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ABSTRACT

Regulation of gene transcription by structural intercosio@s of genomic DNA is an
emerging biochemical and genetic paradigm that adds @lréedy diverse repertoire of
eukaryotic gene regulatory mechanisms. The appearangearahemic structures
coincident with changes in gene activity, as well asigpation of transcription factors
that recognize and bind single-stranded DNA at numerous pgssaotersin vivo
illustrates the authenticity of this concept and its irtgoce in cellular homeostasis.
Despite its acceptance, this concept has been miniahadigribed at the biochemical and
biophysical levels, as the means by which sequence-spauifgde-stranded DNA-
binding proteins exert transcriptional influence in double-strdngienomes remains
largely undefined.

Pu is a sequence-specific single-stranded DNA/RNA-bindingemmdhat acts as a
repressor of smooth musaleactin (SMxA) gene transcription, and mRNA translation.
SMoA is an important cytoskeletal protein that contribwtestractile, antimigratory, and
nonproliferative functions in smooth muscle. In caheath Pur protein family member
Pura, and Y-box protein MSY1, PfArenacts repression of SM gene expression by
interacting with a crypticis-regulatory element in the 5’ region of the &N promoter
that has been shown to transiently adopt single-stdandeformationsn vivo, and to
confer transcriptional activation whetnans-activator occupied while in a double-
stranded conformation. Downregulation of &\Mgene expression has been identified to
be a contributing factor to cardiovascular disease pssgme; therefore a thorough
understanding of SMA repression mechanisms is critical for clinical mgemaent of
these conditions.

Although highly homologous at the primary sequence levaf} Bnd Pus display
significant conserved regions of sequence divergencestitagest these paralogs exert
distinct cellular functions in various vertebrate odass A goal of the studies presented
herein was to delineate exhibited functional differencitls iespect to SMA repression
in pertinent mouse cell lines. Loss-of-function and ofabn immunoprecipitation
studies verified that Pprdiffers from Pue in that Pup is the dominant Pur protein
repressor of SMA expression in embryonic fibroblasts and vascular smeootiscle
cells, although by different, cell type-specific meckars.

Biophysical assessment of Buwsingle-stranded DNA binding properties showed that
despite the ability of P@rto self-dimerize in the absence of nucleic acid gRunds to
the cryptic SMLA enhancer by a sequential and cooperative mechanism;emiidrkable
affinity and a terminal stoichiometry of 2 to 1. Footfing andin vitro binding site
characterization confirms two Hubinding sites exist within this element and display
slight degeneracy from a proposed Pur protein-binding consemstifs These findings
delineate binding mechanisms adopted by3Rund provide a means to identify putative
Pum binding sites throughout the genome.
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CHAPTER I. INTRODUCTION

BACKGROUND TO THE PRESENT WORK

Investigations into cellular processes that contribatéssue remodeling associated
with development, response to injury, and disease prognesave determined that these
courses are the result of phenotypic modulation df aelsident to remodeled areas.
Sequence-specific single-stranded DNA/RNA-binding transonfitianslation factor
Pu3 (Pur protein isoformB), has been implicated in the phenotypic modulatibn o
vascular smooth muscle cells that become activatddphanotypically reprogrammed
during vessel wall remodeling associated with arteriostite disease progression. A
cause and effect relationship between vascular smoosklencell phenotype-switching
and cytoskeletal protein smooth muscleactin expression has been experimentally
established. Repression of smooth musckectin, accomplished in part by Burhas
been linked to activation, migration, proliferation, ahgpersynthetic properties of
resident smooth muscle cells at sites of vessel waihodeling. Contrastingly,
derepression, or activation of smooth musclactin expression is coincident to injury-
induced myofibroblast activation and adoption of contmqgbitoperties necessary for
wound closure and resolution by these cells. The potemaalvement of Py in these
pathophysiological processes have made this protein an mnpoarget of investigation
for understanding dynamic smooth musaleactin expression in phenotypically
reprogrammed cells, as well as a model for understandiggesce-specific single-

stranded DNA-protein interactions.



The following is a review of the existing literature retjag the various physiological
and pathological processes that rely heavily on vassataoth muscle cell phenotype
plasticity, molecular mechanisms governing dynamic smoatéctaa-actin expression,
and Pur protein structural/functional properties as thieyer¢o these important aspects of

vascular smooth muscle biology.

PHENOTYPIC PLASTICITY OF VASCULAR SMOOTH MUSCLE CEL LS

The primary recognized role of vascular smooth muscles ¢eascular SMCs,
VSMCs) is that of generating contractile force withiodd vessels, thus providing a
means to regulate vessel tone, blood pressure, and the agerdgstribution of blood to
the periphery. The contractile phenotype of VSMCadults represents the full extent of
differentiation for this cell type, and in addition tontractility, is generally regarded as
being quiescent or slow to proliferate, nonmigratory, modsynthetic. The contractile
phenotype is routinely characterized at the moledel&! by positive expression of a
repertoire of contractile proteins, cell-surface receptand ion channels that have been
identified as necessary for contractility (reviewed2a0, 315)). However, unlike their
skeletal and cardiac muscle cell counterparts, in wbontractile phenotypes represent
terminal differentiation, VSMCs can undergo reversal differentiation, or
dedifferentiation, and revert to a broad and continigpestrum of cell phenotypes, or
various levels of differentiation that defy categati@a, ranging from contractile to those
reminiscent of fibroblasts. Consistent with this speutr of cell phenotypes,

combinations and levels of differentiation marker egpi@, which in all likelihood



dictate phenotype and by which these cell types are alkawmed, are vastly
heterogeneous, making practical and absolute categorical miled&ion of cell
phenotypes very difficult.  Nevertheless, VSMC-tardiblast phenotype conversion is
marked by loss of contractility, hyperproliferation, mased migratory capacity, and
elevated synthesis of extracellular matrix proteins@oteases (209).

The value of vascular SMC phenotypic plasticity hasg been debated. This
discussion arises primarily from the fact that phepiatynodulations of VSMCs and
other contractile cell types are observed in various plogical and pathological
processes including tissue development, wound repair, andseligpeagression. The
roles and duties carried out by SMCs in these pathophygialogcenarios will be
described here to divulge the importance of phenotypic igtgsby examining our
current understanding of this phenomenon, as well as peihtgaps in the existing
knowledge.

The full breadth and complexity of vasculature develagnmeluding the spatial and
temporal participation by VSMCs in this elaborate progedseyond the scope of this
review, except to say that phenotypic plasticity disadat participate in the construction
of blood vessels is critical. A common belief in fledd of developmental biology is that
phenotypic plasticity possessed by VSMCs provides mudtifanality and hyper-
responsiveness to environmental cues that coordinate dewritgdmevents (210)
Examples of this utility include the ability of VSMCs &xhibit synthetic phenotypes
during investment in vessel wall construction, manufaaguraignificant levels of

collagen, elastin, paracrine factors, and adhesion wmleecwhile expression of



contractile apparatus components is either downregulatatbtoyet activated (122).
Evidence supports that unifying contractile phenotypes areedefiom diverse lineages
during embryonic development, however the precursor orgfitsfferentiated VSMCs
and SMC-like cells are not completely known. Celisnprising the ectodermal neural
crest and mesodermal proepicardium have been shownfeéoediially commit to the
construction of distinct vessels (great vessels anchepal vessels, respectively) and
assume SMC-like properties, despite originating from wliffe transient embryonic
entities (12, 53, 193). It appears partitioning of these oélgiffering origins during
development is coincident with required morphologicaratiions characteristic of their
fully-developed vessel destinations. A wide varietgovironmental cues regulate cell
commitment during embryogenesis and development, howawvection of VSMC
commitment appears to be dominated by signaling of transigr growth factorpl
(TGH31, (38, 254, 261)), and requires activation of several downstreandicators,
including the transcription factors Msx2 and Necdin (25), mowke more important than
serum response factor (SRF)(147). Transient dediffetéoni of committed VSMCs
appears to also occur during vessel remodeling that trasspirlater developmental
stages (122, 193). Collectively, these findings suggest enaafd (differentiation) and
reverse (dedifferentiation) phenotypic plasticity WEMCs is tightly regulated and
crucial for proper vasculogenesis.

Wound repair represents another aspect of smooth moistdgy that relies heavily
on phenotypic plasticity of contractile cell typesydwod differentiated VSMCs, and

similar to tissue development, is regarded as being io&lgb vertebrates. Similar to



developmental mechanisms, non-vessel wound repair regunes®typic modulation of
resident fibroblasts to gain contractile capacity, simib SMCs, necessary for closure
and resolution of the wound, while maintaining synthetmigratory and proliferative
properties necessary for populating the wound area anetisecof growth factors that
aid the healing course (63). Clearly, this modulatedtgp# is neither VSMC-like nor
fibroblast-like, but shares properties of both. Accaylyinthis cell type has been termed
the myofibroblast to reflect the contractile fibrobblasait (89). Biochemically,
myofibroblasts within granulation tissue are charactdribg positive expression of
protein components of contractile stress fibers, iniQdar smooth musclex-actin
(SMoaA), vimentin, desmin, lamin, and tubulins (127, 241) as weh@n-muscle myosin
and collagen type | (60). Resident fibroblasts of divéissies throughout the human
body exhibit transdifferentiation capacities to adopgofibroblast phenotypes, and
accordingly roles beyond wound closure have been assigneudyofibroblasts, but
typically involve contraction and secretion of extthdar matrix proteins and cytokines
necessary for development, repair, and maintenanasatdmical structures (reviewed in
(219, 253)). Worth noting, however, is the possibility tmgbfibroblasts originate from
discrete progenitor stem cells early in development,necessarily resident fibroblasts,
and reside in tissues as quiescent proto-myofibroblasts @f)troversy in the literature
surrounds this issue as propagation of cultured fibroblastsegha containing TGB1
has certainly shown the ability of these cells taia®s myofibroblast phenotypex vivo
(64), and the detection of fibroblastic cells in animalmn models that stain positive for

SMaA further supports the notion that transdifferentiatafiresident fibroblasts gives



rise to myofibroblasts (60, 240). This disparity may be gkmeflection of differences
in the developmental stages of the organisms in whicle thieservations were made, and
both observations may be accurate. The detectionirglilating myofibroblasts
progenitors, termed fibrocytes (26), clouds this issue furthgrdescribes the complexity
of cellular reprogramming and recruitment in wound heaksgwell as the importance of
phenotypically-flexible cells in supporting this procesk. should also be noted that
epithelial cells have also shown the capacity tosudferentiate to myofibroblast-like
phenotypes during epithelial-to-mesenchymal transitions redde in  metastatic
processes (83).

As noted above, an additional similarity between thensttdferentiation of
fibroblasts in the formation of myofibroblasts and pienotypic commitment of VSMCs
in tissue development is the involvement of plateletvéeriTGF1 in signaling this
progression (64), suggesting that this factor signals sindidavnstream events that
coordinate programmed expression of smooth muscle assbaignes. Constitutive
overexpression of this factor in rats causes systébmwsis characterized by high levels
of collagen deposition (45). Platelet-derived growth fa8®Br (PDGF-BB) (283),
interleukin 4 (IL-4) (72), heparinoids (67), thrombin (119), ahd ED-A domain of
fibronectin (252) have also shown pro-transdiffereiaimproperties on fibroblasts. Other
cytokines have displayed potential to subtly modulatefibgoblast phenotypes, with
particular respect to the way these cells respond apdtatb extracellular matrix
dynamics (reviewed in (253)). Whereas fibronectin EDpiopes are generated by

traumatic sheer force (252), the source(s) of cytokioespfopagation of the injury



response is (are) less clear. Studies indicate nfifitate white blood cells and local
endothelial cells secrete these factors (45) or thatfiompblasts secrete factors
themselves in an autocrine fashion (13). Post-healingdvatval of myofibroblast
proliferation, migration and synthetic character, adl we SMuA expression, can be
initiated by exposure to interferonsandy (66) secreted by natural killer lymphocytes
that infiltrate the wound area shortly after injury (124)most instances, myofibroblasts
undergo apoptosis after resolution of the wound (60), haweweer circumstances in
which myofibroblasts forgo programmed cell death, for aeasthat are not clear,
pathological wound healing and scarring (fibrosis) is tkalt€65).

The arena in which VSMC phenotype plasticity has gainedribst attention is that
of vascular disease progression, with the most promimemban condition being
arteriosclerosis. Interest in this area has beeedugy the alarmingly high mortality rate
in humans afflicted with this disease. The Americaai Association reports that in
2004, cardiovascular diseases accounted for nearly 37%dweaths in the United States
of America, whereas more than 27% of all U.S. citizextsbit symptoms of the disease,
including high blood pressure, coronary artery disease,hmapvessel disease, stroke,
and heart failure. In the period 1994 to 2004, deaths relatedrdiovascular disease
decreased by nearly 25%, suggesting that efforts aimed atstambing the pathological
progression of this disease are beneficial (stadistioobtained from
www.americanheart.org). Despite this positive progresghdeelated to coronary artery
disease continue to be the leading cause of death ammntgpvascular disease-

associated conditions.



Atherosclerosis is a complex disease, as indicatedhbyhistorical shift in the
mechanistic view of atherosclerotic progression, orratfenesis. Early perceptions of
atherogenesis were that it was precipitated by contidepbsition of circulating low-
density lipoproteins, particularly those rich in cholesiteon the vessel wall. This view
has changed substantially to one in which atherogemesi®w considered to be a
response and overcompensation to vascular injury, and ds ®icprimarily an
inflammatory disease (174, 232, 233). The nature of causagetsais also hotly
debated and may be a variety/combination of factorsdied hypercholesterolemia,
dyslipidemia, hyperhomocysteinemia, hypertension, desheixidative stress, infection,
genetic predisposition, and/or trauma, all resultingitiher denudation or dysfunction of
the endothelium (232). Maturation of atheroma is tlsilteof a vast combination of
contributing events and factors including initial insulh cesident endothelial and
VSMCs, plasma proteins, cellular blood components, padliipoproteins, and cellular
inflammatory mediators such as lymphocytes and mdescyContrary to early belief,
mature atheroma are highly cellular structures, congistf a fatty core composed of
lipidated macrophage or foam cells, layers of smoottclapand if progressed, a fibrous
cap. The response of resident medial VSMCs and atiaéntmyo)fibroblasts to
promote morphological changes at sites of atherogenesislietively referred to as
vessel remodeling, and employs phenotypic modulationbdépes of these cells. It
should be noted that vascular wall remodeling existsotimer pathophysiological
conditions, namely post-angioplasty restenosis, anduggraft transplant vasculopathy,

where endothelial disruption occurs and injury responsaseen



To understand the role of VSMC phenotype plasticitytiresogenesis, it must first
be put into the context of the sequence of events tbhated after primary insult to the
vessel (the following description has been extensivelyewed in (174, 232)). In
response to vascular injury, for example, disruptionvessel lumen endothelium,
endothelial cell activation and resultant exposure alfagenous extracellular matrix
surfaces recruits a host of circulating cells and petticles (platelets) to the site of
injury. The most important of these are monocytes whitach to the endothelium via
interaction with adhesion molecules (vascular eelhesion molecule-1, intercellular
adhesion molecule-1) presented by the endothelium upouptn and initiation of
early inflammatory events, or are prone to locaimain areas of turbulent and reduced
blood flow. Proinflammatory, chemoattractant cytokifesonocyte chemoattractant
protein-1) expressed in the subendothelium stimulate itp@tion of monocytes through
the endothelial layer and occupation of the intima. fJpbimal residency, monocytes
assume macrophage phenotypes, scavenge lipids and ad iprapagation of the
inflammatory process by further secretion of inflampmatcytokines that recruit T-
lymphocytes to the atheroma and activate endothelial @ed VSMCs. T-lymphocytes
and activated vascular cells then amplify the respdmyspresentation of cytokines and
growth factors that cause phenotypic modulation of ele®dSMCs. It is this
dedifferentiation that permits vascular wall remodelingtigration through the elastic
laminae to the intima, proliferation, and population‘méwly formed” vessel wall, or
what is termed the neointima. However, due to the pompidav that neointimal vessel

occusion is a significant cardiovascular complicatjgmenotypic plasticity of VSMCs in



the context of atherosclerosis is often consideredrdributor to disease progression;
however more recent findings have implicated the phemom as beneficial in
stabilizing vulnerable atheroma from rupture and subsequ&mhbasis (2, 61).

A closer look at the phenotypic modulation or actmatof VSMCs during the course
of atherogenesis shows vast reprogramming of gene expresdiich we will now
consider. Comparative analyses looking at medial VSMIGm normal vessels and
neointimal VSMC or VSMC-like cells have highlighted sonof the prominent
molecular, morphological, and functional differencestween differentiated and
phenotypically modified VSMCa vivo that are the result of reprogramming of over 140
genes (96).

As stated before, differentiated VSMCs have been tomdily characterized as
contractile and quiescent (nonproliferative and nonsyiedhend as expected, VSMCs
undergoing dedifferentiation exhibit alternate phenotypesarii¢large, the most widely
used markers of contractile phenotypes are the expretsiels of SMA and SM-
MHC, and as such reduced levels of these proteins areveldsen migratory and
proliferative VSMCs compared to controls (3, 150, 165, 199)s the feeling of some
researchers, however, that SM-MHC is a more ap@tgpmarker of VSMC activation,
as a more drastic reduction in SM-MHC expression isrebdein neointimal VSMCs
compared to that observed for &M (3). Loss of contractile protein expression has also
been shown to correlate with loss of contractile fioman vivo (71), validating the use of

the molecular approaches to gauge the extent of VSM@ton.
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Closely related to contractile function at the molacugével is migratory capacity of
activated VSMCS, and cell morphology. Increased migyafchemotactic) capacity of
dedifferentiated VSMCs has been a hallmark of VSMC diffgation status botim vivo
(248), and as a diagnostin vitro (5, 171, 320). A distinctive morphological
characteristic of differentiated VSMCs is their egjated spindle shape dictated by
cytoskeletal filament arrangement. Not surprising isfitheing that loss of cytoskeletal
protein expression accompanying phenotypic modulatiomca@ds with rounding of the
cell ultrastructure (150, 199).

Extensive genetic reprogramming is also observed, andbkas inferred as
necessary, for proliferative properties in activated \L3M Specifically, increases in
cyclin and proliferative cell nuclear antigen (PCNA) egsmion (100), and DNA
synthesis has been observed in coronary atheroscletatjogsex vivo (100), and in
cultured cell models vitro (137, 299).

The array of cytokines, cell mediators, reactive @ygpecies, lipids and lipid
products that act as effectors of VSMC dedifferenttatare vast, however a few
standout that have profound effects on this process.GRPBoforms, namely the BB
homodimer, as noted above promotes transdifferemiadf fibroblasts toward a
myofibroblasts phenotype (283), causes downregulation of muserVSMC
differentiation markers including S&A (16, 17, 52), smooth muscle myosin heavy-
chain (SM-MHC) and smooth musaketropomyosin (SMaTM)(117). Thus, a disparity
on the effects of PDGF-BB on contractile apparatus m®te different cell types has

been pointed out. However, exposure of cultured VSM@snayofibroblasts to PDGF-
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BB has shown this factor to be a chemoattractantmetiog migration of both cell types
in vitro (5, 170, 320). Whereas TGH- promotes SMA and SM-MHC expression in
fibroblasts (64), this potent growth factor displays prasstit effects when over
expressed in medial VSMC& vivo, causing extensive collagen deposition and
pronounced neointimal growth (247). A protective role fo=I33 in fibrous and stable
cap formation has since been verified in mice treated W@F1-neutralizing
antibodies (185). Interestingly, both PDGF (42) and P&K481) cause upregulation of
matrix metalloproteases (MMPs) and downregulation of ¢issihibitors of MMPs
(TIMPs) in cultured SMCs. In normal tissues, matarmodeling is held in check by a
MMP:TIMP ratio less than one. A positive shift in tM&P:TIMP ratio has been linked
to increases in neotintimal hyperplasia and plaque raiéy in late stages of disease
progression, but is generally regarded as necessanyitiat stages of vessel remodeling
(78, 168). The notion of matrix remodeling by MMPs propagatimther phenotypic
modulation of VSMCs in lesion areas has been hypothe§&4€ but not demonstrated.
The large numbers of signaling molecules present wittierasclerotic lesions have
profound and varied effects on expression of genes negefsamaintenance and
modulation of VSMC phenotypes. It is in this mannet tha continuous spectrum of
VSMC-like and myofibroblasts-like phenotypes are gendratevivo. Difficulties in
assessing the extent of differentiation of myofibretdaand VSMCs (and endothelial
cells and fibroblasts, for that matter) and the oridithese cells in injured or diseased
tissue stems from the continuous, diverse, and combiaktepectra of marker

expression. This difficulty has prevented the estabksitnof an index of differentiation
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for VSMCs and myofibroblasts. The fact that markeresgsion is not exclusive to these
cells compounds the difficulties encountered by reseascthowever, measurement of
marker expression remains the best suited tool for studyiaggtypic modulation. An
accepted caveat in the field is that the profile ofkeaexpression ultimately dictates the
phenotypic state of VSMCs and myofibroblasts, and proldadlys true for all cell types.

Thus, an understanding of the mechanisms controlling maxgeession is critical.

FUNCTIONAL ASPECTS OF SMOOTH MUSCLE a-ACTIN IN SMOOTH
MUSCLE CELL BIOLOGY

Absolute verification of VSMC and myofibroblast lineage dstection of a single
marker is both inappropriate and impossible (210). As wead above, detection of
SMC-like phenotypes has been routinely carried out lalyais of marker expression
fingerprints. Batteries of marker-specific antibodied anarker mRNA-specific primers
have facilitated this pursuit, and have been employedllyehundreds of times in the
literature (for examples see (25, 55, 76, 120, 126, 186, 189, 2183@2AY,reviewed
extensively in (210)). Among the mentioned markers for detecf SMC lineage,
SMoA is one of six actin isoforms in mammals, and ie thost abundant protein in
VSMCs and is a major component of the cytoskeletahdiation on which contractile
force is generated (257). SM has been noted to account for ~40% of total cellular
protein in differentiated VSMCs (79), and resultant edsketection has made it the most

prominent marker for SMC and myofibroblasts differeiiatdespite the fact that
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expression of SMA is not restricted to VSMCs and myofibroblasts (83, 30SMaA
has been determined to be the principle contractileeprotxpressed by activated
myofibroblasts at sites of wound closure, pathophysiolofiabsis, and neoplastic
stromal response (226, 231, 271).

Gene knockout studies have substantiated the clainsMaR is absolutely required
for proper vessel dilation for blood pressure homeostasdinull mice display defects of
vascular contractility (243). Additionally, SM\ expression and contractile function is
necessary in wound closure by myofibroblasts (219, 287), andlrtebe formation in
early embryogenesis (12, 53, 122). In addition to conkeadtinctions, SMA
expression has been shown to foster migration-ras&rigroperties in myofibroblasts.
Electroporation of monoclonal antibodies specific floe amino-terminal epitope (Ac-
EEED), which has been shown to be necessary fommlgation of SMA (35, 43),
decreases migratory capacity of cultured myofibroblasts ivitro migration assays
(231). These findings are in line with the nonmigratory ati@ristics of differentiated
VSMCs. SMA expression has also been linked to inhibition of cedlifaration
capacity as drastic downregulation of &Mexpression coincides with transformation to
tumorigenicity in mouse and rat fibroblasts (166).

SMoA has itself been shown to modulate the phenotypic priepest VSMCs and
myofibroblasts (281), and related cardiomyocytes (44, 271)thoAgh unequivocal
verification of SMC lineage by detection of &M is not possible, the phenotypic

altering properties of this protein have made the relgulaif SMoA expression a topic

14



of intense study, as well as a focus of this dissertatind shall constitute a considerable

portion of this review.

REGULATION OF SMOOTH MUSCLE a-ACTIN GENE EXPRESSION

Since the initial characterization of the &M promoter in the pursuit of
understanding pathophysiologically specific scenarios andchamesm of gene
expression, a vast array oifs- andtrans regulatory elements have been identified that
permit highly plastic and responsive modes of transcriptiome following is a summary
of the genomic and protein components of thes®Megulatory network that is partially
limited, by design, to those components which feature Pateipr participation or
involvement. Extensive literature reviews have been gl elsewhere that cover the
broad scope of SMA gene regulation (140, 158, 315). For a diagrammatic sumnfary o
composition, location, and designation of ®Mgene regulatory elements, as well as a
pictorial synopsis ofrans-acting factors and their reported regulatory function®r re
Figure 1.1.

Initial investigations aimed at identifying regulatory eletseaf the SMtA gene
promoter were geared towards surveying the 5 upstream rediatheogene for
sequences necessary for activation of expression.firfhsteps made in this effort were
the isolations of genomic promoter sequences from chi¢k&h mouse (194), and
humans (225). These studies were quick to point out exéeheimology of at least two

(depending on speciesjisregulatory elements bearing high resemblance to CArG
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(CC(A/T)sGG) boxes, that had been noted previously in dhsardiac actin gene 5’
flanking region (195, 197). Demonstrable interaction-a@irdiac actin promoter CArG
boxes withtrans-activating factors (196) underpinned the need to study teef&ArG

box cis-regulatory elements in the SM promoter. Similar to what is observed tor
cardiac actin, SMA promoter CArG box elements provide for activatable 4caiption

of both chicken and mouse promoter-reporter construatsfected in cultured SMCs
(15, 194), however this effect has been determined tolltyme-dependent (30). Serum
requirements for CArG-box mediated activation of &expression in fibroblastic cell
lines suggest that these elements are downstream tafgatsum growth factors (147,
270). Furthermore, interruption of serum stimulationchips overexpression implies
that serum response factor (SRF) is responsibledas-activation of SMiA expression

by interaction with CArGcis-elements (147), a finding that has been verified by
immunological techniques (258). It has now been establistedriteraction of SRF
with muscle-specific (as opposed to cell growth-spec8iRES is directed by modulating
factors such as Mhox (111), Nkx3.1 (31), Barx2b (116), SSRP1 (@6d)or the master
smooth muscle regulator, myocardin (172, 300), as well eagtsition, number and
precise sequence of the CArG boxes present (reviewed in) (158 tandem nature of
the proximal CArG boxes in the SM promoter has been deemed a signature promoter
motif of smooth muscle-specific genes, and drives timedgue-specific expression in
smooth muscle tissue by virtue of myocardins capacity talutate SRF sequence

specificity (300).
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Figure 1.1. Regulation of SMA gene expression involves numerougrans

activating and transrepressing factor interactions at multiple cis-regulatory
elements. Activation of SMxA expression occurs by binding of heteromeric
SRF:myocardin complexes to multiple CArG elementsated both upstream and
downstream of the transcriptional start site. Sp-pmstactivate transcription from THR
and SPUR (TCE) elements. TEF-1 activates transcnigtmm a distal MCAT element
and a cryptic MCAT element that is proximal to the $a@iption start site via
cooperative interactions with SRF:myocardin-occupiedr@A (black dashed arrow).
TEF-1:MCAT elements interactions rely on the elemesguaing a double-stranded
configuration. Proximal MCAT-mediated enhancement camlleviated by structural
interconversion of this region and occupation by sequepeeft SSBs Pur, Pul3, and
MSY1 in a single-stranded configuration. &uand Pup also mediate transcriptional
repression by interaction with Sp1/3 at the SPUR elemPni3-mediated repression of
expression by interaction with an exonic MCAT eleméias also been reported.

Furthermore, Put, Pu3, and MSY1 may mediate repression by sequestration tfrfac
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TEF-1, SRF:myocardin, and Sp1/3 (red dashed arrows) &hd Pug, themselves can
be sequestered by Smad3 to preserve expression (red dasked &pigenetic control
of SMaA expression is accomplished by chromatin rearrangenreated by p300/CBP
histone deacetylase (HDAC) activity within the immediaggstream CArG region.
Tissue specific and cell density-responsive repressiorbeanforced by bHLH factors
(USF) binding to upstream tandem E-box elements. Numignesent nucleotide

positions relative to the transcriptional start site.
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The causative extracellular signaling component S&F upregulation in ShA
expressing cell-types has been determined to be [FXGFhowever CArG-box
involvement only accounts for partial activation. Thigling led to the discovery of an
additional positivecis-regulatory element, the TGFE-control element, or TCE, located
at position -53 to -43 relative to the transcriptiosédrt site (110). Interestingly,
occupation of TCE is not accomplished by SRF in respomsEGF{1 exposure, but
instead by Kruppel-like factors, Spl and Sp3, and Smad signalinginratiuring
activation of SMtA expression (47, 110). Examination of the 5’ flanking eegof the
mouse SMA promoter also identified six putative E-box sequences (RAN) that
have been shown to binttansactivating basic helix-loop-helix (bHLH) proteins
involved in differentiation of cells of myogenic lineage (1385, 194, 304). The
function for these elements appears cell type and ce8itgerestrictive (82, 131), as
combinatorial control by bHLH protein USF (upstream statary factor) at a
tandemized E-box cassette located between positions rI3@224 confers repression of
SMoA expression in rat aortic SMCs (131, 135).

When it was noted that full activation of SM expression in mouse embryo
fibroblastic cell line AKR-2B required the deletion of3 base-pair (bp) sequence
corresponding to bases —224 to -191, the realization carhehibaregion contains a
negative regulatory element (82, 270). However, direct seguexamination also
concluded that the region directly 3’ to this newly igpuiaed repressive element (bases -
181 to -176) contains a potent muscle-specific inverted CATITQACAT) activation

motif which is able to bind transcriptional enhancerdadt (TEF-1) in a double-stranded
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configuration (48, 275) . Indeed, binding of the proximal MCAT echa element by
TEF-1 provides synergistic activation of &M expression in collaboration with the
distal CArG 2 element (48), which has been shown in prewatudies to be essential for
high level activation of expression by SRF (270). Deteof the core sequence of the
proximal MCAT element results in diminished expression (4Burther investigative
elaboration of the function of the proximal MCAT angnessive elements, by Cogan,
Getz, Strauch and coworkers, verified overlapping sequdretegeen bases -195 and -
164 that constitute both a transcriptional enhancing-, apdessive element (48).
Thorough analysis of the rat and mousecd@Mpromoters detected two MCAT elements
(proximal, -182 to -176; distal -320 to -314), both of which havenls&®wn to be
important for transcriptional activation of the gendibroblasts, myoblasts, and aortic
endothelial cells (278), however cryptic enhancer actias/possessing both activator
and repressor character, has only been established f@rdkienal site in the SMA
promoter. The work performed by Cogan et al (48), and Sua| €75), not only
verified binding of TEF-1 to the double-stranded proximal MC&&ment, but also
detected binding of severainsrepressors that exhibit affinity for sequences adjatment
the core MCAT sequence only when in single-stranded coafins. The identities of
thetrans-acting repressors were perceived unique at the time iofdiseovery, and were
referred to as vascular actin single-stranded bindingpfact and 2 (VACssBF1 and
VACssBF2).

A closer examination of the region encompassing the maXVICAT enhancer also

showed an interesting characteristic; this stretch exffusnce possesses extensive
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polypurine/polypyrimidine asymmetry. The coding (forwardn4transcribed) strand of
this region shows greater than 80% purine content in thesenand rat promoters,
whereas human and chicken are slightly lower (275). iBhan important finding, as
was the fact that VACssBF1 and VACssBF2 display sptififor binding of the
pyrimidine-rich and purine-rich strand, respectively (48, 27B)e significance and
repercussions of polypurine/polypyrimide tracts within genenptters will be discussed
in a following section.

MCAT enhancer sequences and their correspondiagsbinding factors are
common in numerous promoter regions of cardiac, skelatal, smooth muscle genes
(314). These elements generally drive enhanced expressibimdigig of TEF-family
enhancer factors, although as noted before, cell typactests have been pointed out
(278). A mechanistic basis for differential MCAT fuioct was examined by Gan, and
colleagues (94), in which they noted that MCAT-driven dc8Mexpression follows
distinct mechanisms in activated myofibroblasts comparcedifferentiated SMCs.
Briefly, MCAT elements are essential fde novoexpression of SMA in myofibroblasts
and developing embryonic SMCs, but appear dispensable foessipn in adult
differentiated SMCs. Furthermore, this effect alssmades with TEF-family binding
activity of the MCAT elements, as knockdown of RTEF-EFT3) decreases expression
of SMaA promoter-driven reporter expression in myofibroblastd embryonic SMCs,
whereas knockdown of all TEF-family members has nocef@ reporter expression in
adult SMCs. These findings speak clearly to the meshaaf SMxA expression during

vascular development and myofibroblast transdiffereatia and provide a means for
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distinguishing myofibroblasts from dedifferentiating adsiCs, both of which express
high levels of SMA. These studies fail, however, to describe the obleryptic MCAT
enhancer-mediated repression in cell types with known patbapbgical functions;
explicitly activated SMCs. The location of nucleotidmitations within the proximal
MCAT element used by Gan, et al. were engineered tduge¢R)TEF-1 binding, but
have been shown previously to not substantially eff@d€86BF binding (48, 275). The
implications of SMtA downregulation in pathophysiological situations have nbee
outlined above; hence factors affecting &\ repression are an important area of
investigation.

Delineation of molecular mechanism fostering bifaciadracter ofcis-regulatory
elements, as observed for the proximal MCAT enhaneenent of the SMA promoter,
represents a challenge for genetic researchers. afedsabove, mutational analysis of
the coding strand of the -195 to -164 region, referred theatime as the purine-rich
motif, showed that mutations abolishing TEF-1 binding do rf#ca VACssBF1 or
VACssBF2 binding, and mutations reducing VACssBF2 binding do nogctaff
transcriptional activation (48, 275). These results sugbastbinding of these putative
activation and repression factors to particular nuaestis not mutually exclusiveer
se however the possibility of disparate double-strandedugesingle-stranded entities
could not be discounted at the time, and a mechanismhimhvbinding of VACssBF1
and VACssBF2 to their respective strands causes dsnuptf the double-stranded
MCAT sequence was proposed (275). This latter caveat wafths of subsequent

investigations by Kelm, Strauch and Getz and colleaguessevhdomary aim was to
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delineate the repressive mechanism employed by the cry@i@TMenhancer element
and associatetransrepressor proteins, as well as the biochemical cleraation of
these novel proteins (28, 47, 129, 141-145, 148, 149, 222, 272, 297, 319).

Initial experiments aimed at delineating VACssBF-mediateMaoA repression
illustrated ssDNA-binding specificity of both VACssBFs an@&EFFl towards the
proximal promoter MCAT element (promoter element, PE)sus a newly identified
MCAT element positioned within exon 3 (coding element, C&4). These studies
showed that VACssBF1 and TEF-1 shows no affinity forGResequence (single, and/or
double-stranded) despite 100% conservation of the GGAATG THEedgnition motif;
however the purine-rich strand of the CE is tightly lmbby VACssBF2. Additionally,
replacement of the PE sequence with CE does not petamiscriptional activity in
reporter based assays, consistent with lack of TEF-1ngnchpacity for CE. However,
introduction of mutations nullifying VACssBF2 binding rescuesscription suggesting
that VACssBF2 possesses enhancer disruption activity aat tths activity is
independent of enhancer recognition by TEF-1. These stutlieshaghlighted the
importance of downstream regulatory elements that go®WoA expression. The
discovery of CArG elements within the first introartifies this claim (184), and the
importance of downstream promoter elements for SMC-depéapressiorn vivo has
been further verified (296, 321).

Preliminary electrophoretic mobility shift studies gaugingin#rich strand binding
by VACssBF2 Illustrated that either this factor assembbm purine-rich sSDNA

sequences to varying stoichiometric degrees, forms heteroge nucleoprotein

23



complexes, or is in-fact not a single polypeptide (48, 12745). The indicated
possibilities stem from the observation that multipectiphoretically shifted species are
generated when cell extracts are allowed to bind singd@eed purine-rich probes
derived from the SMA promoter. Biochemical characterization of thesenplexes
confirmed that VACssBF2 is in fact multiple polypeptidasle to form homo- and
hetero-mulitimers (141). Cloning of these factors leth&identification of VACssBF2
as Pue. and Pup (143), which was augmented by later work identifying VACssEBE
MSY1 (141). The identification of these proteins wasrafcal importance as it showed
that their respective activites characterized thensre consistent with other biological
systems/scenarios in which their involvement had beeectet. For example, Rur
(HeLa Pur Factor) had been implicated in recognizing andingnstretches of single-
stranded DNA generated at origins of DNA replication pr@tito thec-mycpromoter
(10). In this and subsequent studies it was observed thatrBcognizes purine-rich
SSDNA, especially those rich in guanine nucleotides, and agagned a consensus
(PUR) binding sequence GGNNGAGGAGARRRR (N = any nucleotide, RG) based
on other known origin sequences, althoughsFhinding activity was not substantiated at
these sites (10, 11). Cloning of Burom human cDNA libraries showed the presence of
a distinct isoforms, P@r however no function was assigned at this time (1h)this
regard, the human ortholog of MSY1, YB-1 for Y-box bindingtpm 1, was shown to
facilitate, and bind a pyrimidine-rich ssDNA sequence irtga for regulation of the
humanDRA promoter (major histocompatiblity complex Il gene) lexhlthe Y-box (69,

183).
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Consistent with early models of cryptic MCAT enhancegulation of SMA
expression, Pur and YB-1 were shown to cooperatively regulate exprasgmm the
human JC virus (HJCV) Iytic control element (36). Thigling, along with studies by
Sun, et al (275), suggested thatdwand YB-1/MSY1, and possibly Rurconstituted an
ensemble of cooperative transcriptional regulators, whighinteraction was able to
modulate and augment individual ssDNA-binding properties (38k stated above,
studies by Kelm and colleagues (141) investigating molecul@ractions between
recombinant Pur, PuB, and MSY1, established that Pur proteins are able to hmd t
forward strand of PE (PE-F) as homo- and/or heterammeiis, suggesting that Pur
protein self-association and [uiPufy association may either facilitate binding to
SSDNA, represent a regulatory step in ssDNA-binding, aerdehe repressive activities
of the PE-nucleoprotein complex. Furthermore, theseliet also showed direct
interaction between MSY1 with Ruand Pup.

