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ABSTRACT: Expression of the smooth muscle o-actin gene in growth-activated vascular smooth muscle cells
and stromal fibroblasts is negatively regulated by members of the Pur family of single-stranded DNA/RNA-
binding proteins. In particular, Purat and Purf are postulated to repress transcription by forming helix-
destabilizing complexes with the sense strand of an asymmetric polypurine—polypyrimidine tract containing a
canonical MCAT enhancer motif in the 5 region of the gene. Herein, we establish the mechanism of Purf
binding to the purine-rich strand of the enhancer using quantitative methods and purified components. Initial
evaluation of DNA-binding specificity and equilibrium stoichiometry via colorimetric-, autoradiographic-,
and fluorescence-based assays suggested that Purf interacts with two distinct G/A-rich sites within the
nominal single-stranded enhancer element to form a high-affinity 2:1 protein:DNA complex. Statistical
mechanical analyses of band shift titrations of the nominal element in conjunction with DNase I footprint
titrations of the extended smooth muscle a-actin 5'-flanking region demonstrated that assembly of the
nucleoprotein complex likely occurs in a sequential, cooperative, and monomer-dependent fashion. Resolu-
tion of the microscopic energetics of the system indicated that monomer association with two nonidentical
sites flanking the core MCAT motif accounts for the majority of the intrinsic binding affinity of Purf with
intersite cooperativity contributing an ~12-fold increase to the stability of the nucleoprotein complex. These
findings offer new insights into the mechanism, energetics, and sequence determinants of Purf repressor
binding to a biologically relevant, contractile phenotype-regulating cis-element while also revealing the
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thermodynamic confines of putative Purf-mediated effects on DNA structure.

Textbook models of the transcription of eukaryotic protein-
coding genes typically depict the recruitment of the RNA
polymerase II machinery to a core promoter as coordinated by
the preassembly of trans-acting factors at specific target sites in
the 5-flanking region of a gene in a manner dictated by
nucleotide sequence and DNA accessibility. By and large, this
classical view is predicated on the principle that recognition of
specific DNA sequences by transcription factors involves chemi-
cal interactions between certain base pairs oriented in the major
or minor groove of duplex DNA and compatible amino acids
arrayed on the surface of the protein. However, this conventional
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model of B-DNA-dependent activation or repression of tran-
scription does not fully explain the regulatory intricacies of genes
which harbor promoter elements that are prone to adopting non-
B-DNA structures including single-stranded DNA (ssDNA)'
(1—6). Of particular interest, from a thermodynamic perspective,
is how sequence-specific ssDNA-binding proteins (ssBPs) parti-
cipate in the formation and/or stabilization of these alternate
structures to positively or negatively affect gene activity (7—12).

Among the relatively small group of ssDNA-binding tran-
scription factors identified to date, two members of the purine-
rich element (PUR) binding protein family, Purat and Purf3, have
been linked to the repression of genes encoding smooth muscle
a-actin (SMaA) (13), a-myosin heavy chain (/4), and f-myosin
heavy chain (/5). Consequently, these ssBPs likely serve as
downstream effectors of muscle gene reprogramming induced
by physiological stress or injury in cardiac, skeletal, or vascular
cell types (14—18). In the case of the SMaA gene, Pura and Purf3
appear to collaborate with another ssBP known as MSY1 (mouse
YB-1) to suppress the activity of a highly conserved muscle CAT-
(MCAT-) containing enhancer in growth-activated fibroblasts
and vascular smooth muscle cells (/3). In keeping with the general
composition and properties of other ssBP recognition sites, the
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SMoA enhancer possesses a high level of purine—pyrimidine
asymmetry (/9) and lies within a region of the promoter which is
hypersensitive to ssDNA-specific chemical modification (20). An
ensemble of biochemical studies conducted with fibroblast-
derived, smooth muscle cell-derived, and recombinant proteins
have established that Purat and Purf specifically bind to the
purine-rich strand, whereas MSY1 interacts with the opposing
pyrimidine-rich strand of the nominal MCAT enhancer ele-
ment (/3, 21). On the basis of these and other nucleoprotein
binding and promoter mutation analyses, a working model for
enhancer encryption was proposed envisioning concurrent bind-
ing by all three ssBPs in such a way as to inhibit MCAT-
dependent activation by transcription enhancer factor 1 (13, 19).
Although this model assumed equal contribution by each ssBP,
more recent gain of function, loss of function, and in vivo
promoter occupancy studies have suggested that Purfl may be
the dominant physical and functional effector of SMaA repres-
sion in certain cell types (22—24).

As a logical extension of prior work showing that (1) fibro-
blast-derived Purat and Purf form deoxycholate-sensitive oligo-
meric complexes on the purine-rich strand of the MCAT-
containing enhancer (21), (2) nucleotides near the 5" and 3’ ends
of the nominal enhancer element mediate high-affinity binding by
nuclear Pura and Purf extracted from fibroblasts and vascular
smooth muscle cells (73), and (3) purified recombinant Purf
reversibly self-associates in the absence of ssDNA (25), we
hypothesized that dimerization may be a prerequisite to bidentate
Pur protein interaction with two independent recognition sites
flanking the core MCAT motif. In this study, we employed
rigorous, quantitative methods to validate these putative recog-
nition sites and to determine the mechanism of ssDNA binding
by Purf. In contrast to obligate dimer-dependent association, our
results indicate that protein binding to the purine-rich strand of
the SMoA enhancer involves cooperative assembly of Purf
monomers at two slightly degenerate PUR sites to form a high-
affinity 2:1 protein:ssDNA complex. Moreover, the resolved
energetics of strand-specific enhancer binding by Purf; suggests
that formation and maintenance of an extended single-stranded
state in the genomic SMaA promoter likely require auxiliary
factors, such as Pura and/or MSY1, to overcome the thermo-
dynamic favorability of strand annealing.

EXPERIMENTAL PROCEDURES

Chemicals, Recombinant Purf3 Protein, and Oligonu-
cleotide Probes. All chemicals used in this study were of reagent
grade or better. Recombinant Purf was expressed as an amino-
terminal hexahistidine-tagged fusion protein (referred to in this
report as N-HisPurf), purified from Escherichia coli expression
cultures, and quantified as described previously (25). All bioti-
nylated, fluoresceinated, and nonlabeled synthetic oligonucleo-
tides were obtained from Sigma-Genosys.

Colorimetric ssDN A-Binding Immunoassay. The binding
of recombinant Purf to solid-phase biotinylated ssDNA
probe (5-GGGAGCAGAACAGAGGAATGCAGTGGA-
AGAGA-3'-biotin, dubbed PE32-bF) in the presence of selected
oligonucleotide competitors was monitored by enzyme-linked
immunosorbent assay (ELISA) as previously described (22) with
modifications as detailed in Supporting Information. To facili-
tate the quantitative analysis of colorimetric data sets, wells
containing the highest concentration of PE32-F self-competitor
tested were used to determine minimum absorbance values
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(Amin), whereas wells with no competitor were used to obtain
maximum absorbance values (A;.,). These controls were
included on each plate to permit normalization of absorbance
values necessary for comparison of results from different plates.
Normalized absorbance values (4,,.m) Were calculated using the
expression Aporm; = (Ai = Amin)/(Amax — Amin), Where 4; is the
absorbance at 405 nm of well i. Determinations of competitor
concentrations necessary for 50% inhibition of complex forma-
tion, ICs,, were performed by nonlinear least-squares fitting of
data points to the expression:

Anorm _ 1/ <1+10(IogIC5g *log[competitor])aH> ( 1 )

where ay is the Hill coefficient which permits variability of the
slope of the transition. Data analysis was performed using Prism
5 software (GraphPad Software, Inc.).

