).
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Figure 6.
Effect of R/K point mutations on the interaction of Purp with Acta2ssDNA. (A and B) The

binding of wild-type (WT) Purf and the indicated single (R267A), double (R159A/R267A),
or triple (K82A/R159A/R267A) point mutants to 0.5 nM PE32-bF ssDNA (filled symbols)
or 0.5 nM mutated PE32-315T7 ssDNA (open symbols) was evaluated by ELISA. Solid-
phase Purf-ssDNA complexes were detected using rabbit anti-mouse Purf 210-229 as the
primary antibody. (A) Protein concentration ranges were chosen to achieve saturable binding
to the PE32-bF probe. Binding isotherms were generated by fitting data points obtained from
multiple, independent titration experiments (n = 3-5) to the equation for a rectangular
hyperbola. (B) Replot of the same datasets fit to a log(agonist) vs. response (four
parameters) equation. The apparent Ky (A) or EC50 (B) of each Purf protein tested for the
PE32-bF probe was extrapolated accordingly.
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Figure 7.
Effect of R/K point mutations on the interaction of Purp with MSY1. (A) The binding of

purified Purp wild-type (WT) protein or the indicated single (R267A), double (R159A/
R267A), or triple (K82A/R159A/R267A) point mutants to immobilized MSY1 (filled
symbols, solid lines) or BSA (open symbols, dashed lines) was evaluated by ELISA. Purp-
MSY1 complexes were detected using rabbit anti-Purf 210-229 as the primary antibody.
Binding isotherms were generated by fitting data points obtained from several independent
titration experiments (n = 3) to the equation for a rectangular hyperbola. (B) Binding curves
generated after subtracting out the nonspecific absorbance measured in BSA only-coated
wells from the absorbance obtained in MSY1-coated wells.
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