To test the hypothesis that sequence-specific ssDNAfgngdroteins (sequence-
specific SSBs) are responsible for preventing MCAT occapdiy TEF-1, Carlini, et al,
systematically analyzed the ability of &M promoter constructs harboring mutations
that selectively inhibit binding of Pur Puf3, and MSY1, but not TEF-1, to drive
expression of a reporter gene (28). These studies shbmaetbss of sequence-specific
SSB-binding releases repressive effects of the cryptic MEahancer, and that drastic
reduction of Pur protein binding can be induced by deletion déatides -194 to -192,
highlighting the importance of these nucleotides in Patgm-ssDNA nucleoprotein

complex formation. Additionally, these studies adbowed that Par, Pu3, and MSY1
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possess the capacity to interact with TEF-1, SRF, @8 8s well as with double-
stranded PE, albeit weakly, by virtue of low-stringeBeyA pull-down techniques. This
data supports the concept that sequence-specific SSB-ndeckatession of the MCAT
enhancer element occurs by protein-protein interaction ingaskffects, although
observable indirect association (DNA or ternary caxphediated) could not be
discounted by this approach. Nonetheless, opposing cometitd masking models for
cryptic MCAT enhancer regulation by RuyrPufl, and MSY1 were proposed (28),
however, a thorough experimental attempt to discrettieeof these models has not yet
been performed. The implications of detectable intenacf Pur, Puf3, and MSY1
with SRF and Sp3 are that sequence-specific SSB-mddiajgression of SMA
expression may be accomplished by disruption of SRF and t@p&-activation
properties by virtue of protein-protein interactions. Osirailar note, Py has been
shown to competitively disrupt muscle-specific CArG lmmding, and not-fos CArG
box binding, by SRF and gene activation in cardiac muscle ggpression (103).

A consistency in the literature surrounding duPu, and YB-1/MSY1 function in
the mechanism of cryptic MCAT enhancer element reguladib SMoA is that these
proteins are able to function as sequence-specific SSisctiption factors in a
predominantly dsDNA genome despite exhibiting low affinity @&DNA. A general
supposition for sequence-specific SSB activity at gene g@emsequences is the
coincident existence of structural perturbations withgn DNA duplex structure that are
either created by virtue of SSB binding or facilitated by learyi factors to provide

binding sites for SSBs. Widespread dynamic structural reggraents have been noted
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in promoter regions of numerous protein encoding gem¢ablyc-Myc (8, 75, 153, 192,
288), platelet-derived growth factor A-chain (298, 301), vascetatothelial growth
factor (274), tyrosine kinase pg6d (229), high mobility group protein A (235), insulin
receptor (285), androgen receptor (39), and epidermal groutthr ieeceptor (130). The
distribution of non-B-DNA structures vivo appears to be non-random, as it is limited to
specific genes, although transcriptional activity is motiversally coincident with
structural alterations (33, 161). Observed non-B-DNA, orrngaréc structures within
gene promoters include ssDNA, slippage structures, crudfofleft handed) Z-DNA,
(triple helix) H-DNA, quadruplexes, and protein stabilizedapamic structures (313).
The observation of non-B-DNA structures is most cammn sequences of DNA
possessing tracts of asymmetrically distributed nucleptidd/T or G/C rich),
polypurine/polypyrimidine, alternating purine/pyrimidine, onutleotide repeats (204,
227, 235). Often intervening or non-B-DNA/B-DNA transitioucleotides exhibit stable
ssDNA character (105) detectable by use of ssDNA-speeifigents (9, 130, 192, 229,
235, 274, 285, 298, 301). Physical analysis has shown that ¢ga@dlstress further
facilitates B-DNA to non-B-DNA structural conversions (2@40), as well as localized
duplex meltingin vitro (153) andn vivo (154), and that non-B-DNA structures typically
possess lower melting temperatures (227, 249). The nattopadbgical stress vivois
believed to be negative supercoiling which is generated apstigf transcriptional
machinery by associated helicase-mediated unwinding occurdmgnstream of
transcription (154, 179, 260). The reality of localized mglof promoter sequences is

exemplified not only by ssDNA-specific reagent sensitj\ats mentioned above, but also
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by the involvement of sequence-specific SSB transcriptioriorfacthat regulate
expression at these and other promoters. Collectivibigse findings support the
importance of non-B-DNA structures in mechanisms of gegalation.

The existence of the proximal MCAT enhancer of thea®\promoter embedded
within a region of extensive purine/pyrimidine asymmetrypdted with the involvement
of sequence-specific SSBs in the regulation of this eterueled speculation of DNA
structural interconversion as being a possible componérBMA transcriptional
regulation. As suspected, detectable single-stranded tdraiacobserved within the
vicinity of the proximal MCAT enhancer element of the &Vpromoter (9). Treatment
of cultured AKR-2B mouse embryonic fibroblasts with T@E-a serum factor well
established to induce SM\ expression in fibroblasts (64), causes transient changes
the sensitivity of genomic S&KA promoter DNA to reagents that preferentially resith
unpaired or unstacked nucleotides, including choroacetaldehyde potassium
permanganate, as assessed by ligation-mediated polymehase reaction (PCR)
techniques. Specifically, hypereactivity in bases immebtjiatipstream of the core
MCAT sequence is observed upon activation ofo@\Vexpression, signifying induced
vacancy of this region by dissociation of sequence-3pe88Bs at nucleotides deemed
to be necessary for binding of these factors (28, 48, 254%a result of TGH1-induced
hyper-reactivity, the region encompassing the core MCA@ment and adjacent
sequences was referred to as the P&Fhypereactive region, or THR (9). The
importance of this region proximal to the cryptic MCAifhancer element was verified

by responsiveness to TGH- treatment in AKR-2B andrans-activation by Spl/3,

28



similar to what was observed for TCE (47). It has beeted that upon TGB4
treatment of cultured human pulmonary fibroblasts, YB-$satiates from the
pyrimidine-rich strand of the S&A MCAT enhancer element and shuttles to the cytosol
as SMxA messenger ribonucleoprotein complexes (MRNPS) viatagem activated
kinase pathway (319) and possible C-terminal processinganisch (269). A similar
mechanism for Pur protein shuttling has been proposed, but nadhm(jA.R. Strauch,
personal communication), as has been mRNP involvemeRubyroteins. This latter
point has been hypothesized based on observations of Pungtoiteding to the CE in
the 5 untranslated region (UTR) of reporter mRNAs aayisreduced levels of
translation (142). Thrombin treatment of human pulmonéibyoblasts induces
dissociation of Pur, Pu, and YB-1 from mRNPs and subsequent shuttling of these
proteins back to the nucleus, thus permitting fast traoslati SV A transcripts and thin
filament assembly (319). These findings have direct safibns in the role of TGB4,
thrombin, and sequence-specific SSB/RNA-binding proteins,,PRu3, and MSY1 in
excessive myofibroblast differentiation and subsequesitwsive tissue remodeling, and
may represent a permissive mechanism fon8Merepression.

Pur protein involvement in regulation of S gene transcription and translation has
been detected outside of cryptic MCAT enhancer repressmonmRNP sequestration.
As noted before, serum-responsives-elements beyond the non-canonical CArG
elements contribute to SM\ gene regulation. Namelytrans-activation of gene
expression by binding of Sp1/3 to the TCE and THR elemexgsbben demonstrated

(47, 110). Examination of sequences flanking the TCE idedtdn overlapping purine-
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rich subdomain similar to what is observed in the THRjgesting cryptic character of
this cis-element as well. Examination of the ability of teexjuence to interact with Pur
proteins verified not only binding capacity, but also thatupation of this element by
sequence-specific SSBs can occur in a double-stranded configuiratcell extracts.
Furthermore, overexpression of Buwr PuB reduces reporter expression from acsM
promoter construct in which the proximal MCAT element haenbeeleted, suggesting
that this element, designated as the SPUR element (SpRIB protein), confers both
positive and negative regulatory functioms vivo (272). Additionally, TGH1
exposure is coincident with dissociation of Pur protéiomn SPUR, as a detectable Pur
protein:Smad2/3 complex, thus demonstrating physical interecf Pur. and Pup with
Smad proteins, and elucidating a regulatory mechanisnefprestration of repressors in
SMoA activation during myofibroblast differentiation andstie remodeling (272).
What's more, SRF has exhibited potential to circumventiihediated repression at
SPUR in stressed adult cardiac myocytes undergoing/ASMprogramming (271, 318).
This capacity of SRF to neutralize Burepression comes from its ability to form a
SRF:Pua. heteromeric complex. Similarly SRF-overexpressi@s feen shown to
circumvent Pys-mediated repression of SM (145), thus underlying the importance of
protein-protein interactions and the dynamic interplaytrahsregulatory factors in
regulating SMiA expression during phenotypic modulation by a varietyediftypes.

The complex nature of S&R promoter regulation by the involvement of humerous

cisregulatory elements, and diverse interactions withudtitude of interactingrans
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acting factors epitomizes eukaryotic gene expressionweMer, additional layers of
epigenetic regulation have been identified at the lefehromatin modification as well.
Extensive chromatin histone acetylation and concom$&# occupation in the -150 to -
50 (CArG1 and CArG2) region of the genomic &M promoter is observed in SMC-
lineage restricted cell types vivo (189). Interaction of SRF with myocardin augments
association of SRF to acetylated histones during getreaion, and deacetylation of
histone H4 is coupled to SM repression in response to vascular injury. Adenoviral
E1A cotransfection experiments in AKR-2B mouse embryd@ibioblasts and rat smooth
muscle cells confirmed that specific targeting of theP@BO00 family of histone
acetyltransferases and pRb pocket proteins causesA$ivbmoter inactivation in ais-
element and cell cycle-dependent fashion, thus imphgatiese proteins in epigenetic
and cell cycle-dependent regulation of &Mexpression (297).

In conclusion, the regulated expression ofd@Mexpression in various cell types is
the consequence of a diverse and extensive protein-protipratein-DNA interaction
ensemble that, in turn, permits highly plastic expressibmhis important functional
filamentous protein. Adaptability of S\ expression is a crucial component for
cellular responses to physiological and pathologicaludtithat impart either beneficial
or malevolent phenotypic consequences. The documenteldenvent of Pur proteins in
pathophysiological SMA repression makes them suitable targets for intensddmical

study.
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PUR PROTEIN STRUCTURE AND FUNCTION

The Pur family of proteins is comprised of a group of fiometlly-related, highly
homologous DNA/RNA-binding proteins, and consists of fowmbers in mammals,
Pura, PuiB, and the two isoforms, Pyrand Puy,, however in lower eukaryotes, namely
Drosophila melanogastemultiple Pue. isoforms have been detected (118). Despite the
fact that a relatively high amount of knowledge regardtogr and Puf structure and
function has accumulated in recent years, very ligleknown about corresponding
properties in Pyt The focus of the following section is a review aird® and Pufg

structure/function characteristics, as this pertains ts¢bpe of the work presented here.

THE BREADTH OF PUR PROTEIN FUNCTION

Much of what we know about structure and function oftoteins comes from their
involvement in diverse cellular events, with binding of leiecacids being a common
aspect in these processes, whether direct or indii2istovery of Pux was the result of
a survey of proteins that were believed to be responfiblenforcement of structural
perturbations that are observed in origins of DNA ogpion in HeLa cells (10).
Investigators examining a zone of DNA replication ne@iry thec-mycpromoter in
humans identified a protein that binds a purine-rich eftrfs calledPUR-element) at a
site of DNA bending that, presumably, causes disruptibinelix conformation and
localized melting of strands. It was also noted that glhagein displays specificity for

purine-rich ssDNA sequences, endorsing the claim thadlibgrinduces unpairing of
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complementary strands in this region of genomic DNApemits helix disruption by
occupancy of SSBs. Methylation interference pattehasved that this protein forms
specific contacts with guanines in ssDNA sequences repatisendf thePUR-element,
and similar purine-rich motifs were identified within othknown zones of DNA
replication, suggesting the importance of these sequamcethePUR-binding factor in
the initiation of cellular DNA replication (10, 259) a®Mas in the replication of viral
genomes (36, 136, 155, 238). Cloning and sequencing of the sofdiethctor led to
the identification of Pur (11).

Numerous roles for Parhave been elucidated in regards to regulation of cell cycle
progression. Aside from cellular replication origmeractions described above, clues to
further involvement in cell cycle control came from ewaation of the replication of
viral genomes. Regulation of lysogeny in the human Jg@pw virus (HICV) has been
shown to require the differential and reciprocal adésitof Pue and YB-1, modulated
by interactions with the JC tumor antigen (36). The petition between opposing
activities of Pus. and YB-1 dictates entry into the lytic cycle, withir& maintaining
lysogeny by governing expression of early genes via dispEmeoi YB-1. Modulation
of YB-1 ssDNA-binding affinity by HICV tumor antigen asgadion causes disruption of
Puro:promoter interactions, expression of late genes, aminitient to the lytic cycle
(238), whereas association of Ruand HJCV tumor antigen results in attenuation of T-
antigen-mediated transcriptional activation of viral @emecessary for lytic entry (93).
Overexpression of Pursuppresses replication of HICV genomic DNA in infecteal gl

cells (34), but has the opposite effect on HIV-1 genompécetion (41). Interestingly,
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the capacity of coinfected HIV Tat protein to bind, sequestel @modulate Pur
sequence specificity to activate late gene expressionnapose lytic entry by HICV
supports the notion that partitioning of Buactivity is important for regulation of
transcription of viral genes and viral DNA replicatidb5).

The repertoire of Puarviral protein interactions utilized in the regulation afal
genome replication suggested similar mechanisms may Ipéoysd by cells during
regulation of cell cycle progression. Examination ofoPprimary structure identified a
signature motif utilized by several cell cycle regulaftorgrotein-protein interaction (11,
182). Namely, the presence of a C-terminal “psycho” imatiPuro suggested this
protein might interact with the tumor suppressor retiastiolma protein, pRb, a factor
known to cause gcell-arrest when normally expressed or loss of grawathtrol when
mutated or deleted. Indeed, direct interaction otRuith hypophosphorylated pRb was
established in a psycho motif-dependent manner, and thisdtimn modulates the
binding affinity of Pue. for its sSDNA recognition element in treemyc origin of
replication. The implications of Purand pRb association were not realized until studies
were performed that correlated ByyRb complex level alterations with growth phase
entry suggesting that this complex may aid in preventisgraBly or processivity of
replication machinery from origins of replication. ve¢s of Pue significantly drop just
prior to the onset of S-phase, and return prior to msitos CV-1 fibroblast cell lines
(125). This is consistent with findings that show migjestion of NIH3T3 mouse

fibroblasts with Pux causes cell cycle arrest in populations in early S phaseG
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(265), and that overexpression of &umhibits Rasinduced colony formation in NIH3T3
cells (7) similar to its effects on HICV (34). Furtnere, the subcellular localization of
Puro is governed by either pRb or cyclin A. Detectable aitgon of Pus with cyclin

A, via interaction with a cyclin A/Cdk2 ternary compldws been shown to stimulate the
phosphorylation of histone H1 by cyclin A/Cdk2vitro (177), suggesting that cyclin A-
sequestration of Parmay result in permitting S-phase entry and facilitabd chromatin
decondensation necessary for replication. aPuay also play dominant-negative roles
on other regulatory proteins, as association ofaPwith transcription factor E2F-1
suppresses E2F-1-induced activation of S phase-specific geoessary for cell cycle
progression (58). Collectively, these studies point that Puo exerts negative
regulation of cellular and viral DNA replication, ajtlgh mechanistic aspects of Rur
protein-protein and protein:ssDNA interactions remain uaggris do possible parallel
roles for Pup.

Since its discovery, Parhas been implicated in numerous aspects of nucleic acid
processing aside from DNA replication, none more importperhaps than its
involvement in gene regulation. The verification ofdurvolvement in transcriptional
regulation is the direct result of identification géne regulatorgis-elements that bear
resemblance to purine-ricPUR-elements. The first identification of Ruras a
transcriptional regulator was in the regulation of thesterin gene in quail infected with
the Rous sarcoma virus, showing that this protein ngtwat important for mammalian

DNA replication (182), but is also conserved for tramgmn regulation in numerous
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vertebrate classes (115). Involvement PUR-elements and Puor interaction is
especially widespread in the expression of genes impdaaneuron development and
function. For exampl®UR-elements and Parbinding has been identified in promoter
regions of protein FE65 (316), neuronal nicotinic acetylcleoteceptor (74), and myelin
basic protein (107), where Ruractivates transcription. Contrastingly, &unas also
displayed negative regulatory functions as a neuronasdrgmional repressor. For
example, Pux represses expression of the neuronal and hemataptiatiscription
factor Gata2in the central nervous system, which is opposed byréims-activator Sp8
(214). Similarly, cAMP-response elements of the sontatiosand tyrosine hydroxylase
gene promoters in opiate-exposed neuronal cell line éxtame suppressed by Bun a
PUR-element-dependent manner (70, 207, 237). Autoregulation of &gpression in
glial cells has also been reported, BER-element-dependent repression of d&ur
promoter activity by ectopic expression of &lras been observed (200).

Tightly controlled expression of Rurduring neuronal development suggests that
gene activation afforded by Rupromoter interactions is crucial to development of
functioning neurons (107). Exemplification of this trencgisvided by mouse models
harboring nullifying homozygous mutations in Rualleles PURA") which exhibit
severe postnatal neurological defects and eventualtyatdlie to lack of neuron
population, neuron myelination, and neurofilament assgm{46), moreover
heterozygous deletions of both Buand Pup have been noted in human patients with

acute myeloid leukemia (169). In addition to temporal expresand promoter
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interaction of Pux, protein-protein and protein-RNA interactions appear t@a loeucial
component of Pur-mediated gene expression. For example, temporal ewpnesand
interaction of Spl with Par augments Puar.promoter interactions and expression of
myelin basic protein (MBP) in neuronal cells (291). Asstian of HICV tumor antigen
with Puix causes a downregulation of MBP expression, and subsdaymotnyelination
of infected, non-Iytic brain cell® vivo (290). Translocation of Parfrom the nucleus
to the cytoplasm during neuronal development by virtuentdractions with three
distinct, yet uncharacterized, Pur-binding proteins are tkeglevelopmental timing in
mouse brains (317), suggesting that compartmentalization qirBi@ins is a mechanism
utilized by cells to partition transcriptional/transtetal regulatory activities of these
proteins in accordance to what is observed for DNA captn-governing by Puar(125).

As discussed extensively in a previous section, Pur psoteime been implicated in
the transcriptional regulation of numerous genes, aditdie realm of neuron-specific
proteins. For example, Ruiand YB-1, in conjunction with P@rand AP-1 (c-Fos and c-
Jun), regulate expression of the cell death-associatéace protein, Fasn a complex
and dynamic manner. Specifically, Buand YB-1 overexpression results in repression,
which can be antagonized by Busuggesting that either co-association of these proteins
modulates DNA-binding properties of u¥B-1 complexes or that Pgircompetes for
promoter sites resulting in derepression (162). These stathe highlight functional
differences between Rurand PuB in mechanisms of gene regulation. &uras also

been shown to repress expression of CD43 in activateddgeties in conjunction with
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heterogeneous nuclear ribonucleoporotein K (hnRNP-K) (54)) tlaa expression of the
nicotinic acetylcholine receptds4 subunit in neurons (74), also in conjunction with
hnRNP-K, Spl, Sp3, and Sox10 (190). Similarly, cPliat heteromeric complexes
repress TNE expression in HIV-1-infected glial cells (59). The imption of Pu& and
PumB in repression of SMA expression, as discussed extensively in a previous sectio
has also created a focus on these proteins in regulatiey otisscle-specific genes.
Similar to SMxA expression, Pur and Pup negatively regulate expression of cardiac
myosin heavy chainotMHC) via interactions with a purine-rich regulatoryrant in
the first intron which is essential for cardiac-rieséd expression, and by direct
interaction with the transcript thus regulating transfaof the mRNA in the cytoplasm
(103, 104). Contrary to repressive roles exhibited by Puripsotin cellular gene
expression, Pur has shown the capacity to activate transcriptiorhefRDGF-A gene
via interactions with a purine-rich, and S1 nuclease-seasiegion of the promoter
(322).

As indicated, several studies have implicated Pur protieinganscriptional and
translational regulatory mechanisms. In addition tdo3 and cardiaca-MHC
translational regulation, in which binding of mMRNA by &w@and Pug (and MSY1 in the
case of SMA mRNA) attenuates translation of the mature trapssr(104, 142), Pur
protein involvement in the translational regulation of ntoue mMRNAs has been
identified. Pue and Pup were identified as two of 42 proteins involved in kinesin-

associated large mRNA transport granules (138, 206). Aitudét of interactions
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between Pur and other proteins with extensive mRNP involvement, ehanyB-
1/MSY1 (50, 77, 87, 112, 188) and hnRNP-K (190, 286), have fueled specidatto
whether Pur proteins are intimately involved with widespiteadslational regulation. It
has been speculated that YB-1 at low concentrationsallbsts mRNA tertiary
structures to permit ribosomal access and assembhheremplate, whereas higher
concentrations may restrict access (188). It is unknatvether similar mechanisms are
employed by Pur proteins. Copurification of &with 18S ribosomal RNA prompted
the discovery of Pur's ability to limit translation in reconstituted assagsa dose-
dependent manner (90). Validation of this theme has bheted in neuronal cells in
which association of Parwith ribosomes in mouse brain homogenates increases during
postnatal brain development (173). RNA-mediated activitgutaiion of Pus has also
been noted. For example, association of HIV-1 Tat pratéh Pur: is dependent upon
ligand-induced reconfiguration of Rumupon binding to RNA derived from the HICV
PUR-element (311). Similarly, association of RNA homologdo the signal recognition
particle (SRP) 7 SL RNA (so called leuassociated, or PU-RNA) has been shown to
negatively alter Pur binding affinity for the MBP promoter (289), suggesting that

additional layers of regulatory activity exist within tinmiltifunctional protein.

STRUCTURAL CONSIDERATIONS

High primary sequence homology between cPwand Pup suggests that these

proteins are paralogs within given organisms and have arisem r@sult of gene
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duplication and divergence. This is exemplified by primaegugnce alignment, as
shown in Figure 1.2 (alignments performed with T-COFFEE -beed software,

http://tcoffee.vital-it.ch (205), using amino acid sequences deposited to the National

Center for Biotechnological Information). Variougyikans of high sequence homology
and identity can be observed between paralogs, and shmesarities are present within
orthologs from diverse species spanning the vertebratel@amf the phylogenetic tree,
suggesting that these regions correspond to modular stiueferaents critical for
function. Despite extensive sequence identity betwemmalogs (~71% in mouse),
distinct regional differences can be observed, eafpgdn the terminal regions, as well
as intervening sequences between putative domains. Theteeruence conservation
within regions of paralog divergence among orthologs inegc#bat these regions are
critical for distinct paralog functions. As describabdove, examination of protein
components that regulate and recognize origins of DNbcaion led to the discovery
of Purx, a HelLa cell nuclear component that binds to purine-ssDNA sequences
derived fromc-mycanddhfr origins (10). Initial cloning and analysis of Bualluded to
modularity and repetition of tertiary structure withie ttentral region and led to putative
domain assignments for the detected domains (11). The pplmsnain architecture
for Purn was described, as indicated in Figure 1.2, inset. As odlabe in which this
review was composed, three-dimensional structure dayatgtiographic, NMR, high-
resolution microscopy) has not been reported for anygPotein, nor has any low
resolution analysis been presented to argue against pl¢hieyical domain assignments.

The modular structure proposal stems from the observaf two repeating sequence
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Figure 1.2. Multiple primary sequence alignments of Puwx orthologs versus Puf
orthologs. Primary sequences alignments of &wand Pup orthologs from diverse

vertebrate species showing sequence homology betweenogsarahd orthologs.

Alignments were performed with TCOFFEE softwatdty://tcoffee.vital-it.ch, and

alignment score color coding is explained at the topclefher. Regions of homology
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follow a modular protein structural arrangement as atéid above the alignments and in
the lower right panel. Positions of residues implidatessDNA-binding are denoted by
arrows (Wortman, et akQ05 Biochem Biophys Acth743:64-78). Primary amino acid
sequences were obtained from the National Center iote@nological Information
protein database.Dr, Danio rerio (Puic. NP_00101846, P@rQ6PHK®6); Hs, Homo
sapiens(Puro. Q00577, Py AAK72642); Mm, Mus musculugPuio. NP_033015, P
NP_035351)Rn Rattus norvegicugPui XP_001063244, P@ArNP_001017503);XI,

Xenopus laevigPuion NP_001086909, PAMP_001079178).
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motifs. The first class, referred to as class hststs of three 23 amino acid repeats
separated by the other repeating motifs, two class llatepsf 26 amino acids. Both
class | and class Il repeats exhibit high degrees of h@yol€lass | repeats are greater
than 65% homologous with 17% amino acid identity, whereassdl repeats are 69%
homologous with 34% of residues completely conserved. riElmees of these repeats
have been changed in order to more completely re#egtesice character, as indicated in
Figure 1.2, inset.Class | repeats are abundant in basic and aromatituessiwhile class
I shows high levels of leucine and acidic residues (92).145

The primary function that has been proposed for botk Rad Pug is preferential
binding to ssDNA that is rich in purine nucleotides, paléidy guanines, and as such,
has been referred to as sequence specific. This chasésed on compiled findings of
many groups that have examined DNA-binding properties of theseims. Assignment
of putative domain functions was carried out using Puridel@utants in SSDNA/RNA-
binding functional assays. In human &uit was shown that a core domain consisting of
the first two class | and class Il repeats (aminosaéib-191 of the human ortholog) is
necessary and sufficient for binding to short purine-s&€DNA sequences derived from
the human JC virus Madl control element pentanucleotgeat (36), thec-myc
replication origin (133, 310), MBP promoter regulatory sequétiBé (289) and cAMP
response elements (CREs) of somatostatin and tyrdsideoxylase promoters (70).
Additionally, this core region was identified to be rssagy for helix-destabilization
properties of Pur, as assessed by the protein’s ability to displace strarids of DNA

complementary to regions of single-stranded M13mp18 plafNid (56). Equivalent
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regions in mouse Pfiralso constitute binding to sSDNA and RNA correspogdmthe
purine-rich strands of CE and PE (PE-F), albeit watwdr affinity than the full-length
protein (145). However, a difference betweenoPamd Puf arises from the requirement
of the third class | repeat for binding of Buo ssDNA, whereas this repeat appears
dispensable in Pur(145). Point mutations of Arg residues within class | repeae and
two of human Pur (R71E and R110E, respectively) appear to have drastic oityibit
consequences in ssDNA binding, as well as the abilitheptotein to displace shorter
complementary strands of linear partial duplex DNAs, sugggethat these residues may
participate in ssDNA-binding via sidechain guanidinium elestatic interactions with
either the phosphate backbone or hydrogen bondingsjacéfucleotides (presumably
guanines), or by cation-interactions (310). Experiments evaluating equivalent point
mutations in mouse P@irsuggested, however, that these mutations may result in
destabilization of tertiary and quaternary structur¢hef protein and do not necessarily
reflect that these arginines make atomic contacth w#DNA (149). Unequivocal
identification of ssDNA-ligating amino acids in Pur prateihas not been reported.
Reasons for this are clearly that the degree of sequdroéty between Pur protein
paralogs and orthologs has made the identification adicariresidues non-obvious.
Additionally, modularity may serve as a means of campéng for deleterious amino
acid substitutions in regard to nucleic acid-binding functions

The repeat region of Purhas also been implicated in contributing to diverse prote
protein interactions. For example, interaction ofoPtar viral protein HIV-1 Tat protein,

and HJICV and SV-40 large T-antigens is confined to amines &5eR15 (155), and 72-
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123 (93), respectively, while association of YB-1 has beealized to amino-acids 174-
215 (238). The overlapping nucleic acid-binding and protein-proii@raction
properties of Tat and YB-1 association regions may bgjgain, in part, how Tat and
YB-1 enhance ssDNA/RNA-binding affinities of Furfor specific sequences of the
HJCV Tat-responsive element (155) and Iytic controlmelet (238), respectively.
Furthermore, RNA-mediated high-affinity self-assooatof Put. has been localized to
the second class Il acidic/leucine-rich repeat (91), whghinterruptible by Tat
association (155), suggesting that this region contribotégtierogenous protein-protein
interaction and self-association in a mutually exclusnanner, and that self-association
may enhance nucleic-acid binding in a way similar to Trad &B-1 heteromeric
association.

Speculation regarding the tertiary structure of Pur preteas been limited in large-
part by the fact that Pur proteins share very little secpidblomology to other proteins of
known structure. However close examination of the @annsequences of mouse and
human Pux led to the discovery that a structural motif locatedrribe C-terminal end
bears striking similarities to other cellular and virabteins known to be involved in
initiation of DNA replication. Initial analysis dhis region suggested that it might adopt
an amphipathic helix, based on predicition rules (11)cofe motif conserved among
several viral transforming T-antigen peptides is Pro3SerPSY), followed downstream
by a Cys (C) residue, while Rurexhibits slight degeneration of this motif with PTY.
Based on this character, this region was termed the @syolif (182). Interestingly, the

corresponding motif in the simian virus large T-antigen 4figim is known to interact
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with pRb. As suspected, and described above, the psychandofrauix constitutes a
pRb interaction face (133). Thus fam,vivo interaction between Pfirand pRb has not
been reported, despite ~92% motif homology between muysaralogs. Perhaps
positions of non-conservation represent residues thatrilsote important atomic
contacts, although this matter has not been investigated.

As mentioned above, striking differences in primary seqeere observed near the
N-, and C-termini of Pur and PuB, especially in regard to the positioning of
pronounced polyglycine tracts. PBucontains two stretches of polyglycine of eight and
nine residues separated by FQPAPR, whereas Ras a seventeen residue polyglycine
stretch interrupted by a single serine. The lack oéMainal conservation among feur
and Pup orthologs suggests that the functions contributed by tleggens are species-
specific, and has been the subject of study (discussedav)beloternal polyglycine
stretches in Pfirare also observed that disrupt the second basic/amraat the second
acidic/leucine rich repeat, in addition to a tract fomecr the C-terminus, all of which
are absent in Por(Figure 1.2). All told, glycine content reaches 22.2% &% in
murine Pup and Pua, respectively, perhaps signifying a reason for the tckighly
ordered crystal structures for these proteins. High mdyadontent and polyglycine
stretches have been observed in several proteins pogsesscleic acid helix-
destabilization properties, including the UP1 subunit of bgesreous ribonucleoprotein
Al (46, 86), nucleolin (99), and tlkemycpromoter far-upstream element binding protein
(FBP)(62), although the exact function attributable to dgbtige tracts is unknown.

Peptide backbone flexibility imparted by these regions wndyin adaptive structural

46



rearrangements necessary for concerted modular domtgenadtion and function.
Additionally, removal of the N-terminus (residues 1-84Puno has created aggregation
problems making its study difficult (133).

Multiple studies have shown that the N-terminal ragicof Pur proteins are
dispensable for single-stranded nucleic-acid binding (145, Bb@)ever ,appear critical
for binding to long dsDNA molecules (310). Therefore, Niiar are generally regarded
as regulatory motifs, necessary for seemingly disfunactions among the paralogs based
on sequence divergence, although specific interaction grartremain unidentified.
Despite sequence differences, similar repressive aeswvif Pus. and Pup have been
localized to the N-terminus. Removal of amino acie®61of Puw results in loss of
autorepression of Parpromoter:reporter constructs in multiple cell typ28Q), whereas
equivalent deletion in Pfr results in loss of repression of a full-length &M
promoter:reporter construct in rat smooth muscle ¢bds is otherwise repressed when
cotransfected with constructs that overexpress wild-Bpg (145). It remains to be
seen if these N-terminal-mediated mechanisms of represse equivalent in terms of
protein-protein interaction profiles.

Other structural distinctions between &uand Pup made obvious by sequence
alignment are the divergence observed in the C-termifhile both paralogs possess
high Glu (E) content, mouse Rudisplays a high number of Gln (Q) residues including a
seven polyglutamine stretch. The corresponding motthause Py is replaced by a
polyglycine stretch (Figure 1.2). Glutamine-rich domainsehaistorically been ascribed

transcriptional activation functions (97), however palygmine tracts have also been
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associated with DNA helix distortion and unwinding propseriie Drosophila GAGA

factor (307). Removal of the C-terminal portion of &uf215-322) has deleterious
effects on the ability of the protein to bind linear dsDRBL0). Similar to Put N-

terminal deletion, removal of amino acids 264-324 offjPailso results in a loss of
repression of SMA expression in an MCAT enhancer element-dependent mab#e)y

and loss of interaction capabilities with MSY1, and (t42). Divergent means of
MSY1/YB-1 association between Fumand Pup suggests that varied stoichiometric
combinations of these corepressors at thexANMICAT enhancer may serve different
regulatory functions. Loss of function studies addressimg issue is the focus of
Chapter Ill. Interestingly, despite different reportetdiaction interfaces utilized in YB-
1/MSY1 association, Pur(238) and Py (145) both display modulated ssDNA-binding
properties in the presence of these Y-box proteins, \emae mechanism attributable to

this feature has not been described.

NUCLEIC ACID-BINDING PROPERTIES

Discovery of the prototypic Pur protein, Burwas the result of investigation into
cellular protein components that bind and stabilize puricte-regions of thec-myc
associated origin of DNA replication that displayags-stranded character (10, 11).
From the very beginnings of Pur protein investigation, adigna has emerged regarding
Pur protein function, as well as those of other knowguence-specific SSBs. The

challenge has been defining the mechanism by which sequeeciliesSSBs recognize
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and stably bind target sequences in the presence of coengkmy strands that possess
high degrees of affinity for the same target sequence.cugee hypothoses to this
problem have predicted that inherent capabilities of seque8Bs-or associated SSBs to
destabilize double-helix conformations of DNA permit staligeraction, either by
ATPase (helicase) activity or by direct thermodynanampetition with annealing. Of
course, speculation has also proposed that coupling afdesdtabilization by topological
stress generated by negative supercoiling may aid in thgmaodc competition by
reducing melting free energies of DNA duplexes. To deleebese issues, and to
further identify genomic targets of sequence-specific S38searchers have examined
many aspects of ssDNA-binding of sequence-specific SSBsudingl sequence-
specificity, affinities, stoichiometries, and strandpgdacement capabilities. In this
regard, work that has been performed on Pur protein DNAsmngroperties has
suffered from inabilities to designate “consensus” sequeincd3ur proteins, and if they
differ between paralogs and/or orthologs. As statedegdugh degrees of conservation
within nucleic acid-binding domains of Ruand Pujp among diverse organisms suggests
a preservation of nucleic acid-binding properties; howetleis has not been
substantiated, and the lack of designation of ligating aracids within these domains
leaves this claim open to scrutiny. The following idescription of the nucleic acid-
binding properties of Parand Puf as reported in the literature thus far.

Towards the goal of understanding shared and distinctiowd@l-binding properties of
Pur proteins, numerous and diverse ssDNA and RNA oligonutdsobhave been used to

gauge Pur protein involvement in promoter, replicationimrignd ribonucleoprotein
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interactions. Comprehensive examination of the histibyicalized nucleic acid probes,
as they are reported in the literature, unfortunately taiprovide speculative insight into
the nature of Pur protein-nucleic acid interactions tduhe vast heterogeneity of these
sequences. Table 1.1 offers a wide-ranging summary, altieiall-inclusive, of various
sequence identities, nucleotide lengths, and Pur proteiraatian affinities for these
molecular probes, compiled from numerous reports in éady and contemporary
literature (6, 7, 10, 11, 28, 34, 48, 91, 103, 104, 106, 107, 129, 133, 136, 141-145, 149,
155, 238, 259, 272, 275, 289, 291, 322).