Preparation of ssDNA for Quantitative DNase I Foot-
printing. Methods for the synthesis and purification of ssDNA
were adapted from established protocols (26, 27). A plasmid
vector containing the full-length mouse SMaA promoter known
as VSMP8 (28) was used as a template for polymerase chain
reaction- (PCR-) based generation of a 382 nucleotide probe
(designated SMP382-F) corresponding to the forward or sense
strand of the 5'-flanking region (=323 to +59 relative to the
transcription start site). PCR primers were designed such that
the reverse strand primer was biotinylated on the 5 end (5'-
biotin-GGCTACTTACCCTGACAGCGACT-3" designated
SMP8p1122s-R-5btn), whereas the forward strand primer was
unmodified (5-TTCTGAGGAATGTGCAAACCGTG-3 des-
ignated SMP8p741s-F). PCR amplification of the 382 base pair
fragment from 1 ng/ul. VSMPS§ template was carried out using
Accuprime Supermix reagent (Invitrogen Corp.) according to the
manufacturer’s instructions. Isolation of single-stranded SMP382-
F was achieved through implementation of a biotin-streptavidin
affinity-based technique. Briefly, the double-stranded PCR pro-
duct (typically 500 uL) was combined with 1 mg of Streptavidin
MagneSphere paramagnetic particles (Promega Corp.), preequili-
brated in 20 mM Tris-HCIL, pH 8.8, and incubated at 4 °C for 16 h.
The PCR product—paramagnetic particle complex was washed
twice with 20 mM Tris-HCI, pH 8.8, and nonbiotinylated
SMP382-F was eluted by incubating the complex in 0.2 N NaOH
for 5 min at 20 £ 1 °C. The eluate was then neutralized by the
addition of '/, volume of 5 M ammonium acetate, and SMP382-
F was precipitated by the addition of 2 volumes of 2-propanol at
=20 °C, washed with 70% v/v ethanol, and redissolved in
nuclease-free water. The concentration of SMP382-F was app-
roximated by absorbance measurement at 260 nm, assuming an
extinction coefficient of 3630200 M " ecm ™! calculated using web-
based software (http://biophysics.idtdna.com) (29, 30).

End-Labeling of Oligonucleotides with [y->’P]ATP.
Oligonucleotides used in band shift assays (PE32-F), DNase
I footprinting assays (SMP382-F), and dideoxy sequencing
reactions (SMP8p741s-F) were labeled on their 5’ termini with
6000 Ci/mmol [y-**PJATP (Perkin-Elmer) using T4 polynu-
cleotide kinase (New England Biolabs) as directed by the
manufacturer. Reactions were performed at 37 °C for 90 min.
Upon completion, the enzyme was heat-inactivated by incubat-
ing reaction mixtures at 70 °C for 10 min. Unincorporated [y->*P]
ATP was removed by buffer exchange over a G-25 Microspin
column (Pharmacia). Specific activity was determined by scintil-
lation counting of purified probes using a Perkin-Elmer Tri-Carb
scintillation counter. For purposes of clarity, oligonucleotides
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carrying a 5-*PO, radiolabel are marked with an
PE32-F* denotes 5'-**PO,-labeled PE32-F).

Steady-State Fluorescence Anisotropy. A synthetic, 3'-
fluorescein-labeled ssDNA probe (5-GGGAGCAGAACAGA-
GGAATGCAGTGGAAGAGA-3 -fluorescein, dubbed PE32-
F-3FLC) was combined with selected concentrations of N-His-
Purf in buffer consisting of 50 mM HEPES, pH 7.8, 300 mM
NaCl, 1.5 mM MgCl,, and 2 mM f-mercaptoethanol and allowed
to equilibrate for approximately 16 h at 20 £ 1 °C in the dark.
Steady-state fluorescence anisotropy measurements were made
on a Quantamaster-6 spectrofluorometer (Photon Technologies
International) equipped with a 75 W xenon arc lamp excitation
source, excitation and emission monochromators, and automatic
excitation and emission polarizers in a T-format. Slit widths were
held at 5 nm. Parallel and perpendicular emission intensities were
collected with horizontally polarized exciting light in order to first
calculate the instrument correction factor, G, given by G = Iyy/
Tyn, where Iy and Iy are the intensities measured through the
vertical and horizontal polarizers when excited with horizontally
polarized light. Observed anisotropy values, r.ps, Were calculated
by the expression rops = (Iyy — Glyy)/(Iyy + 2Glyy), where Iyy
and Iyy are the intensities measured through the vertical and
horizontal polarizers when excited with vertically polarized light.
Changes in emission intensity as a function of protein concentra-
tion were not observed. Anistropy data were mathematically
analyzed to estimate nucleoprotein complex stoichiometry as
detailed in Supporting Information.

Electrophoretic Mobility Shift Assay (EMSA). All
binding reactions were carried in EMSA binding buffer consist-
ing of 50 mM Tris-HCI, pH 7.5, 100 mM KCl, 5% (v/v) glycerol,
0.5 mM dithiothreitol, 2 ug/mL dTs,, and 50 ug/mL BSA and
allowed to equilibrate for 16 h at 20 £ 1 °C prior to nondenatur-
ing electrophoresis. Complexes were resolved on a 1.5 mm thick
10% polyacrylamide gel (75:1 acrylamide:bisacrylamide) cast in
running buffer consisting of 25 mM Tris, 25 mM boric acid, and
0.5 mM EDTA (TBE). Gels were prerun at 4 W per gel for 1 h
prior to loading and running for 45—75 min (depending upon
application) at 4 W at room temperature. Upon completion, gels
were disassembled and dried on Whatman filter paper in a Bio-
Rad slab gel dryer for 45 min at 65 °C. Dried gels were exposed to
phosphor storage screens (Molecular Dynamics) for 24—48 h
prior to digital image acquisition with a Bio-Rad PersonalFX
phosphorimager. In certain cases, radioactive bands were visua-
lized by exposure of dried gels to X-Omat film (Kodak) for 6—
16 h at —80 °C prior to development.