What can be ascertained from Table 1.1 is that Pura arldl gossess diverse targets
throughout numerous genomes and transcriptomes, withtargst sequences exhibiting
a high degree of purine content, and a high level ofigffwmhere it has been reported.
Sequences with a relatively low purine content show redaffmity, as demonstrated by
comparison of affinities of Pur proteins for short coempéntary oligonucleotides.
Comparing affinities of BPV1 to BPV2, for example, shangifference in affinity close
to an order of magnitude. This also, however, showsRttaproteins exhibit low levels
of affinity for pyrimidine-rich ssDNA. For this reasd’ur protein ssSDNA/RNA-binding
is generally regarded as promiscuous based on the facthéwe sequences exhibit
extensive heterogeneity, and a clearly defined bindingcaitenot be established by this
simple approach. A consistency in the literature sungdong Pur protein target sequences
is that these proteins bind to defined (GGN)n repeat motifgs tfend stems from early
surveys of demonstrated targets, and can be seen in TdbleHowever, issues arise

from this definition of a Pur-binding site due to the fatttat demonstrated
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Table 1.1.

Oligonucleotides with established interactionsith Pur proteins

Oligonucleotide ~ Description Sequence (5'-3") K/ (M)

MF0677 c-mye origin of replication (ssDNA, 24mer) GGAGGTGGTGGAGGGAGAGAAAAG 7.0 x 1010 (Purc)); 8.0 x 10710 (Purp)
PURI (MF0677) c-mye origin of replication (ssDNA, 24mer) GGAGGTGGTGGAGGGAGAGAAAAG 33x1090

MBla MBP promoter (ssDNA, 24mer) TCAGAGGGCCTGTCTTTGAAGGTC

MBP Pura consensus MBP promoter (ssDNA, 12mer)
Hypothetical Purat binding site (ssDNA, 24mer )

IUCV origin of replication (ssDNA. 18mer)

IICV Pura Ori
HICV Pura Ori l¢

VG-1 HICV origin of replication (ssDNA, 27mer)
55-G Human telomeric repeat (ss/dsDNA, 24mer)*
RgR2 c-mye origin of replication (ssDNA, 24mer)

PE30-F (PtM-F, PE-F) SMaA MCAT enhancer (ssDNA, 30mer)

CE-F SMaA Coding sequence (ssDNA, 30mer)

CE-RNA SMaA Coding sequence (ssRNA, 30mer)

PE32-F SMaA MCAT enhancer (ssDNA, 32mer)

SPUR32-F SMaA SPUR element (ssDNA, 32mer)

THR32-R SMaA THR element (ssDNA, 32mer)

SHS PDGF-A promoter (ssDNA, 33mer)

NIE PDGF-A promoter (ssDNA, 33mer)

ssPu Rat aldolase B replication origin (ssDNA, 22mer)

TAR HIV-1 TAR snRNA (RNA, 61mer)

231 HICV late gene promoter (ssDNA, 23mer)

ORI BPV-1 origin lower strand (ssDNA, 100mer)

Pl BPV-1, plasmid maintenance sequence domain 1, lower strand
(ssDNA, 96mer)

ORLu BPV-1 origin upper strand (ssDNA, 100mer)

P-u BPV-1, plasmid maintenance sequence domain 1, upper strand
(ssDNA, 96mer)

WW1 Polylinker-oligonucleotide (ssDNA, 78mer)

PGK1+1 S. cereviseae phosphoglycerate kinase, upper strand dimer (ssDNA,
78mer)

PGK2+2 Dimer of PGK2 (ssDNA, 78mer)

BPV2 BPV-1 origin, truncated lower strand (ssDNA, 43mer)

PGK2 S.cereviseae phosphoglycerate kinase, upper strand (ssDNA, 39mer)

BPV1 BPV-1 origin, truncated upper strand (ssDNA, 43mer)

Soma-ss-CRE Somatostain promoter CRE (ssDNA, 36mer)

Th-ss-CRE T'yrosine hydroxylase promoter CRE (ssDNA, 36mer)

@-MHC promoter (ssDNA, 33mer)
-MIIC promoter (ssDNA, 35mer)
-MHC prmoter (ssDNA, 35mer)

a-MHC, CArG1
-MHC, CArG2

o MHC, PNR
a-Skeletal actin, CAtG ~ a-Skeletal actin promoter (ssDNA, 25mer)

a-Cardiac acitn, CAIG -Cardiac actin promoter (ssDNA, 26mer)

ANF, CArG1 Atrial natriuretic factor promoter (ssDNA, 40mer)
ANF, CArG2 Atrial natriuretic factor promoter (ssDNA, 37mer)
JBNRE-S B-Myosin heavy chain promoter, NRE (ssDNA, 22mer)

GGAGGCGGAGGC
GGAGGCGGAGGCGGAGGCGGAGGC
AAGGGAAGGGATGGCTG
AGCTTGGAGGCGGAGGCGGCCTCGGCG
TTAGGGTTAGGGTTAGGGTTAGGG
TTTTTTTTTGGGAGAGTTTTTTTT
GGAGCAGAACAGAGGAATGCAGTGGAAGAG
GGGAGTAATGGTTGGAATGGGCCAAAAAGA
GGGAGUAAUGGUUGGAAUGGGCCAAAAAGA
GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA
GAAGCGAGTGGGAGGGGATCAGAGCAAGGGGC
GCAGTGGAAGAGACCCAGGCCTCTGGCCACCC
CTAGAG:

CGTGGGGAGC

GCCTGCAGGTGIGT
CTAGAGGGGGCGGGGGCGGGGGCGGGGGAGGGG
GGCAGGAGGAGGAGGGCAAAAG
GGGUCUCUGGUUAGACCAGAUCUGAGCCUGGGAGCUCUCUGGCUAACUA
GGGAACCCA

TAGGGAGGAGCTGGCTAAAACTG
TTTTITCCCGCTTGAAAAAACGGTGATGGTGTGATTATTGTTAACAACAATT

67x 10110
ATTCACTGGGAAAAAATACATAGTCTTTACTTACCGGTTTCGGTGAGCT
AATTCTGTCCTCTAATATCGATGAGGTAGGAGGCTGCACACCTATTTCCCA 1.1x 10100
ATTTTCAAGCACAGAGGGCATAAGTCCTTGCAGATGTGACACAGG
AGCTCACCGAAACCGGTAAGTAAAGACTATGTATTTTTTCCCAGTGAATAA 3.1x 10100
TTGTTGTTAACAATAATCACACCATCACCGTTTTTTCAAGCGGGAAAAAA
AATTCCTGTGTCACATCTGCAAGGACTTATGCCCTCTGTGCTTGAAAATTGG 62x10°100
GAAATAGGTGTGCAGCCTCCTACCTCATCGATATTAGAGGACAG
AATTACATATGGCAGCTAAGCTTGAAGACCGGCCGGCGCGCCATGGTCTCG 25x109b
CGAATTCCGGACGCGTAGCTGCTCTAG
GATCTAACTTGCATAAATTGGTCAATGCAAGAAAGATAGGATCTAACTTGC 27x 1090
ATAAATTGGTCAATGCAAGAAAGATAG
GATCCTATCTTTCTTGCATTGACCAATTTAAGCAAGTTAGATCCTATCTTTC 91x109b
ITGCATTGACCAATTTAAGCAAGTTA
GATCTTGATGGTGTGATTATTGTTAACAACAATTATTCACTGG 1x108b
GATCCTATCTTTCTTGCATTGACCAATTTAAGCAAGTTA 5.6x108b
GATCCCAGTGAATAATTGTTGTTAACAATAATCACACCATC!/ 7.1x 1080

CTGGGGGCGCCTCCTTGGCTGACGTCAGAGAGAGAG
GGGGGACCCAGAGGGGCTTTGACGTCAGCCTGGCCT
GGCTAAGCAGACCTTTCATGGGCAAACCTCAGG
GTCC

“AGCAGATGACTCCAAATTAC

AGCAGGCA
ACCTAGAGGGAAAGTGTCTTCCCTGGAAGTGGGCT
GCCCGACACCCAAATATGGCGACGA
GGGGACCAAATAAGGCAAGGTGGCAG
TCGCTGGACTGATAACTTTAAAAGGGCATCTTCTCCTGGC
TGCCTCTCCTGCCCTATTTGGAGCCCCTGACAGCTG
GTGGTCTTGGTGGTCGTGGTCA

2 This (TTAGGG), repeat sequence was shown to bind Purc. in a ssDNA configuration, and in a dsDNA configuration with a complementary (CCCTAA), 18mer,

thus possessing 5” and 3’ overhangs (Wortmann, et al (2005) Biochem Biophys Acta 1743:64-78).

b Affinity determinations were made using preparations of copurified Puro. and Purf, with no indications of the relative amount of each protein in these preparations

(Jurk, ct al (1996) Nucleic Acids Res 24:2799-2806).
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targets display extensive heterogeneity regarding the numbstion, spacing and exact
sequence of these GGN repeats. For example, It hasshipalated that high affinity
binding requires multiple GGN repeats, and that N not {8Z5148), however binding
of Puix to probe RgR2 (310) which harbors a single purine-richi f@®@GGAGAG) and
only one GGN repeat, refutes this claim, although no atain of the relative affinity of
Puro for RgR2 compared to other, more elaborate purine-riobgs was given. The
heterogeneity of GGN repeat spacing among establishedspatdme confounds attempts
to unambiguously define a Pur protein binding site. An intergdtend pointed out by
Jurk, et al (136) is that apparent binding affinities increwtie increasing probe length.
This effect could be due to increases in binding site coratenis that accompany the
use of probes with multiple binding sites, or that Pur pmetbind to multi-site lattices
via cooperative mechanisms. This possibility has not be@oughly examined through
dissection of intrinsic interaction energetics betwkan proteins and individual binding
sites or intersite communications. Furthermore stb&hiometric species of RurPuf,
or heteromeric complexes thereof that are compétehind nucleic acids has not been
clearly established. Many groups have shown that panti®ua protein nucleoprotein
complexes are heterogeneous with respect to Pur prooeient (136, 141), whereas
others have shown that homomultimers ofdPanly form in the presence of RNA (91),
although the exact stoichiometry of self-associatiotihése cases is unknown.

Most of what we knoe today regarding Pur protein nu@eid binding properties is
the result of early work performed by Bergemann, el@) (1). This work represents

the initial discovery of Putr which was preceded by identification of a purine-rich motif
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flanking thec-mycpromoter shown to adopt bent conformations and ses/as @rigin

of DNA replication in HelLa cells. Competition-basadalyses identified a candidate
24mer ssDNA oligonucleotide sequence for dPusinding (termed MF0677). 5'-
GGAGGTGGTGGAGGGAGAGAAAAG-3'. The length of this seznce in this study
was largely arbitrary, as it represents a portion efetire bend-region of the replication
origin under investigation, and thus it was unknowrhat time whether this sequence
represented a partial binding site, or an array of maltiphding sites. Competition
experiments resulted in the disappearance of a singleralboretic species suggesting
that this sequence represented an entirety of bindiag sitthe context of the-mye
associated origin of replication. These studies dEmonstrated a clear preference of
Puroe for ssDNA versus dsDNA sequences. Furthermore, meitrylahterference
footprinting of the Pux:MF0677 complex detected several guanine-specific contact
points, suggesting that Ruhas a guanine preference over adenines, and substitution of
several guanines with adenines results in loss of affinifjhe ability of ssSDNA
oligonucleotides derived from other replication origin pufich elements to compete
for binding to thec-myeassociated purine-rich motif suggested that this motif by
common to replication origins, thus implicating &uin cell cycle regulation. This
discovery also prompted an evaluation of sequence sit@am@mong putative Par
binding sites throughout known origins of replication, using tandidate MF0677
24mer sequence as a reference (10). In doing so, a core RGmeonsensus sequence
was developed from 11 differeRUR-elements identified in six different organisms: 5'-

GGNNGAGGGAGARRRR-3' (N = any nucleotide, R = A/G).
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A quasi-systematic validation of this consensus sequence dnt demonstration of
Pura binding capacity to pareUR-elements was performed by measuring the ability
of Pumy, in the context of a library-candidatephage-infectedt.coli cell extract, to alter
the electrophoretic mobility of oligonucleotides harbormgtations of parent MF0677
(10, 11). A compiled view of these analyses is displayddble 1.2. The results of this
analysis suggest that substitution of consensus-defined nggsamithin the core-
consensus element disrupt binding (MM0677), consistent méthylation interference
data suggesting these residues represent essential qantdstwithin the nucleoprotein
complex. Transversional mutation (G to T) of theseleotides also shows the
importance of these conserved guanines in high affinity npodein assembly
(MEO677 and MGO0677), but also highlights the dispensability ofeaticles at the 3’ end
of the core consensus sequence (MC0677). Disruption of GNIGGGNGG motifs in
MFO0677 within the core consensus sequence (MA0O677 and MB0677) alsusties
binding of Pue, validating the notion of the core consensus sequeibés is further
supported by results of competitions with oligonucleotideshich the G at position 1 of
the core consensues sequence is restored (compare MIO67HQA67K). However,
guanine nucleotides flanking this putative core sequence wartfield to be important
for nucleoprotein stability (MJO677), suggesting that the consensus sequence notion
is not resolute. Interestingly, an oligonucleotide regmegtion of the hamster
dihydrofolate reductasedlifr)-associated replication origiPUR-element (DR3529),
which completely obeys consensus rules, binds poorlyta, Rgain suggesting that the

core consensus sequence generated by sequence data miningagehasis may be
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Table 1.2. Pumn binding properties of mutant c-mycassociatedPUR-element

oligonucleotides

Oligonucleotide® Sequence (5' to 3")¢ Pura binding affinity®
MF0677 GGAGGTGGTGGAGGGAGAGAAAAG +++
MMO0677 GGAGGTGGTGGAAAAAGAGAAAAG +
MAO0677 GGAGATAGTGGAGGGAAAGAAAAG +
MBO0677 GGAGATAGTAGAGGGAGAGAAAAG +
MC0677 GGAGGTGGTGGAGGGTTTTTTTTT +++
MEO0677 GGAGGTGGTGGAGGTTTTTTTTTT ++
MGO0677 GGAGGTGGTGGAGTTTTTTTTTTT +
MHO0677 TTTTTTTTTGGAGGGTTTTTTTTT +
MI0677 TTTTTTGGTGGAGGGTTTTTTTTT ++
MJ0677 TTTGGTGGTGGAGGGTTTTTTTTT +++
DR3529¢ TGATGAGGGAGAGGGAGAAGGGAT +
dG,, GGGGGGGGGGGGGGGGGGGGGGGE -
d A, AAAAAAAAAAAAAAAAAAAAAARMA -
Consensus NNNNNNGGNNGAGGGAGARRRRNN ?

2 Tabulated data are results from experiments described in Bergemann, et al (1992) Mol Cell Biol
12:1257-1265 and Bergemann, et al (1992) Mol Cell Biol 12:5673-5682.

b Oligonucleotide MF0677 is derived from human c-myc upstream PUR-element. Other
oligonucleotides denoted M_0677 indicate mutants derived from MF0677.

¢ Oligonucleotide DR3529 is derived from hamster dihydrofolate reductase (dhfr)-associated PUR-
element

4 Nucleotides in red correspond to “core” consensus sequence. Underlined nucleotides are positions
of substitution with respect to MF0677

¢ Interaction affinities are based on electrophoretic mobility shift competition experiments as
described in references noted in 2.
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inaccurate. The inability of Parto bind dG4 shows that guanine content alone cannot
establish a high affinity interaction. A sequence Logthefcore Pur binding site, based
on compilation of putative PUR-elements flanking origioE DNA replication as
determined by Bergemann, et al (10), is shown in Figure 1.3(psfl using web-based

software: http://weblogo.berkeley.edu(246)). This shows that regions of high

conservation are both essential and dispensable for bindiRukx, as indicated by
arrows and circles, respectively. The Logo does noteler indicate the positions of
critical nucleotides outside this core region, as detestdttlMJO677. It should also be
noted that conserved residues in oligonucleotide MJ0677,nagaced to MFO677, may
represent a more accurate core sequence based on bimdiag affinities between these
sequences.

The appropriateness of consensus sequence usage has beemeyudy several
researchers that point out potential genomic bindings dibe proteins with defined
consensus sequences are often missed due to theelglddiw amount of information
portrayed in consensus sequence representations and thentirdesyeence promiscuity
of DNA-binding proteins (245). Usage of sequence Logos hastsjjeed this limitation
to some degree; however their construction relies arurate footprints of protein
binding sites and that they be constructed from numerousrsszpieo accurately depict
nucleotide preference patterns. This problem is likeha@ced when defining consensus
sequences for sequence-specific SSBs, especially those dve no defined footprint.
Specifically, errors in consensus sequence and sequenc@adogmcy may arise from

the fact that sSDNA is generally more flexible thadgsDNA counterparts. Binding site
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Figure 1.3. Pumx nucleotide preferences within putative origin-associated BR-
elements. Sequence comparisons of origin of replication-assatiateine-rich elements
identified twelve putativePUR-elements (Bergemann, et al. (1992) Mol Cell Biol
12:1257-1265). Shown is a sequence Logo (Schneider, et al (188®ic Acids Res
18:6097-6100) depicting relative nucleotide usage within theseedligbR-elements.
Trianglesdepict positions of nucleotides contributing to stable bigaif Purt, whereas
circles denote nucleotides that are dispensable to nucleoprasemaly based oim
vitro binding studies described in the text and Table 1.2 (Bergereauah, (1992)Mol
Cell Biol 12:1257-1265, Bergemann, et al (199¢pl Cell Biol 12:5673-5682).
Compilation of these findings shows that highly consemesitions in putative origin-

associatedPUR-elements are both essential and dispensible far Bsgociation.
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recognition in dsDNA usually proceeds via scanning of theomaj minor groove of
dsDNA until a chemical group signature is encounterede drfentation of hydrogen-
bond donors and acceptors, as well as methyl groups is reedgoy complementary
surfaces on the protein, which permits reversible interac Sequence promiscuity
arises from slight variations in the chemical larsgss of the major or minor groove that
are tolerated by the surface of the protein, and this degfréolerability, in the eyes of
this author, likely dictates binding affinity. In ssDNAgvkever, the major and minor
groove faces of nucleotides are supplemented with thdabla Watson-Crick base-
pairing face to provide additional ligating chemical groups.nsegdy this characteristic
would make ssDNA less permissive to binding promiscuity; év@nv near-limitless
rotational freedom of the glycosidic bond (syn- versus aotamers) in single-stranded
configurations permits a vast array of chemical-group tai@ms, presenting chemical
groups of all three faces to the binding surface of the iprotelypothetically, reverse
directional binding (5’ to 3’ versus 3’ to 5’) should be bt as well if ligating
nucleotides are rotated 180° around their glycosidic bomas,aasuming that specific
sugar contacts are not crucial for interaction. Addalobackbone flexibility may
compound this promiscuity further by permitting bulges, looasd other three-
dimensional structures.

To circumvent issues of binding promiscuity, several mebems have used
oligonucleotide MF0677 as a “standard” for & ssDNA-binding (10, 11, 133, 136,
310), despite the lack of extensive and rigorous evaluatibrihe Pua:MFO677

nucleoprotein complex stoichiometry or interaction gadics. Recent studies by
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Wortmann, et al (310) have investigated this issue using taHaecd analysis approach,
and found that truncated recombinant FLAG epitope (DYKDDMISion forms of both
Puro and Pup (amino acids 1-314 and 1-316 of RBuand Pu@, respectively) bind
MFO0677 with 1:1 (Pur:MF0677) nucleoprotein complex stoichiometagkibiting
similar subnanomolar affinities (listed in Table 1.1)owéver, the graphical linearization
procedure used by these researchers may have caused anmaigestof complex
stoichiometry, as multiple binding sites (low and highn#f) were observed, as was
considerable curvature of the linear Scatchard plots. o,Alke use of truncated
recombinant proteins may alter binding properties, althougtctmtention has not been
experimentally tested. Nonetheless, the results of ghudy suggest that the ssDNA-
binding-competent species of Pur proteins is a monomer.

Similar mutation analyses have been performed in redar&sir protein binding to
the proximal MCAT enhancer element of &K, as described previously. Figure 1.4
depicts a summary of nucleotides identified to be alitior Pur protein interactions
within the SMuA MCAT enhancer region based on results from variousliss
investigating Pur-responsiveness (repression) of promotetrricts used in transfection
assays (48, 275) as well as direct binding assays (28, 148)stafes] previously,
transient transfection analysis of nucleotide sequeflaeking the core MCAT sequence
suggested that repressor binding occurs at nucleotides 5¢ tdER-1 binding site, as
transversional mutation of nucleotides in this reigorultesin loss of repression of
SMoA promoter:reporter constructs TV191, TV189, and TV187. Thegheace of

guanines in this area also supports this hypothesis. Synganstructs containing
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-195 -185 -175 -165

SMaA Promoter: 5’-GCCTCCTGTTTCGGGAGCAGAAéAGAGéAATGéAGTGGAAGAGACCCAGGCCTCTGGCC-S’
(Coding strand) AAAAA AAAAA
Transient transfection Construct Sequence Repression
reporter assays VSMP4 cgacGCAGAACAGAGGAATGCAGTGGAAGAGACCC +
TV191 cgactaAGAACAGAGGAATGCAGTGGAAGAGACCC -
TV189 cgacGCctAACAGAGGAATGCAGTGGAAGAGACCC -
TV187 cgacGCAGccCAGAGGAATGCAGTGGAAGAGACCC -
TV173 cgacGCAGAACAGAGGAATGCAtgttccGAGACCC -
TV167 cgacGCAGAACAGAGGAATGCAGTGGAAtctcaaC -
A195 GGGAGCAGAACAGAGGAATGCAGTGGAAGAGACCC +++
Direct binding assays Oligonucleotide Sequence Puro/B binding
PE30-F GGAGCAGAACAGAGGAATGCAGTGGAAGAG +++
TV194 TCLAGCAGAACAGAGGAATGCAGTGGAAGAG +
TV190 GGAGacGAACAGAGGAATGCAGTGGAAGAG ++
TV188 GGAGCAtcACAGAGGAATGCAGTGGAAGAG ++
TV181 GGAGCAGAACAGAt tAATGCAGTGGAAGAG +
TV175 GGAGCAGAACAGAGGAATGact gGGAAGAG e+
TVI71 GGAGCAGAACAGAGGAATGCAGTttccGAG +
TV167 GGAGCAGAACAGAGGAATGCAGTGGAAtCE +
PrM-F ttAGacGAACAGCGGAATGCAGTttcctet -
P4-F GCAGAACAGAGGAATGCAGTGGAAGAGACC +
PE32-F GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA A+

Figure 1.4 Nucleotides flanking the core MCAT enhancer ar critical for Pur
protein association. Assessment of Purand/or Pys binding to mutant constructs
representative of the cryptic MCAT enhancer elemenh@fSMxA promoter (-195 to -
164, bold letters, core MCAT element is underlindoly transient transfection reporter
assays and direct binding assays show that positions -1:9910(5’ site) and -171 to -
167 (3 site) are critical for repressive bindinged triangle3. Levels of transient
transfection reporter repression are interpreted asy@binding of Pur proteins (+++ =
maximal repression, - = derepression), whereas extdhirogprotein association in direct
binding assays are interpreted as relative affinity (++t#maximal binding, - no
binding). Lower caseletters denote positions of mutation. Lettersrénl denote
mutations negatively affecting Pur protein binding. Letiargreendenote mutations

positively affecting binding. These results are suggestivievo possible Pur protein
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binding sites with slight degeneracy of a core GGGAGA el@m Data represent a
compilation of findings published previously (Cogan, et al (1995Biol Chem
270:11310-11321; Sun, et al (1998p! Cell Biol 15:2429-2436; Carlini, et al (2002)

Biol Chem277:8682-8692; Knapp, et al, (20QbBiol Chem281:7907-7918).
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transversions of nucleotides 3’ to the core MCAT m¢I¥/173, TV167) also display
loss of repression, suggesting that these nucleotidessareesponsible for binding Pur
proteins (48). Furthermore, addition of nucleotides spanning 49392 augments
repression4195), also suggesting that this construct contributes anadiPur protein
binding site, or that it represents a more complete gngite with higher repressor
affinity than the truncated construct VSMP4 that pas=sesiucleotides -191 to +46 of the
SMaA promoter (28). Direct ssDNA-binding experiments showaesimilar trend, that
being the importance of nucleotides flanking the core MCgeQuence (28, 275).
Oligonucleotides that accurately represent the regioarapassing nucleotides -196 to -
164 (PE32-F) exhibit the highest affinity for Pur proteins (14#)ere as deletion or
mutation of these nucleotides results in loss of affinihteresting is the observation that
transversion of nucleotides -175 to -172 (TV175) resultsnimeced binding affinity
(275). Reasons for this are unclear but may be due ttaaddf a guanine at position -
172 which is proximal to other recognizably important nuclestideollectively, the data
represented by Figure 1.4 show the importance of two regibhgyh guanine content
(red arrows), consistent with the possibility thatsthegion contains two Pur protein
binding sites, as suggested previously by experiments detectitignenic Pur:PE
complexes (141). These putative Pur protein binding siteshtses resemblance to core
PUR-element sequences as identified by researchers invegiidh@ic-mycassociated
PUR-element (10, 11). These studies proposed a core conssegqusnce of 5'-
GGGAGA-3, for which oligonucleotide MFO677 has only oned dxas been shown to

bind only one mole of Puror Puf (310). The two sites in PE32-F show slight
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degeneracy; the site on the 5’-flank of the core MCAeih&nt is GGGAG, whereas the
3’ site is GAAAGA (degenerate nucleotides are showitahcs). Experimental evidence
testing this hypothesis has not been reported, but itss#ttmu is a goal described in
Chapter VI of this dissertation. Interestingly, mwas in either putative site cause
drastic loss of repression or observed ssDNA-binding istem with the notion that
cooperative interactions between sites might dictateitsff

A remaining aspect of Pur protein nucleic acid-binding tlesds consideration is
that involving dsDNA. Numerous reports have surfaced tegpbinding of both Pur
and Pup to dsDNA probesn vitro, including thec-myceassociated replication of origin
(10, 11, 310), the rat aldolase B-associated origin of egplic (259), the mouse-
skeletal actin promoter CArG element (103), and mouse/ASidgromoter elements PE
(148) and SPUR (148, 272). In each case however, a clearepedehas been
established of Pur proteins for single-stranded configuratitdnBUR-elements. So
guestions remain as to whether observed binding of Pur pratedsDNA represents a
distinct binding mode, that it is equivalent to ssDNA-bmgdin the sense that major
contact points between Pur proteins and dsDNA exist opuhae-rich strand while the
complementary pyrimidine rich strand is completelgpthced (dissociates) or partially
displaced (incomplete helix destabilization, or “bubldta’mation), or is mediated by an
unknown dsDNA-binding protein via protein-protein interaction&/ork with purified
proteins certainly refutes this latter claim, as invesiigns have shown the ability of
recombinant Pur to completely displace short pyrimidine-rich straricdem duplexes

containing protruding purine-rich strands in the absence of @6P310). The ability of
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Pur proteins to displace strands from blunt-ended dsDNA prdizs not been
established. Both Parand Pup have exhibited the ability to bind dsDNA in the context
of plasmid DNA, with both showing higher affinities feupercoiled configurations
(310). This finding supports the notion that dSDNA binding isandistinct functional
mode of Pur proteins. This claim is based on the fattlioth supercoiled and relaxed
topoisomers of plasmid DNA are double-stranged se but torsional stress existing in
supercoiled plasmids imparts destabilization of the ®roaintaining helical structure,
namely hydrogen-bonds as indicated by differences itingeiemperatures (249, 293)
and the increased prevalence of regions assuming nonAdoNformations (204, 220,
227, 260, 294). Disruption of annealing free energy associatedsupttrcoiling may
permit localized strand displacement and binding of sequepmafic SSBs in a manner
that is observed as dsDNA-binding by conventional methodis, dilectrophoretic
mobility shift assays (310). Interestingly, observed Ilnigdof Putt to supercoiled
plasmids pUC19, and a pUC19 construct harboring ctimeycassociated replication
origin produces discrete, quantized bands of DNA as judged ayosy gel
electrophoretic mobility shift assays (310) in a manneilainio banding patterns of
topoisomers. This characteristic could suggest thatingnof Pur. to these supercoiled
plasmids increases the twisting number or writhe eigmboring regions. However,
similar electrophoretic patterns observed with liresdi plasmid suggests that these
bands represent successive stoichiometric complexag@fffasmid DNA (310).

A veritable aspect of dsDNA binding by Pur proteins illusttdtg studies reported

by Wortman, et al (310) is that the length of the DNAenole (number of base-pairs)
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plays a significant role. For example, binding of ®uo a 343 bp PCR-product
containing the samPUR-element as MF0677 is negatively influenced by competition
with MFO677 but not double-stranded MF0677 (24 bp). This shows |omgger
molecules of dsDNA bind to Purwith greater affinity than shorter ones. Reasoms fo
this are unclear. Nearest-neighbor algorithms formeding two state annealing free
energies of short oligonucleotides have proven to ba@xinarily accurate, comparable
to experimental determinations. However, their usagle whg DNA molecules breaks
down considerably as they predict annealing free eneapgsoaching infinity and
extremely high melting temperatures (239). Thermal denauoraf long, linear DNA
molecules has shown that melting occurs at temperaaigdsw as 64°C, lower than
predicted by nearest-neighbor methods, and lower thar tfa purine-rich
oligonucleotides approximately 30 nt in length. Furthermomting is likely not a two-
step process as indicated by the presence of localltednsubdomains (234, 262).
Evidently, long dsDNA molecules have an added destaigliziomponent which is
currently unidentified; although this component may beudiffn-related as relaxed, long
dsDNA molecules display lower rotational and tranglal diffusion coefficients than
supercoiled molecules of similar molecular weight (230)Vhether or not entropic
limitations on rotational and translational diffusiassociated with long dsDNA
molecules potentiate enhancement of intramolecular atidsr and localized
melting/unstacking is unknown, and its involvement ipossible mechanism for helix

destabilization and SSB-binding is purely speculative.
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In conclusion, mechanisms describing Pur protein singland#&d nucleic-acid
recognition and bindingn vivo remain poorly defined. Unsuccessful attempt to
accurately determine Pur protein target sequences and totgtinglil detail binding
events have undermined this effort. The detectable -fagkted involvement of Pur
proteins in gene regulation coupled with their clear pegiee for binding single-stranded
targetsin vitro indicates that single-stranded nucleic acid binding & ats€omplishedh
vivo. To understand how this process occurs, details of Pugiprstructure, function,

and chemistry must be methodically and experimentalbovered.
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CHAPTER Il. SCOPE OF THE PRESENT WORK

As details of Pur protein function have emerged fromiouar laboratories
investigating aspects of transcriptional, translatioaall DNA replication regulation
associated with these proteins, so have numerous questidnsnajor goal of the
laboratory of Dr. Robert J. Kelm, Jr. is the delineatof functional distinctions between
mouse Pur-paralogs Ruland Pup. As described previously, subtle yet orthologously
conserved differences in Rurand PuB primary sequences suggest that functional
differences exist between these protemsivo. Towards the testing of the hypothesis
that states regions of sequence heterogeneity conferctigtnctions between Purand
Pu3, I and members of the Kelm laboratory undertook a pargen and loss-of-
function approach to delineate functions of ®@and Pup in regards to regulation of
SMoA expression in appropriate cell culture models. Chdptesr an excerpt from two
papers published by our laboratory (148, 149) which collectivadgcribes the
contributions | made to this body of work, and focusesthen loss-of-function angle.
This work details the differing contributions lBuand Pup make to SMA repression in
both cell-type and ortholog-dependent fashions, and establihe dominant repressor
activity of Pug in this context.

Identification of PuB as a dominant repressor of &K expression in mouse embryo
fibroblasts and vascular smooth muscle cells fuelegaaaus thermodynamic analysis of

the ssDNA-binding properties of this protein which | perfadmeExtensive studies
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focusing on the solution behavior and quaternary structuree@dmbinant P(yr are
described in detail in Chapter 1V, with the results of gtiedy showing the capability of
recombinant Py to self-dimerize in the absence of nucleic acid andrtitamomeric and
dimeric species adopt elongated, asymmetric geometrigsese findings were also
published (222). Establishment of Butimer-formation at protein concentrations that
are thought to be attained in cells that exhibito@Mrepression led to the hypothesis
which states P(ir self-association represents a prerequisite step foringintb the
MCAT-associated Pur protein binding sites. Testing of thypothesis involved a
rigorous thermodynamic assessment of the mechanisth mseecombinant Pfrin
binding to ssDNA sequences representative of the proximal M&#ancer element of
the SMxA promoter, and is described in Chapter V. These studislmorate findings
outlined in the background that suggest that tw@ Rumding sites exist in this element
and that successive binding of two Punonomers proceeds with high affinity stabilized
by cooperative interactions, thus refuting the origingbdtlgesis of obligate dimer
formation. To substantiate the nucleotide sequencditigsnof putative Py binding
sites within the SMA MCAT enhancer region, | performed a systematic amalysthe
stabilities of nucleoprotein complexes composed offPamd truncated mutant PE
oligonucleotides. The employed methodologies and esoit this approach are
described in Chapter VI.

Collectively this body of work describes the ssDNAewggition and binding

mechanisms used by Ruin the repression of S&A expression, as it pertains to
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molecular mechanism governing phenotypic plasticity efl ¢ypes implicated in
physiological responses to injury and pathological prognessaf numerous disease

states.
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CHAPTER Ill. PUR PROTEIN LOSS-OF-FUNCTION STUDIES
IDENTIFY PUR B AS A DOMINANT REPRESSOR OF SMaA

EXPRESSION

The work described herein has been published as part of greater bodiek &utioored

by the Kelm laboratory and can be found in its orginial form in:

Knapp AM, Ramsey JE, Wang SX, Godburn KE, Strauch ARmMKRJ, Jr. (2006)
Nucleoprotein interactions governing cell type-dependent r&presof the mouse
smooth muscle alpha-actin promoter by single-stranded DiN&ing proteins Pur alpha
and Pur beta. J Biol Chem.281(12):7907-18.

and

Knapp AM, Ramsey JE, Wang SX, Strauch AR, Kelm RJ(2007) Structure-function
analysis of mouse Pur beta Il. Conformation alteringatmuts disrupt single-stranded
DNA and protein interactions crucial to smooth muscléaactin gene repression. J

Biol Chem.282(49):35899-909.

INTRODUCTION

Phenotypic plasticity of VSMCs and adventitial fibragts is a feature critical to
adaptive pathophysiological tissue functions supported bgeticell typesn vivo,

including vessel wall remodeling associated with atherogeresd restenosis (120, 174,
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175, 232, 242). Dynamic phenotypic modulation is the resulvidespread genetic
reprogramming of genes essential to cell function, andiresjextensive cooperative
networking of factors that regulate gene expressionicésdf differentiation status are
difficult to establish due to the continuous spectrum oflaicker expression profiles that
are exhibited by cell types undergoing transdifferentiatimowever profiles of marker
expression remain the best way to categorically megdhaeotypes (209, 210). Absence
or reduction of staining for contractile proteins is a abtaristic feature of cells
comprising the neointima of vulnerable atheroma (210). Aynadhe battery of
contractility markers commonly used for assessing piypiw status of VSMCs and
adventitial fibroblasts, SMA is the most widely utilized marker due to its dynanaioge
of expression in the aforementioned cell types (210). hEuriore, SMA is the
principle contractile protein upregulated in myofibroblasesponding to signals
promoting normal and pathological wound healing (226, 231, 271).

SMoA is the most abundant protein expressed in VSMCs, acogunior
approximately 10-40% of the total protein (79, 257). Genetictiveon of SMuA in
mice germ cells indicate that $SM plays an essential role in regulating vascular
contractility and blood pressure homeostasis (98). Dagoiation of SMA has been
implicated in microfilament rearrangement and changesell shape consistent with a
transformed fibroblast phenotype, suggesting a role innmgagenic cell types (166).
Loss-of-function studies conducted in cultured cells alsggest that another essential
function of SMxA is to inhibit cell motility (231). It follows that mression of SMA

expression in activated VSMCs may be a key moleculanteleading to enhanced cell
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migration and proliferation, as well as contributingtihe vulnerability of atheroman
vivo (88, 151). Therefore, elucidation of repressive mechanigoverning SMA
expression is paramount to understanding and managing oosdéissociated with
pathophysiological vessel remodeling.

Spatial and temporal regulation of &M expression is mediated by an array of
trans and cis-acting components that rely on dynamic functional pitar to provide
highly plastic expression (158, 315). Potent activation mpadession of full length
SMoA promoter constructs has been confined to a cryptic M@AMhancer element
located -195 to -164 nucleotides relative to the start ostréption (48, 275) that has
been shown to possess extensive purine/pyrimidine asygnanad to transiently adopt
single-stranded conformations vivo (9). Bifacial enhancer activity has been shown to
be regulated by structure-specific occupation by dsDNA-demgnttanscriptional
activator TEF-1, or sequence-specific SSB repressors, Fuf3, and MSY1 (28, 48,
141, 143-145, 275). Repression has been shown to require bindingxoditlior Pus
to the purine-rich strand of the MCAT enhancer andupation of the pyrimidine-rich
strand by MSY1. It has not been established whethertstaldnterconversions are
cause or consequence of differential transcriptiorofamtcupancy.

Puro and Pup are members of the Pur family of proteins and wereasoed based
on their preference for binding purine-rich ssSDNA and RNAus&ces (92). Parand
Pu3 are ~70% identical at the amino acid level (143), witthearotein possessing a
minimal ssDNA/RNA-binding domain composed of highly homologeeguence repeats

unique among other known nucleic acid-binding proteins (132). Howegrificant
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sequence differences betweendand Pup exist near the N- and C-termini suggesting
each protein may have divergently evolved to performngisfunctions. A report has
suggested that Purand Pup bind to ssDNA as either homo- or heterodimers and can
each interact with MSY1 (28). Despite these biochensaallarities, gain-of-function
(over-expression) studies clearly illustrate thatoPaimd Pup are not redundant in terms
of their transcriptional repressor activity toward thiélength mouse SMA promoter in
transfected VSMCs (145).

The potential capacity of Puy Puf, and MSY1l to collaboratively regulate
expression of SMA has been extended to the post-transcriptional leveledls The
sequence of the MCAT enhancer in the 5-flanking regpears striking resemblance to a
region of exon 3 in the S&A open reading frame. It has been reported thad,Feui,
and MSY1 can form a stable messenger ribonucleoprotenplea (mMRNP) with the
exon 3 RNA sequence in a manner which blocks the transddficiency of a reporter
MRNA (142). These results raise the possibility thadeghgroteins may also participate in
post-transcriptional control mechanisms for &M protein levels by either directly
regulating SMA translation or by reducing nuclear repressor concentatihat
normally restrict transcription. Pur and Pup-dependent repression of a-myosin heavy
chain gene expression in cardiomyocytes has been showocdor at both the
transcriptional and translational levels, thus suppottirggnotion (104).

It has been reported that profiles of interactions ofoPand Pup with certain

transcriptional activators are altered during transformgngwth factorpl (TGH1)-
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induced myofibroblast differentiatioim vitro (272). These activators include Spl, Sp3,
and Smad proteins (Smad2, Smad3). DNA-binding studies havelagwdiatinct cis-
element binding sites for these factors that are dovarstref the MCAT enhancer
suggesting that Parand Pup may facilitate cell type-specific repression by mec$iasi
involving protein-protein interactions in addition to conippez DNA-binding. The
importance of functional interplay between activatarsd Pur-repressors was also
revealed in over-expression experiments in which serwsporese factor (SRF) was
found to reverse PArmediated repression of the & promoter (145). Given that SRF
and Smad proteins are essential downstream targets ofirgigpathways that promote
smooth muscle differentiation (28, 47, 145, 157, 210), it &\likhat the gene regulatory
effects of Pur repressors are not limited todWbut likely include other markers of
VSMC differentiation. Furthermore, in light of thecfathat Pus has also been
implicated in regulation of cell cycling due to its irgetion with retinoblastoma tumor
suppressor protein (pRB) (133), E2F-1 (58), and cyclin A (125pdksibility exists that
Pur proteins may be directly involved in mechanisms moahglatell cycle progression
in vivo (146).

In the present study, we have employed a RNA-intantergRNAI)-mediated loss-
of-function approach to study functional similaritiesdadifferences between Ruand
Pu3 with respect to regulation of SM expression. While stable and transient
epigenetic knockdown of both Rurand Pup results in derepression of endogenous
SMoA expression in AKR-2B MEFs, P@irappears to be the dominant Pur protein

repressor in this cell type. This finding is corroboratéy chromatin
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immunoprecipitation experiments showing elevated &weélPufy promoter occupancy.
This effect is restricted to serum-deprived AKR-2B ME&s,transient transfection in
C57BL/6J mouse aortic VSMC outgrowth cultures showedoPir be similarly
repressive. Knockdown of Rurand Pup results in synergistic derepression of &M
promoter-driven reporter expression in both cell types MGAT enhancer element-
dependent manner. These studies, as previously published (lia8)tpaell type-
restricted collaborative and distinct functions fordand Pup in regards to repression
of SMaA expression, and complement parallel gain-of-funcsituaies that show similar

results.

MATERIALS AND METHODS

Cell culture, transient transfection, and reporter gene agsaAortic segments from
C57BL/6J mice were obtained following protocols approved ly University of
Vermont Institutional Animal Care and Use Committee MC3 were isolated by cell
outgrowth from aortic tissue explants and charaadrias previously described (40,
244). Primary VSMCs were cultivated in a 90% air/10%,0&ubator at 37C in
growth medium consisting of Dulbecco’s modified Eagllehedium, % insulin-
transferrin-selenium supplement (Invitrogen), and 20% e@atinactivated fetal bovine
serum (FBS) (Hyclone). For transient transfectiard&ts, primary VSMCs were seeded
in six-well plates at a density of 10,000 cells/well andgfacted with the use of jetPEI

reagent at a ratio of 2l/ug plasmid DNA as directed by the manufacturer (Qbiogene).
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AKR-2B mouse embryonic fibroblasts (MEFs) or rat A7r5 VSWeere cultured and
transiently transfected as previously described (297¢flgrisubconfluent AKR-2B or
AT7r5 cells seeded in 60 mm dishes were transfected wathusle of GenePORTER
reagent (Gene Therapy Systems) at a ratio qfl/gg plasmid DNA. After 48 h
incubation in growth medium, cells were washed with phate-buffered saline and
extracted using A reporter lysis buffer (Roche Applied Science) supplgatemwith
protease inhibitors. Total protein in transfected cell tgsawas determined by
bicinchoninic acid assay (Sigma) using BSA as a proteindatdn Commercial
immunoassays were used to measure chloramphenicolitenteferase (CAT) of-
galactosidasepfgal) reporter proteins as directed by the manufacturech® Applied
Science). Reporter values were corrected for total ppratentent. Transfections were
typically performed in triplicate and repeated two teeéhtimes to ensure reproducibility.
Data sets were subjected to one-way analysis ofneeito identify differences among
group means at the < 0.05 significance level. Post-hoc comparisons were ipeeid
using the Bonferroni adjustment for multiple comparisons

Construction of ShRNA expression plasmids targeting mouse dPar Purf — The
design of mouse Puar and PuB-specific sShRNA sequences was facilitated by free
software available through Invitrogen Corporation
(https://rnaidesigner.invitrogen.com/rnaiexpress/). Numleosequences encoding full-
length mouse Parand Pup were previously reported (143). Parameters set to theemous
genome database for BLAST, sense-loop-antisense corfggufar shRNAs, and a loop

sequence of CGAA yielded two shRNA-encoding sequences peddioct be P-
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specific and four predicted to be Bespecific: Pup-1) 5-
GTCGGTATGCAGATGAAATGACGAATCATTTCATCTGCATACCGAC-3' (888),
Purp-I1) 5-
GATGAAATGAAAGAGATCCAGCGAACTGGATCTCTTTCATTTCATC-3' (899),
Puro-1) 5-GCAAGTACTACATGGATCTCACGAATGAGATCCATGTAGTACTTGC
-3 (973), Pup-11) 5"
GTGGACAACAAGCGCTTCTTCGAAGAAGAAGCGCTTGTTGTCCAC-3' (1191),
Puro-111) 5-
GACAACAAGCGCTTCTTCTTCCGAAGAAGAAGAAGCGCTTGTTGTC-3' (1194),
Pura-1V): 5'-
GCGTGTTTATGCGAGTGAGTE®&GAACACTCACTCGCATAAACACGC-3' (1237),
Pum-Scm) 5'-
GATCCTAAGTCTGACTTGCAACGAAGGTCAATCCTATAGTGCTAAG-3', Pun-
Scml) 5'-
GTCATCGAATGCCATGTCAGTCGAAACTGACATGGCATTCGATGAC-3’, Puw-
Scm2) 5-GGTATGCGTTAGTGCTGAGTGGAACACTCAGCACTAACGCATACC-
3. Numbers in parentheses to the right of each sequedmate the first nucleotide in
the open reading frame of either Buwr Puf mRNA predicted to be targeted by that
particular shRNA. Bold type indicates the positiortttd loop sequence. Sequen¢eob
the loop corresponds to the sense strand of the traedcshRNA. Scrambled sequences

(Scm) that contained similar base content as the-Pur Pufi-specific ShRNAs were
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designed for use as negative controls in knockdown expetsmé&omplementary
oligonucleotides sequences encoding the shRNAs wereagedeby chemical synthesis
and obtained from a commercial vendor (Sigma-Genodys)iacilitate unidirectional
cloning into pENTR™/U6 shRNA expression vector (Invitrogg@\CC was included
on the 5’ end of sense strand oligonucleotides while AA¥eS included on the 5’ end of
antisense strand oligonucleotides. A double-stranded DNArtirencoding a LacZ-
specific ShRNA was supplied by the manufacturer. Annealirgpmplementary strands,
ligation into pPENTR™/U6, and subsequent transformationBntooli strain TOP10 were
performed as recommended by the manufacturer. Coloniessgtcted in the presence
of 25 pg/ml kanamycin.E. coli were propagated in 5 ml cultures in the presence of
antibiotic. Plasmids were isolated with the use of @mi-preparation kit (Qiagen).
Insertional and sequence integrity was verified by autonfalédl sequencing performed
in the DNA Analysis Core Facility of the Vermont iigzr Center.

Construction of lentiviral Pur shRNA expression construcésd transduction of
AKR-2B cells— Selected U6 RNAI expression cassettes fRuor Pu3-Scm) were
transferred from pENTR™/UG6 vector into pLenti6/BLOCK-IFDEST vector via a site-
specific LR recombination reaction as directed by thenufecturer (Invitrogen).
Recombination reactions were used to transform One®5BthI3™ competenE. col.
Recombinant subclones were selected based on resistabtzsticidin (50ug/ml) and
ampicillin (100ug/ml) and sensitivity to chloramphenicol (89/ml). Successful transfer
of each U6 RNAI cassette into pLenti6/BLOCK-iT™-DES&ctor was confirmed by

restriction enzyme digestion of purified plasmids wltid. Cloned expression plasmids
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were maintained in One SktccdB Survival™ E. coli cells and purified by double
cesium chloride gradient ultracentrifugation. To generatentivieal stocks,
pLenti6/BLOCK-IT™-DEST/U6 RNAI expression constructsy(@) were co-transfected
along with the ViraPower™ packaging mix{8) into the 293FT producer cell line 6
10° cells per transfection) using LipofectamineZ®00 reagent in serum-free Opti-
MEM® | medium as directed by the manufacturer (Invitrog@&®lls were maintained
for 16 h at 37° C in a humidified 5% G@cubator. Transfection medium was replaced
by complete growth medium supplemented with 1 mM sodiyrayate and cells were
cultured for an additional 72 h. Cell supernatants comgil@ntivirus were collected and
titers of each lentiviral construct were determinedetiasn transduction efficiency of
cultured AKR-2B MEFs under blasticidin-resistant selectionditions.

To isolate stable lentiviral-transduced AKR-2B MEF clgrasconfluent AKR-2B
cells (4x 10°in a 25 cm flask) were infected with 250 transducing units of lentivirus i
McCoys 5A medium (Gibco BRL/Invitrogen) with 5% v/v FBSr 24 h. After an
additional 24 h incubation in growth medium without virgglls were switched to
selection medium (McCoys 5A, 5% v/v FBS with p@/ml blasticidin) and cultured for
ten days with periodic replacement of selection madin order to remove dead (non-
transduced) cellsOnce a suitable number of blasticidin-resistant ceksewobtained
(~25-50% coverage of the flask with densely colonized acddtserved by microscopy),
diluted cell suspensions were prepared by trypsinization awubpension in selection
medium. Cells were counted and then seeded by seriadl 2Hfation in a 96-well plate

starting at 500 cells/ml (50 cells/well) to allow for @oy growth and expansion from
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single cell clones. Cell colonies arising in wellsdsbwith the lowest cell densit¥ ()
and exhibiting circular morphology (suggestive of origimgtfrom a single cell) were
once again subcloned by limiting dilution in selection med{@0 days post-infection) to
ensure clonality. Lentiviral-transduced MEF clones wdrent expanded to prepare
freezer stocks. Clonal cell lines were maintained iowgin medium consisting of
McCoys 5A, 5% v/v FBS with 1@ug/ml blasticidin at 37C in a humidified 5% C®
incubator. Confluent cultures of lentiviral-transduced MieH clones were washed with
cold PBS then extracted wittx TAT lysis buffer (Roche Applied Science) plus progeas
inhibitors. After centrifugation of whole cell extradts 10 min at 14,000 rpm, protein
content in cleared lysates was measured by BCA assgym#}piRelative expression of
Pura, Pui3, SMaA, and GAPDH was assessed by Western blotting.

Construction of promoter-reporter plasmids and expression vectokdouse SMA
promoter-reporters and mammalian expression plasmidsdegcdlis-epitope tagged
versions of mouse Parand Pup were described previously (28, 296). All plasmids used
for transfection were purified froa. coli cultures by double cesium chloride gradient
centrifugation.

Western blotting of transgene-expressed and endogenous proteinkctopic
expression of His-tagged Rupr Puf was monitored by Western blotting of lysed cell
protein with an RGS(H)monoclonal antibody (Qiagen) as previously described (145).
Expression of endogenous Pur proteins was similarly assested rabbit polyclonal
antibody that recognizes a conserved sequence presenthirmboise Pur and Pujg

(141). Commercial monoclonal antibodies were used farction of SMYA (clone 1A4,
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Sigma) and glyceraldehyde-3-phosphate dehydrogenase (GAPIDKR @C5, Research
Diagnostics Inc.).

Chromatin immunoprecipitation (ChlP) assay AKR-2B MEFs were seeded in 10
cm dishes at a density 0£510° cells in growth medium consisting of McCoys 5A with
5% heat-inactivated FBS. After reaching 70-80% confluency (¥36ells were washed
twice and incubated in 10 ml serum-free MCDB-402 mediunH(Bisciences) for 48 h
in a humidified 37C, 5% CQ incubator. A separate group of cells was left untreated
allowed to grow to near confluence in complete growth inmadprior to fixation.
Formaldehyde was added to culture medium of growth-adegserum-free) or
asynchronously growing cells to a final concentratiod%f v/v. After 10 min at 37°C,
medium was aspirated and the cells were washed withppate-buffered saline and
harvested by scraping. Cells were counted and collectexittyifugation at 1500 rpm
for 10 min. Cell pellets were extracted using a rati@.8fml lysis buffer (1% w/v SDS,
10 mM EDTA, 50 mM Tris-HCI pH 8.1) per i@ells. Cell lysates were sonicatedx(4
10 s bursts) using a Branson model 150 sonifier at maximum @owlethen centrifuged
at 14,000 rpm for 10 min at 4°C. Supernatant was removed andddil0téold in ChIP
dilution buffer consisting of 0.01% w/v SDS, 1.1% v/v ontX-100, 1.2 mM EDTA,
167 mM NacCl, 16.7 mM Tris-HCI pH 8.1 plus 1 mM PMSF anggIml| each aprotinin,
pepstatin A and leupeptin. A sample of the diluted cellté/gas set aside at this step for
later reverse crosslinking and isolation of input DNAUse as a positive control in PCR

amplification reactions.
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For immunoprecipitation, each 2 ml sample of dilutelll lgsate was pre-incubated at
4°C for 1 h with 75ul protein A agarose blocked with salmon sperm DNA (UpsGxtll
Signaling Solutions). After centrifugation, the pre-clelaysate was combined withidy
of primary rabbit polyclonal antibody against RufA291-313), Pys (B302-324), or
MSY1 (M242-267) (141). No primary antibody and non-immune ralg§& controls
were included as well. After overnight incubation at 4Cyl blocked protein A agarose
was added to each sample and incubated for 1 h at 4°CleSan®ye centrifuged at 1000
rpm at room temperature for 1 min. After removing the sugdant, agarose pellets were
washed sequentially with 1 ml of the following bufferswvisalt wash buffer (0.1% wi/v
SDS, 1% v/v Triton X-100, 2 mM EDTA, 150 mM NaCl, 20 mM THSI pH 8.1), high
salt wash buffer (0.1% w/v SDS, 1% v/v Triton X-100, 2 mMTA) 500 mM NacCl, 20
mM Tris-HCI pH 8.1), LIiCl wash buffer (0.25 M LIiCl, 1% viIGEPAL CA-630, 1% w/v
sodium deoxycholate, 1 mM EDTA, 10 mM Tris-HCI pH 8.1). &slwere then washed
twice with 1 ml TE buffer (10 mM Tris-HCI pH 8.0, 1 mM EBJ and immune
complexes were eluted by resuspending the agarose peilstsin 250ul elution buffer
(1% w/v SDS, 0.1 M NaHC¥). Eluates were combined, supplemented withukd M
NaCl, and incubated at 65°C overnight to reverse thediiehyde crosslinks. Samples
set aside for isolation of input DNA were processed antyilhere and at subsequent
steps. Following reverse crosslinking, proteins were digestedidhyion of 10ul 0.5 M
EDTA, 20ul 1 M Tris-HCI pH 6.5, and 1ul 20 mg/ml proteinase K and incubating at
45°C for 1 h. Samples were then sequentially extractddam equal volume of buffered

phenol, phenol:chloroform:isoamyl alcohol (25:24:1), andmrdibrm. Genomic DNA
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fragments in the agueous phase were precipitated byadditil/10 volume 3 M sodium
acetate pH 5.2 plus 2(g each of inert carriers glycogen (Sigma) and yeastAtRN
(Sigma) and two volumes of ice cold 100% ethanol. Adierovernight incubation at —
20°C, precipitated DNA was collected by centrifugatiod4000 rpm for 20 min at 4°C.
Pellets were washed with 5Q0 70% (v/v) ethanol and centrifuged again. Each pellet
was dissolved in 501 10 mM Tris pH 8.0 for use in subsequent PCR reactions.

The B flanking region of the mouse SM gene (382 bp product) was amplified by
PCR using the following primers (B TCTGAGGAATGTGCAAACCGTG-3 and %
GGCTACTTACCCTGACAGCGACT-3. PCR cycling conditions were optimized based
on the calculated melting temperatures of each primefedugnd by assessing the
efficiency of product formation using “input” DNA samples a@lent to 1/50 or 1/100
of diluted cell lysate. For immunoprecipitated DNA sa@splPCR mixtures contained 8.5
ul nuclease-free water,il 5 uM forward primer, 1ul 5 uM reverse primer, Al template
DNA, and 12.5ul AccuPrime™ SuperMix | (Invitrogen). No template contrehctions
included 2ul of water in place of the DNA. Initial denaturatiorasvconducted at 96
for 5 min followed by 36 cycles of amplification. Eaclclgyentailed denaturation for 1
min at 95C, annealing for 1 min at 63, and extension for 1.5 min at 2 PCR
products were resolved by electrophoresis on 2% w/v Se@KeE agarose gels and
illuminated by exposure to UV light. Images of ethidiunorbide-stained bands were

digitally captured with the Gel D&¢ XR system (Bio-Rad).
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NM_008289 |mPurh
NM_ 011221 |mPurk

NM_ 008289 |mPurh

NM_011ZZ1|mPurB

NM_008289 | mPurh

NM_011221|mPurB

NM_008289 |mPurh
NM_ 011221 |mPurk

NM_008289 |mPurh
NM_011ZZ1|mPurB

mPurfshRMA-II (864)

NM_ 008989 |mPurh
NM_011221|mPurB

NM_008282 | mPurk
NM_ 011221 |mPurB

mPurcshRNA-| (454)
CCACGCOEEEOGC T CAASACCGACTTOOT GETEOGC CAAALC CECAAST ACTACAT GEAT 471

CCECECCECECGo T CAASAGCGAGTT CCT GETECGC CAGARC CECAAGT ACTACCT GEAC 455
Fh kAEAE AEAREAAARAFAAAAAA LA RAF LA A EA RS A A ARALAAE AL A RS AAEA

—
CTCAACCACAACCACCGCCECCECTTCCT GCGCAT CCGCCAGACACT CAACCG——————— 524

CTCAAGGAGAACCACCGCCECCECTTCCT GCGCAT COGCCAGACGET GAACCEOEECEEC 493
AREEAE KL AA AR A AR AR A XA AR A AR AR L AR AL A AF AL R AL R AR £k FhEHE

mPureshRNA-II (675)

mPurashRMNA-Il (872)
—————————— AGCTGCCCEAGGECACCT CCT TGACT GT GEACAACAAGCGCTTCTTCTTC 696

CTGTACGEAGAGCT CCCGEAGGECACCT CCATCACCET GEGACTCGAAGC CCTTCTTCTTC 738

IEEE FE AEAEEEETEEEIELEE K AE AEF AL EEL FhEEEEEXT AT AL L AL
mPurashRMA-IV (718)
CATETEGEET TOCAACAAST ACCGECET ST TTATGOGAST GAST GAGET GAAGCCCACZCTAZ V56

CACETCGEC TECARCAACT ACEEEET ST TCC TECGACT GACC GAGET GAAGCCETCCTAC 75T
Fh kA hE Kk AAAAAAAAZAAE AAEAE  FhAEAALAEE AhAEAAEAEAE KA EAX

mPurfshRNA-| (853)
I
CECAACTCOCAT CACCGT SCCOTACARGET GT GEGCCAAGTT CGEACACACCTTCTGCARAS S16

CECAAT GCCAT CACCGET ZCCCTT CARAGECCT BEEECAAGTT T GEACGGCECCTTCTETCEE 554

FEEEE  EEEEAFEARAAAFEE AAEEE -x-,vlc_-x* rﬂﬁ\***rz_ HEE K EEFEEEE *
mPurfishRMNA-IIl (887)

TACT CCGAGEAGAT GAAGAACAT T CAAGAGAAACACAGGCGAGAAGCGEGCCGCTTGT GAS 876
TAT GCAGAT GARAT CGAARCACAT CCACCACC CACACACGCGAT ARG —————— TTTACGAS 912
Hhk ok kA kE khkkh kAR kk kA% AAAkAEAEE ArkE HEh EEE

CAGCTCCACCAGC AGCALCAGCAGCAGCAASAGEACACCACCGCTGCCACCCTZCTACTE: 9356

CEA G GEC - GEE AR e T S e CA T BA G — —— TCE 243
O T T T T O O T * *

Figure 3.1. Target positions of Pusi- and Pur-specific ShRNA. Open reading frame
sequences of mouse Bu(NM_008989) and mouse Hu(NM_011221) were aligned
using ClustalW (Europoean Bioinformatics Institute). siBons with base identity are
denoted by an asterisk. Mouse &wand Pup show ~67% base identity in the open
reading frames of cDNAs, thus making specific shRNAgtesdlifficult. Pukx-specific
ShRNA targets (blue) and Muspecific ShRNA targets (red) are indicated. Positions of
these targets lie largely in regions of non-homology arelindicated in parentheses.
Numbering assignments are based on translational staibpss Note these alignments

are not complete.
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RESULTS

Validation of shRNA-mediated knockdown of mouse Fwuor Purg in transfected
fibroblasts— To investigate the functional properties of endogenous Bad Pup in
cultured fibroblasts and VSMCs, a loss-of-function apghoatilizing shRNA-mediated
RNA interference (RNAI) was undertaken. Mouse dPand Pup show ~67% base
identity in the open reading frames of cDNAs, thus makipgcic shRNA design
somewhat challenging. Nonetheless, taking advantageewdra regions of non-
homology, multiple shRNA sequences were identified bsnmater analysis with the
theoretical potential to render the transcript enapdaither mouse Puor or Pup
susceptible to destruction by the RNAI pathway (134). The sitePun-, and PuB-
specific transcript targeting by shRNA-mediated RNAI drevan in Figure 3.1. To test
whether constructed U6 promoter-driven shRNA expressiosmidis would generate
functional shRNAs for knockdown of Ruior Puf in cultured cells, immunoblotting of
whole cell extracts from transiently transfected ARBR MEFs co-expressing His-tagged
Puro or PuB along with selected shRNAs was performed. His-tagged Bosgenes
were used because of low shRNA plasmid transfectioniefty and since endogenous
Pur and Pup migrate as a closely spaced doublet on Western blotsinghak
interpretation of specific knockdown somewhat ambiguo@suls shown in Figure 3.2
verify that transfection of AKR-2B cells with wild pg¢ Pue. or Puff sShRNA constructs
dramatically reduced the expression of either HissR&igure 3.2, panel B) or His-Hur

(Figure 3.2, panel A) in a highly specific manner. Importantig, Pup-specific ShRNAs
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had no discernable effect on His-Bugxpression while Parspecific ShRNAs had no
effect on His-Pys expression. LacZ shRNA or constructs encoding scrambled P
SshRNA sequences (Scm) served as negative controls fax BurPuf-specific
knockdown (Figure 3.2). Similar results were obtained sndfected A7r5 cells
indicating that the RNAI pathway is functional in VSMI@s well. These findings also
reveal the necessity of empirically testing multiseRNA sequences in cell types of
interest as the efficiency of RNAI (i.e. relativerdé of knockdown) can vary significantly
(Figure 3.2, panel B). To ensure that selected shRNAs wodleteeendogenous Rupr
Pu3 expression in fibroblasts or VSMCs, several additidrethsfection/infection and
immunoblotting experiments were performed. As shown mep@& of Figure 3.2, shRNA
sequences identified as promoting specific knockdown oftafjged Pur proteins, also
facilitated knockdown of endogenous Bupbr Puf relative to scrambled control
sequences when assayed in plasmid-transfected primargemé8MCs. Moreover,
evaluation of multiple lentiviral-transduced AKR-2B MEBoés stably expressing Bur
shRNA indicated definitive P@r knockdown relative to a control clone expressing
scrambled sequence (Figure 3.2, panel D). As anticipatee, wes some variability in
the absolute level of Pgirdeficiency among different clones. One serendipittlose
was isolated which was also lacking in @wsuggesting perhaps the ability of Puo
affect Puo. gene expression (200). Importantly, deficiency of oneotin Pur proteins in
these MEF clones correlated with an increase in smoailcle a-actin (SMxA)

expression consistent with loss of Pur repressorigctRelative differences in the levels
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Figure 3.2. Specific knockdown of Pua or Purp by shRNA-mediated RNAi. A and

B, AKR-2B MEFs were transiently co-transfected with dgamounts of expression
vector encoding His-Pur (top panel¥ or His-Puf (bottom panelsplus the indicated
shRNA expression plasmids. Cell extracts were preparedat8rh Total cellular protein
(50 ng/lane) was separated by SDS-PAGE and transferred tobilamd®™ membrane.
Blots were probed with a monoclonal antibody recognizimg N-terminal RGS(H)

epitope tag (Qiagenp, Blots show designed shRNAs specifically targeting knogkdo

of Puf3 (lanes 2 and B B, Blots show designed shRNAs specifically targeting
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knockdown of Pux (lanes 69). Scm designates control constructs with scrambled
sequencesldnes 4, 10, and }1LacZ designates cells transfected with a LacZ shRN
construct kanes 1 and b C, Primary C57BL/6J VSMCs were transiently transfdatéth

2 ug of the indicated shRNA expression plasmids. After 4Bidubation in growth
medium, whole cell extracts were prepared for analipgisimmunoblotting (10ug
protein/lane) with a rabbit polyclonal pan Pur antibody.Whole cell extracts of the
lentiviral-transduced AKR-2B MEFs clones expressingpPshRNA (anes 1-3) or
scrambled control sequendar(e 49 were assayed by immunoblotting to detectoPamd
Pu (10 ug/lane) or SMA (1 ng /lane). Each blot was reprobed with a GAPDH
antibody to confirm equivalent protein loading. Numbenstioe left denote the size of

prestained protein markers in kilodaltons.
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of Pur and SMA expression detected in lentiviral-transduced clone® walidated by
reprobing immunoblots with anti-GAPDH as a loading cointr

Functional consequences of Paror Purg knockdown in fibroblasts and VSMCs
Given previous studies indicating that 8wnd Pup function as co-repressors of the
SMaA promoter (28), we hypothesized that knockdown ofoPand/or Pus in non-
differentiated fibroblasts would result in promoter aation. A series of co-transfection
experiments were conducted in AKR-2B MEFs with the use dilldength SMuA
promoter-CAT reporter known as VSMP8 (Figure 3.3, panel A)satected Pur- or
PumB-specific ShRNA expression plasmids. The VSMP8 promaiasttuct was chosen
because it contains mouse &M sequence-<1074 through the first intron) required for
smooth muscle-specific transgene expressiomivo (296) and, as such, exhibits very
weak transcriptional activity in transfected AKR-2B sellue, in part, to negative
regulation by endogenous Pur repressor proteins. As showigune 3.3, panel B, co-
transfection of P@r sShRNA-I resulted in a dose-dependent increase in V&ptBmoter
activity while a scrambled control construct (P8cm) had no effect on this reporter.
Corroborative results were obtained in lentiviral-transduBKR-2B MEFs where stable
shRNA-mediated knockdown of Huaugmented SMA protein expression (Figure 3.3,
panel C and Figure 3.2 panel D).

To evaluate whether the effect of Bunockdown was promoter context-dependent,
a truncated SMA reporter known as VSMP4 was also tested for respomssgeto Pyy

deficiency. As previously documented (28), this mutant repagkhibits unrestricted

89



MCAT enhancer activity due to the absence 'aiflcleotides required for strand-specific
Pur/Pyr element recognition by endogenous Pur repressersigpae 3.3, panel Aor
schematic). Hence it was not surprising to find that esgio@ of Pus shRNA-I had no
discernable effect on the transcriptional activity &MP4 in transfected MEFs (Figure
3.3, panel D). To assess whether knockdown otrRmould yield analogous results,
ShRNA constructs demonstrating the maximum efficiencywé or Pupf knockdown
(Figure 3.2, Pur shRNA-I and Pys shRNA-I) were transfected either individually or in
combination into AKR-2B MEFs together with VSMP8 or VSMreporters (Figure 3.4,
panel A). Knockdown of Pur alone resulted in a modest ~2-fold enhancement in
VSMP8 activity while knockdown of P@r alone induced VSMP8 by -~4-fold.
Importantly, a synergistic response (~12-fold activabear reporter only control) was
observed in AKR-2B MEFs expressing both dwnd Pug shRNAs implying that
endogenous Pur repressors likely function in a collab@athianner to regulate the
transcriptional activity of the full-length S&A promoter in this cell type. Transient
transfection of the same Rumr PuB shRNA constructs in primary mouse VSMCs
yielded similar results although the extent of de-repressas less pronounced than seen
in AKR-2B MEFs (Figure 3.4, panel B). Relative to VSMP8,Mf& exhibited little or
no responsiveness to combineddand Pup knockdown in both cell types. Evaluation
of other SMrA reporter constructs containing differing lengths o6fl&nking region
indicated that significant promoter induction in respomsed-knockdown of Pur and

Pu in AKR-2B cells minimally required’Ssequence extending +495 (Figure 3.4,
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Figure 3.3. De-repression of the SMA promoter by Purp shRNA. A, Schematic of
mouse SMA promoter-CAT reporter constructs shows caiselements mediating
transcriptional activity lfoxe3 and binding sitesRE, THR, SPUR for Pui/Purf

(18,26). VSMP4 lacks the ~2.5 kbp introntigngle), 5-flanking region from —1074 to
—192, and is transcriptionally activated due to exposure a¥@tic MCAT enhancer
(4AKd) (18). B, Specific and dose-dependent activation of VSMP8 by BhRNA-I.

AKR-2B cells were co-transfected with 248 VSMP8, 0.2ug pCMVp, selected

amounts of plasmid encoding BushRNA-I or scrambled control sequence, and filler

91



DNA to 5.0 pg/dish. Whole cell extracts were prepared 48 h aftersteation and
assayed for total protein and CAT report@r.Extracts of AKR-2B MEFs transduced
with lentiviral vectors encoding PishRNA-I (ane 1) or scrambled sequencarfe 2
were analyzed by Western blotting for detection oiPamd Pup (10 ug protein/lane) or
SMaoA (1 pg protein/lane). Note that the faster migrating fPband is specifically
reduced while SMA is increased in shRNA-expressing cells. Theo®Mblot was
reprobed for GAPDH as a loading control. Numbers on I¢ifie denote the size of
prestained protein markers in kilodaltoms. De-repression of the S\ promoter by
Pu3 shRNA-I is promoter context-dependent. AKR-2B cells eveo-transfected with
VSMP8 or VSMP4 + 1ug of the indicated shRNA plasmids then assayed as described
above.B and D, Promoter activity is expressed as CAT reporter dividedobsl cell

protein (meart SD). *, p < 0.025; **,p < 0.01 compared to reporter only control.
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panel A inset, compare\195 to VSMP4). This result coincides with previous
biochemical studies indicating that high affinity binding byifeenl Puix or Pup to the
purine-rich strand of a Pur/Pyr element is impaired rapgversional mutation of the
GGA motif from-194 to-192 (28), as well as binding analyses showing that delefion o
the GGGA motif spanning positions -195 to -192 results in draspairment of Pux
and Pup binding (148).

Relative levels of Pug, Purg, and MSY1 SMrA promoter occupancy To validate
our findings that suggest Ruis the dominant Pur protein repressor ofd@Mexpression
in MEFs we used a chromatin immunoprecipitation appréacssess relative levels of
SMaoA promoter occupancy under growth conditions shown preljdassilence SMA
expression (9). Consistent with the notion of Puepressor dominance shown in
previous overexpression experiments (145) and in the pré&s¢At study, sequence-
specific SSB occupancy of the M promoter in the region spanning -322 to +58 is
apparently dominated by Hur(Figure 3.5). Near identical antigen affinities of the
antibodies employed validates these results (141hpwudh effects of formaldehyde
treatment, and relative immunoprecipitating antibodinéiés have not been thoroughly
investigated. Although highly qualitative, these results oea® the idea that Piis the

dominant Pur protein repressor in the context ob@Mxpression.
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Figure 3.4. De-repression of the SBMA promoter in response to knockdown of
Pura and/or Purp and the requirement for Pur/Pyr element integrity. A andB,
AKR-2B MEFs or primary C57BL/6J VSMCs were transientignsfected with 2.8.g
VSMP8 or VSMP4 reporters, 01y pPCMVp, and 1.0ug of expression plasmid encoding
the indicated shRNA or scrambled control sequence. pBIXWas used as filler to
equalize the amount of DNA transfected at pg¥dish. Whole cell extracts were
prepared 48 h after transfection and assayed for total pratel CAT reporter. To
compare the relative effect of ShRNAs or scrambledrotsbn each promoter, corrected
CAT values were normalized to values obtained in femtants in which VSMPS8 or
VSMP4 were co-transfected with pBLCAT3 filler DNA onlyoftrol activity defined as
1 for each reporter). Results are expressed as foldpdesston (mean = SE). *f <

0.01; ***, p < 0.001 compared to reporter only contiaket, AKR-2B MEFs were co-
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transfected with the indicated SM promoter-reporter constructs and a combination of
Puro plus Pup shRNA-I plasmids or scrambled control plasmids theesaged as
described above. To assess the relative level of shRB&ated induction of each
reporter, CAT values obtained in leuplus Pup shRNA co-transfectants were divided
by CAT values measured in scrambled control co-tratesfiex Results are expressed as
relative promoter induction (mean £ SE). 1,< 0.01; ***, p < 0.001 compared to

VSMP4.
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DISCUSSION

Puro and Pup are highly homologous proteins exhibiting ~70% primary sequence
identity (143). The highest levels of conservation astricted to the central modular
repeat region of each molecule (10, 11) where the mimuelkic acid-binding domain
resides (11, 143, 212, 310). Not surprising then is the findinghbaé proteins display
near-identical affinity for ssDNA oligonucleotides haring PUR-elements (310).
Regions of primary sequence divergence within the amind-canboxy-termini have
been implicated in directing specific interactions afd®or Pufi with auxiliary protein
and/or nucleic acid-binding partners (92, 145). This finding hakduspeculation that
these regions of non-homology also confer paralog-Bpdanction, as indicated by the
distinct transcriptional properties ascribed todPand/or PUp in different cell types and
promoter contexts (54, 74, 162, 176, 214, 237, 238, 255, 256, 291, 303, 32Xt ffus
speculative view, we have utilized parallel loss-ofetion approach to assess Pur-
paralog functional differences in the context of &Mrepression. These studies were
published in a report describing parallel gain-of-functionys®s, as well as biochemical
dissection of protein/DNA and protein/protein interactmofiles comparing Pur and
Pu3 (148). Collectively these results confirm that pagaland cell type-specific
functional differences exist between &uand Pup in the context of SMA repression,

cis-element recognition, and transcription factor inteaacprofiles.