Quantitative Titration EMSA. A direct titration approach
was used to visualize nucleoprotein complex assembly, to estimate
macroscopic binding affinities, and to assess cooperativity of
N-HisPurf binding to PE32-F*. Briefly, 2x solutions of N-His-
Purf were prepared in EMSA binding buffer by %/5-fold serial
dilution of a 20 nM master stock solution. An equal volume of 2x
PE32-F* in EMSA binding buffer was added to N-HisPurf
solutions so that final concentrations of each were at 1x with
PE32-F* held constant across all binding reactions. In order to
maintain validity of the assumption [Pge] & [Pyo], PE32-F*
concentration was kept at 25 pM for EMSAs used for rigorous
thermodynamic interrogation. Free and bound probe was sepa-
rated by nondenaturing electrophoresis as described above, with
5—=10 uL of reaction mixture (usually 700—2000 cpm) loaded in
each lane. Dried gels were exposed 72—96 h to phosphor storage
screens. Quantification of binding results was carried out by
measuring the optical density of each electrophoretic species using
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ImageQuant 5.2 software (Molecular Dynamics). Species density
values were then used to determine the fraction of each species,
0,, where 7 is equal to the number of protein ligands bound to the
ssDNA lattice (i=0, 1, or 2 for a system with a finite stoichiometry
of 2:1) by applying the expression:

O =15/> I (2)

where I; refers to the integrated optical density of the ith species
and the summation is over all of the bands in a particular lane of
the gel. Data analysis was carried out by a statistical mechanical
method assuming a general model involving two interacting
DNA-binding sites and a single protein ligand (3/) as detailed
in Supporting Information. As an alternative approach to gauge
the existence of cooperative interactivity in nucleoprotein com-
plex formation, complete fractional saturation, Y, was calculated
by the relationship:

Y =1 ~([Drree]/ [Drotat]) (3)
and then fit to the phenomenological Hill equation (32):
Y = [Pfree}aH/(KdaH‘l'[Pfree]aH) (4)

where oy is the Hill coefficient and Ky is the macroscopic
dissociation constant (K = K, '). In both data analysis app-
roaches, nonlinear least-squares fitting of data sets was performed
using Prism 5 software (GraphPad Software, Inc.). Goodness of
fit was assessed by visual inspection of residuals and by monitor-
ing of fitting statistics.

Serial-Dilution EM S A. The strategy used for the estimation
of nucleoprotein stoichiometry by EMSA was based on the
serial-dilution method (33). Briefly, solutions of N-HisPurf
(5.0 nM) and PE32-F* (1.0 nM) were serially diluted 1.1:1 fold
in EMSA binding buffer. The redistribution of nucleoprotein
complex was then monitored by nondenaturing electrophoresis
as described above with run times limited to 45 min to prevent
streaking due to complex dissociation. Acquisition and analysis
of densitometry data were done as described in ref (34) and as
elaborated upon in Supporting Information.

Quantitative DNase I ssDNA Footprinting. To monitor
the binding of N-HisPurf to individual sites on the purine-rich
strand of the SMoA enhancer element, quantitative DNase I
footprinting was performed based on methods developed by
Ackers and co-workers (35—38) with the following modifica-
tions. Each reaction contained 20000 cpm of freshly labeled
SMP382-F* template at a final concentration estimated to be well
below N-HisPurf binding affinity to maintain validity of the
[Priee] & [Pioar] assumption ( <25 pM). N-HisPurf; was added to
each reaction at selected concentrations to cover a range from
approximately 107" to 10~ M in a final volume of 200 L. All
binding reactions were carried out in buffer containing 50 mM
Tris-HCI, pH 7.5, 100 mM KCI, 1 mM dithiothreitol, 1 mM
CaCl,, 2.5mM MgCly, 2 ug/mL dT3,, and 50 ug/mL BSA at 20 £+
1 °C and allowed to equilibrate for 16 h. Template digestion was
initiated by the addition of 5 uL. of DNase I (Invitrogen Corp.) in
assay buffer to a final concentration of 1.0 unit/mL. After a 2 min
incubation at 20 £ 1 °C, digestion was halted by the addition of
700 uL of stop solution consisting of 97% v/v ethanol, 0.57 M
ammonium acetate, and 50 ug/mL yeast tRNA (Sigma-Aldrich).
Samples were incubated in a dry ice—ethanol bath for 30 min.
Precipitated DNA was collected by centrifugation, washed twice
with 70% v/v ethanol, and air-dried. Pellets were dissolved in
5 uL of loading buffer containing 98% v/v formamide, 10 mM
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-205 -195 -185 -175 -165 -155

SMaA Pur/Pyr: 5’ -GCTGCCTCCTGTTTCGGGAGCAGAACAGAGGAATGCAGTGGAAGAGACCCAGGCCTCTGGCC-3
(Sense strand)

eccece cccece
5’ -GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA-3’

PE32-F probe:
FiGuRe 1: Schematic of the polypurine—polypyrimidine tract containing a cryptic MCAT enhancer element in the 5'-flanking region of the
mouse SMoA gene. Prior evidence for ssDNA-dependent structural rearrangements (20) in conjunction with ssBP-dependent repression of a core
MCAT enhancer (italicized letters) (/3) makes this region a focus of analysis in this study. The purine-rich probe, PE32-F, contains the minimum
sequence supporting high-affinity binding by Purf and conferring MCAT enhancer repression. Nucleotides identified with a ““e”” were previously
implicated in the ssDNA-binding specificity of Purf} extracted from cultured mammalian cell nuclei. Underlined sequences are homologous to a
proposed minimal Pura recognition element (GGGAGAG) (39). Numbers denote nucleotide positions relative to the transcriptional start site.

EDTA, 0.1% w/v bromophenol blue, and 0.1% w/v xylene
cyanol. Samples were heated at 95 °C for 5 min prior to
electrophoresis for 130 min at 65 W on a 0.4 mm thick
sequencing gel consisting of 8% polyacrylamide (29:1 acryla-
mide:bisacrylamide) and 8 M urea. Gels were cast and prerun
in TBE buffer at 65 W for at least 2 h or until a gel temperature
of =50 °C was attained prior to sample loading. End-labeled
primer dideoxy-NTP sequencing reactions performed with
double-stranded SMP382 PCR product as a template and
SMP8p741s-F* as the extension primer were coelectrophor-
esed to identify sequences of interest on the resulting footprints.
Ladders were generated using a Sequenase dideoxy-NTP kit
(USB Corp.) as directed by the manufacturer. Typically,
10000—15000 cpm per sequencing reaction was loaded on the
gels. After electrophoresis, gels were dried in a Bio-Rad slab gel
dryer on Whatman filter paper at 75 °C for 45 min. Dried gels
were exposed to phosphor storage screens for 72—96 h and
imaged as described for EMSA.

Densitometric analysis of phosphorimages was performed
using ImageQuant 5.2 software (Molecular Dynamics) in order
to determine values for fractional protection (Fp,) of a given
sequence using the equation:

Fp =1 _[(lq, sitei/l ,control)]/[<]r,sitei/1r,control>} (5)

where [ is the relative densitometric intensity, ¢ refers to any lane
of the gel with finite N-HisPurf concentration, r refers to the
reference lane containing no protein, site refers to the ssDNA
binding site in question, and control refers to a region of the gel
whose intensity is independent of protein ligand concentration
(bases —208 to —201 of SMP382-F*). First line, crude analysis of
fractional protection data was carried out by fitting data to the
Langmuir isotherm:

Fp<Pfree) = ”{k[Pfree]/<1+k[Pfree])}+l (6)

where k refers to the microscopic association constant (assuming
no interaction between sites) and « and / refer to the upper and
lower end points, respectively. This was done to determine the
upper and lower end points of fractional protection since binding
of protein ligand at specific sites, even at saturating conditions,
does not provide complete protection. Fractional protection
values were then converted to values of fractional saturation,

Y, using the expression:
Y = (F=)/(u~) (7)

Resolution of Binding Mechanism and Microscopic Free
Energies of Association. Individual binding site expressions
were derived using a statistical thermodynamics approach that has
been described previously (35). Briefly, the probability of the
enhancer element existing in any one of several possible microscopic

configurations, f;, can be expressed by the equation:

Pl 5 )
JS T op
3 el S0 RD [Py

where AG; is the relative free energy change observed upon
formation of the s configuration compared to the reference state,
Ris the gas constant, T'is the absolute temperature, 7 is the number
of N-HisPurff monomers bound in the s configuration, and the
summation is over all possible configurations. Since microscopic
association constants are related to microscopic free energies
through the relationship, k; = e %/RT, equations describing the
fractional saturation, Y, of a given site can be derived for various
two-site binding models in terms of microscopic association con-
stants and N-HisPurf8 monomer concentration as described in
Supporting Information. Individual site isotherms were globally fit
to equations describing each model using Prism 5 software
(GraphPad Software, Inc.). Monte Carlo error simulations were
also performed to evaluate model confidence and parameter
constraints using Prism 5 software.