Mechanisms of ssDNA generation/binding by Pur proteins kbawsistently shown

that Puo. and Pup can associate with purine-rich sSDNA sequences @gaesce-
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Figure 3.5. Relative Levels of Pux, Purp, and MSY1 occupancy at the SMA
promoter by ChIP. Growth-arrested (GA) or exponentially growing (EG) AlRB
MEFs were fixed with 1% formaldehyde. Nucleoprotein comexere isolated from
sonicated whole cell extracts equivalent t§ @élls by immunoprecipitation with rabbit
polyclonal antibodies against mouse de(ilanes 6 and 7), Pgi(lanes 8 and 9), or MSY1
(lanes 10 and 11). Non-immune rabbit IgG (IgG, lanes 4 and BY @rimary antibody
(no Ab, lanes 12 and 13) were included as negative conttolsplexes eluted from
protein A agarose were processed to isolate genomic DN#Ase as a template in PCR
amplification of the indicated S&RA promoter region. Genomic DNA equivalent to
~1/100 of the amount used for immunoprecipitation (Input,sldhand 3) or buffer only
(No template, lane 14) were used as positive and negaiiMeols, respectively, for the

PCR reaction.
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specific fashion as either homo- or heteromultimérsanying degrees depending upon
sequence and length of ssDNA (28, 141, 143, 144, 201, 310). RNA-medgifed
association of Puar (91) and interaction between lewsind Puf in the absence of nucleic
acid has also been reported (141, 142) although the stoidhionextent of Pur
oligomerization and impact on nucleic acid binding remamsawn. The observation
of these seemingly heterogeneous complexes from nueemacts suggests that
collaborative activities of Parand Pup are necessary fon vivo repression of SMA
expression. Results from chromatin immunoprecipitat{&igure 3.5) and transient
knockdown experiments in MEFs indicate that whilePappears to be the dominant
Pur protein repressor, Rumlso contributes in a synergistic acid-element-dependent
manner, as suggested by simultaneous knockdown in the presetize fofl length
promoter (Figure 3.3 and Figure 3.4). These findings subsethiatidea that Purand
Pu are distinct and authentic repressors of thexB8Ndromoter, whereas the observed
derepression of SWA expression in MEFs exhibiting stable BRurand/or PuUs

knockdown also validates their authenticity (Figure 3.2, [dahe

Consistent with previous models of repression, our data Su@pdunctional
cooperation between endogenousoPand Pup for cryptic MCAT enhancer regulation
(28). However marked synergistic activation of the leigth SMxA promoter in
response to simultaneous knockdown of bothoPand Puf MEFs suggests that
transcriptional activation in AKR-2B cells is not onilze result of cryptic MCAT

enhancer vacancy, but also a result of derepression diondd cis-elements and
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liberation of othertrans-activators influenced by Pur proteins in fibroblasts (47, 272).
This explanation may explain the less significanpoese observed during simultaneous
knockdown of Pur proteins in primary VSMCs (Figure 3.4, panel B) alternate
explanation is that the existing levels of endogenoust Rund Pup in VSMCs are
sufficiently low such that SMA expression is constitutively active and knockdown
effects are difficult to detect.

Delineation of this issue was goal of gain-of-functicundgts that complemented the
loss-of-function studies presented here (148). The sestithese investigations showed
that forced overexpression of Burbut not Pus, confers repression in cultured clonal
and primary VSMCs from both full-length promoter counsts (VSMP8) and truncated
constructs lacking Pur-binding sites flanking the core M@hahancer (VSMP4). These
findings contrast Pur overexpression studies in AKR-2B MEFs which showedxPur
mediated repression is restricted to the core enhatement. These studies confirm that
Pur proteins repress expression of &Mby distinct mechanisms, dependent upon cell
type. The preference for fyrbut not Pum, to repress expression of S at cis
elements proximal to the MCAT enhancer element also sugyest differences exist
either in the transcription factor interaction profilestween Pur and Puf or their
inherent binding affinites to these elements.

Interaction profiles of Pur and Pug versus transcription factors known to interact
and activate transcription of SM from other numerousis-elements were generated by
an ELISA-based method (elements and factors detailedjure=1.1)(28, 47, 145, 272,

319). The results of this analysis showed that indeed &od Pup display differential
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affinity for other known transcriptional activatorsn both AKR-2B and A7r5 clonal rat
VSMCs, Pup shows greater interaction potential with MSY1, TEFid &p1/3 than
does Pun, although slight cell type and subcellular compartniediferences were
noted. The elevated interaction of Puwith Sp1/3 is particularly interesting due to
recent findings which showed the capacity of Pur proteimestrict enhancer activity by
displacing Sp1/3 and Smad proteins from THR and SPUR aten7, 272).In vitro
binding studies examining the apparent affinities of recombifun and Pup for
ss/dsDNA oligonucleotides representative of the MCAT mobaelement (PE32), THR,
and SPUR show that both feuand Pup display high, near identical affinities for the
purine-rich strands of the PE and SPUR elements. Batfeins show reduced affinity
for either strand of THR, a predictable finding based oremesl purine content. The
results of ss/dsDNA-binding studies indicate that diffeesnt repressive capacities
observed between Rurand Pup are not due to differences in the abilities of these
proteins to recognize and bind cis-elements, but likely dueligtinct capacities to
interact with or displace transcriptional activators.

Collectively these findings support a model that suggésis teprogramming of
constitutive SMtA in activated SMCs towards a repressive state likelyolres
deactivation of Sp1/3:SPUR enhancer complex by displadenarsed by increased
nuclear concentrations and binding of [Puto this element. Furthermore,
compartmentalization of Parto the nucleus may permit this mechanism. Maintenance
of the repressed state, as it exists in fibroblast-likktgees, likely proceeds through

restriction of the MCAT enhancer element by bothoPand Pup. This model also
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suggests that distinct functions of Ruand Pup aid in the plasticity of SMA
expression in response to environmental cues. The idefht#gvironmental factors that
upregulate, compartmentalize, or ‘activate’ Pur proteins genetic and phenotypic

reprogramming of VSMCs remains to be determined.
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CHAPTER IV. SOLUTION CHARACTERIZATION REVEALS THE

QUATERNARY STRUCTURE OF RECOMBINANT MOUSE PUR B

The experimental methods, results and interpretations described hereen begn
published previously in a revised form:
Ramsey JE, Daugherty MA, Kelm RJ, Jr. (2007) Hydrodynatoidies on the quaternary

structure of recombinant mouse Purbeta. J Biol Chem.282(3):1552-60.

INTRODUCTION

Puro and Pup are members of a highly conserved family of nucleid-banding
proteins related by primary structure and a propensity graat with single-stranded
DNA (ssDNA) or RNA sequences rich in purine nucleotides (reviewed in (B2)grse
regulatory functions attributed to these proteins include desmascription, mRNA
translation, cell growth, and cell cycle progressiony7, 58, 125, 133, 146, 155, 177,
265). Pue and Pup are ~70% identical at the amino acid level (143). Biocbaim
investigation of deletion mutants has shown that each prgtessesses a minimal
ssDNA/RNA-binding domain composed of a unique set of highlydlogous sequence
repeats (70, 133, 145). However, significant sequence ditfesebetween Purand Pup
existing near the N- and C-termini suggest that each prot@ynhave evolved to perform
distinct functions (143). Purand Pu have been reported to bind t&dR-element in a

highly asymmetric polypurine/polypyrimidine tract locatedtie 3 flanking region of
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the mouse SMA gene (28, 141). It has been hypothesized that strand-spaaifiing by
Puro/Pu to this element disrupts a core MCAT enhancer mabigireby repressing
SMoA promoter activity in cultured fibroblasts and vasculaonsth muscle cells (28).
Despite biochemical similarities, gain-of-function seslsuggest that Rurand Pup are
not redundant in terms of their transcriptional repressivity toward the full-length
mouse SMA promoter in transfected vascular smooth muscle ¢B4IS).

In light of the specific protein-DNA, protein-RNA, andopein-protein interactions
attributed to Pur and Pup, and their potential relevance in modulating cell groand
differentiation, a need has emerged for the elucidatiorthef biophysical factors
governing nucleic acid recognition. The mechanism of DNA-bipds of particular
interest since DNA is thought to exist primarily in a dotsilanded B-form helical
configurationin vivo. Since Purx and Pup preferentially bind to ssDNA or, in some
cases, non-B-form structures (6), this aspect of Pur prataction has been investigated
to a greater degree. Several reports have indicated Pinat is capable of helix
destabilization despite showing no intrinsic helicasé®Pase activity (56, 310). This
has led to speculation that Pur proteins may promotendstidisplacement by
opportunistic binding to transiently-formed ssDNA structuf@sis notion is supported
by the finding that the 'B8MCAT enhancer region of the SM promoter has the
propensity to adopt a partially unpaired configuratioresponse to transforming growth
factor B1 signaling (9). Another potentially important aspect &fAdbinding that was
hinted at by previous studies involves the oligomeric staRuofroteins in the presence

and absence of ssDNA. Experiments reported by Kelm andr&ers (104), suggested
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that Puo. and Pup bound to a SMA promoter-derived PUR element as either hetero- or
homodimeric nucleoprotein complexes. However, the itomd used in those
experiments did not permit determination of whether ot dimerization was a
prerequisite for, or a consequence of, ssDNA-bindindghisrregard, a report by Gallia
and colleagues has pointed to a critical role for RNAnediating self-association of
Pura (91).

In the present study, we elucidate the quaternary struofuperified recombinant
Pu3 by employing hydrodynamic and thermodynamic approaches to irexatie
macromolecular character of nucleic-acid free pPun solution. Size exclusion
chromatography coupled to static and dynamic light soagtéyased detection systems
revealed Py¥ to be an asymmetric protein capable of homodimerieassibciation. This
principal finding was confirmed by analytical ultracentriftiga which established that
mouse Py does indeed exist in a reversible monomer-dimer dmuifn characterized
by a dissociation constant of +IM in the absence of nucleic acid. Hydrodynamic
analyses further suggested that homodimerid Rasumes a non-spherical conformation
in solution. We propose a model in which dimerization ratigct SSDNA-binding in a
manner regulated by a mass-action governed self-assoc@itiPuf3. This type of a
mechanism may be particularly relevant to pathophysicédgstates of the heart and

vasculature where elevated BUlgvels have been noted (104, 271).

104



MATERIALS AND METHODS

Expression and purification of nucleic acid-free N-HisPgr— E. coli strain JIM109
was transformed with the plasmid pQE30-N-HiglPwhich contains cDNA encoding an
amino-terminal hexahistidine tagged mouse pPtusion protein (N-HisPy#) (141).
Transformants were selected after growth on LB-agadiune containing 40ug/ml
carbenicillin (Sigma) for 16 h at 3€. A single colony was used to inoculate 50 ml LB
medium containing 4@g/ml carbenicillin. These starter cultures were allowedrtw
for 8 h at 37°C to an optical density of >1.2 at 600 nm, atlwvtime 10 ml of starter was
used to inoculate 1 liter of pre-warmed Terrific Broth(QBiogene) with 40ug/ml
carbenicillin. Cultures were allowed to grow at 37°@illan optical density of 0.6 at 600
nm was reached. Cultures were supplemented with ampi@ligma) to 0.1 mg/ml and
isopropylthiogalactopyranoside (Sigma) was then addedit@lecbncentration of 1 mM
to induce N-HisPUr expression. After 4 h of additional growth, cells evdiarvested by
centrifugation and cell pellets were stored at -80°Cl @ellets equivalent to 4 liters
were allowed to thaw in 20 ml of buffer A (50 mM sodipmosphate pH 8.0, 300 mM
NaCl, 10 mM imidazole, 10 mNi-mercaptoethanol) and completely resuspended on ice.
Protease inhibitors leupeptin, aprotinin, and pepstatin A wah added to a final
concentration of Jug/ml and phenylmethysulfonyl fluoride was added to 0.1 mM. Lysis
was facilitated by the addition of egg white lysozyme if&iyjto a final concentration of

1 mg/ml and incubated on ice for 20 min with occasiondiirgj. The cell suspension
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was sonicated with a Branson Sonifier model 150 (settingot@® total of six 10 s bursts
with 1 min incubations on ice between bursts to avoidhmading. Lysates were cleared
by centrifugation at 14,00Q@ g for 30 min at 4°C. A total of 5 ml of 50% Ni-NTA
agarose slurry (Qiagen) was added to the cleared lyditedd by 5M NaCl to a final
concentration of 1 M. Bovine pancreatic DNase | and RMa&gigma) were each added
to 59 and 92 units/ml, respectively (based on manufactpesified activities) and the
lysate-Ni-NTA agarose mixture was slowly rocked for Zthroom temperature. The
lysate-resin mixture was then gently centrifuged at 20§@or 2 min at 4°C to pellet the
Ni-NTA agarose. Supernatant was removed and 25 ml of rb8ff¢50 mM sodium
phosphate pH 8.0, 2 M NaCl, 10 mM imidazole, 10 fHvhercaptoethanol plus protease
inhibitors) was added to the resin. The mixture was iheumbated approximately 14 h at
4°C with slow rocking. Gentle centrifugation at 100@ for 2 min at 4°C was used to
pellet the resin which was subsequently resuspended ier uHind loaded into a 1.5 cm
diameter column. The rest of the purification procedures warried out at room
temperature. The resin was washed with buffer A uhil &bsorbance of the flow
through at 280 nm reached a baseline level (A28002 absorbance units). N-HisBur
was eluted by application of buffer C (50 mM sodium phagplpH 8.0, 300 mM NacCl,
500 mM imidazole, 10 mM-mercaptoethanol). Eluted protein was concentrated using a
centrifugal device (Centriprep YM-10, Millipore). Size exsibn chromatography was
carried out on a 1.5 cm 98 cm column packed with Sepha@y?200 HR resin (Sigma)
equilibrated in buffer E (50 mM sodium phosphate pH 7.5, 200 NaCl, 0.5 mM

EDTA, 2 mM dithiothreitol) and run at a flow rate obOnl/min. The optical density of
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the eluate was monitored with a Pharmacia model UV-10VigMdetector. The column
was calibrated using bovine serum albumin, ovalbuminporac anhydrase, and
cytochrome c (low molecular weight size-exclusioatein standards, Sigma). Fractions
corresponding to the major dimeric peak of [Puvere pooled and concentrated as
described above. Protein purity was assessed by Coomassist&@hiag of N-HisPUys
reduced with 300 mM3-mercaptoethanol and resolved by SDS-PAGE on 12% (40:1
acrylamide:bisacrylamide) mini-gels. Preparations usechyoirodynamic studies were
judged to be >95% homogenous N-HigPumder reducing conditions. To assess the
level of nucleic acid-contamination, baseline-correetiesbrbance spectra of purified N-
HisPui} were obtained using a Cary Bio100 dual beam spectrophoto(ivetesan). A
theoretical molar extinction spectrum of N-HisPuvas calculated using SEDNTERP
software (164) based on the method of Pace and cowoEls Protein concentration
was determined spectrophotometrically assuming an extinctefficient of 18,610 M
'em® at a wavelength of 280 nm and a monomeric relative cutde weight of 35,168.6
(calculated using SEDNTERP). To further test for thegmes of nucleic acid, purified
N-HisPu3 (1.4 mg in 500ul) was extracted twice with an equal volume of budter
phenol, followed by extraction with an equal volume diepol:chloroform:isoamyl
alcohol (25:24:1), and an equal volume of chloroform. The @amgiphase of the extract
was lyophilized and redissolved in ultrapure water thimed and then dissolved one
final time in 200ul of ultra pure water. Baseline corrected absorbaneetspm of the

lyophilized extract was obtained to ensure the abseie@eak at 260 nm.
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Hydrodynamic analysis of N-HisPy8 by size-exclusion chromatography-laser light
scattering and dynamic light scattering Molecular mass and hydrodynamic radius
measurements of N-HisHuin solution were made by size-exclusion chromatography
(SEC) coupled light scattering techniques. These expersmeste performed at the W.
M. Keck Foundation Biotechnology Resource LaboratorgpBysics Facility, Yale
University, New Haven, CT as described (81, 306). The acalyystem consisted of a
Superose 6 (Pharmacia-Amersham) size-exclusion columnlecbup four detection
systems configured in series including a UV absorbance tdet@€ratos model 773
variable wavelength, Applied Biosystems), a laser (3taght scattering (LLS) detector
(DAWN DSP, Wyatt Technologies), a refractive indexedtor (OPTILAB, Wyatt
Technologies), and a dynamic light scattering (DLS) d&te system (DYNAPRO
TITAN, Wyatt Technologies). The DLS light source used waBAWN EOS 633 nm
laser (Wyatt Technologies). Solvent delivery was edrout by a Waters 510 HPLC
pump (Waters Corp.) equipped with pulse-dampening transduceis Rhdodyne 7125
sample injection valve. Buffer E was used as theesdlun this analysis. Multiple
volumes of pre-fitered (0.22am Durapore, Millipore) N-HisPgr (2.0 mg/ml) were
injected and eluted at controlled flow rate of 0.3 ml/min.

LLS data was collected at an angle of @Me highest scattering signal) and analyzed
by ASTRA software package (Wyatt Technologies) fittingplmmentations of the Zimm
formalism of the Rayleigh-Debye-Gans light scatgrmodel for dilute solutions of
polymers, which relates the amount of scattered lighthéoconcentration and weight

average molecular weight of solute (81, 279, 306):
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K*c/R(6) = 1/IMyP(6) + 2AC (Equation 4.1)

In this relationshiR(#) is the intensity of excess scattered light at adyle is the
concentration of the solut®),, is the weight average molecular weight of the splyas
the second virial coefficien* is an optical parameter equal4e’n*(dn/dc¥/(A*Na), n
is the refractive index\a is Avogadro’s number, andlis the wavelength of the scattered
light. The angular dependence of the scattered ligtessribed by the functiotVP(6),

whose first order expansion gives:

1/P@) = 1 + (162°/34°%)<r>sin*(A12) + ... (Equation 4.2)

Where<rgz> is the root mean square radius of gyration. The Ziittmd formalism (81)
was used for the determinationM§, of N-HisPup.

DLS measurements were made at an angle of ith a 2 second collection
interval. Time resolved homodyne scatter intensitigttiations were analyzed using
Dynamics Software (Protein Solutions) which implemehéscumulants method (152) to
determine the time dependence of diffusive motion alsoreefeto as the intensity

autocorrelation functiorG(z) (18, 213, 308):

G(7) = B[1+ aexp(-2D:¢°7)] (Equation 4.3)
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whereB is the average baseline intensityis an instrument-specific correction factDr;

is the concentration-dependent translational diffusomstant of the solute;is a delay
time, andq is the scattering vector equal @n/1)sin(@2), in whichn is the refractive
index of the solvent) is the wavelength of the scattered light ahd the scattering
angle. Equation 4.3 describes the relationship betweedmibedependency of fluctuation

in scatter intensity and the translational diffusieefécient. Generally, large molecules
diffuse slowly and generate scatter signals that dktet slowly. The opposite is true for
small molecules. The value Bfr was used to estimate the apparent hydrodynamic radius

of an equivalent sphere by way of the Stokes-Einstéati@aship:

Rw= kT/6zD (Equation 4.4)

wherek is the Boltzmann constari,is the absolute temperature, and the temperature
corrected viscosity of the solvent.

Sedimentation velocity analytical ultracentrifugation of N-HEIrg -
Sedimentation velocity experiments were carried ot Beckman/Coulter Optima XL-
I/XL-A equipped with an An50Ti rotor. Radial concentratiahstributions were
measured at 50,000 rpm anéiC4using Rayleigh interference optics. Protein samples
were gel filtered over a 1.5 cr98 cm Sephacr@ 200 HR size-exclusion column pre-
equilibrated and eluted with buffer E (described abowe)aafinal step prior to
sedimentation. The fraction corresponding to the ddasme maximum of the presumed

dimeric peak was used to prepare a dilution series of d®ufi over a ten-fold
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concentration range starting at 43i61. The reference buffer consisted of a buffer E
eluate from the size exclusion column. Blank subtth&ayleigh interference scans were
recorded at 1 min intervals. Sedimentation velocity da¢se analyzed by thdc/dt
method to generate apparent sedimentation coefficistrttuitions,g(s*) (266), with the
use of DCDT+ software (217). Direct fitting of time-résm concentration difference
(Ac versus radius) curves to numerical solutions to the Lasgumtion describing
multiple, interacting species models and kinetic models performed using SEDANAL
v4.3 software (268). Goodness of fits were judged by visualizafioesiduals and fitting

statistics. Temperature corrected values for the pagetific volume of N-HisP@r (v),

as well as densityp), and viscosity ), of buffer E were calculated using the program
SEDNTERP. Resulting values are as follows: 0.7109 ml &, p = 1.0149 g mt, andy

= 0.1635 g cri s*. Molecular shape modeling was also carried out with SEHERH.
Protein integrity was assessed after sedimentation y-FFAGE to ensure that the
samples were intact.

Sedimentation equilibrium analytical ultracentrifugation of N-HPurg -
Sedimentation equilibrium experiments were carried autdlls fitted with six-sector
charcoal-Epon centerpieces (1.2-cm path). Protein andenefe buffer samples were
prepared as described above. Sample dilution seriesmeamte from the dimeric peak
fraction over a ten-fold concentration range. Sediateont was carried out at rotor
speeds of 22,000, 28,000, and 35,000 rpnr@t &ive scans were averaged to remove

noise. Equilibrium was judged to be achieved by the superposifiescans taken 6 h
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apart and by analysis with the MATCH package implementedEBYEROANALYSIS
software (49).

Blank corrected sedimentation equilibrium data wereding HETEROANALYSIS
software to numerous mathematical models describinglradncentration distributions
including single ideal species (equation 4.5), single nor-idpacies (equation 4.6),
monomer-Nmer equilibria (equation 4.7), monomer-dimeihvificompetent monomer
(equation 4.8), monomer-dimer with incompetent dimer (eguna4i.9) and monomer-

Nmer-Qmer equilibria (equation 4.10):

A(r,A) = 8 + £1/CoexXP[M* d(r’-ro?)] (Equation 4.5)

A(r,A) = 6 + £1/CoeXP[MFHr?-ro?) — 2AM{w(r)-w(ro)}] (Equation 4.6)

A(r,2) = 8 + £176eXp[M*(r?-ro?)] + N g/co " exp[InKa + NM* g(r?-r?)]

(Equation 4.7)

A(r,2) = 8 + g1/cexXpIM*Hr?-ro?)] + £,/C 0exp[M*g(r-ro?)]

+ 2grc’explIinka + 2M* g(r?-r?)]

(Equation 4.8)
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A(r,2) = 8 + £1/6eXpIM*Hr?-ro?)] + 17’ e exp[2M*¢(r’-ro’)]
+ 2grc’explIinka + 2M* ¢(r?-r?)]

(Equation 4.9)

A, A) = 8 + £10coexp[M*(r?-ro?)] + N gi7¢o exp[InKar + NM* g(r?-ro?)] +
Qé1/Co exp[INKaz + QM* §(r*-ro”)]

(Equation 4.10)

whereA(r,A) is the radially-dependent absorbance at radial positjeand wavelength,
A, 0, 1s the baseline offset; is the molar extinction coefficientjs the path lengtlg, is
the molar concentration of the monomer at the ahyitreference radial positiap, C'o is

the molar concentration of the incompetent monometha arbitrary reference radial
position ro, d’o is the molar concentration of the incompetent dimethe arbitrary
reference radial positiomy A, is the second virial coefficientM is the monomer
molecular weightw(r) refers to the concentration of the monomer on ghtiyolume
scale at distance w(rp) is the weight/volume concentration at referencetwsio, N is

the stoichiometry of associatio, is the association constaf,is the stoichiometry of
the higher order oligomeric associatidft refers to the buoyant molecular weight, equal

to M(1- 0p). ¢is equal toe/RT, in which w is the angular velocityR is the gas constant,

andT is the absolute temperature. Goodness of fit was judgéti digitistics and visual

inspection of residuals for systematic deviations.
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RESULTS

Purification of nucleic acid-free recombinant P8 — In order to investigate the
self-association of N-HisP@rit was essential to ensure that preparations of the
recombinant protein be devoid of co-purifying DNA and/or RNA. dccomplish this
task, we developed a protocol that included nucleases daringli lysis and performed
Ni-NTA agarose affinity chromatography under high ioniemsgth conditions to promote
removal of weakly-associated nucleic acids. A finaésxclusion chromatography step
was also included to eliminate high molecular weight aggesgand low molecular
weight fragments. Using the method described herekidRuil was purified to
homogeneity as judged by SDS-PAGE (Figure 4.1A). Althoughribiecular weight of
N-HisPu calculated on the basis of its amino acid sequen88,i68.6, it appears to
migrate by SDS-PAGE as a ~43 kDa peptide under reducing amslitihe unusual
electrophoretic mobility of the recombinant protein isnsistent with the reported
mobility of native PuB expressed in fibroblasts and vascular smooth muscke @l
143). This suggests that the His tag is not the major botitrg factor to the non-ideal
electrophoretic behavior of N-HisHurIn order to assess the extent of nucleic acid
contamination, we compared the absorbance spectrum dhpech to the molar
extinction at 280 nm of 18,610 \m™) to a hypothetical molar extinction spectrum of
N-HisPu, generated from amino acid content (Figure 4.1B). Thispeoison showed
only minimal deviations between the calculated and expeiial spectra in the region

around 260 nm. It would be predicted that stoichiometric quesoif co-purifying
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Figure 4.1. Expression and purification of N-HisPuB. A, Reducing SDS-PAGE to
analyze recombinant mouse BuB.8ug of purified N-HisPup was loaded. Despite the
fact that N-HisPys has a sequence predicated molecular mass of ~35 kDews san
electrophoretic mobility of ~43 kDa relative to molecweeight standards (MW)B,
Comparison of a calculated molar extinction spectral-d¢disPu (solid line) with an
experimentally measured absorbance spectra of purified Ruiis(normalized to
calculatedezgo nm = 18,610 Mcmi’, dashed ling The correspondence of the curves

confirms the absence of nucleic acid in preparations-didRui.
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nucleic acids would result in a large spectral diffeeeincthis range since nucleoside-5
monophosphates have a molar extinction coefficiertheraverage of favi*cm* at or
near 260 nm (32). Furthermore, absorbance spectra of pHdaoMorm extracts of
purified N-HisPuf preparations showed no species with,ax of 260 nm (data not
shown). Collectively, these data indicate thatgheparations of N-HisPfrused in this
study were free of co-purifying nucleic acids.

Buffer E was chosen as the buffer condition forsatlimentation and light-scattering
experiments. We have determined that the solubility-efisPuiB relies heavily on ionic
strength and reducing agent concentration (data not showlysis of protein at
moderate concentrations (~ 1 mg/ml) leads to loss oépr@likely deposition on vessel
surfaces, as sample can be recovered by addition of saghbuffers). The salt
concentration of buffer E (200 mM NaCl) was determinedeidhe minimum quantity to
limit this effect and to maximize stability.

Hydrodynamic analysis of N-HisPy# by size-exclusion coupled light scattering
technigues— A series of physical techniques that make use of macremiafelight
scattering phenomena were used to investigate the hydnmitynproperties of N-
HisPuf} in solution. SEC-LLS-DLS is a well-suited means aivastigating the
hydrodynamic character of proteins. It is non-destrucavel each individual light
scattering detection technique can be performed in setesabize fractionation step.
The use of SEC as a preliminary step to light scatterang eliminate some of the

ambiguity created in performing weight-average measureni@ht279, 306).
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Figure 4.2. Molecular size measurements of N-HisPpr in solution by light
scattering techniques.N-HisPu3 was applied to a Superose 6 column and eluted with
buffer E at high pressure. Elution was monitored by cgfra index (RI) changes and
analyzed by LLS A) and DLS B) to determine the solution characteristics of the
recombinant proteird, The RI traces (normalized to molar mass valugg] $nes) and
LLS molar mass measurements (points) of N-HigRdark gray) show an asymmetric
elution pattern suggesting that the protein elutes asxeauna of self-associating and

monomeric species, as compared to a bovine serum alstamdard (light gray). The
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weight average molar mass of the elution peak deterniméd S was 67.7 £ 4.12 kDa.
B, As determined by DLS, a dependence of the weight av&ags loading quantity
was also noted. Solid lines represent RI traces whanelividual data points represent
the DLS determined weight average hydrodynamic radius measaote of eluting N-
HisPui} collected at different loading concentration (19.9 pmaie350 ul, dark gray;

5.1 pmoles in 10Ql, light gray). Again, Rl trace values were normalize®y values.
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The results of applying the SEC-LLS to solutions of MR reveal an asymmetric
distribution of refractive index (RI) and molar masgasurements in the sole eluting
peak of N-HisPUs, as compared to a bovine serum albumin standard (Figure 4.2A).
These results are consistent with a polydisperseuneixhat elutes as a single, albeit
asymmetric peak. On the sole basis of RI signal, oghtnsurmise that the asymmetric
shape of the elution peak could arise from interactiomN-¢fisPuf} with the column
matrix. Although this could conceivably cause a tailing etffen elution, it would not
cause a broadening in the distribution of weight-averagarnnadss measurements as is
seen for N-HisPy (Figure 4.2A). Instead, this effect is likely due to plidpersity. The
number average of the weight average molar mass measutieacross the elution peak
is 67.7 + 4.12 kDa corresponding to a 6.08% degree of polydigpeBsised on the
number average molar mass, this suggests that N-iigRigts as an interacting mixture
of monomers and dimers (expected dimétjof 70,337.2).

Weight average hydrodynamic radiRy) determinations on SEC fractionated N-
HisPui} by DLS were also consistent with a self-associadygiem. It was found that the
number averag®, across the top 10% of the eluting peak (region of peak vdoatter
signal is strongest anBy values are approximately constant) is dependent upon the
loading quantity of N-HisP@r (Figure 4.2B). The resultarRy values for loading
quantities of 19.9 pmoles and 5.1 pmoles were 4.3 nm and 3.8gpectively. From
these data, it is apparent that the weight aveRagef the eluting solution is dependent
upon a mass-action governed self-association of N-HisPilieseRy values are very

different from the calculate®y = 2.72 nm for an equivalent non-compressible sphere
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with a molecular mass of 70,337.3 Da. Rievalue of 4.3 nm is expected to result in a
frictional coefficient ratio (f/f) of 1.56, as determined by analysis with the Dynamics
Software (Protein Solutions). Collectively, findings éd®n light scattering suggest the
N-HisPuf3 participates in a monomer-dimer equilibrium and tha timeric form
assumes an asymmetric shape in solution.

Sedimentation velocity analysis of recombinant BB+ Quantitative hydrodynamic
and thermodynamic analyses aimed at investigating tlgoroéric structure of N-
HisPu3 in solution were performed by analytical ultracentrifigat Sedimentation
velocity experiments were carried out to investigate hlydrodynamic properties of
recombinant Py and to validate the observations made by SEC-LLS-Du&iest. The
apparent sedimentation coefficient distribution fumetig(s*), for solutions of N-
HisPui} at four loading concentrations ranging from 4M to 43.5uM is shown in
Figure 4.3A. Analysis of the normalized weight averagbnsentation coefficients-w)
from g(s*) distributions shows an increase as a function ofit@gadoncentration (Figure
4.3B).

The presence of a single peak in the g(s*) data shown iné~g8A may not imply a
single sedimenting species. This is because the féctiffusion in these experiments
may hide heterogeneity, especially in the case wherseitienentation coefficients of all
sedimenting species vary only slightly (216). Howetlee, ensemble of data suggests a
diffuse mixture of species whose sedimentation is dynaand dependent upon the

changing radial concentration distribution over tirBé7).
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Figure 4.3. Sedimentation velocity analysis of N-HisP@t A, g(s*) plots of adilution
series of N-HisPy@r made by collecting the major elution peak from a Segh®ac200
HR size exclusion column. Data are shown for a 10-6okdcentration range of protein
from 4.7 uyM (—), 13.4uM (----- ), 28.6uM (----) and 43.5uM (—e+s-). Data were
collected at 50,000 rpm and 4°8, Weight averages,,-,, as a function of loading
concentration. These data show an increas,if, ,a further indication of a reversible
self-associating system. Error bars represent unotrta the determination of the

weight average value sfy-w. The dashed line iB is intended to guide the eye.
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In order to elucidate the number of sedimenting spégcisslutions of N-HisPW, direct
fitting of sedimentation velocity data was employedspite only observing a single
Gaussian peak in thg(s*) distributions, fitting of radialdc (subtraction of scan-pairs)
data to a single sedimenting species model was pootiveela that of a monomer-dimer
equilibrium model (Figure 4.4; as judged by an increase in randss of residuals and
by fitting statistics). Fitting to the single-species dab revealed an apparent 3.97
Svedberg species with an apparéht = 66,890.1, which is lower than the expected
molecular weight for dimeric N-HisPgir This is suggestive of enhanced diffusion due to
self-association M ~ s/Dyr). Further, fitting to an associating model reveatbad
sedimentation coefficients and molecular weights athithe monomeric and dimeric
species. At a loading concentration of 13M, it was found that the monomeric species
sediments with a&0-y Of 1.79 (1.70-1.90) Svedberg with an apparent mass of 35.94
(35.63-36.29) kDa. This correspondsRge = 4.91 nm and f4f= 2.22 when analyzed
with SEDNTERP. The dimeric species was determineddoment with aso-, 0f 3.961
(3.960-3.968) Svedberg, correspondingRp= 4.43 nm and f4f= 1.60. TheRy and
f/fo determined for the dimeric species are slightly gredtan those found by light-
scattering techniques but are in reasonable agreementdisplagity is likely due to the
fact that DLS measurements are made in a bulk mannampotydisperse system and, in
turn, are weight-averages. Returned dissociation catsst@m direct boundary fitting to
the reversible monomer-dimer model ranged from 0.23 —IM)3 As described below,
rigorous sedimentation equilibrium experiments were pero to substantiate these

values.
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Figure 4.4. Analysis of N-HisPuB sedimentation velocity by direct fitting of time-
resolved concentration difference curvesA, Scan-pair subtractionzi€) of N-HisPuB
(13.4 uM loading concentration shown) in buffer E at 50,000 rpmewi# to single
molecular species with an average of absolute residfi&l8488 x 10 fringes (various
grayscale symbols represent scan-pair subtraction logs;represengingle species fit).

Ac curves represent scan-pair subtractions taken every 800dse B, The same data set
shown fit to a reversible monomer-dimer model withaaerage of absolute residuals of
4.3248 x 10. The residuals of the fit are shown below the pldtse increase in the
average of absolute residuals Anvs B are also seen in the increase in systematic

deviations in the residuals.

123



The disparities between the experimentally derivedcahcllatedRy values, as well
as the value of fffor the dimeric species are suggestive that the shagemefic N-
HisPui} is markedly different from that of a condensed sph&elecular shape
calculations predict that N-HisHudimer is elliptical in solution, either prolate or dbla
with axial ratios of eithea/b = 7.01 or 8.05 for a prolate or oblate ellipsoid respelgtive
These calculations were made using a degree of hydratiod294 g HO/g N-HisPup
which represents the predicted maximum degree of hydraasedbon amino acid
composition of the protein using the Teller method (160) whsctbased on the
assumption that all amino acids are maximally hydra@aeen this degree of hydration,
the molecular dimensions would be 23.57 wn8.36 nm (4 x 2b) for the prolate
prediction and 12.90 nm 1.60 nm Ra x 2b) for the oblate ellipsoid. However, studies
suggest that the actual degree of hydration of proteins igajgniewer than maximal
values, presumably due to folding and exclusion of watehenhlydrophobic core of
proteins. Kuntz showed that corrections for folding tbe degree of hydration of
proteins were on the order of 10% (90% of the maximum lz&al value) (159),
however values of 0.30-0.35 g.®Vg protein are generally used in instances where the
actual degree of hydration is not known. Unfortunatelgcueate hydrodynamic
modeling cannot be accomplished without prior knowledge oferithe degree of
hydration or the axial ratios of the hydrated molecule (10%)a 10% decrease in
hydration of dimeric N-HisP i due to folding is assumed, the resulting hydration value
is 0.349 g HO/g protein, and predicts axial ratios of 7.29 and 8.43 foro&ter and

oblate ellipsoid, respectively. Molecular dimensionsiag from these values would
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then be 23.91 x 3.28 nr@g x 21 for the prolate case, and 12.94 x 1.54 @an X 21) for
the oblate prediction. These values indicate that tbgegied dimensions differ only
modestly with the inclusion of this assumption-basedection.

Sedimentation equilibrium analysis of recombinant P&+ In order to validate the
monomer-dimer self-association model for N-HigRuand confirm the equilibrium
constant that characterizes this association, sediaien equilibrium studies were
performed. A 10-fold range of concentrations (from 4 i) of size-fractionated N-
HisPuiB} in buffer E were sedimented at three different ropaesls until equilibrium was
attained (representative scans are shown in Figure 4@&reful and systematic analysis
of experiments in which protein concentration, rotor dpesnd buffer conditions were
altered indicated that we were limited in the rangearfditions, which would result in
interpretable data. We were unable to run N-HifRatrconcentrations lower thanuM
due to low radial absorbance distributions resultingalues below the signal to noise
ratio of the instrument (data not shown). Attempts atering the reducing agent
concentration to lower baseline absorbance, in antetifocollect low concentration
absorbance datasets at 230 nm, resulted in formation berhigrder oligomers as
assessed by SEC (data not shown). We believe that wWerse artifactual oxidation
products. Protein concentrations and rotor speeds were nclsosdn that non-ideal
solution conditions were avoided. Further, buffer dools were selected such that N-
HisPui} solubility was optimal. It has been found by our labmmathat preparations of
N-HisPui} are considerably less stable in buffered solutionsagaing less than 200 mM

monovalent salt.
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Figure 4.5. Analysis of concentration-dependant N-HisP@r solution non-ideality by
sedimentation equilibrium. Solutions of N-HisPyr at various concentrations were
analyzed by sedimentation equilibrium at rotor speed&2¢®00, 28,000, and 35,000
rpm. Radial concentration distributions for eachdiag concentration from all three rotor
speeds were globally fit to a single-ideal speciessttertain the weight-average apparent
molecular weight of the samples. These values (&atia of the apparent molecular
weight to the known monomeric molecular weight,**/M“®) are shown plotted versus
the initial loading concentration. Data indicate thla¢ apparent solution molecular
weight approaches that of a dimer at loading concémmsatless than 4QuM,
representative of self-association. Loading conceaatraitgreater than 4QM show a

decline inM,/**?M®® values, suggestive of electrostatic repulsion non-ideality.
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Our logic in choosing an appropriate set of experimentaditons to perform
sedimentation equilibrium experiments is as follows. &V/aluated the dependence of the
ratio of apparent weight-average molecular weight te tlalculated monomeric
molecular weight M., *?PM©¥%). We describe two possible outcomes. First, a systematic
decrease in th#l,/ /M@  ratio as a function of loading concentration is suggestiv
either hydrodynamic or electrostatic repulsion solution-ideality. Both situations can
be created by high loading concentrations or sedimentatidmgh rotor speeds and
manifest as perturbations of the observed thermodynamaceters of the system (163).
Alternatively, M,/ *P/M“?° ratios greater than 1 and/or positive slopes in mibthis kind
are indicative of electrostatic attraction. Thistdat case was seen at loading
concentrations below 40M and values oM, **’M“?° approached 2, a result suggestive
of dimerization (Figure 4.5). We found that the radiahaantration distributions of N-
HisPui} at sedimentation equilibrium using loading concerdratiof 1.40, 0.35, and
0.24 mg/ml (39.8, 9.94, and 3.98/, respectively) and rotor speeds of 22,000, 28,000,
and 35,000 rpm fit best to an ideal monomer-dimer modglLidged by fitting statistics
and inspection of residual plots (Figure 4.6 and Table 4.1)gital fit of nine data sets
to a reversible monométmer model returned a value df = 2.04 + 0.03 (holding
monomer molecular weight = 35,168.6). This result confifrnliee monomer-dimer
equilibrium model that was indicated by the light scatteand sedimentation velocity
data. Attempts at fitting the data to other models,ushclg a single ideal monomer and
various association models that incorporated noncompetenomers or dimers did not

result in improved fits (Table 4.1). Holding stoichiometpnstant aN = 2, global fitting
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Figure 4.6. Sedimentation equilibrium analysis of N-HisPus. Radial absorbance (280
nm) distributions of N-HisP(ir at three protein concentrations covering a 10-fold mola
concentration range were obtained at rotor speeds of 22,800p, 28,000 rpm Q)
and 35,000 rpm[{). The lines through the data represent a global fill¢&f datasets to a
reversible monomer to dimer equilibrium reaction. Timsdel returned an equilibrium

dissociation constanky = 1.13+ 0.27uM.
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Table 4.1 Sedimentation equilibrium data: Parameters from pbal analysis

Model Root Mean Square Deviations Converged Parameters
Single, ideal 8.81 x 103 M,,= 66,489 £ 79
Single, non-ideal® 9.68 x 103 A,=4.96 x 107 £ 4.01 x 10”7 mlmol/g?
Monomer-Nmer 8.55x 1073 N=2.04%0.03 InK,=13.49%0.14
Monomer-Dimer® 8.53x 1073 InK,=13.69+0.10
Monomer-Dimer + Incompetent Monomer® 8.56 x 1073 InK,=13.37%0.11 a=0.00 £ 0.00
Monomer-Dimer + Incompetent Dimer® 8.58 x 1073 InK,=13.70 £32.11 = -0.003 + 22.79

a M is constrained to dimeric molecular weight (70,337.2).
b N is constrained to a value of 2.0 (dimer).

¢ o is equal to the weight fraction of the incompetent species given by a = [M’]/([M’] + [M] + 2[D’]) in the case of incompetent monomer or by a = /D J/([M]
+ 2[D] + 2[D’]) for incompetent dimer. /M] is the molar concentration of monomer, /D/ is the molar concentration of dimer, /M’/ is the molar concentration of
incompetent monomer, and /D] is the molar concentration of incompetent dimer.
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of the data yielded a dissociation constaff,= 1.13uM £ 0. 27 uM (Table 4.1; = 1
standard deviation), which is reasonably consistent widcid sedimentation velocity
boundary fitting analyses.

The effects of salt concentration on N-HisPself-association energetics were not
explored in the present study. As mentioned previouslypgy of N-HisPu3 appears
to be an issue when salt concentrations are reduced 280 mM. Salt effects above

200 mM have yet to be rigorously tested.

DISCUSSION

In this study, we utilized hydrodynamic techniques to cliarae the quaternary
structure of N-HisPy in the absence of nucleic acids. The various hydrodynand
thermodynamic techniques employed here suggest that N-HigRists in a monomer-
dimer equilibrium characterized byky = 1.13 + 0. 27uM. Preliminary sedimentation
studies on N-HisP@r showed signs of contaminating incompetent species (dzta n
shown) that appeared to be artifacts, namely disutixidation products, generated by
concentrating technigues and consequently it was our fedlgautilization of a variety
of robust hydrodynamic and thermodynamic techniques coupledawitkemptive size-
fractionation step were warranted to distinguish betweerpossible mixture of
thermodynamically tight dimer with incompetent monoraad a measurably reversible

monomer-dimer equilibrium. Omission of the SEC stepiialiminary sedimentation
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equilibrium experiments resulted in returnkg values for dimer dissociation ranging
from 3.7 to 19.51M, whereas inclusion of this step limited the range @ @o 1.54uM.
Moreover, fitting our data to models that included incomputedémer did not improve the
fitting statistics (Table 4.1). Hence, we believe thathaee a fully reversible interacting
system. The value df4 reported here should be interpreted as an apparent upgeoli
the actual value, since all measurementkofvere made at concentrations greater than
the apparent value of @M (Figure 4.7) due to low optical densities. It is likely ttha
equilibrium measurements at concentrations lower thase utilized here will have to be
made by a sensitive orthogonal technique, such as fluooespetarization spectroscopy
(128).

Hydrodynamic radius determinations either made dirdntlgynamic light scattering
or by extrapolation from sedimentation data were in daagreement. Molecular shape
calculations were consistent with an asymmetric shagareeric N-HisPup in solution.
This finding is not surprising based on the fact thaBRsicomposed of 22.2% glycine
(143), which likely contributes to a lack of secondary $tnat elements and a somewhat
disordered tertiary structure, and may explain diffiesltin obtaining higher resolution
structural information. A further interesting findingtigat the f/§ratio determined for
the monomeric species is greater than that of therdiniech suggests that dimerization
results in partial condensation of the overall structuree implications of this finding
are discussed below.

We also addressed the concern that the N-terminal fetikie tag present on the

recombinant protein might adversely affect the functiacivity of Pufs by comparing
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Figure 4.7. Species plot of N-HisP@. This simulation was performed assuming a
monomer-dimer equilibrium association reaction witga= 1.13+ 0.27 uM, showing

the relative mole fractions of monomeric (—3-and dimeric (— —) species of N-HisBur
at various concentrations. The concentration at wtiieltwo plots cross is indicative of
the Kq. The region demarcated by dotted lines is the concemtreainge of N-HisPyr

used to determine the equilibrium dissociation constant.
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the ssDNA-binding activity of native and recombinant N-Hi$Pusing a quantitative
ELISA approach (145). The ssDNA-binding activity of N-HisPwas indistinguishable
compared to P@rderived from either mouse embryo fibroblasts or vascutawosn
muscle cells (data not shown). Also, non-specific mietiamediated dimerization of
hexahistidine can be eliminated as a complicating factmesall measurements were
made in the presence of 0.5 mM EDTA.

Our interest in Pur proteins stems from their putative liroent in repressing the
transcription and translation of genes that mark the gigpit status of myofibroblasts,
vascular smooth muscle cells, and cardiomyocytes (28,1424,145, 148). Evidence for
formation of transient ssDNA structures within the asytnime@urine/pyrimidine tract of
the 3-SMaA promoter (9) has also fueled investigation into the maasm of DNA-
binding by Pur proteins. It has been suggested that Pur protath® bR-elements as
either hetero- or homodimers (141), although the stoichiggnehechanism, and
thermodynamics of nucleoprotein assembly have not yen bietermined by rigorous
physical investigation. In the case of &uiself-association has been reported to be
mediated by an RNA molecule of unknown nature (91). Tlas an intriguing finding,
as it suggested that RNA may influence the ability obRorstably self-associate and to
bind to ssDNA. Curiously, despite sharing 70% amino acid seguielentity, we have
shown in this study that Plidimerizes in the absence of any nucleic acid. It is plessi
that this disparity is due to a distinct functional eiffnce between Rurand Pu as
implied by previous gain-of-function studies (145, 148), or couldrdféective of

different experimental approaches (e.g. pull-down assaysuse sedimentation
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equilibrium analysis). Moreover, the apparent bindingnéiés of Put. and Pup for
different PUR-elements are reported to be on the order of 1 nM (145, 31h@yeas the
affinity of Pu} self-association is three orders of magnitude weakeisudl, PUs at
concentrations below 100 nM is predicted to be largely menionas depicted in the
molecular species plot in Figure 4.7. This suggests that @bers (such as an RNA
ligand in the specific case of Byrmay be required to help facilitate dimerization in a
cellular milieu if the concentration of protein is ltmg. On the other hand, it remains to
be resolved as to what extent &uand Pup share similar intrinsic homodimerization
ability in the absence of nucleic acid and whether atr meterodimeric complexes
associate with enhanced or reduced affinity relative tio hloenodimeric counterparts.

In conclusion, we report that recombinant Pyrarticipates in a monomer-dimer
equilibrium governed by an apparent upper limit dissociationstant of ~IuM. The
ability to dimerize in a reversible fashion may represant important regulatory
mechanism, allowing mass-action governed self-assotitbiqlay either a positive or
negative role in nucleic acid-binding. As indicated by foictl coefficient ratios,
dimerization may result in structural reorganization vHisPui3 that may permit
nucleic acid recognition and binding. Self-association rahdcription factors as a
prerequisite to DNA-binding is not unprecedented. For exanthke,STAT proteins
require phosphorylation-dependent dimerization prior tdeandocalization and binding
to cytokine responsive gene promoters (112). Similarlyacetiular estrogen receptor
DNA-binding activity is apparently dependent upon ligand-mediatimerization (80,

282, 295). However, in the case of Pudimerization does not appear to require post-
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translational modification or ligand bindinger seas self-association is governed by
protein concentratiom vitro. However, this fact does not rule out the prospect thstt p
translational modifications may alter the affingdf homodimerizationn vivo. Although
the absolute intracellular concentration is not knoitvhas been reported that levels of
Pu3 increase dramatically in cardiovascular cell typedengoing phenotypic changes
(9). This entices speculation that repressive effe¢t$wf3 may depend upon its
expression and accumulation within the nucleus to letvals drive self-association and
permit ssDNA-binding. Future studies will focus on determinthg affinity and
stoichiometry of relevant Pur nucleoprotein complexed wite use of quantitative

biophysical approaches such as those described herein.
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CHAPTER V. THERMODYNAMIC ANALYSIS OF SEQUENCE-
SPECIFIC SINGLE-STRANDED DNA-BINDING BY
RECOMBINANT PUR B REVEALS A COOPERATIVE

MECHANISM OF NUCLEOPROTEIN ASSEMBLY

The following is a description of original and unpublished work.

INTRODUCTION

Classical models of transcription regulation imply thasembly and processivity of
transcriptional machinery at gene promoter regions isdnoated by the pre-assembly of
trans-acting factors at specific regions of the promoter, #nad this pre-assembly is
dictated by a combination of the nucleotide sequence girthraoter and environmental
cues. By-and-large, these models propose that binding oifisg@NA sequences by
transcription factors involves the recognition of patticuarrangements of chemical
functional groups along the major or minor groove of dufd®kA that coincide with
compatible amino acid chemical groups arranged on the swfdbe protein. However,
the detection of large structural re-arrangements, aededl nuclease sensitivities in
promoter regions of genes coincident with apparent ¢rgm®n factor binding has
suggested that chromatin structure and/or DNA conformalsmplays a prominent role
in regulating gene transcription (for review see (277)urtifermore, the detection of
stable, single-stranded DNA structures, and the ideridiceof interacting sequence-

specific ssDNA-binding transcription factors that aréaal for regulated transcription of

136



numerous genes implies that many eukaryotic genes dmnfurm to classical models
of gene regulation, and likely utilize more complex chienisms that incorporate
combinations of changes in chromatin structure, and theirty of protein factors to
double-stranded, and transiently formed single-stranded aneB4lNA structures.
Collectively these findings question the view that gemmopromoter DNA acts as a static
lattice for the coordinated assembly of transcription ofactto bind and enforce
transcriptionally active or inactive states, and aast it appears likely that, for some
genes, the same sequence of promoter DNA is able to élact sets of transcription
factors dependent upon the dynamic interconversion of detfaleded and single-
stranded conformations.

Single-stranded promoter character, as well as ra&iancsequence-specific SSDNA-
binding proteins for regulated transcription is fairly cormmand has been observed for
such notable genes asnyc(10, 11, 191, 192, 203, 280, 288), major histocompatibility
complex class Il (69, 183), platelet-derived growth fa&arhain (298, 301, 322), apo-
very low density lipoprotein Il (263), low density lipoproteiaceptor (221)fas cell
surface receptor (263), androgen receptor (39, 101), epidermalhgfactor receptor
(130, 312), procollageml (68), smooth muscle-actin (11, 48, 275), anfl-myosin
heavy chain (129). Common to many of the promoters of tyeses are the presence of
asymmetrically distributed nucleotide tracts that, ireot$tudies, have been shown to be
prone to forming non-B-DNA structures. For instanceyadine/polypyrimidine, or
alternating purine/pyrimidine stretches have been shtowiot only adopt Z-DNA (204),

and H-DNA (235) conformations, but to cause loss of baséigain the neighboring
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transition residues (105). Often, single-stranded cleraat these regions can be
detected through the use of ssDNA-specific reagents (9,1B3),229, 235, 274, 285,
298, 301), further suggesting that these conformations are statities. The correlation
of non-B-DNA-prone sequences and detectable single-strabdéd in regions of
activated transcription suggests that alternate DNA cordbons are an important
component of transcriptional regulation.

Despite mounting evidence supporting their existence afity,utihe manner in
which sequence-specific ssSDNA-binding proteins are able to &umutia predominantly
double-stranded genome remains largely unknown. It has pestulated (179), and
shown that, in certain instances, negative supercotjaegerated by transcriptional
machinery-associated helicase activity promotes lochliZeDNA formation or
unwinding of upstream sequences harboring atypical nuclesttideches, as mentioned
above. This characteristic coincides with regions amdcriptional activity, but is not
universal, as it appears limited to a certain subset ofsg@%& 161). A transcription-
induced topological strain mechanism has been attribotéaetcase of the far upstream
element (FUSE) of the-myc promoter in which upstream nucleotide unpairing was
noted for both supercoiled and linearized plasmid tenplateeconstituted transcription
assays (153), anieh vivo (154). Structural interconversion, in turn, permits gtéopn
with several sequence-specific SSDNA-binding proteinsudio FUSE-binding protein
(FBP, (75)), and FBP-interacting repressor (FIR, (178)husT in the case af-myc
FUSE-protein interactions, sequence-specific ssDNA-binding FBy? and FIR is

apparently opportunistic, relying on pre-formation of singtarsled DNA structures for
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assembly, despite reports that FBP is capable of helbaldkzation in linear dsDNA
constructs containing FUSE sequences (8). Conceptuaiyméchanism may not apply
to all promoter regions, especially those in which mamtee of a transcriptionally
repressed state requires ssDNA-interacting transcrifdictors. It is envisioned that in
these cases, single-stranded conformations are creatkdstabilized by binding of
protein factors by virtue of their inherent energetics oleajrotein complex assembly;
i.e., SSDNA nucleoprotein complex formation is thermwatyically competitive to non-
B-DNA duplex formation. Transcriptional regulation IBgquence-specific sSDNA-
binding proteins at promoters containing sequences proneDiAZconformations, or
other high-energy states with reduced melting temperatiseggests that helix
destabilization may be a mechanism employed by many ssil#pandent transcription
factors to achieve promoter occupation and transcripticeglation. This notion is
supported by findings that have shown that many sequencdispesiDNA-binding
proteins bind to supercoiled plasmid DNA and not to linearadmids (8, 153, 154,
192, 288, 310).

Pum is a sequence specific sSSDNA/RNA- binding transcriptianilation factor that,
along with Y-box protein MSY1 (mouse YB-1) and Pur proteiniliaco-member Pux,
acts as a repressor of smooth musclactin (SMxA) gene expression. The protein
encoded by this gene is an essential cytoskeletal ctlgr@gparatus protein required for
regulation of vascular tone and cellular migration @B), 231, 257). Therefore SM
and has been identified as being critical for maintenahtke differentiated contractile

phenotype of vascular smooth muscle cells (VSMCs) arafibrgblasts (166, 226, 243,
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271). The repressive activities of BuPuix and MSY1 on the SMA promoter have
implicated them in facilitating smooth muscle cell diéntiation and vascular wall
remodeling, processes common to numerous vascular pa#®logicluding
atherosclerosis (175). It has been demonstrated tbhttemnscription factor exerts its
repressive effect by binding to the proximal muscle-spe€#cI’ (MCAT) enhancer
element of the SMA promoter that has been shown to possess a high tdvel
purine/pyrimidine base asymmetry (48, 82, 143, 275), and to drdlysiadopt single-
stranded conformations in response to dedifferentiatingubt{®). Biochemical studies
have confirmed that Parand Pup preferentially bind the purine-rich strand, whereas
MSY1 shows specific affinity for the opposing pyrimicineh strand, and furthermore, a
network of protein-protein interactions between each ¢rgi®on factor exists (141,
148) as well as nucleic acid independent self-associaiothe case of P@r[190].
Current models for the achievement of transcriptiongregsion by these proteins
propose that binding of Purand/or PUs to the purine-rich strand and MSY1 to the
pyrimidine-rich strand destabilizes B-DNA helical stirets and maintains the enhancer
region in a single-stranded conformation, thus disrutsigNA-dependent transcription
enhancer 1 (TEF-1) binding and function (28, 275).

Based on our recent work which showed that recombinaifit $&lfdimerizes with a
dissociation constant of 1.18/ (222), and previous reports describing marked increases
in PuB protein levels in VSMCs undergoing phenotypic changesistens with SMxA
repression (104, 271), it was hypothesized thap Riimerization may be a prerequisite

to ssDNA-binding and serve as a regulatory mechanism fd¢r f/eaction. In the present
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study, our goal was to delineate the mechanism of sequenognition and ssDNA
binding by Pup, which has been shown to be the more dominant Pur pref@iessor in
the context of SMA gene expression (19, 145), to a sequence representatihe o
proximal SMxA MCAT enhancer element. We have used a thermodyngmpioach to
examine nucleoprotein stoichiometry, mechanism, and bindieggetics to gauge the
plausibility of helix destabilization as a possible mecsianoy which PUs binds specific
ssDNA sequences in a generally double-stranded environmentre€lts indicate that
binding of Pup to the purine-rich strand (promoter element; PE) witinea SMxA
MCAT enhancer involves facilitated cooperative assembBug3 monomers (in the 300
pM range) to form higher order nucleoprotein structures sithichiometries of 2:1
(PuB:PE). The resolved energetics of binding offPtarthe purine rich strand of ShA
enhancer, by way of quantitative ssDNA footprinting, suggésat maintenance of a
single-stranded state within this region might requirgiliany activities; either the
involvement of Pux, the concurrent cooperative assembly of MSY1 on thenine-
rich strand, the reduction of local melting temperatbsesduction of topological stress,

or a combination thereof.
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Figure 5.1. Schematic otis-regulatory elements of the SMA promoter. Plasticity
of SMaA expression is governed by mulitiple regulatory elementthe region of the
promoter 5’ to the transcriptional start site. Nonesacal CArG elements mediate
potent serum-stimulated activation of gene expressioereas the MCAT, THR, and
TCE confer both activation and repression depending ametstal configuration and
corresponding transcription factor occupancy. Detectstilectural rearrangements and
Puro, Pui, and MSY1 repressor occupancy at the cryptic MCAT enhaslegnent
make this region a focus of study herein. Shown is thiaguich strand, as represented
by oligonucleotide PE32-F, which has been shown to bind Rad Pug with high
affinity. Numbers indicate nucleotide positions relatto the transcriptional start site.
Oligonucleotide SMP382-F, used in footprinting studies, cpaeds to nucleotides -323

to +59 encompassing tlees-regulatory elements comprising this region.
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MATERIALS AND METHODS

Chemicals, protein reagents, and oligonucleotide prab&k chemicals used in this
study were of reagent grade or better. Recombinant Bod Pup were expressed as
amino-terminally labeled hexahistidine tag fusion proteie&(red to in this report as N-
HisPurx, and N-HisPys, respectively), purified fronk. coli expression cultures, and
guantified as described in previous publications (149, 222). AKR2Bear extracts
were obtained from cell monolayers cultured under exp@legtowth conditions as
described previously (143). Protein concentrations of nuebdaacts were assessed by
bicinchonic acid assay (Sigma-Aldrich) using high purity B@&ehringer-Mannheim)
as a protein standard. Preparation and validation ibdpeEpspecific rabbit polyclonal
antibodiesagainst mouse Par(anti-Purt 291) and mouse Pianti-Puf 302) has been
described previously (141). Synthetic oligonucleotides werehpsed from Sigma-
Genosys. Yeast tRNA was purchased from Sigma. Enzgagents were purchased
from commercial sources; T4 polynucleotide kinase was psech&fom New England
Biolabs, DNase |, and Accuprime SuperffixTaqg polymerase) were purchased from
Invitrogen Corp. Fresh stocks of-PJATP (6000 Ci/mmole) were obtained from
Perkin-Elmer. Sequenase dideoxy-NTP sequencing kit wakgaed from Unites States
Biochemical Corp. SYBR-Gold nucleic acid stain was puretidiom Invitrogen.

Preparation of ssDNA for quantitative DNase | footprinting Methods for the

purification of ssDNA were based on protocols originalgveloped and reported by
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others (121, 139). A plasmid vector containing the full-lengbuse SMA promoter,
termed VSMP8 (296) was used as a template for PCR-basdficatipn of a 382 base
fragment comprising the forward strand of the proximal c®Mpromoter, termed
SMP382-F (bases —323 to +59 relative to the transcriptitadlste). To facilitate both
amplification and purification of the forward single silaconsisting of the purine-rich
sequence of the proximal MCAT enhancer element, PCR mimere designed such
that the reverse strand primer was 5’-biotinylated (SMP8pll122sui® 5’-biotin-
GGCTACTTACCCTGACAGCGACT-3'), whereas the forward sila primer was
unmodified (SMP8p741s-F; 5-TTCTGAGGAATGTGCAAACCGTG-3)). RC
amplification of the 382 bp fragment from 1 pb/of VSMP8 template was carried out
using Accuprime SupermiX reagent according to the manufacturer’s instructiofise
incorporation of the biotinylated reverse strand primeowadd for the isolation of
useable quantities of SMP382-F through implementation ofnkstteptavidin affinity
based techniques. Briefly, double-stranded PCR product (byp&0 ulL) was applied
to 1 mg of Streptavidin MagneSphere paramagnetic parasla (Promega Corp.), pre-
equilibrated in 20 mM Tris pH 8.8, and incubated at 4°C for 16rhe PCR-product-
resin complex was washed twice with 20 mM Tris pH 8.&n-Miotinylated SMP382-F
was eluted by incubating the resin complex in 0.2 N NaOH farin at 20£1°C. The
eluant solution was neutralized by the addition of 1/10 volwh®& M ammonium
acetate. SMP382-F was precipitated by the addition ofl@nes of isopropanol at -
20°C, washed with 70% ethanol, and redissolved in nucleasaevater. Concentration

of SMP382-F was approximated by absorbance measurement at 2@@suming an
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extinction coefficient of 3,630,200 ®m* as calculated using web-based software

(http://biophysics.idtdna.conbased on methods described by Tataurov and colleagues

(208, 284).

End-labeling of oligonucleotides with #°P]ATP.  Single-stranded DNA
oligonucloetides for use in electrophoretic mobility shifisays (PE32-F), DNase |
footprinting assays (SMP382-F), and primer-labeled dideceguencing reactions
(SMP8sp741s-F) were enzymatically labeled on their 5’ t@rmith [y->’P]JATP using
T4 polynucleotide kinase activity as directed by the mantufar. Reactions were
performed at 37°C for 90 min. Upon completion, the enzwas heat inactivated by
incubating reaction mixtures at 70°C for 10 min. Unincoaped {->?P]ATP was
removed by buffer exchange over G-25 Microspin columns (Rd@a). Extent of
labeling was assessed by scintillation counting of puriiexbes using a Perkin-Elmer
Tri-Carb® scintillation counter. For purposes of ¢igroligonucleotides carrying a 5'-
3pQ, radiolabel will be marked with an “” (for example, PE32-#enotes 5%°PQy-
labeled PE32-F).

Qualitative electrophoretic mobility (super)shift assayinding reactions for
gualitative electrophoretic mobility shift assays (EMSAgre carried out in EMSA
binding buffer (50 mM TriseHCI pH 7.5, 100 mM KCI, 5% (v/v) g&ol, 0.5 mM
dithiothreitol, 2 ug/mL dTs,, 50 ung/mL BSA) plus 0.5 mM ethylenediaminetetracetic
acid (EDTA) to prevent nuclease digestion of probe by andeatracts. Recombinant
proteins and nuclear extracts were diluted to the indicairdentrations prior to addition

of PE32-F* (5-GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA-3’) toa final
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concentration of 1 nM. Binding reactions were incuba@md16 h at 4°C to allow
formation of nucleoprotein complexes prior to the addibésuper-shifting antibodies,
anti-Purr 291 and anti-Pgir 302, to the indicated concentrations. Final volumes of
reactions were 40L. Reactions were incubated at 4°C for an additi@rtal Complexes
were resolved electrophoretically by loadingillOof binding reactions (typically 5,000

— 10,000 cpm) on a 15 mm thick 10% polyacrylamide gel (75:1
acrylamide:bisacrylamide) cast and run in TBE buffer (25 fimd, 25 mM boric acid,
0.5 mM EDTA). Gels were pre-run at 4 Watts per gel fan fprior to loading and
running for 75 min at 4 Watts at room temperature. Upon cstiopl gels were
disassembled and dried on Whatman filter paper in a BiosR&adyel dryer for 45 min at
65°C. Phosphorimaging of the dried gels was performed byseypdo phosphor
storage screens (Molecular Dynamics) for 24-48 h, priateteeloping with a Bio-Rad
PersonalFX" phosphorimager. In certain cases, dried gels wereliziedaby exposure

to X-Omat film for 6-16 h at -80°C prior to development.

An agarose gel electrophoresis-based assay was used to thauggtent of
binding of recombinant proteins to plasmid DNA, and is baseexpariments described
previously (310). Briefly, VSMP8 (7.9 kb) and parent plasmidaegBLCAT3 (4.3 kb)
were purified by double cesium chloride gradient centrifugatow digested at a final
DNA concentration of 50 ngL, with Hindlll (Roche) according to the manufacturers
instruction. Enzyme was inactivated by incubation at 691C10 min. Digested and
supercoiled plasmids were mixed at an original plasmigentration of 1 nM (2.84 and

5.21 ng/mL for pBLCAT3 and VSMPS8, respectively) with 25, 50, 100200 nM
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recombinant Pur protein in buffer (50 mM TriseHCI pH 7.5, 100 &I, 5% (v/v)
glycerol, 0.5 mM dithiothreitol, 21g/mL dTsz, 50 ug/mL BSA) for 16 h at 20z1°C.
Samples (30 ng total DNA) were electrophoresed on a 0.78Ke8e LE agarose
(Cambrex) gel cast and run in 0.5X traditional TBE Buf#t.5 mM Tris-Borate pH 8.3,
1 mM EDTA) at 5 V/cm for approximately 2 h at 20£1°C. Geifsre stained with
SYBR-Gold stain diluted 1:10,000 in 0.5X traditional TBE for 1®ih prior to image
capture with a Bio-Rad GelDoc XR imaging system.

Fluorescence anisotropy measurementBSluoresceinated (3’) oligonucleotide probe
PE32-F (termed PE32-F-3FLC, 5'-
GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA-Fluoroscein-3’)  was titrated
with N-HisPu in buffer consisting of 50 mM HEPES pH 7.8, 300 mM NaQ3, hiM
MgCl,, 2 mM B-mercaptoethanol, and allowed to equilibrate for approvainal6 h at
20£1 °C in the absence of light. Probe concentrativese varied. Steady-state
fluorescence anisotropy measurements were made on a aQuEher-6
spectrofluorometer (Photon Technologies Internatiobayth Brunswick, NJ) equipped
with a 75 W xenon arc lamp excitation source, exoitaind emission monochromators,
and automatic excitation and emission polarizers infariat. Slit-widths were varied
to maintain constant observed emission intensitiesdmtvgamples with different probe
concentrations. Parallel and perpendicular emissivengities were collected with
horizontally polarized exciting light in order to firsalculate the instrument correction
factor, G, given byG = Iu/Iyy wherelyy andlyy are the intensities measured through

the vertical and horizontal polarizers when excitechwibrizontally polarized light.
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Observed anisotropy valuegs , were calculated by the expressiofs = (Ivu —
Glw)/(lvw + 2Glyy), wherelyy andlyy are the intensities measured through the vertical
and horizontal polarizers when excited with verticgllglarized light. Changes in
emission intensity as a function of protein concemtraivere not observed.

For the completely cooperative reactio, + D 2 P,D, whereP is the protein
ligand, D is the DNA lattice andh is the stoichiometry of the terminal complake
constant, can be defined as

K = E% (Equation 5.1)
Note thatK; is not a true equilibrium constant in cases wimeie greater than unity.

Substituting terms describing the laws of mass ackpoan be written as

(P - n[P,DI)(D J-[P ,D]) (Equation 5.2)
K= [P.D]

Where [P{] and [D{ represent the total concentrations of protein and DNA,

respectively. Solving foiP,D] gives the quadratic

(PJ+n[D,]+K)*+(([P]+n[D,]+K,)2-4n[R]D,])* (Equation 5.3)
2n

[P.Dl =
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It has been described elsewhere (180, 292), that for a migfumolecular species
with different anisotropies (but with the same fluoss®e intensities), the measurable
anisotropy of the solution is the sum of the mole tioas of the individual species

multiplied by their inherent anisotropic values
Fobs= far1+ fara+ ...... +firi (Equation 5.4)

where f; andr; are the mole fraction (and quantum yield) and the awigptof thei™
species, respectively. Equation 5.4 canvbe rearranged aressegrin terms of fraction
bound,fs

f - [PnD] :(robs_ rf)
87 [D] (ro—r) (Equation 5.5)

Substituting equation 5.5 into equation 5.4 and applying termsatitatmmodate

nonspecific binding gives:

1 J Rep[D] +n[D,]+K;) £((Rep[D,] + n[D,] +K;)?— 4nRyp[D,]2)*
Vobs = b(rb'rf)[D_t] 2n }

+ 1 + MRyp[Dy]

(Equation 5.6)
whereRpp is the molar ratio[P/[D (], andb andm are non-specificity terms that permit
both the fluctuation of the equivalence saturation panck the slope of the plateau region

due to non-specific binding, respectively. Obtained anisotvajyes,rops for titrations
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of N-HisPui against fixed concentrations of PE32-F-3FLC were pladginst known
values ofRpp, and fit to equation 5.6 to obtain best-fit valuesnof Fitting was

performed with Prism 5 software (GraphPad Software, 8em Diego, CA).

Quantitative electrophoretic mobility shift assayBinding reactions for quantitative
EMSAs were carried out in EMSA binding buffer and allowedquilibrate for 16 h at
20 £ 1 °C. Methods of quantitative EMSA for the estimatof binding stoichiometry
are based on protocols published previously (84, 85, 223, 224) tdmmnedrial-dilution
method. Briefly, solutions of N-HisPgir(5 nM) and PE32-F* (1 nM) were serially-
diluted 1.1:1 fold in EMSA binding buffer to obtain a compldilition series. The
serial-dilution method relies on the redistribution a@fucleoprotein complex
concentration, as a result of serial-dilution, based tbe ideal law of chemical
equilibrium without changing the ratio of total protein centration to total DNA
concentration. This redistribution is then monitorednayive gel electrophoresis as
described above for qualitative EMSA, with the only exicepbeing that gels are run for
45 min to prevent streaking due to complex dissociationt ti& general cooperative
binding mechanismmP + D 2 P,D, the macroscopic association constégnts defined
as:

Ka= [PnD]/[ Pfree] n[D] (Equation 5.7)
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In these expressiosrepresents N-HisPr D represents the probe PE32-F*, and
represents the stoichiometry of the nucleoprotein compldkearrangement of the

definition ofK, gives:

IN([P.D}J/[D]) =nIn[Psed + INKy (Equation 5.8)

Densitometry of phosphorimages was carried out usinggeé@aeant software
(Molecular Dynamics) to determirjf@,D] and[D], whereadP+e was estimated from

the relationship:

[Pired = [Pinput] —n[PnD] (Equation 5.9)

In which casgPinpu{ is the input concentration (a known quantity) and an integer
estimate of the stoichiometry. Measured valuefPaD], [D], and estimated values of
[Piree Were used to calculate a valuerofslope from regression of the linear plot of
In([PnD]/[D]) versus IfPseg]). The estimated integer estimate valua @fas iteratively
changed until the integer estimate and returned regresaioe ofn converged. The
value of IrK,; was also estimated from the intercept of the congeligear plot. Linear
regression was performed using Prism 5 software.

Direct titration methods were used to estimate maopsdinding affinities and for

the detection of cooperativity of N-HisBubinding to PE32-F*. Briefly, 2X solutions of

N-HisPu3 were prepared in EMSA binding buffer by 2/3 fold serial dilutid a 20 nM
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master stock solution. An equal volume of 2X PE32-F* M3A binding buffer was
added to N-HisPyir solutions so that final concentrations of each ve¢reX with PE32-
F* concentration being constant across all binding reastiln order to maintain validity
of the assumptiofPsed = [Piota], PE32-F* concentration was kept at 25 pM for EMSA
used for rigorous thermodynamic investigations. Free anddprobe was separated by
native gel electrophoresis as described above, with fp-16f reaction mixture (usually
700 — 2000 cpm) loaded in each lane. Dried gels were exposed 7#9phbsphor
storage screens. Quantification of binding was carrigdby measuring the optical
density of each electrophoretic species (band) using ImageQ@oéware (Molecular
Dynamics). Species density values were then used tonuegerfractional species
saturation,®, wherei is equal to the number of protein ligands bound to théNgsD
lattice § = 0, 1, or 2 for a system with a finite stoichiometfy2:1) by applying the
following expression:

O =1l (Equation 5.10)
wherel; refers to the integrated optical density of ithespecies, and the summation is
over all of the bands in a particular lane of the dedtimation of binding parameters was
carried out by a statistical mechanical method describedopsty by Brenowitz and
Senear (250), and makes use of the two-site model depiciedble 5.1. The probability
of a particular species existing can be expressed by

grAGS)RTIp, N (Equation 5.11)

f.= =

Sze(-AGs)/RT[pfre J n

=1
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where AG; is the relative free energy change observed upon famaof the s
configuration compared to the reference st&eas the gas constant, is the absolute
temperaturen is the number of N-HisP@rmonomers bound in theconfiguration, and
the summation is over all species. Microscopi@eaission constants are related to their
corresponding microscopic free energies through thdifamelationship AG; = -RTink;.
Thus for a two-site system, the fractional saturatién, of a given species can be
expressed as the sum of the probabilities of configuraitim which the adopted

stoichiometry equals giving

— 1
@0 - 1+ (kl + kz)[Pfree] + k1k2kc[Pfree]2 (Equation 5-12)
O = (ky + K)[Preel (Equation 5.13)
T 1+ (Kt Kp)[Pre] + Kykok Py ]2
@2 — (kikzkc )[Pfree] 2

1+ (K + Kp)[Pree] + Kok [P, ]2 (Equation 5.14)

As indicated by Brenowitz and Senear, the microscopistantsk;, ks, andk; only
appear in two combinations in all three equations and caegdaced by substituting
macroscopic constanks = (k; + kz), andK; = kikok.. Thus, global fitting of species-
specific isotherms resolves only the macroscopic cotst§; and K,, from which

microscopic constants can only be extracted in inssawben cooperativity is
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Table 5.1. Microscopic configurations and corresponding interaain free energies

for a two site system.