RESULTS

Nucleotide Determinants of Purf3 Binding to the SMaA
Enhancer Element. We first sought to confirm the specificity of
nucleoprotein complex formation between recombinant Purf
and the purine-rich strand of the MCAT enhancer element
(designated PE32-F) present in the mouse SMaA gene as
previously documented with crude, mammalian cell extract-
derived Purf (13). A competitive ssDNA-binding ELISA was
employed to gauge the ability of different fluid-phase oligonu-
cleotides to compete for the binding of N-HisPurf to immobi-
lized, biotinylated PE32-F. Initial screening of a series of
truncation mutants indicated that regions near the 5" and 3’ ends
of PE32-F contain critical determinants for N-HisPurf binding.
This conclusion was based on significant differences in the
calculated ICsq values of 5 and 3’ deletion mutants as compared
to full-length PE32-F self-competition (Figures S1 and S2 in
Supporting Information). Closer inspection of the sequences near
the termini of PE32-F led us to focus on two purine-rich stretches
displaying remarkable similarity to a minimal Pura recognition
motif, or PUR eclement, defined as GGGAGAG (39). These
sequences, which exhibit only one or two nucleotide degeneracy
with respect to the minimal PUR element, map to residues —195
to —189 (5’ site; GGGAGCA) and —171 to —165 (3’ site; GGA-
AGAG) relative to the transcription start site of the SMalA gene
(Figure 1).

Because nucleotides within these 5’ and 3’ sites had been
previously identified as critical for physical and functional
interaction by Purat and Purf in cell-based assays (13, 19), a
panel of oligonucleotides harboring heptadeoxythymidylate
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Table 1: Sequences of PUR Element Mutants Tested in the Purff ssDNA-Binding ELISA

Competitor*

b
Sequence

Site Diagram

PE32-F°

5 site MCAT  3’site

GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA

PE32-F-IT7
PE32-F-5T7

GGGAGCAGAACAGTTTTTTTCAGTGGAAGAGA -———[t-
TTTTTTTGAACAGAGGAATGCAGTGGAAGAGA —{ Mo}

PE32-F-3T7
PE32-F-35T7

PE32-F-51T7

GGGAGCAGAACAGAGGAATGCAGTTTTTTTTA I +—

TTTTTTTGAACAGAGGAATGCAGTTTTTTTTA

TTTTTTTGAACAGTTTTTTTCAGTGGAAGAGA — [}

PE32-F-3IT7

GGGAGCAGAACAGTTTTTTTCAGTTTTITTTTA -——

PE32-F-315T7

TTTTTTTGAACAGTTTTTTTCAGTTTTTTTTA

*Designation of oligonucleotides used as fluid-phase competitors.

®Underlined elements denote possible purine-rich binding sites. Italicized letters
correspond to the core MCAT motif. Sequences are written in the 5" to 3" direction.
‘Wild-type oligonucleotide serving as the self-competition control.

A

Q

2 10 -e- PE32-F

S - PE32-F-IT7
5 0.81 1 o PE32-F-5T7
o 0.6 { -~ PE32-F-3T7
3 o4l | - PEs2F35T7
2 -6 PE32-F-3IT7
S 0.2 { -»- PE32-F-5IT7
g 0.4 | x PE32-F-315T7
% 40" 10 10° 10° 107 10% 10°

[Competitor] Molar
B
PE32-F

PE32-F-IT7

PE32-F-5T7

PE32-F-3T7

PE32-F-35T7

PE32-F-5IT7

PE32-F-3IT7
PE32-F-3I5T7{*

104 107 10 10

IC5, (Molar)

FIGURE 2: Analysis of the nucleotide determinants of PE32-F bind-
ing by N-HisPurf3. Results of fluid-phase competitor titrations in an
ELISA-based ssDNA-binding assay are shown for a series of oligo-
nucleotides harboring heptadeoxythymidylate (T7) mutations of
putative purine-rich binding motifs in PE32-F. (A) Competition
isotherms were fit to eq 1 to resolve 1Csq values for each competitor.
Sequences of oligonucleotides are presented in Table 1. Points
represent individual measurements made in a representative assay.
(B) ICsq values plotted as best fit value £ 67% confidence interval.
The competitor marked with an asterisk indicates very low affinity as
evidenced by an irresolvable ICs, value.

mutations within the 5, 3/, and/or MCAT sites were next
evaluated as competitors for N-HisPurf binding to wild-type
PE32-F (Table 1). Thymidylate mutations were used because pre-
liminary experiments showed that polymeric deoxythymidylate

(dT3,) did not affect N-HisPurf binding to biotinylated PE32-F
in the competitive ELISA format (data not shown). The effec-
tiveness of each mutant oligonucleotide as a fluid-phase compe-
titor is shown in Figure 2. Consistent with deletion analysis,
introduction of mutations within the putative 5 GGGAGCA
site (PE32-F-5T7) resulted in a modest loss of affinity compared
to the PE32-F self-competitor, as judged by a nearly 4-fold
increase in ICs. Interestingly, single mutation of the 3 GGAA-
GAG site (PE32-F-3T7) or internal MCAT motif (PE32-F-IT7)
produced no decrease in apparent binding affinity. However,
double mutation of the 5 and 3’ degenerate PUR elements
(PE32-F-35T7) caused a drastic loss in affinity, evidenced by a
greater than 50-fold increase in ICsy. A similar but slightly less
dramatic effect was seen by combined mutation of the MCAT
and 5 PUR element (PE32-F-5IT7) or the MCAT and
3" PUR element (PE32-F-31T7). The differential effects observed
with the double mutants suggested that intact PUR elements are
indeed critical for stable binding of N-HisPurf3, whereas the core
MCAT motif may contribute as a nonspecific site adding some
limited stability to the nucleoprotein complex. In support of this
contention, mutation of the 5 and 3" PUR elements along with
the core MCAT motif (PE32-F-3I5T7) completely eliminated
competition by this triple mutant over the concentration range
tested. Although these findings alluded to a possible cooperative
mode of nucleoprotein complex assembly, a more definitive
account of the binding mechanism required a systematic evalua-
tion of stoichiometry, affinity, and cooperativity.
Characterization of Purfs:PE32-F Complex Assembly.
To estimate the number and distribution of nucleoprotein
complexes formed between PE32-F and N-HisPurf3, we initially
evaluated the dependence of recombinant protein concentration
on complex assembly as visualized by qualitative EMSA. As
shown in Figure 3A, the EMSA profile of nucleoprotein com-
plexes formed after incubation of 0.41—400 nM N-HisPurf with
5'-radiolabeled probe (PE32-F* at 2 nM) suggests that the
protein binds to ssDNA in a sequential manner, as indicated
by the detection of at least three discrete molecular species which
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putative stoichiometries (1:1, 2:1, and 3:1). Concentrations of N-HisPurf in lanes 2 through 19 increase 1.5-fold from 0.41 nM (lane 2) to 400 nM
(lane 19). (B) Limited serial dilution of a mixture of N-HisPur and PE32-F* (5.0 and 1.0 nM, respectively) was performed, and samples were
subjected to EMSA. The intensity of the free probe band was quantified by densitometry and standardized to known quantities of PE32-F* (lanes
1 and 20) to determine the concentration of free DNA, [Dyc], in each lane. The concentration of nucleoprotein complex [P, D] with stoichiometry
n was determined from the equation [P,D] = [Dyota] — [Drree]- The concentration of free protein was estimated using the equation [Pgee] =
[Potal] — #[P,D], in which 7 is an assumed integer value of 1, 2, or 3. (C) Isotherms of In[P,,D/Dyc] versus In[Pg..] with assumed integer values of n
were plotted. Each point represents the mean of duplicate experiments. Dashed lines represent the least-squares regression fits of each data set toeq
S11. Numbers in parentheses reflect the returned regression fit value of n += SD. (D) Fluorescence anisotropy analysis of the binding of N-HisPurf3
to 50nM PE32-F-3FLC. The dashed line represents a nonlinear least-squares fit of the data to eq S6. Fixing K} at near-zero values (infinite affinity,
solid line) verified the equivalency transition at an Rpp value of 2:1. Symbols show titrations using two different preparations of N-HisPurf.