Two-site Binding

Free Energy Microscopic
Species Representation! Contribution? Constant
s=1 Reference state =
s=2 AG I k I
s=3 AG2 kz
s—4 AG, +AG,+ AG, kjk,k,

ISpecies diagrams represent possible microscopic configurations and do not
necessarily reflect structural perturbations as a result of ligation, only that interaction
between sites occurs in the case of cooperativity. 2Changes in intrinsic free energy for
each species configuration are relative to the unligated reference state, and are related
to microscopic constants through the relationship AG; = -RTInk;.
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nonexistent or binding sites are identical. Fractioaalration curves were also fit to the
well known phenomenological Hill equation (305) to gauge eékient of cooperative
interactivity present in nucleoprotein complex formatio For this purpose complete

fractional saturation was calculated by:

Y =1 — ([Dired/[D inpud) (Equation 5.15)

and fit to the familiar equation:

Y= [Pfree] o / (KdaH + [Pfree] aH) (Equation 5.16)

where oy is the Hill coefficient andKy represents the macroscopic dissociation constant
(Ke = KgY). Nonlinear least-squares fitting was performed usingnPrsftware.
Goodness of fit was assessed by visual inspection of résidad by monitoring of
fitting statistics.

Quantitative DNase | ssDNA footprinting To monitor binding of N-HisPr
monomers to individual sites of the purine-rich strandhef SMuA MCAT enhancer
element, quantitative DNase | footprinting was performesttdaon methods described by
Ackers and coworkers (1, 22, 23, 251), with the following rications. All binding
reactions were carried out in buffer containing 50 mM-H@ pH 7.5, 100 mM KCI, 1
mM dithiothreitol, 1 mM CaGl 2.5 mM MgC}, 2 ug/mL dTs, and 50ug/mL BSA at 20

+ 1°C and allowed to equilibrate for 16 h. Each reactiotained 20,000 cpm of freshly
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labeled SMP382-F* template, at a final concentratiomased to be well enough below
N-HisPu} binding affinity to maintain validity of thfPed = [Piwota] assumption (< 25
pM). N-HisPup was added to each reaction at the indicated concemsai cover a
range from approximately I8to 10° M in a final volume of 20QuL. After equilibrium
had been reached, template digestion was initiated bgdtigion of 5uL of a DNase |
solution in assay buffer to reach a final concentnatd 1.0 Units/mL. Digestion was
allowed to proceed for 2 min at 20 = 1°C and was stoppedebgdtition of 70QuL of
stop solution (97% ethanol, 0.57 M ammonium acetatep@lL yeast tRNA) and
incubated in a dry ice-ethanol bath for 30 min. Sirsgfanded DNA was pelleted by
centrifugation, washed twice with 70% ethanol, and agdiriPellets were dissolved in 5
uL of buffer containing 98% formamide, 10 mM EDTA, 0.1% brgienol blue, and
0.1% xylene cyanol. Samples were heated to 95°C for 5 pnior to being
eletrophoresed for 130 min at 65 Watts on a 0.4 mm thick seqgegel consisting of
8% polyacrylamide (29:1 acrylamide:bisacrylamide), and 8M wast, and run in TBE
buffer. Gels were pre-run at 65 Watts for at leasb imtil a gel temperature f50°C
was attained. End-labeled primer dideoxy-NTP sequenciacgtioas performed with
double-stranded SMP382 PCR product as a template and SMP8p741lihétaension
primer were also electrophoresed in order to identify sempee of interest on the
resulting footprints. Dideoxy-NTP sequencing reactions werérmed according to the
manufacturer’s instructions for end-labeled primer sequen¢wg§B Corp.), and
typically 10,000-15,000 cpm per reaction were loaded on the seqgeyads. Following

electrophoresis, gels were dried in a Bio-Rad slab g@&rdvg Whatman filter paper at
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75°C for 45 min. Dried gels were exposed to phosphor st@agens for 72-96 h and
phosphorimaged as described above. Densitometry of phrorsplhyes was performed
using ImageQuant software (Molecular Dynamics) in ordedétermine values for

fractional protectionKy) of a given sequence:

I:p =1- [(Iq, site /Iq, controD]/[(l r, site /Ir, control)] (Equation 5-17)

wherel is again the relative densitometric intensgyefers to any lane of the gel with
finite N-HisPuB concentrationy refers to the reference lane containing no proteia,

refers to the ssDNA-binding site in question, achtrol refers to a region of the gel
whose intensity is independent of protein ligand come&ioh (bases -218 to -210 of
SMP382-F*). First line, crude analysis of fractional petiten data was done by fitting
data to the familiar Langmuir isotherm, primarily tetermine the upper and lower
endpoints of fractional protection since binding of protigiands at specific sites, even at

saturating conditions, does not provide complete protection:

f =u * {K[Pree)/ (1 +K[P ree])} + | (Equation 5.18)

Where k refers to the microscopic association constantu(agsgy no interaction

between sites)) andl refer to the upper and lower endpoints, respectivelyctibral

protection values were converted to values of fractisatlration,¥, using the following

expression and the valueswénd!| from equation 5.19:
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Y=Ff-0)/(u-1 (Equation 5.19)

Resolution of binding mechanism and microscopic association and extgon free
energies Constructions of individual site binding expressions wedo@me using a
statistical thermodynamics approach that has beenilbedand applied previously (1).
Briefly the probability of the MCAT enhancer elementiseng in any one of the
microscopic configurations depicted in Table 5.2,can be expressed as indicated in
equation 5.11. Microscopic association constants aredea microscopic free energies
through the relationshipiG; = -RTInk. The fractional saturatior, of a given site can
be expressed as the sum of the probabilities of configngin which the indicated site
is occupied. Applying this treatment for each of the nmodelpicted in Table 2 gives
expressions describing fractional saturation at each Ait@nd/or B, in terms of their
microscopic association constants and N-HiSRaonomer concentration:

o C kklPud? |
Obligate Dimer N NINE (Equation 5.20)

kl[Pfree] + klz[P freQ] 2
1+ 2k1[PfreJ + klz[Pfree] 2

Identical, independent YA,B= (Equation 5.21)

Identical, interacting Yap= : +k;[:[fgd gtikcz[ki[f:] ZJ - (Equation 5.22)
fre 1 fre
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Nonidentical, independent ¢ _ Ki[Pired +K1Ko[Prred > (Equation 5.23)
A 1+ (k1+ kz)[PfreJ + klkZ[PfreJ 2

e kZ[PfreJ + klkZ[PfreJ 2

Y. =
B 1+ (k1+ kz)[PfreJ +k1k2[PfreJ2 (Equatlon 524)
Nonidentical, interacting g, = KilPrred + KKk [Prred * (Equation 5.25)
1+ (kK + K)[Pyred + K kK [Pred ?
G kZ[Pfree] + klkzkc[Pfree] 2
Yg=

1 k)P k Ptred 2
* (K + Kp)[Ppred +kikoki[Prred (Equation 5.26)

Individual site isotherms were globally fit to equasodescribing each model using
Prism 5 software (GraphPad Software, Inc., San Diego). CMonte Carlo error
simulations for the estimate of model confidence anémater constraints were also

performed using Prism 5.

RESULTS

Extent of Purg binding to the SMaA proximal MCAT enhancer elemen6pecific
binding of sequence-specific SSDNA binding proteins, namelg,FRu3 and MSY1, to
the proximal MCAT enhancer element of the mousex8NMene promoter represents an
important regulatory event for the repression ofo@Mgene expression in response to

repressive stimuli in a variety of cell types (28, 47, 48,181, 144, 148, 275). In the

present study we sought to examine the nature of nucleopcot@plex interactions
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Table 5.2. Microscopic configurations and corresponding interaain free energies

for multiple models of two site-binding.
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formed between PArwhich has been shown to be the dominant Pur protein reprefss
SMoA at the proximal MCAT enhancer element in relevant-agture models (148,
149) and the purine-rich strand of the fore mentioned enhasleerent. Towards this
aim, we used a combination of techniques that examine ftleetefof N-HisPuB
concentration on the solution and electrophoretic presedf the representative single-
stranded oligonucleotide probe PE32-F. Both the electrophorabbility and
fluorescence anisotropy of PE32-F were cumulatively ctdfit by increasing
concentrations of N-HisP@r (Figure 5.2, panels A and B) indicative of binding.
Electrophoretic analysis of N-HisHUPE32-F* nucleoprotein complexes suggest that N-
HisPui} binds to PE32-F* (2 nM) in a sequential manner, as indidatete appearance
of at least three discrete molecular species, antdnghtf the higher mobility species to
complexes with lower mobility upon titration of N-Hisip over a concentration range of
0.41 nM to 400 nM (Figure 5.2, panel A). The co-appearance oivth@ighest mobility
species (speculated as adopting 1:1 and 2:1 complex stoith&sneespectively) at
lower protein concentrations suggests that the 2:1 comgleresents a high affinity
complex, possibly relying on cooperative facilitated agdg on a preformed 1:1
complex, as the higher mobility complex disappearsgten protein concentrations, and
the 2:1 species predominates over the applied N-HisRancentration range. The
appearance of higher molecular weight species (3:1 and gratathe highest N-HisPgr

concentrations shows that these species likely regrisemffinity, and possibly non-
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Figure 5.2. Extent of recombinant and nuclear extract-dexied Purf binding to

PE32-F. A, At least three electrophoretic species are obsenvd@E32-F* (2 nM)
electrophoretic mobility shift titrations of N-HisHur(0.41 to 400 nM) indicative of
saturation of different stoichiometric complexes (21, and 3:1), with the putative 2:1

complex being the most persiste®, Fluorescence anisotropy analysis of saturable
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binding of N-HisPup to fluorescent probe PE32-F-3FLC (50 nM). Data was fit to
equation 5.6 to determine the equivalency point (dashed IFigng of K, to near-zero
values (infinite affinity, solid line) verified the eqaiency transition at aRpp value of
2:1. Symbols represent titrations from different prapans of N-HisPys, indicating
similar number of active binding sitegS, Qualitative electrophoretic mobility (super)shift
assay of PE32-F* nucleoprotein complexeBhe relative electrophoretic mobilities of
nucleoprotein complexes containing PE32-F* and either recomtbioanuclear extract-
derived Pur proteins were compared to identify the predomiaadt presumably
biologically relevant species. The predominant spedissroed with 5 nM N-HisP@r
and 1 nM PE32-F* (lane 2) displays mobility similar to tkaén from nuclear extracts
(lanes 4-6), as verified by specific supershifting with &uf3 302 antibody (lanes 13
and 14). Similar findings were observed for &compare lane 7 with lanes 4-6, and
supershift lanes 16 and 17). The indicated identities of wddecomplexes are

hypothetical.
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specific interactions of N-HisPgr with free ssDNA sites and/or protein-protein
interaction sites on preformed nucleoprotein complexes.

Interpretations of the preliminary electrophoretic moypilghift results described
above were verified by experiments in which binding of NRdi3 to fluorescein-
labeled PE32-F (PE32-F-3FLC) at saturating conditions (pcobeentration >50 times
the reported dissociation constant of approximately 1 wikH monitored by changes in
the measured anisotropy of the probe. The results ©atialysis are shown in panel B
of Figure 5.2. Under saturating binding conditions as appligtisranalysis, it is evident
that N-HisPup can saturate PE32-F-3FLC to a specific terminal stoichigned 2:1, as
indicated by the returned stoichiometery values from neat least-squares regression
of both data sets to equation 5.6, and the equivalencsiticenpoint when the apparent
affinity value, K,, is fixed at values approaching zero (near-infinite affinsolid line).
Curvature in the best fit line at valuesRHp near the equivalence point whknis not
fixed (dashed line) supports the notion that either the tmncentration of probe is not
sufficiently high enough to ensure that every protein mdéis bound to the probe at
lower protein concentrations, a condition that isycsdtisfied whemiota / Kg >> 10, in
the case of a completely cooperative system (228), ahabn-specific binding event
occurs at higher concentrations leading to higher ordé&hgionetries, or both. Three
lines of evidence support the latter possibility: 1) Affes of Pup for single-stranded
PUR-elements have been reported to be in the 0.5 to 1.5 mj& @48, 310), whereas in
the experiments performed here, PE32-F-3FLC were held aM5@) A positive slope

in the plateau region indicates that additional ligandib@é occurring at higher protein
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concentrations. This observation could also be explaineanbycrease in the solution
viscosity as a function of protein concentration, haavean anisotropy change of PE32-
F-3FLC in the presence of increasing concentrations of 8&# not observed nor did
the anisotropy of PE32-F3FLC change in the context dbwble-stranded probe with
increasing concentrations of N-HisBufdata not shown), both suggesting that protein
concentration viscosity gradients are not signifiagarihese concentration ranges. 3) The
electrophoretic mobility shift profile of PE32-F* at high-HNsPu3 concentrations
displayed in Figure 5.2A shows that species formed atthesaditions are likely of
higher order (greater than 2:1), as indicated by the presgrtwo faster moving species
at lower protein concentrations. Collectively theseaddtiow that N-HisP@r has the
capacity to form complexes with PE32-F or PE32-F-3FLC bdy® 1:1 stoichiometry,
and the extent of binding follows, most stably, the foramatf a 2:1 complex but does
not appear terminable; however the extent of bindingishaiblogically relevant remains
uncertain.

To assess the extent of PE32-F binding bypPur the context of the nuclear
environment, and to compare this to levels observed witimieinant N-HisPys under
controlled conditions, comparative, qualitative EMSAs evperformed. Figure 5.2C
demonstrates the electrophoretic mobilities of PE32-Ftamnmg nucleoprotein
complexes derived from equilibration or PE32-F* (1 nM) wiicombinant N-HisP (i,
N-HisPui, and AKR-2B MEF nuclear extract-derived proteins. Csiest with
observations made in panel A, N-Hispuat a concentration of 5 nM shifts PE32-F* into

two visible bands (lane 2), speculated to be N-HBPBE32-F* (lower band) and N-
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HisPui,:PE32-F* (upper band) based on findings presented above. RA#His(5 nM,
lane 7) shows a single shifted band dissimilar to N-H{gRbut likely corresponds to N-
HisPui,:PE32-F* despite slight differences in mobilities compat@dhe N-HisPus
equivalents. Mobility disparities are consistent hwdifferences in the monomeric
molecular weights and calculated charges at pH 8. AKRAEE nuclear extracts shift
PE32-F* into a lower band, and an upper group of closely tmgrédands that do not
resolve well under the electrophoretic conditions adptiere (lanes 4-6). Longer runs
suggest that, indeed, this upper grouping is composed of seleeel/anigrating bands,
however, their complete resolution is hindered due taking of bands with longer gel-
run times (data not shown). Incubation of nuclearaextbinding reactions with an
antibody that specifically binds Ru anti-Puff 302, lanes 13 and 14) clearly identifies
the lower band as the HUPE32-F* complex, as indicated by the complete
disappearance of this band in lanes 13 and 14, and the amgearfasupershifted
complexes, SS1 and SS2. Additionally, the presencatePar3 302 causes some loss
of the faster migrating portion of the upper doublet, suggestatgthis species might be
heteromeric Pur/B:PE32-F* complexes. Incubation of nuclear extract bindaagtions
with an antibody that specifically binds luanti-Purn 291, lanes 15 and 16) further
divulge the compositions of the slower migrating bands rgéee@ by nuclear extract
material. The upper band(s) in lanes 4-6 likely correspendPun:PE32-F*, or
heteromeric Put/B:PE32-F* complexes due to, again, loss of the fasteratingy portion
of the doublet, and some loss of the slower migratinggroupon antibody addition, and

the appearance of supershifted complexes. Persistesoenefslower migrating species
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in the presence of Lg/mL anti-Pue. 291 suggests that these bands might represent
nucleoprotein complexes of unknown composition, or thatRuro 291 possesses lower
affinity for Purx-containing nucleoprotein complexes than does an{i-B02 for Pup-
containing nucleoprotein complexes, a possibility supportedipgrshifts conducted on
recombinant Pur:PE32-F complexes (compare lanes 11 and i&yiouR studies have
suggested that Puris the dominant Pur protein repressor in the contexBM&A
expression (145, 148), despite the fact that the intengersimoving complex observed
contains Pur, as indicated by reactivity with anti-Rur291 antibody. This finding
suggests that either Ruis more abundant than Buin asynchronous AKR-2B nuclear
extracts, or displays higher affinity for PE32-F. Poegi studies have shown that &ur
binds with higher affinity than PArto both PE32-F (148), and to a 24mer representative
of thec-mycPUR element (310).

Comparing the predominant N-HisBushifted complex of PE32-F* (speculated as
N-HisPu,:PE32-F*, lane 2) and the lower, Bwontaining band generated by
equilibration with nuclear extract-derived proteins (lowand, lanes 4-6), it is further
conjectured that the latter is likely PuiPE32-F*. This inference is based on the similar
relative mobilities of the two complexes. Slightfeliences in electrophoretic mobility
between the recombinant and endogenous nucleoprotein c@®dee consistent with
molecular weight and charge differences between N-HiBP25,168.6 Da, -5.05) , and
Pu (33,901.3 Da, -5.15). In conclusion, the predominant stsfpedies observed when

5 nM N-HisPuB is equilibrated with 1 nM PE32-F* is equivalent to theleac extract
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derived-endogenous HUPE32-F* complex. However, the exact stoichiometryhas t
complex can only be inferred from anisotropy experimetéscribed above, as being
2:1.

Direct assessment of the predominant electrophoretideopotein complex
generated from equilibration of 5 nM N-HisBuwith 1 nM PE32-F* was performed
using a serial dilution-coupled EMSA. Briefly, a reantmixture containing N-HisP@r
and PE32-F* at the forementioned concentrations, waallgediluted at a ratio of 1.1 to
1 with buffer to create a series of reaction samp¥ds the same molar ratio of
components, but at differing concentrations, and a ldigtoin of reversibly interacting
species governed by laws of mass-action. Quantificatibrmolecular species by
densitometric methods subsequent to electrophoretic seypaparmits determination of
the system stoichiometry by way of a value convergenethad, as described in the
methods section of this paper. Implementation of thithotg as shown in Figure 5.3,
shows that the persistent, and stable high-affinityeapriotein complex formed between
N-HisPu3 and PE32-F* adopts a stoichiometry of 2 to 1, as convergegiveedn
estimated values af and those obtained by linear regression of ItfB,D/Dsed VS
In[Ptee plot occurred ah = 2.

Affinity of specific N-HisPurg/ssDNA interactions The reported ssDNA binding
characteristics that unify Pur proteins, is their prefeeefor interaction with purine-rich
sequences, but also their affinity for such sequences 8148, However, an extensive
and thermodynamically rigorous assessment of the freeyg of SSDNA-binding by Pur

proteins has not yet been reported. To address thisMagierformed direct titrations of
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Figure 5.3 Serial dilution EMSA determination of the N-HidPurp:PE32-F*
nucleoprotein complex stoichiometry. A. Limited serial dilution of a mixture of N-
HisPufy and PE32-F* (5 nM and 1 nM, respectively, serially diluted 110): was
performed and subjected to quantitative EMSA to determinstthehiometry of the N-
HisPu3:PE32-F* complex, as exemplified in Figure 5.2. Intensitythe Free Probe
band was quantified and standardized to known quantitie&82-F* (lanes 1 and 20) to
determine the concentration of free prai.s. The concentration of the nucleoprotein
complex[PnD] with stoichiometryn, was determined from the known total concentration
of PE32-F* loaded in each lane using the relation$Ri®] = [D wta] — [Dired. The
concentration of free protein was estimated using theioe&tip [Pred = [P tota] —
n[P»D], in whichn is an integer estimation. Isotherms with varying va&loén were
plotted as shown iB. Each point represents the mean of duplicate expelsmetsrror
bars were omitted for clarity. Dashed lines repregenteast-squares regressions of each
data set to the relationship[P,D/Dxed = N*IN[P fed + IN Ka, WhereK, represents the

macrocopic association constant for the general equitionP + D2 P,D. Numbers in

parentheses reflect the returned regression fit valnete.d
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N-HisPu3 against 25 pM PE32-F*, a condition that maintains validitthe assumption
[Ptred = [Ptota], Which is necessary for mathematical modeling of bindeactions
(228). Molecular species distributions at equilibrium eveeparated by native gel
electrophoresis and quantified as described in the metbect®on. Results of this
analysis are shown in Figure 5.Ranel A shows the electrophoretic mobility shift peofil
of PE32-F* as a result of binding in the presence of inergasoncentrations of N-
HisPu. Visualization and densitometric analysis confirms fiiesence of three
separate bands or pixel intensity peaks (Figure 5.4Besmonding to free probe, and
two shifted complexes that are (N-HisBurPE32-F* (1:1 complex) and (N-
HisPuiB),:PE32-F* (2:1 complex) as identified in the previous sectioOf special
interest is the transient nature of the 1:1 complexhwiespect to N-HisPf@r
concentration. Comparing lane intensity profiles igufeé 5.4B for increasing N-
HisPui3 concentrations shows that the 1:1 complex is not @ejr preparation
contaminant as the peak intensity reaches a maxima aderate N-HisPy
concentrations and drops-off as PE32-F* becomes saturdtadhermore, this peak
pattern has been theoretically assigned to systentisath@pt cooperative, two-site
binding mechanisms (27). Peak integration for each spectesded the isotherms
observed in Figure 5.4C. Species specific isoth&m®,, and®, were globally fit to
equations 5.12, 5.13 and 5.14, respectively, to resolve valuethdomacroscopic
association constants, andK,. This approach yielde; = 3.43 (+ 0.368) x 1OM™,
andK; = 6.06 (+ 0.191) x § M™. It has been previously demonstrated that in instances

in which the nature of two-site binding of protein ligat®NA is unknown (i.e.,
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Figure 5.4. Quantitative electrophoretic mobility shift assayof N-HisPurf binding

to PE32-F*. A, N-HisPup was titrated over a concentration range of-1é 10% M
and equilibrated with 25 pM PE32-F* prior to subjecting reaatiixtures to quantitative
EMSA. The presence and transient intermediate natfrethe visible (N-
HisPuiB).:PE32-F* (1:1) complex upon titration suggests that bindiny-efisPui to
PE32-F* involves a sequential mechanid®). Densitometric analysis of lanes of gel
shown inA verify the presence of three pixel intensity peakdcattle of separate
electrophoretic species. Titration of N-HisBwonfirms that the 1:1 complex does not

accumulate significantly compared to the free probe2dr peaks, suggestive of a
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sequential and cooperative binding mechani€inindividual band intensities are plotted
as a function ofN-HisPurfed (e, free Probey, 1:1 complexm, 2:1 complex). Each
point represents thmean £ s.dof quadruplicate experiments. Lines are global nonlinear
least squares fits of individual species isotherms to temsa5.12-5.14. D, Band
intensity data fromA presented aBraction Bound,Y, (¥ = ([Dtota] = [Dired) / [D total])
versus N-HisPurbe, were fit to the phenomenological Hill equation (equats.16)

The Hill coefficient,a, was held constant at values of 1.5 (dashed line) anddtt@d

line) to reflect the dependency of this variable on gooduiefis
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identical versus non-identical sites, positive or negattooperativity) microscopic
equilibrium constants cannot be definitively determineanfitbe resolved macroscopic
terms, regardless of their precision (250). Despiteitfability, inferences on the nature
of binding can be made. For instance, Senear and Brenslvatved that whenevi&p >
K.%/4, as is observed here, it can be inferred thatreliideend binding exhibits positive
cooperativity k. > 1) if binding sites are identicak;(= k), binding sites are non-
identical k1 # kz), or a combination of the two. EMSA cannot independedidgern
these possibilities. Evidence of positive cooperatiigtyalso observed by analyzing
guantitative EMSA data by way of fitting the fractionaltwgation data to the Hill
equation (equation 5.16). In order to circumvent quantifinalssues arising from the
presence of multiple shifted complexes and the streakindpanfls due to system
reversibility, the extent of binding was determined by #mount of free probe in each
lane, which likely represents the extent of binding atlégiuim prior to electrophoresis
(27). This approach resulted in the isotherm presentejine 5.4, panel D. Non-linear
least-squares fitting of the generated isotherm to thedliation returned a macroscopic
dissociation constanty, of approximately 300 pM, which is in close agreement to
previously reported values for Bu¢148, 310). The returned Hill coefficienty, (2.01 +
0.07), reflects that binding of N-HisHuto PE32-F* is cooperative, sinecg, converges

at a value close to the valuergfas we have described in this report. It has beenrshow
that values ofay approach the system stoichiometry only in cases whergivpos

cooperativity is present (305). Fits of the data to tHedduation in whichay was fixed
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at values of 1.5 and 1.0 (Figure 5.4D) show the dependence gddlamess of fit on this
variable, and that positive cooperativity is present.

Collectively, these data suggest that N-HigPinds to the purine-rich strand of the
SMaoA proximal MCAT enhancer element with an apparent affimtthe sub-nanomolar
range, and that binding of the protein likely proceeds viagaential and cooperative
mechanism. However, the exact mechanism cannot lmEvedsby the methods
described above, due mainly to the fact that it is cugremknown whether or not the
sequence represented by PE32-F* contains two identical anokimdient sites, identical
and interacting sites, non-identical and independent sikegn-identical and interacting
sites.

Resolution of binding mechanism and microscopic interaction freeergies As
suggested above, despite our insight into the apparanttyafdf purine-rich ssDNA
binding by Pug, a concise description of the binding mechanism and enesgsti
elusive due to the inability of simple quantitative bindirsgays to delineate these points.
To resolve these issues, we employed a quantitative DNfasprinting technique to
measure site-specific fractional saturation of thevéod strand of the SMA promoter
corresponding to bases -323 to +59 (relative to the tnphiser start site, termed
SMP382-F) in response to N-HisBwoncentration. The power offered by this method
is its ability to examine the quantitative nature of binddhgrotein to sites of interest on
the DNA template, thus providing a means to determine stopc binding constants

and to discriminate between possible binding mechanisms.
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The effects of N-HisP titration on the DNAse | protection profile of SMP382-F*
is shown in Figure 5.5. Numerous sites of protection, wbahbe inferred as binding,
can be seen. Worthy of noting are regions of thenSMbromoter that have been
reported to be responsive to Pur protein interactiones@hegions correspond to the
TGHB1 control element, TCE (272), the T@Fhypersensitive region, THR (47), CArG
element 1 and 2 (103) and the proximal MCAT enhancer elef28n48, 141, 144, 148,
275), as represented by PE32-F. Also worth noting, is piateot regions that have
thus far gone unreported. Specifically, a region adfate, and downstream of the
TATA and an upstream protected region in the vicinityadds -218 to -210 show
levels of protection. The extents of actual binding byBRorthese regions vivo, as
well as the functional consequences of these intere;tare unknown at this point. It
must be submitted that the observed binding of N-H[$Raithese regions could be an
artifact of non-specific binding created by complete sfgjfandedness of the template
(opportunistic, non-specific binding), despite apparent highigff It is unlikely that the
observed protection is an artifact generated by inducedndary structures in the
template DNA coupled with DNase | substrate prefergnes it has been reported
previously that DNase | shows a substrate preferendeeahanced cleavage rates for
dsDNA over ssDNA, presumably due to the enzyme’s requinefoe interaction with
the minor groove of B-DNA (73, 273, 276). Thus, hypersensitegons likely
correspond to self-complementary regions adopting douldaesd conformations. The
impacts these structures have on binding of N-H{gPur regions of interest are

unknown.
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Figure 5.5. Quantitative DNase | footprinting of N-HisPup:SMP382-F*
interactions. Representative footprint titration analysis of N-HigP binding to
SMP382-F* shows two regions of protection adjacent to dbwe MCAT enhancer
element and within the region represented by PE32-F* (marked] site and 5’ site).
Regulatory cis-elements are mapped next to lanes inongadideoxy-sequencing
reactions (G, A, T, and C). The protected sites withtnRE32-F region are separated by
a band with N-HisPyr concentration-independent pixel intensity (arrow), mvhe
normalized to pixel intensity of the control region (-268 -201) suggesting this

intervening region is not protected by N-Hispdninding. Other sites of protection are

noted within THR, TCE, and CArG boxes 1 & 2, as previoudgcribed, as well as a
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previously uncharacterized upstream region (-218 to -210)aaedion adjacent to the

TATA box.
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A goal of our approach was to quantitatively interrogatdibg of N-HisPup to the
region encompassing the proximal MCAT enhancer (bases -19364). Close
examination of this region by densitometric methodddgigwo sites of protection
afforded by N-HisPy titration. These sites have been termed the 3’, arsités, and
are labeled as such in Figure 5.5. It should be noted thse gites are separated by a
region that is not protected when compared to therabrggion (-208 to -201), and is
marked by an arrow. Based on our knowledge of the stoietigraf the nucleoprotein
complex formed between N-HisFBuand this sequence, this nature of protection appears
appropriate.

Mathematical expressions describing various models ofaictiens between N-
HisPu} and the SMA MCAT enhancer element deemed appropriate as based on the
measured stoichiometry of the N-HisBIRE32-F nucleoprotein complex were generated
by methods outlined previously (1). For complexes withtaraing stoichiometry of 2:1
five possible models can be proposed. 1) The first pabgiisl that of a preformed
(obligate) dimer assembling on a single binding site. Oplessible models involve
sequential assembly of monomers on the ssDNA laitioghich binding sites are: 2)
identical and independent, 3) identical and interactingp#}identical and independent,
and 5) non-identical and interacting. The various maotecnlar configurations for
each ligation state allowed by the restrictions of daetling model are depicted in Table
2 along with the corresponding free energy contributam equilibrium constants used

for constructing expressions of N-HisBuyinding.
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Several assumptions have been made in order to constchimathematically define
the models described above: A) Binding of N-HifPtw the MCAT enhancer region
(bases -195 to -164 of the SM promoter) is independent of binding of N-HisBuo
other regions of the promoter, outside of this vicinityshould be submitted that this
assumption may not be valid based on the protection paifserved, in which multiple
sites display binding. However, at this time the cotepleomplex stoichiometries
obtained at these sites are unknown. B) DNA-indepersidhassociation of N-HisPgir
under the conditions used here, is defined by the prendieed equilibrium constant of
ks = 884955 M (222), and is negligible in cases of sequential mononamsembly,
where half saturation of sites is in the subnanomofaga4see results section). It should
be noted that the reported dimerization constantNfdisPu3 was determined under
different solution conditions (higher ionic strengthpm those applied in the present
study, and the absolute effects of salt identity anadeatnation on self-association have
not been explored thoroughly, due mainly to solubility peald associated with N-
HisPui3 at concentrations necessary for measurement by aadlytentrifugation.
However, since we have observed that sodium chlorideecdrations as high as 1M do
not alter the hydrodynamic properties of N-HigPuss judged by size-exclusion
chromatography (149), we have assumed that self-dimemzasi not significantly
perturbed under the conditions applied here. C) Wheideable, identical binding sites
exhibit equal intrinsic binding free energy changes upon digainding, as illustrated
with AG; designated as this free energy change for both sii@s. Likewise, non-

identical sites exhibit non-equivalent intrinsic bindimgef energy changes upon ligand
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binding, and as such, are designated with individual parasné@rand AG; to reflect
this prediction. E) In binding pathways possessing iteensieraction, the difference in
the change in free energy between binding of each manonaessDNA site individually
and the total free energy change observed upon facilibaedhg is represented af..
Microscopic species-specific free energy changes andsaigpic equilibrium constant
assignments are shown in Table 2. The constructionxmfessions describing site
specific fractional saturation was performed as describdte methods section.
Densitometric quantification of N-HisAubinding to the identified 3’, and 5’ sites of
the proximal MCAT enhancer element was performed to geméndividual site binding
isotherms, and are displayed in Figure 5.6. As canebe@, Ssotherms generated by
binding of N-HisPup by these sites are non-identical, suggesting that binding miute
proceed through an obligate dimer pathway, and that sieslso non-identical. Global
fitting of individual site isotherms to the model-speciBxpressions outlined in the
methods section (equations 5.20-5.26), provided a means to fdistheminate between
models based on goodness of fit. From this approachnite seen that binding of N-
HisPuiB to the 3’ and 5’ sites of the proximal MCAT enhancer el@npeoceeds through
a sequential mechanism, in which sites are non-identiwilirgeracting, as judged by
random distribution of residuals and fit statistics. rtMspecifically, binding of the 3’ site
occurs with highest affinity, and that the 3’ and $ésiare non-identical and interacting,
with binding to the 5’ site being cooperatively facilitatethis model is in line with the
results of the qualitative and quantitative electrophoneidilility shifts presented in

previous sections, which suggested that binding of N-HfsProceeds via a sequential
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Figure 5.6. N-HisPup binds to the SMaA MCAT enhancer element via a
cooperative 3’ to 5’ mechanism.Individual site binding isotherms showing differential
N-HisPu-binding affinity were systematically and globally i@ equations describing
various two-site models as illustrated in Table 5.2. (equalidi®5.26). Blue symbols
represent N-HisP@irbinding to the 3’ site; red symbols represent binding to th&té’
(mean * standard deviatign Each point represents theean * s.d of five independent
experiments. Lines represent best fit isotherms.idRakanalysis and fit statistics verify

that N-HisPup binds to nonidentical sites of the MCAT enhancer elemena 3’ to 5°

cooperative mechanism.
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cooperative mechanism. Examination of the sequencesespiesl by PE32-F shows no
sequence redundancy, also suggesting that binding sites RE32-F are nonidentical.

The resolved binding parameters obtained from fittinghdividual site isotherms to
a non-identical interacting model are as follows (6%nfidence intervals are noted in
parentheses): change in free energy for binding to thée3{48;) is -12.82 (-12.91 to -
12.70) kcal/mole, change in free energy for binding to th&t&’'(4Gy) is-11.97 (-12.24
to -11.45) kcal/mole, and the change in cooperative freegriiG,) is -1.457 (-1.768 to
-0.748) kcal/mole. These values indicate that despitdigteaffinity of binding of N-
HisPui} to individual sites, intersite cooperativity is comgmeato values reported for
other transcription factors that adopt similar mechasi€m 22, 51, 113, 114, 167, 251).
The broad confidence intervals obtained &, and AG. are a consequence of
experimental error and parameter cross correlation r@nddalressed below.

Despite the experimental power afforded by quantitatiegpfinting techniques, a
major shortcoming is the low level of precision thatattainable. Typical footprint
titrations yield precision in the + 10% range (21-23, 113). s Thkend appears to be
amplified in experiments utilizing ssDNA templates, asfqyenred here, and settle at
around = 13%. The reasons for this are unknown, but lit@isespond to differences in
preference of the nuclease for single-stranded and detrbleded substrates. Due to the
error level obtained, we opted to assess our confidencairirability to discriminate
between the possible binding models. To do this, we asktbnte Carlo simulation
approach to test the effects of randomly introduced (Gausisstributed) error at a level

of £ 13% to a set of isotherms describing a non-idenittaracting model, with binding
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parameters identical to those obtained with our actual da the goodness of global fits
of the resulting isotherms. This process was performiéa 1000 iterations, and the
goodness of fit to each model was judged by the sum ofjtlees of the residuals of fits
for each iteration. A box-and-whisker representatibthis analysis is shown in Figure
5.7. Monte Carlo error simulation shows that accurate med#mation for a non-
identical interacting system is possible and likelyewlthe possessed binding energetics
are similar to those observed here, based on signifididfierences in the mean and
median values of the sum of the residuals squaredafdr model. However, estimation
of the incorrect model is also very possible, a cawlu based on the considerable
overlap in the 25-78percentile boxes for all of the models. It can kenstat complete
resolution of these binding models requires a simulatexd asrlow as + 5%, a level that
may not be attainable using ssDNA templates.