progress from lower to higher apparent molecular weight as a
function of N-HisPurf3 concentration. The coappearance of the
two faster migrating species (speculated as adopting 1:1 and 2:1
protein:ssDNA  stoichiometry) at lower protein concentrations
coupled with the accumulation of the putative 2:1 complex at the
expense of the weaker 1:1 complex at higher protein concentrations
suggests a cooperative assembly mechanism leading to formation of
a stable high-affinity 2:1 complex. The emergence of an even slower
migrating species (predicted to be >3:1 in stoichiometry) at protein
concentrations in excess of 100 nM implies that N-HisPurf is
capable of occupying other low-affinity and/or nonspecific binding
sites on the ssDNA or associating indirectly with preformed
nucleoprotein complexes via protein—protein interaction. Analysis
of the electrophoretic mobility of nucleoprotein complexes gener-
ated with limiting concentrations of recombinant N-HisPurf in
comparison to complexes formed by fibroblast-derived Purf sug-
gests that the putative 2:1 species is the biologically relevant complex
(Figure S3 in Supporting Information).

Stoichiometry of the Purfp:PE32-F Complex. Direct
assessment of the stoichiometry of the predominant nucleopro-
tein complex generated from equilibration of 5 nM N-HisPurf

with 1 nM PE32-F* was performed using a serial dilution-
coupled quantitative EMSA. Briefly, a reaction mixture contain-
ing N-HisPurf and PE32-F* was serially diluted with buffer to
create a series of reaction samples with the same molar ratio of
components, but at differing concentrations and distribution of
reversibly interacting species governed by the law of mass action.
Quantification of the free and bound molecular species by
densitometric analysis subsequent to electrophoretic separation
(Figure 3B) permitted the determination of the system stoichi-
ometry by way of a value convergence approach outlined in
Supporting Information. As shown in Figure 3C, implementa-
tion of this analytical method indicated that the major, persistent,
and high-affinity complex formed between N-HisPurf and PE32-
F* adopts a stoichiometry of 2:1, as convergence between
estimated values of  and those obtained by linear regression of
a plot of In[P,D/Dyye] versus In[Py.] occurred at n=2. However,
as argued above, the presence of a faint faster migrating species
suggests that formation of the terminal 2:1 complex likely
proceeds through a transient 1:1 complex.

Interpretations of EMSAs conducted with limiting concentra-
tions of 5" end-labeled probe were corroborated by experiments
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in which the binding of N-HisPurf to 3’ fluorescein-labeled
PE32-F was monitored by measuring changes in fluorescence
anisotropy under saturating binding conditions. The results of
this analysis are shown in Figure 3D. Under binding conditions
in which the probe was fixed at a concentration > 10 times the
apparent dissociation constant (23), N-HisPurf appears to
saturate PE32-F-3FLC to a specific terminal stoichiometry of
2:1, as indicated by the values of n returned from fitting two data
sets to eq S6 (Supporting Information) and the estimated
equivalency transition point where the apparent affinity con-
stant, K, is fixed at values approaching zero (near-infinite
affinity, solid line). The curvature in the best fit line at values
of Rp/p near the equivalence point when K; is not fixed (dashed
line) suggests that the total concentration of probe was not
sufficiently high enough to ensure binding of every protein
molecule at low protein concentrations. This condition is only
satisfied when Dy, /Kq > 10, in the case of a completely
cooperative system (40). Another possible contributing factor
to the absence of a sharp equivalency transition point is
nonspecific DNA binding, which is clearly manifest at high
Purf concentrations (Figure 3A). Collectively, these results
support the conclusion that N-HisPurf has the capacity to
interact with PE32-F beyond a 1:1 stoichiometry with a 2:1

complex being the predominant and most stable entity formed at
limiting concentrations of ssDNA and protein.

Binding Affinity of Purf for PE32-F. To determine the
ssDNA-binding affinity of Purf in a more thermodynamically
rigorous fashion, we performed direct titrations of N-HisPurf
against 25 pM PE32-F*, a condition that maintains validity of
the assumption [Pyee] A [Piotal], Which is necessary for mathema-
tical modeling of binding reactions (40). The distribution of
molecular species at equilibrium was analyzed by nondenaturing
electrophoresis and quantified as described in Experimental
Procedures. Figure 4A shows a representative band shift profile
of PE32-F* in the presence of increasing concentrations of
N-HisPurf. Visualization in concert with nonbiased densito-
metric analysis indicates the presence of three separate bands or
pixel intensity peaks (Figure 4B) corresponding to free probe and
two shifted complexes, namely, (N-HisPurf);:PE32-F* (1:1
complex) and (N-HisPurf3),:PE32-F* (2:1 complex). Of special
interest is the transient nature of the 1:1 complex with respect to
N-HisPurf concentration. Comparing lane intensity profiles in
Figure 4B reveals that the 1:1 complex is not a protein prepara-
tion contaminant as the peak intensity reaches a maximum at
moderate N-HisPurf concentrations and declines as PE32-F*
becomes saturated. Moreover, this peak intensity pattern has
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FIGURE 5: Titration analysis of N-HisPurf binding to SMP382-F by quantitative DNase I footprinting. Representative footprint titration
analysis of N-HisPurf binding to SMP382-F* shows two regions of protection adjacent to the core MCAT motif and within the nominal PE32-F
sequence (marked as 3’ site and 5 site). The protected sites within the PE32-F sequence are separated by a band with protein-independent pixel
intensity, when normalized to pixel intensity of the control region (—208 to —201), suggesting this intervening region is not protected by
N-HisPurp. Other sites of protection are evident within or near the THR, TCE, and CArG boxes 1 and 2 as well as a previously uncharacterized
upstream region (—218 to —210) and a region adjacent to the TATA box. A positional map of the above-noted cis-elements is shown on the right
next to the lanes containing dideoxy-NTP sequencing reactions (G, A, T, and C).

been theoretically assigned to systems that adopt cooperative,
two-site binding mechanisms (47).

Peak integration values for each species were used to generate
the isotherms presented in Figure 4C assuming a general two-site
cooperative DNA-binding model (37). Species specific isotherms
for ©y, ©,, and ©, were globally fit to eqs S7, S8, and S9
(Supporting Information), respectively, to resolve values for the
macroscopic association constants, K; and K. This approach
yielded K, = 3.43 (£0.37) x 10° M~ " and K, = 6.06 (£0.19) x
10" M. It has been previously demonstrated that in instances
where the nature of two-site binding of protein ligands to DNA is
unknown (i.e., identical versus nonidentical sites, positive or
negative cooperativity) microscopic equilibrium constants can-
not be definitively determined from the resolved macroscopic
terms, regardless of their precision (3/). Despite this theoretical
barrier, inferences on the nature of binding can be made. For
instance, Senear and Brenowitz showed that whenever K > K,2/4,
as is observed here, it can be inferred that ligand binding is
cooperative (31).

As a further assessment of positive cooperativity, EMSA
titrations were analyzed by the Hill binding equation. In order
to circumvent quantification issues arising from the presence of
multiple shifted complexes and the streaking of bands due to
system reversibility, the extent of binding was determined based
on the amount of free probe in each lane, which likely represents
the extent of binding at equilibrium prior to electrophoresis (41).
Nonlinear least-squares fitting of fractional saturation data to the
Hill equation generated the isotherm presented in Figure 4D and
returned a macroscopic dissociation constant of ~0.3 nM, which
is in close agreement to previously reported values for Purf
interaction with purine-rich ssDNA (23, 39). The returned Hill
coefficient, oy (2.01 £ 0.07), implies that binding of N-HisPurf

to PE32-F* is cooperative, since oy converges at a value close to
the experimentally determined value of n (Figure 3). It has been
shown that values of oy approach the system stoichiometry only
in cases where positive cooperativity is present (32). Fixing the
value of ayy at 1.5 or 1.0 exposes the strict dependence of the
goodness of fit on this variable (Figure 4D). Collectively, these
results suggest that N-HisPurf binds in a sequential and
cooperative manner to the purine-rich strand of the SMaA
enhancer element with an apparent affinity in the subnanomolar
range. However, microscopic binding constants could not be
resolved by EMSA due to the nonidentity of the two putative
binding sites in PE32-F*.

Analysis of Purf:PE32-F Complex Formation by
DNase I Footprinting. As an independent test of ssDNA-
binding specificity and cooperativity, a quantitative DNase I
footprinting method was used to measure site-specific fractional
saturation of the coding strand of the SMaA 5'-flanking region
between nucleotides —323 to +59 (SMP382-F) as a function of
N-HisPurf concentration. The power afforded by this technique
isin the ability to quantify the interaction of a protein with sites of
interest on a DNA template, thus providing a means to determine
microscopic binding constants and to discriminate between
possible binding mechanisms. The net effect of increasing
N-HisPurf concentration on the DNase I protection profile of
SMP382-F* is shown in Figure 5. Several sites of protection, and
by inference Purf binding, can be seen either within or nearby cis-
elements that have been reported to be directly or indirectly
regulated by Pura or Purf. These include the TGFf1 control
element, TCE (17), the TGEf1 hypersensitive region, THR (42),
CArGelements 1 and 2 (43), and, of course, the proximal MCAT
enhancer element (/3), as represented by PE32-F. Despite the
relatively high apparent affinity of these interactions, we cannot
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FIGURE 6: Delineation of a cooperative binding model describing the interaction of N-HisPurf3 with the MCAT-containing enhancer based on
DNase I footprint data. Individual 3" and 5 site data points implying differential N-HisPurf affinity were systematically and globally fit to
equations (Table S3) describing a two-site model for either nonidentical, independent binding sites (A) or nonidentical, interacting binding sites
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five independent experiments, and the lines are best fit isotherms. Residual analysis and fit statistics support a cooperative binding model involving

two nonidentical binding sites.

exclude the possibility that the protection of some these regions
could be due to opportunistic, nonspecific binding by N-HisPur
owing to the complete single-strandedness of the template.
However, it is unlikely that the observed protection pattern is
an artifact generated by protein-induced formation of secondary
structures, as it has been previously reported that DNase I
exhibits substrate preference and enhanced cleavage rates for
dsDNA over ssDNA (44, 45).

Irrespective of these technical considerations, our primary goal
was to quantitatively interrogate the binding of N-HisPurf to the
region encompassing the PE32-F sequence containing the core
MCAT motif (—195 to —164). Careful examination of this region
by visual inspection and densitometry revealed two sites of
protection by N-HisPurf. These sites have been termed the
3" and ¥ sites and are labeled as such in Figure 5. It should be
noted that these sites are located within or near the two
degenerate PUR elements identified by competitive ELISA
(Figure 2) and are separated by a span that is only weakly
protected when compared to the control region (—208 to —201).
Based on the experimentally determined stoichiometry of the
nucleoprotein complex formed between N-HisPurf and this
sequence (i.e., 2:1), the nature of protection of two sites flanking
the core MCAT motif appears appropriate.

Resolution of the Microscopic Interaction Free Energies
of Purf: PE32-F. Mathematical expressions describing various
models of interaction between N-HisPurf and the promoter-
embedded PE32-F element were generated using a statistical
mechanical approach (35). For complexes with a saturating
stoichiometry of 2:1, five possible models can be proposed. (1)
The first possibility is that of a preformed (obligate) dimer

assembling on a single binding site. Other possible models involve
sequential assembly of monomers on the ssDNA lattice in which
binding sites are (2) identical and independent, (3) identical and
interacting, (4) nonidentical and independent, or (5) nonidentical
and interacting. Several simplifying assumptions were made in
order to constrain and mathematically define the models described
above. First, the binding of N-HisPurf to the MCAT enhancer
region (—195 to —164) is independent of the binding of N-HisPur/3
to other regions of the promoter, outside of this vicinity. Second,
DNA-independent self-association of N-HisPurf, as defined by
the previously determined equilibrium constant of k,; = 8.85 x
10° M™" (25), is negligible in cases of sequential monomer
assembly, where half-saturation of sites is in the subnanomolar
range. Third, identical sites exhibit equal intrinsic binding free
energy changes upon ligand binding and, as such, are denoted by
AG; for both sites. Fourth, nonidentical sites exhibit nonequiva-
lent intrinsic binding free energy changes upon ligand binding and,
consequently, are designated by AG, and AG, to reflect this
prediction. Fifth, in binding pathways possessing intersite inter-
action, the difference in the change in free energy for a monomer
binding to each site and the total free energy change due to
facilitated binding is represented by AG.. The various macro-
molecular configurations for each ligation state allowed by the
restrictions of each binding model along with the corresponding
microscopic free energy terms and equilibrium constants used for
constructing expressions of N-HisPurf binding are summarized in
Tables S2 and S3 in Supporting Information.

Quantification of N-HisPurf binding to the identified 3’ and 5’
sites flanking the core MCAT enhancer motif was performed by
densitometry to generate distinct binding site isotherms. Global
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FiGure 7: Monte Carlo error simulations to assess model confi-
dence. Reiterative error simulations (1000) were performed on
individual site isotherms shown in Figure 6 to yield error-incorpo-
rated isotherms that were then globally fit to various two-site models.
Box-and-whisker 2plots representing the distributions of fitting sta-
tistics (Zresiduals®) for each model are shown when error is intro-
duced at the level observed in experiments described herein (+13%,
left panel). Reducing error to +5% leads to higher model confidence
as indicated by resolution of box-and-whisker plots (right panel).
Boxes represent 25th—75th percentiles; whiskers represent 10th—
90th percentiles. Median is marked by a line across the box, and mean
isdenoted as (+). Coop, cooperatively interacting binding sites; Indy,
independent noninteracting binding sites.

fitting of data points corresponding to each putative site to the
model-specific expressions shown in Table S3 provided a means
to further discriminate between models based on goodness of fit.
Isotherms generated by the two seemingly most relevant models,
which assume nonidentical binding sites, are shown Figure 6. A
comprehensive comparison of the isotherms and fitting statistics
for all five models, including the rejected obligate dimer and
identical binding site scenarios, is depicted in Figure S4. From
this approach, it is apparent that the binding of N-HisPurf to
PE32-F embedded within the extended promoter likely proceeds
in a monomer-dependent fashion to 3’ and 5 sites which are
nonidentical and interacting, as judged by random distribution of
residuals and fit statistics (Figure 6, compare panel A to B, and
Figure S4). This model is in line with results of the qualitative and
quantitative EMSAs with the nominal PE32-F probe, which also
pointed to a cooperative mechanism of nucleoprotein complex
assembly (Figures 3 and 4). The resolved free energy parameters
obtained from fitting of individual site isotherms to a noniden-
tical interacting model are as follows with 67% confidence
intervals noted in parentheses: AG; (3 site) = —12.8 (—12.9 to
—12.7) keal/mol, AG, (5’ site)=—12.0 (—12.2 to —11.5) kcal/mol,
and AG, = —1.46 (—1.77 to —0.75) kcal/mol. These values
indicate that even though Purf binds to each site with high
affinity, intersite cooperativity produces an ~12-fold enhance-
ment in the stability of the nucleoprotein complex.

Statistical Caveats of the Cooperative Binding Model.
Despite the experimental power afforded by quantitative foot-
printing techniques, a shortcoming is the low level of precision
that is attainable. Typical footprint titrations yield precision in
the £10% range (37, 38, 46, 47). This trend appears to be
amplified in experiments utilizing ssDNA templates, as per-
formed here, with error settling at £13%. The exact reasons
for this imprecision are unknown but likely reflect differences in
preference of the nuclease for single-stranded and double-
stranded substrates. Due to the error level obtained, we opted
to further assess confidence in our ability to discriminate between
the possible binding models. To do this, we used a Monte Carlo
simulation approach to test the effects of randomly introduced
(Gaussian distributed) error at a level of £13% to data sets
describing a nonidentical interacting model, with binding para-
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meters identical to those obtained with our actual data, on the
goodness of global fits of the resulting isotherms. This process
was performed for 1000 iterations, and the goodness of fit to each
model was judged by the sum of residuals squared of the fit for
each iteration. A box-and-whisker representation of this analysis
is depicted in Figure 7 indicating that accurate model estimation
for a nonidentical interacting system is possible and likely
when the possessed binding energetics are similar to those
observed here, based on significant differences in the mean and
median values of the sum of residuals squared for each model.
However, estimation of the incorrect model is also theoretically
possible, a conclusion based on the considerable overlap in the
25—75th percentile boxes for all of the models. It can be seen that
complete resolution of these binding models would require a
simulated error as low as £5%, a level that is not achievable
experimentally using ssDNA templates.

DISCUSSION

In this report, we endeavored to determine the mechanism of
ssDNA binding by Purf, as this protein has been implicated in
non-B-DNA-dependent repression of genes encoding muscle-
restricted isoforms of actin and myosin in growth-activated
vascular, cardiac, and skeletal muscle cell types (/3—15). In the
case of the SMaA gene, an ensemble of physical and functional
studies has pointed to the association of Purf with the purine-rich
strand of a MCAT-containing enhancer element as a critical
factor in promoter repression (22—24). Recent hydrodynamic
studies conducted with purified recombinant Purf indicated that
the protein has the intrinsic ability to reversibly dimerize (25). The
identification of this unique biophysical feature in conjunction
with earlier work showing that the binding of cell extract-derived
Purf3 to ssDNA requires protein—protein interaction (2/) led us
to speculate that dimerization may be essential to site-specific
DNA recognition. To test this hypothesis, we initially sought to
validate the determinants of recombinant Purf (N-HisPurp)
binding to a MCAT-containing cis-element (PE32-F) previously
established using Purf extracted from mammalian cells (13, 19,
23). As predicted, results of oligonucleotide competition assays
pointed to two degenerate PUR elements near the 5’ and 3’ ends
of the probe interacting in a seemingly cooperative fashion with
the core MCAT motif playing an accessory role in protein
binding. However, the measured 2:1 stoichiometry of the major
N-HisPurf:PE32-F nucleoprotein complex detected by band
shift and fluorescence anisotropy assays was consistent with
binding by either a bidentate dimer or two monomers.

Ultimately, the quaternary state of the ssDNA-binding com-
petent Purfs species was clarified using two independent app-
roaches, both of which support a nucleoprotein assembly mec-
hanism involving cooperatively interacting monomers as op-
posed to a preformed obligate dimer. Quantitative EMSA
experiments revealed that half-saturation of PE32-F by
N-HisPurf occurs at a concentration (~0.3 nM) where the
protein would be almost entirely monomeric. Accordingly, self-
association at 0.3 nM total protein concentration assuming a Ky
of ~1 uM (25) would give rise to N-HisPurf dimer levels of ~75
fM. While a limiting concentration of preformed dimer does not
in and of itself preclude the potential for obligate dimer—ssDNA
interactions, a dissociation constant in the femtomolar range
would seem to be unrealistically low for any reversibly associat-
ing system. Moreover, close inspection of the EMSA titration
data showed not only the existence of an intermediate complex at
concentrations near the half-saturation point but that the species
distribution patterns followed those predicted for a cooperative
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system (47). Importantly, data analysis using a statistical mec-
hanics approach, assuming a two-site system, also indicated
positive intersite cooperativity, a conclusion supported by fitting
the same EMSA data to the more phenomenological Hill
equation. Despite the congruence of these data analysis methods,
we could not strictly exclude the possibility of a coupled protein
dimerization reaction owing to an inability to unequivocally
detect a stable intermediate ligation state because of anomalous
electrophoretic behavior of the T7 mutants relative to PE32-F
(data not shown). This technical roadblock necessitated the use
of an alternative method to independently assess protein binding
to multiple sites.

To resolve the microscopic energetics of N-HisPurf binding to
the MCAT-containing PE32-F element, we turned to quantita-
tive DNase I footprinting of a 382 nucleotide fragment of the
coding strand of the SMaA promoter to detect and measure
fractional occupation of each putative binding site. Results
achieved using the footprinting approach provided corroborative
evidence for a model whereby N-HisPurf binds to the purine-rich
strand of the PE32-F sequence via a cooperative mechanism
involving two nonidentical binding sites. The validity of this
conclusion was substantiated by Monte Carlo error simulations
which showed that we could distinguish between binding me-
chanisms with a degree of statistical confidence consistent with
the reduced level of precision inherent in footprint analysis of
ssDNA. However, it is also apparent that some of the resolved
thermodynamic parameters featured relatively broad value con-
straints. This outcome was dictated by a combination of experi-
mental imprecision, as well as parameter cross-correlation owing
to the mathematical expressions from which the free energy
values were obtained (Figure S5 in Supporting Information).
Despite this statistical limitation, the interaction free energies we
determined (AG, = —12.8 kcal/mol, AG, = —12.0 kcal/mol,
AG. = —1.46 kcal/mol) are comparable to values reported for
canonical transcription factors that adopt similar binding me-
chanisms (35—37, 47—50). Furthermore, the relative affinity of
Purf for individual sites is on par with the subnanomolar Ky
values reported for the relaxase domain of Tral, an exceptionally
sequence-specific ssDNA-binding protein, which plays an impor-
tant role in the transfer of plasmid F factor during bacterial
conjugation (51, 52).

The issue of parameter cross-correlation is not unique to the
situation described herein but is endemic to all multisite co-
operative systems and is typically dealt with by analysis of DNA
templates with mutated sites, so as to remove uncertainty caused
by cooperativity (37, 37, 38). It has been shown by Brenowitz and
colleagues (37) that without microscopic values determined by
way of reduced valency templates, resolved cooperative free
energy terms represent a lower limit to the actual cooperative
free energy of the system, and the greater the cooperative free
energy that exists in a system, the more difficult it is to resolve
individual site interaction free energies. These considerations
underlie the need to better define the composition of individual
binding sites so that more accurate thermodynamic values of
nucleoprotein assembly can be obtained. Although our results
clearly point to two degenerate PUR clements in mediating the
binding of Purf to the SMaA enhancer element, we cannot at
present exclude the possibility that other nucleotides outside
these elements also contribute to protein recognition. Interest-
ingly, a recent study assessing the binding of GST-Pura. and
GST-Purf to a c-myc gene derived sequence containing a
consensus PUR element and 92% purine residues reported that
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both proteins interact with this 24mer probe with subnanomolar
affinity and 1:1 stoichiometry (39). While differences in the
ssDNA template studied, recombinant protein preparations
used, and analytical methods implemented may explain discre-
pancies, it remains to be determined to what extent lattice length,
polynucleotide shape, and PUR element spacing affect coopera-
tivity in nucleoprotein complex assembly.

Cooperative binding mechanisms are common for nonspecific
ssBPs, particularly those involved in DNA replication and
recombination such as T4 bacteriophage gp32 (53) and E. coli
SSB (54). In the case of sequence-specific ssBPs, there are
relatively few examples in the literature where cooperative
binding has been identified as a signature biochemical feature.
Curiously, similar to what we have determined for N-HisPurf,
the binding of the yeast telomere protection protein Potl has
been ascribed a cooperative binding mechanism in which se-
quential monomer binding to specific telomeric sites proceeds in a
3" to 5 direction (48). Cooperative binding of Potl to yeast
telomeres has been functionally linked to nucleoprotein filament
assembly and, in turn, protection of chromosome ends from
damage by cellular nucleases. Hence, it is possible that coopera-
tive binding of Pur proteins to transiently formed ssDNA
sequences in the SMoA promoter may serve an analogous
function in terms of reducing the likelihood of frans-activator
recognition of dsDNA target sites. A cooperative ssDNA-bind-
ing mechanism of this type would seemingly provide a regulatory
advantage to the cell in that a relatively small change in cellular
Purf concentration could have a significant impact on gene
transcription.

A challenging biochemical problem that remains to be solved
is how members of the Pur family recognize and bind to ssDNA
sequences in chromatin. Some have proposed that binding of
sequence-specific ssBPs to larger, more complex DNA molecules
is facilitated by transient formation of alternate structures in
sequences prone to adopting non-B-DNA configurations as a
consequence of topological stress. This theory has been substan-
tiated previously for the far upstream element binding protein, a
trans-activator, which requires transcription-induced negative
supercoiling and unwinding for exposure of its single-stranded
recognition element (55, 56). However, a RNA polymerase-
coupled mechanism of this type may not be applicable to the
cryptic MCAT enhancer element since the transcriptional activity
of the SMaA gene is repressed rather than activated when the
promoter is occupied by Pura, Purfs, and MSY1 in vivo (23, 24).
This presents somewhat of a thermodynamic paradox. Based on
results described herein, if the binding of Purf to localized
ssDNA regions in the context of a dsDNA lattice proceeds via
direct competition (bubble formation), target sequences would
have to possess less than —26 kcal/mol of annealing free energy.
The average free energy of annealing for a single base pair in
dsDNA of infinite length is approximately —1.8 kcal/mol at
20 °C (57). Thus, in the absence of other destabilizing factors,
sequences of ~14—15 base pairs might be prone to strand
displacement by direct competition with Purf. This theoretical
range is remarkably similar to the size of sequence elements that
have been empirically shown to be sensitive to Pura-mediated
strand separation in vitro (39, 58). Nonetheless, Purf bind-
ing alone falls short of the free energy needed to overcome
the preferred annealing of the entire PE32 duplex (AG™C =
—55.8 kcal/mol). Taking into account the fact that the genomic
SMoA 5-flanking region from the —210 to —150 region appears
to be susceptible to structural alteration in living cells (20), it
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stands to reason that validation of the putative sequence-specific
helix-destabilizing properties of Purat and Purf will require
analysis of larger and more topologically strained DNA mole-
cules with nuclease and chemical footprinting techniques that are
sensitive to ssSDNA formation.

As mentioned previously, repression of MCAT enhancer-
dependent transcription of the SMaA gene appears to rely on
the combined ssDNA-binding activities of Purc, Purf3, and MSY1,
as well as a network of protein—protein interactions between the
three factors (13, 21, 23). While limited, ATP-independent strand
separation activity has been ascribed to Puro and Purf using small
chimeric probes (39, 58), YB-1/MSY1 is reportedly capable of
promoting strand displacement from a more diverse set of
oligonucleotides including short blunt-ended and Y-box-contain-
ing duplexes, cisplatin-modified duplexes, as well as engineered
fork and bubble structures (59, 60). Unlike Pura, the strand
separation activity for YB-1 is apparently elevated in the presence
of ATP in a manner attributable to an allosteric effect on the
quaternary structure of the protein (60). Interestingly, the ssDNA-
binding specificity of Purf has been shown to be modulated by
MSY1 in vitro (22). Hence, the progression from DNA site
recognition to strand separation and repression of the SMaA
MCAT enhancer in vivo may require physical and functional
collaboration of all three ssBPs. Resolution of the biochemical role
of each protein in this process is a credible undertaking as
functional interplay between Pur and Y-box proteins has been
reported in other systems (617, 62).

In conclusion, we have found that purified recombinant Purf
interacts with the purine-rich strand of the promoter-proximal
SMaA enhancer in a cooperative manner mediated by two
slightly degenerate PUR elements that flank the core consensus
MCAT motif. Rigorous thermodynamic interrogation suggests
that Purf binding alone is insufficient to stably disrupt enhancer
base pairing. Defining the specific nucleotide binding determi-
nants of Purf interaction and the effect of corepressors Pura and
MSY 1 on enhancer structure are goals of future studies.
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