High degrees of error also introduce higher levels céttainty in fit parameters. As
mentioned above, the parameter estimates from gfitiad of individual site isotherms
carry with them very broad confidence intervals, esflgaia parameters that are cross
correlated by virtue of the mathematical expressions framch they are obtained.
Estimate distributions for1G,;, AG;, and 4AG; in the context of the non-identical
interacting site model were again determined by Monte Ganhwlating the observed
level of error (x 13%), and observing the returned fit patens for each of 1000
iterations. The distributions of the returned paramsetee depicted as histograms in
Figure 5.8. The cross-correlation betwety andAG. can be seen by the mirror image,

biphasic distributions of the two parameters, as thieit sheer broadness when error is
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Figure 5.7. Monte Carlo error simulations to assess model caodénce. Reiterative
error simulations (1000 iterations) were performed oividdal site isotherms shown in
Figure 5.6 by Monte Carlo methods to yield error-incorpmtasotherms that were then
globally fit to the various two site models as desdln Figure 5.6. Box-and-whisker
plots showing distributions of fitting statisticE&résidual) for each model are shown
when error is introduced at the level observed in erperis described herein (x13%,
left panel). Reducing error to +5% leads to higher modafi@ence as indicated by
resolution of box-and-whisker plots (right panel). Bsxepresent 25-75 percentiles,
whiskers represent 10-90 percentiles. Median is markediéwébross the box, and mean

is denoted as (+).
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simulated at £ 13%. The biphasicity persists until reisgeduced to + 5%, however the
width of the distributions is significant for all legebf introduced error. It has been
shown previously that resolution of cross-correlateduasl requires the isolated
determination of one of the parameters by implemematfareduced valency templates
(1). Unfortunately, construction of templates with resthiciumbers of binding sites
requires extensive sequence knowledge of the binding sjigestion, and that binding to
this site can be abolished by deletion or mutation ®téimplate. The absolute sequence
identity of a Pur protein binding site remains speculatiteia time. Footprints obtained
by nuclease digestion often overestimate the size ofngnsites due to steric effects
(reviewed in (108)), and thus do not provide enough resolutiomequivocally identify
the N-HisPup nucleotide binding site observed here, except to sayti@exists on the
3’ and 5’ ends of the PE32-F region. The matter of binditegcharacterization is under
current investigation by our laboratory.

Binding of N-HisPurg to supercoiled DNA The inability of purified recombinant
PumB to bind 32 base-pair double-stranded representations oMbhé& $roximal MCAT
enhancer element (dsPE32-F) has been previously demongié8ed 49). Calculations
of the free energy of strand separation (melting) ¢f&82-F by the nearest-neighbor
method proposed by Breslauer (24), using thermodynamic vapeged by Santal ucia,
Jr. (239), suggest that the process requires 58.4 kcal/ridis. value is in accordance
with experimental values obtained by our group (data not shawimg methods

previously described (215). We have reported here that adbitideng of N-HisPup to

a sequence corresponding to PE32-F liberatlsy = AG; + AG, + AG) 26.25

185



kcal/mole (26.92 to 24.90 kcal/mole at 66.7% confidence intervdlpese findings
suggest that occupation of the forward strand of the./SMroximal MCAT enhancer
sequence by P@rcannot proceed in a pure thermodynamic competition wigh
complementary reverse strand, but must require auxifastors that induce localized
helix destabilization.  Supercoiling requirements for binding sequence-specific
ssDNA-binding proteins have been demonstrated for FBP bindifrty SE (8, 153, 154,
192, 288), and recombinant glutathione-S-transferase fused{G& Pup binding to
the c-mycpromoterPUR element (310). We sought to examine the ability of N°HIg

to bind double-stranded sequences of DNA containing the proM@G&T enhancer of
SMoA in the context of a supercoiled versus relaxed envirohnzm compare these
characteristics to those of N-Hislewirfor which dsDNA-binding properties have already
been examined (310). To achieve this, we utilized an agawelsbased mobility shift
assay, and employed the full-length &Mpromoter:reporter construct VSMPS8 in both a
supercoiled and linearizedHihdlll digested) configuration, to determine if torsional
stress created by supercoiling creates localized des#aioifizof sequences, in turn
making them accessible for binding by recombinant Pur protefias. comparison, the
parent-vector of VSMP8, termed pBLCAT3, was used to deterni binding events
observed were specific for SM promoter elements. Figure 5.9 shows the results of
this analysis. As can be seen in the upper-left panEigofe 5.9, both N-HisP@rand
N-HisPuk. bind to all supercoiled catamers of VSMPS8, although NRHits shows

slightly greater affinity than does N-HisBuas judged by comparing the level of shifting

186



600 T T ) 600 T ] 1
Simulated error =13% (actual) Simulated error =10%
3400+ - 400~ d
o =
Q o
= -
o o
e [
- 2004 . = 2004 d
-15 10 -5 0 -15 -10 -5 0
Bin Center Bin Center

(Free Energy of Association (kcal/mol)

600

4004

Frequency

N

(=]

(=]
1

L}

Simulated error =7%

(Free Energy of Association (kcal/mol)

600

Frequency
8
g

N
o
e

Simulated error =5%

A

04 T ‘/\A;—‘ - =T 0- T T T
-15 -10 -5 0 -15 -10 -5 0
Bin Center Bin Center

(Free Energy of Association (kcal/mol)

(Free Energy of Association (kcal/mol)

Figure 5.8. Monte Carlo error simulations to assess convergedammeter

confidence. Error-simulated individual site isotherms were glopdit to equations
describing a non-identical, interacting two-site modeduétions 5.25 and 5.26).
Converged free energy parameters were plotted as freqghetograms from 1000 error
simulations. Error levels of £13% (the level experitadiy observed) led to broad
distributions of parametedG; (black), AG; (light grey), anddG. (dark grey), indicating
low levels of value confidence. Systematically redudimg error from £13% to 5%

restricts the distribution oiG1, but notAG, or AG.. The mirror-image distributions of

AG; andAG. at all tested error levels are indicative of parametess-correlation.
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observed in corresponding lanes containing the same ambeach protein. Binding of
N-HisPuf3 and N-HisPun to supercoiled DNA was not dependent upon o®M
promoter components, as, both proteins bound to catarhggBL&CAT3 (Figure 5.9,
upper-right panel) with similar affinity as VSMP8. Anslar trend was observed for
GST-Pun. binding to pUC19 with affinities similar to a pUC19-derivednstruct
containing thec-myc PURelement (310). To test if binding was supercoiling-dependent,
we performed the same binding analysis wiindlll-digested plasmids. Digestion of
VSMP8 vyields two observable fragments, a ~4.9 kbp fragnoemtaining mostly
pBLCAT3-derived sequence plus ~800 bp of @Mlintron 1 sequence, and a ~2.9 kbp
fragment containing ~ 1kb of upstream elements of the/Sifene promoter, as well as
~1.9 kb of exon 1 and a portion of intron 1. As with sop#ed dsDNA, both
recombinant Pur proteins bound &K promoter-derived sequences and parent vector-
derived sequences with affinities similar to what wlaseoved for supercoiled sequences
(Figure 5.9, lower panels), albeit with a much lower #ifithat what was observed for

ssDNA sequences.
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Figure 5.9. N-HisPuik. and N-HisPurf bind supercoiled and linearized plasmids

VSMPS8 and pBLCATS3. Agarose gel EMSAs were performed on equilibrium binding
reactions containing titrating concentrations of N-HisPar N-HisPuf in the presence
of supercoiled oHindlll-linearized VSMP8 or pBLCAT3. Recombinant Pur proteins
were titrated (25, 50, 100, 200 nM) in the presence of 1 nM plaBINA (2.84 and 5.21
ng/mL for pBLCAT3 and VSMPS8, respectively). Complexes lmdund DNA
corresponding to 30 ng of total DNA were separated by elglotrresis as described in

the methods section. The lengths of DNA markers{s) bre indicated on the left.
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DISCUSSION

The modulation of gene transcription by duplex-to-singlarst interconversions
represents an emerging regulatory scheme for eukay@ie transcription, as it permits
exclusive binding of distinct sets ofransacting protein factors to particular
conformations that in turn regulate expression in a pesibr negative fashion. In
substantiation of this notion, the involvement of sequapeeific ssDNA-binding
proteins has been identified to be of vital importanedte coordinated transcription of
genes involved in a wide array of biological functions,luding tissue growth and
development, immune response, cell cycle progressioned as cancer development, as
described in the introduction.

In the present study, we have focused on examining theamisoh of sequence-
specific ssDNA binding by Pfr a transcriptional regulator of, most notably, muscle-
specific genes in mammals, such aso®Vand aMHC (48, 82, 103, 143, 275). A
culmination of promoter deletion, gain of function, andslef function analyses has
identified binding of Py to the purine-rich strand of the SM proximal MCAT
enhancer element as a critical step in repression af/SBkpression (148). Hence, a
complete consideration of the enhancer element-bindinghamesm employed by Par
will aid our understanding of how this apparently sequeneeip ssDNA-binding

protein contributes to SMC transdifferentiation. Reéc#ndies by our lab have indicated
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that Pup self-associates with a dimerization constant of @pgprately 1 uM (222),
leading us to hypothesize that dimerization, represgraimegulatory mechanism, is a
prequesite to ssDNA-binding.

To test our hypothesis, we sought first to determine theirgnstoichiometry of a
physiologically relevant high affinity nucleoprotein cdeyp formed between
recombinant P@r (N-HisPuB) and a 32mer oligonucleotide representative of the purine
rich strand of the SMA proximal MCAT enhancer element (PE32-F) that has exddbit
high affinity binding to PUs (28, 141, 144, 148, 275). In line with our hypothesis, we
measured the stoichiometry of a N-HisR.&E32-F high affinity nucleoprotein complex
to be 2:1 (Figure 5.3). Furthermore, this complex was ddetm be physiologically
relevant based on mobility comparisons with nuclear etxttarived Pur protein
complexes (Figure 5.2). Previous reports investigating ruatad-binding properties of
Puro have found similarly that high affinity ribo- and deoikwpnucleoprotein complexes
containing recombinant forms of Ruradopt stoichiometries greater than 1:1 (91).
However, studies investigating mechanisms of GSTxRurd GST-PU¥ binding to ac-
myc promoterPUR-element derived ssDNA oligonucleotide (24mer, termed MF0677)
have indicated that both recombinant Pur proteins bind thiseele with a 1:1
stoichiometry (310). It is currently unknown to whatesmtt nucleotide sequence and
lattice length dictate Pur protein nucleoprotein compleickiometry, or if fusion
domains interfere with facilitated assembly of higher oodenplexes.

Independent experiments aimed at delineating the mechahiB32-F binding by

N-HisPuf3 indicated that nucleoprotein assembly proceeds via a d&ubimding
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mechanism, and that binding is cooperative. These findiogsadict our hypothesis
which stated that ssDNA binding was preceded by homodimeratam Quantitative
EMSA binding experiments (Figure 5.4D) revealed that hatfration of PE32-F by N-
HisPui3 occurs at monomer concentrations of approximately 0.3 nMtcordingly,
nucleic acid-free self-association (based onKa of ~1 uM) at this monomer
concentration would give rise to dimer concentratiohsapproximately 75 fM. This
level of affinity would be quite high for any reversibdssociating system. Close
inspection of N-HisPy@r EMSA titration data shows not only the existence of a
intermediary complex at concentrations near the-datlfiration point, also an obligate
dimer binding model, but that the species distribution patéFigure 5.4B) closely
follow predicted distributions of a cooperative syste2id)( A statistical mechanics
approach, assuming a two-site system (based on the detdril stoichiometry) also
detected the presence of positive inter-site coopesafiFigure 5.4C). Resolution of
thermodynamic binding parameters was impossible by thikadedue to the fact that
prior knowledge of the nature of the bindings sites wa®rdpbsexcept to say that
cooperative free energyG.) was negative (i.&k. > 1).

To better resolve the binding energetics of N-HigPtor the SMxA proximal
MCAT enhancer element, we used quantitative DNase | fmbitpy of a 382 base
fragment of the forward strand of the &K promoter. The high utility of this assay
comes from its ability to singly measure fractionetpation of a particular binding site.
As such we were able to distinguish between binding mechanisith limited

confidence, due primarily to the level of precision aledi with this type of analysis
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(Figure 5.7). However, coupling of the footprinting approachytantitative EMSA
analyses which detected positive cooperativity of binding, aralysis of the proximal
MCAT enhancer element which shows no sequence redundatiegtigely points to a
mechanism in which N-HisPgirbinds to the indicated sequence via a cooperative
mechanism in which the sites are non-identical. A wibdel confidence, resolved
parameters show very broad value constraints which daoveated, again, by low
experimental precision, as well as parameter croselation (Figure 5.8). This latter
issue persists in all multisite cooperative systenms] & typically dealt with by
implementation of DNA templates with deleted sit@sas to remove uncertainty caused
by cooperativity (22, 23, 250). Applying values of footprintimgalved parameters,
assuming their accuracy, to equations 5.12-5.14 shows tisat vh@ies only marginally
define the species-specific saturation curves obtaimed uantitative EMSA (shown in
Figure 5.10. Reasons for these disparities are not completielgr, but may be a
reflection of experimentally induced disruption of equilibn during performance of
mobility shift assays; specifically dissociation of laaprotein complexes upon loading
of equilibrated reaction in to gel wells or during electrapb®. This effect would
manifest most drastically at concentrations below aral tige half-saturation value.
Other possibilities for differences in resolved pararsetwould be due to increased
affinity for interacting multisite templates comparedthat of the isolated sites in PE32-
F. Affinity of Pura for long purine-rich ssDNA sequences, such as the bovinkopag
virus type | origin (100mer) has been measured on the ofdérx 10'° M, despite

knowledge of the complex stoichiometry (136). Similaplyor constraints on

193



0.5

0.0

1.0

0.5

Fraction (©))

0.0

1041 1040 10° 104

[N-HisPurB]ee - Molar
Figure 5.10. Comparison of quantitative footprinting-resolved paameters to
individual quantitative electrophoretic mobility shift species isotherms. Substitution
of values okj, ko, andk., as determined by quantitative footprinting, into equatinhg-
5.14 describing fractional distribution of electrophoretiecses @, @i, and & are

shown with data from Figure 5.4,C. Solid lines represest bt parameters; dashed

lines represent 67% confidence limits of best fit pararset

194



microscopic values ok,;, and k. have repercussions in the inference of macroscopic
constantK; and K,. As is shown in Figure 5.8, these parameters have vetg w
estimation distributions. Furthermore, it has beleoms by Brenowitz and colleagues
(22) that without microscopic values determined by way dficed valency promoters,
resolved cooperative free energy terms representer Ibmit to the actual cooperative
free energy of the system, and the greater the coomefate energy that exists in a
system, the more difficult it is to resolve individigitle interaction free energies. These
trends underlie the need to define the nucleotide binditeg d@terminants for Pur
proteins such that mutant promoters can be constructed.

Cooperative binding mechanisms are common for ssDNA-bindangteins,
particularly those involved in DNA replication, recombinat and RNA transcription,
such as T4 bacteriophage gp32 @)oli SSB protein (236), and the Adenovirus DNA-
binding protein (198, 323). By virtue of their abilities to coopeelty assemble
nucleoprotein filaments, these proteins thus possess ldelstabilizing activities
necessary for their cellular functions. CooperativitlySequence-specific SSDNA binding
proteins, on the other hand, is minimally described iritteature at this point. Reasons
for this are unclear, but may be due to the relativeyrafi sequence-specific SSDNA-
binding proteins, or the limited number of thermodynamicatiprous assays able to
resolve site-specific binding isotherms and detect coopiyati Binding of the yeast
telomere protection protein Potl has been ascribed opecative mechanism, and
similarly to what we have determined for N-HisPueported here, sequential monomer

binding of Potl to specific telomeric sites proceeds in &o3%’ direction (167).
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Functional cooperative binding of Potl to yeast telombassbeen deemed necessary for
telomeric nucleoprotein filament assembly and, in tpnotection of the chromosome
ends from cellular nuclease damage. Cooperative bindiggramic promoter ssDNA
sequences by Pur proteins may serve a similar helix diegtapfunction, or to impart a
potent functional response over a small change inlaetboncentration.

Models of SMxA proximal MCAT enhancer repression have proposed thataoon
and maintenance of a single-stranded non-B-DNA confoomaby Pua, Puf3, and
MSY1 binding to nucleotides adjacent to the MCAT sequearaeses disruption of a
double-stranded TEF-1 binding site, and prevents binding ofremsdriptional activator
(28, 275). Enforcement of the repressive state mustrdwunre destabilization of the
helix, either by thermodynamic favorability of ssDNAxbding protein occupation, or by
environmental factors such as topological stress of dhplex DNA that permit
occupation. To test this prediction, we examined the byngioperties of N-HisP@rto
supercoiled and linear sequences of dsDNA (Figure 5.9). UrtexidgcN-HisPup
displayed binding to specific and non-specific sequencesipdrsoiled and linearized
dsDNA. Clearly this type of assay cannot detect if bindsngccurring at specific sites
within the DNA, but it does suggest that, under these tiondj sequence selectivity of
N-HisPuf is low. Furthermore, the resolution of this assay doa&spermit us to
differentiate between two possible binding modes foreeitd-HisPup or N-HisPuw;
dsDNA binding versus ssDNA binding. The lower level of df§irobserved in these
experiments may indicate that dsDNA binding is a secorafaivyity for Pur proteins, or

that ssDNA-binding/helix destabilization is occurring wéhower level of observable
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affinity due to a need to force the equilibrium in faedrssDNA-binding by increasing
protein concentration and activity, overcoming annealingréibty.

Previous studies cast doubt on the notion of dsDNA bindingPbly proteins,
primarily reports by Darbinian and colleagues (56) which stbwhat GST-Pur
possesses strand displacement capabilities in the tootea short 15mer (26.7%
guanine) oligonucleotide annealed to M13 single-stranded plasmWlertman and
colleagues (310) showed that GST-Puis capable of displacing short (16mer)
pyrimidine-rich strands of telomeric-repeats DNA, amak tdisplacement occurs by virtue
of contacts between the protein and the (24mer) purihestrand, and that binding of
GST-Pun increased potassium permanganate sensitivity to dsDNApemmaits binding
of gp32, both suggestive of helix unwinding. Both groups locabtethd displacement
activity to the core DNA-binding domain of Ruyrwhich is highly homologous to Rur
(143, 145), consisting of alternating basic-aromatic Alassl acidic leucine-rich Class
Il repeats. It is unknown whether or not strand dispient capabilities observed by
these groups were reliant upon the ssDNA overhangs priesaotih sets of experiments,
as strand displacement with blunt-ended fragments wadamonstrated. Wortman, et
al (310) showed that binding of GST-PButo linear dsDNA required the C-terminal
domain which consists of the psycho motif, as well asgiatamine- and glutamate-rich
domains. Glutamine-rich domains have been historicallyica@d in transcriptional
activation by transcription factors possessing them (97Aneter other studies have
implicated glutamine-rich tracts in DNA distortion amelix unwinding activity in

Drosophila melanogastelGAGA factor (GAF) (307). The means by which helix
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unwinding activity is afforded by polyglutamine tracts is mon, but may be
attributable to the hydrogen-bonding capacity contributed hg thigh local
concentrations of amides inherent to these peptides ingsult reduced melting
temperatures of stretches of dsDNA in a manner simdamwhat is observed for
formamide (14). Interestingly, human Buwhich is divergent from human Rum that
it lacks the C-terminal glutamine-rich domain, failed ond linearized pUC19 in
experiments described by Wortman, et al. (310). Our redifies in this regard, as we
have shown here that recombinant mousé Punds to linearized plasmid DNA (Figure
5.9, lower panels), despite also lacking a C-terminal gliterich domain.
Discrepancies in dsDNA-binding activity may arise from @niynamino acid sequence
differences in the N-terminus of human versus mouspg, Pimely the presence of two
polyglycine tracts in mouse Huithat are absent in the human homolog (Figure 1.2).
Polyglycine, and glycine-rich domains have been found imamaus proteins with
observable helix-destabilization character including til $ubunit of heterogeneous
ribonucleoprotein Al (46, 86), and nucleolin (99). HoweveruseoPuw, which also
contains an N-terminal polyglycine tract (different ength and position compared to
mouse PUs), loses considerable linear dsDNA-binding activity when @eerminal
domain containing the psycho motif, glutamine-rich, and gfata-rich domains is
deleted. Thus terminal domains of mousedPaind Pu may direct helix-destabilizing
properties differently.

The question remains how Pur proteins bind to ssDNA sequencasdouble-

stranded environment. Ourselves and others before us havesedothat binding of
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sequence-specific ssDNA-binding proteins to dsDNA is fatdd by either pre-
formation of single-stranded structures or a reductioménannealing free energy of a
localized region that make thermodynamic competitarsite occupation feasible. This
theory has been substantiated previously for FBP, rssdriptional activator, which
requires transcription-induced negative supercoiling andinging in FUSE for FBP
binding (153, 154). Models of repression of MCAT enhancer eleaependent
transcription of SMA suggest that this mechanism may not be feasible fopftein
occupation, as transcription is presumably silent inRbe protein occupied state, and
thus so is transcription-induced negative supercoiling. Meane binding of recombinant
Pur proteins to relaxed linear dsDNA supports this argumébinding of sSDNA in the
context of a dsDNA lattice by N-HisHumproceeds via a thermodynamic competition
(bubble formation) target sequences would have to pogsesdshan ~26 kcal/mole of
annealing free energy. Average base-pairing free erfiergysingle base-pair in dsDNA
of infinite length is on the order of -1.8 kcal/mole at 20(Z39). Thus, average
sequences of approximately 14 basepairs might be proneamal stisplacement by direct
thermodynamic competition with N-HisHur Localized melting of subdomains in large
linear DNA fragments have been detected by microscogyigues at temperatures as
low as 64°C (234, 262) compared to a measured melting tempecdtu&3°C for
dsPE32-F (data not shown). Unfortunately, nearest-neigitelting temperature
predictions would estimate the melting temperature f&N\A of infinite length to also
be infinite. Hence it is thought that localized mejtis due to DNA subdomain

architecture. Depressed melting temperatures in linear ds@BAoutinely believed to
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be due to richness in A/T basepairs (187); however siderelaxed topology has also
been shown to have inverse effects on diffusion coefftsiof dsDNA (230). Whether
or not limited Brownian motion (degrees of translatiomatational, and vibrational
freedom) as a consequence of extended topology dictatalzéd melting temperature
depression of linear dsDNA is not known, but transiersebanpairing, or breathing,
within localized regions may be a means of escaping éhtropic limitation. DNA

breathing has been detected at temperatures well belomehimg temperature of an
oligonucleotide (102, 156), but the transient nature of theseurrences make
opportunistic binding by Pur proteins to opened duplexes unlikelpiraling is stably

observed despite being reversible. Presumed non-spbaifiitng of Pur proteins to
ssDNA with varying degrees of affinity has been documentediqussly (56, 136, 145,
148, 310). These possibilities have the potential to exmlan-specific binding of N-
HisPuiB} to linear dsDNA as observed here (Figure 5.9, lower pan@&evertheless, the
nature of dsDNA binding by Pur proteins needs to be investigatedt suitably by

nuclease and chemical footprinting techniques that aréigerie sSSDNA formation.

As mentioned previously, repression of MCAT enhancer depéredgression of
SMoA relies on the ssDNA-binding activities of leiirPui3, and MSY1, as well as a
network of protein-protein interactions between the ehfactors (28, 141, 148).
Recessed, pyrimidine strand displacement has beemilbdebcfor Pus (56, 310),
whereas MSY1 (YB-1) has exhibited strand displacementbloht-ended, Y-box-
containing, short double-stranded oligonucleotides, cisptabdified double-stranded

oligonucleotides, as well as engineered fork and bubbletsres (95, 123). Strand
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separation activity for YB-1, although independent of ATPs baen shown to be
elevated in the presence of ATP. Furthermore, setieaation becomes limited from a
possible monomer-trimer-hexamer-dodecamer equilibriuthabof primarily monomer-
dimer upon addition of ATP (95). These results suggestARR has allosteric effects
on MSY1 (YB-1) activity and protein-protein interactionsFurthermore, sequence
specificity of N-HisPup has been shown to be modulated by MSY1 (145). Hence,
ssDNA-recognition, binding activity, strand separation, ATi®drolysis and
transcriptional repression achieved byduPui3, and MSY lin vivo may be the result of
collaborative and cooperative activities and interastiat the MCAT enhancer element
of the SMxA promoter that have yet to be meticulously defined, aifidiilkely require
high-resolution biophysical and structural studies to do 3&/orth noting is that
collaboration of Put and MSY1 has been found at gene promoters other thantASM
(36, 37, 238).

In conclusion, we have found that recombinant, purifie Purds to the purine-rich
strand of the SMA proximal MCAT enhancer element in a 3’ to 5 sequentiad a
cooperative manner, with a stoichiometry of 2:1. Appar#mtity (half-saturation) is on
the order of 0.3 nM, while rigorous thermodynamic interrogahas shown that free
energy of binding is -26.25 kcal/mole. This free energy valiggests that Piis only
able to thermodynamically compete for binding to shivetshes of oligonucleotides if at
all. The involvement of co-repressors and MSY1 in maintaining repressive single-
stranded conformations of the & MCAT enhancer element are the goals of future

studies, as well as determining specific nucleotide bindetgrminants in this element,
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as well as other Pur protein-responsive sequences. Emel@it outcome of these efforts

is a better understanding of how transcriptional remress enforced by these factors.
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CHAPTER VI. TOWARDS THE CHARACTERIZATION OF THE
MINIMAL SINGLE-STRANDED DNA BINDING SITE OF PUR B

WITHIN THE SM oA PROXIMAL MCAT ENHANCER ELEMENT

The following is a description of original and unpublished work.

INTRODUCTION

The identification oftransacting regulatory proteins involved in the regulation of
gene expression has facilitated the elucidation of gegalatory mechanisms in both
prokaryotes and eukaryotes. The involvement of specifiters in the spatial and
temporal regulation of multiple genes has suggested thaets of tissue-specific genes
may utilize similar combinations ofrans- and cis-acting regulatory elements of
transcriptional control to ensure proper timing and leeélexpression. The ability to
identify additional gene targets of transcription facttrat enact tissue-specific or
choreographed transcriptional regulation strengthens our ibapsx understand
developmental process and disease progression by betwibithgs gene regulatory
networks and identifying additional target genes. This ghiéities, however, on clear
definitions of transcription factor binding site in terafsnucleotide sequences.

Transcription factor binding site definitions are typigaiépresented by consensus
sequences; nucleotide sequences that signify the statmtcbbominance of nucleotides

at given positions within the binding site. The procestedihing a nucleic acid-binding
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protein consensus sequence requires the accumulatiemefous pieces of information,
most importantly the binding site size or footprint, #imel sequences of all demonstrated
targets of binding. Stringent nucleotide preferences nétrgtion factors furnish robust
consensus sequences that are very useful for idewfifgossible interaction targets,
whereas diverse sequence tolerance and promiscuous bindingemnder derived
consensus sequences as inaccurate depictions of nucla@tideences whose utilization
can be misleading. Inaccuracy of consensus sequenceechéas the use of more
sophisticated algorithms of defining and visualizing sequencesrprefe profiles for
transcription factors. Sequence logos have circumveptetllems associated with
nucleic acid binding proteins exhibiting relatively indiscrimedinding properties for
which consensus sequences are inappropriate (245, 246). thidda&s, transcription
factor binding site leniency remains problematic for defimaogleotide preferences and
identifying possible binding sites.

The goal of the work presented in this chapter was toactexize the minimal
ssDNA binding site of the sequence specific SSB3PuPu is one of three known
sequence-specific SSB transcription factors that repeegpression of SMA, an
important cytoskeletal contractile protein whose expoesss important for cellular
contractile functions (243) and for the differentiatgtatus of numerous cell types (127,
241). The abundance of SM protein levels in differentiated SMCs versus SMC
undergoing phenotypic modulation towards fibroblastic dediracter has made SM a
hallmark of SMC differentiation (210, 315). Downregulatioh SMaA has been

implicated as a contributing factor towards dysfuncatlovessel wall remodeling (175)
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and the vulnerability of atheroma in relation to plague uet(88, 151). SMA
promoter deletion analysis has identified a cryptic enhaglegnent in the 5’ region of
the promoter (28, 48, 82, 270, 275) that possesses a high dégraane/pyrimidine
asymmetry and exhibits transient structural interconvassin response to stimulus that
activates SMA expression (9). This element contains a core MQ@AGTIf shown to
bind TEF-1 when in double-stranded configurations which is negedsa gene
activation. Binding sites for sequence-specific SSB$ PRur protein family member,
Puro,, and Y-box protein MSY1 have been detected on opposingdstia this element,
with Purx and/or PUs occupying the purine-rich strand and MSY1 occupying the
pyrimidine-rich strand (28). Recent gain-and-loss omncfion studies (148) and
chromatin immunoprecipitation techniques (149) have pointdeug as the dominant
Pur protein repressor in the context of @gene regulation in certain cell types.

The critical nature of P@rfunctions in regard to S&A repression and its phenotypic
consequences have yielded a need to identify other tafgetsporepression. Both Par
and Pup have been implicated in the regulation of numerous syeheth at the
transcriptional and translational levels, and in theeaaf Pud, the regulation of cellular
and viral DNA replication and cell cycle progression (222). Diverse functions in
pathological blood vessel remodeling, cancer, and viral patiesis has revealed the
need for a full description of Pur protein regulatory oties. Projection of possible
genomic and transcriptomic targets of Plias been hampered by the lack of a defined

consensus sequence for this multifunctional protein.

205



In the present study we have examined thevitro binding characteristics of
recombinant mouse Hurto oligonucleotides representative of the &M MCAT
enhancer element to map the binding sites within this regitacent reports by our lab
have detected two binding sites within the region encompassicleotides -195 to -164
of the SMxA promoter in relation to the transcription start sitéh low resolution
(Chapter V). Here we show that these two sites maqucleotides -195 to -190 (5’ site)
and -171 to -166 (3’ site) of the SM promoter. Furthermore, these sites resemble
consensus sequences reported previously foe Rdvich is 5-GGGAGA-3’ (10, 11,

310), with only slight degeneracy at each site.

MATERIALS AND METHODS

Chemicals, protein reagents, and oligonucleotide prab&k chemicals used in this
study were of reagent grade or better. Recombinarfi ®as expressed as an amino-
terminally labeled hexahistidine tag fusion proteins (refen@ in this report as N-
HisPuB), purified from E. coli expression cultures, and quantified as described
previously in Chapter IV and in a previous publication (222).p&eion and validation
of the epitope-specific rabbit polyclonal antibcayainst mouse Pgianti-Pufl 302) has
been described previously (141). Synthetic oligonucleotidese wurchased from
Sigma-Genosys.

Competitive ssDNA-binding assay To monitor the extent of recombinant Bur

binding to PE32-F in the presence of various oligonucleotidenpetitors, a
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discontinuous solid-phase DNA-binding assay was performepreasously described
with some minor modifications (145). Biotinylated PE32-Fswenmobilized on
streptavidin-coated microtiter wells (Streptawells™ cRe) by application of 100L of

1 nM 3-biotinylated PE32-F (PE32-bF) in Dbuffer consisting @5 mM
tris(hydroxymethyl)aminomethane (Tris)-HCI pH 7.5, 150 mM N&aC% mM MgC} at
20 = 1°C for 1 h with moderate shaking. Solutions were rech@wnd wells were washed
three times with 30@L wash buffer consisting of 25 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1.5 mM MgCl, 0.05% (v/v) Tween 20. Blocking of non-specific bindivgs
accomplished by incubation of 2%@ of blocking buffer consisting of 25 mM Tris-HCI
pH 7.5, 150 mM NaCl, 1.5 mM Mgg;120 ug/ml bovine serum albumin (BSA), at 20 +
1°C for 1 h with moderate shaking. Wells were again wasinee times with 300L of
wash buffer. Competitive binding solutions consistindl afM N-HisPuf and titrated
concentrations of competing oligonucleotides in buffer sbing of 50 mM Tris-HCI pH
7.5, 100 mM KCI, 0.5 mM dithiothreitol, gg/ml polydeoxythymidine (d%), 50 ug/ml
BSA were added to the wells (1Q0-/well) and incubated overnight at 4°C. The
sequences of competing oligonucleotides are listed in BableThe next morning wells
were again washed as before. Quantities of N-HpsPwrcleoprotein complexes
remaining after competition were detected by additiod@F uL of primary antibody
solution containing 1lug/ml anti-Pup 302 polyclonal antibody in binding buffer
consisting of 25 mM Tris-HCI pH 7.5, 150 mM NacCl, 1.5 mM Mg@®.05% Tween 20,

2 ug/ml BSA, for 1 h at 20 £ 1°C. This was followed by tigate washing and addition
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of 100 uL of secondary antibody solutions containing goat-anti-tabloirseradish
peroxidase conjugate (ExtraAvidin-HRP, Sigma) diluted 1:10,000inding buffer to
each well and incubation for 1 h at 20 %1 Wells were washed three times and {00
of 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid) sudbetr solution (ABTS,
Chemicon) was added. After satisfactory color developntgnincubation at room
temperature (for approximately 5 min), 100 of 1% (w/v) sodium dodecylsulfate was
added to stop the reactions. Solution absorbance gsadird05 nm were obtained with
a microplate reader. Self-competitor controls (PE32v&)e used to verify complete
competition absorbance value&n(), whereas wells with no competitor were used to
obtain maximum absorbance valuég.{). These controls were included on each plate
to permit normalization of absorbance values necgdsarcomparison of results from
multiple plates. Normalized absorbance valuésof) were calculated using the
expressionAxorm, i = (Ai-Amin)/(AmaxAmin), Where A; is the absorbance of well
Determinations of competitor concentrations neceskaryp0% inhibition of complex
formation, 1Cso, were performed by nonlinear least-squares fitting to fttlewing

expression:
_ 1
ANorm - 1 + 1.((Log!Cso — Log[Competitor]pm

(Equation 6.1)

where oy is the Hill coefficient which permits variability ohé slope of the transition.

Non-linear least-squares fitting was performed using Prismoftware (GraphPad

Software, Inc., San Diego, CA).
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Table 6.1. Oligonucleotides used in this study as fluidhase competitors in Puf

ssDNA-binding functional ELISA.

Fluid Phase
Competitor? Sequence (5° —37)

Truncation Series PE32-F (-195/-164)> GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA
-195/-166 GGGAGCAGAACAGAGGAATGCAGTGGAAGA
-195/-168 GGGAGCAGAACAGAGGAATGCAGTGGAA
-195/-170 GGGAGCAGAACAGAGGAATGCAGTGG
-195/-172 GGGAGCAGAACAGAGGAATGCAGT
-195/-174 GGGAGCAGAACAGAGGAATGCA
-195/-176 GGGAGCAGAACAGAGGAATG
-195/-178 GGGAGCAGAACAGAGGAA
-195/-180 GGGAGCAGAACAGAGG
-195/-182 GGGAGCAGAACAGA
-195/-184 GGGAGCAGAACA
-195/-186 GGGAGCAGAA
-195/-188 GGGAGCAG
-195/-190 GGGAGC
-193/-164 GAGCAGAACAGAGGAATGCAGTGGAAGAGA
-191/-164 GCAGAACAGAGGAATGCAGTGGAAGAGA
-189/-164 AGAACAGAGGAATGCAGTGGAAGAGA
-187/-164 AACAGAGGAATGCAGTGGAAGAGA
-185/-164 CAGAGGAATGCAGTGGAAGAGA
-183/-164 GAGGAATGCAGTGGAAGAGA
-181/-164 GGAATGCAGTGGAAGAGA
-179/-164 AATGCAGTGGAAGAGA
-177/-164 TGCAGTGGAAGAGA
-175/-164 CAGTGGAAGAGA
-173/-164 GTGGAAGAGA
-171/-164 GGAAGAGA
-169/-164 AAGAGA

Scanning Series  PE32-F (-195/-164)> GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA

-183/-164 GAGGAATGCAGTGGAAGAGA
-185/-166 CAGAGGAATGCAGTGGAAGA
-187/-168 AACAGAGGAATGCAGTGGAA
-189/-170 AGAACAGAGGAATGCAGTGG

-191/-172 GCAGAACAGAGGAATGCAGT

-193/-174 GAGCAGAACAGAGGAATGCA

-195/-176 GGGAGCAGAACAGAGGAATG

2 Numbers reflect position relative to transcriptional start site of the SMaA promoter
b Full length oligonucleotide probe used for self-competition control
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RESULTS

Investigations into genomic and RNA targets of Pur proteage been impeded by
the inability of researchers to definitively describeansensus binding site for these
proteins. The detection of Pur protein binding to a waradt ss/dAsDNA and RNA
sequences has only made this pursuit more difficult, dileetdact that Pur and Pup
display extraordinary sequence promiscuity. This appa@remiscuity likely arises from
a combination of factors but may arise artifactuallgpwaver, due to a poor
understanding of the nature of Pur protein nucleoprotein coe®plavith respect to
stoichiometry and affinity, as it is envisioned that seqaetictates these parameters.
Therefore, we sought to systematically examine the Ispecificity of PUs in the
context of a system that has been thermodynamipaflgefined (described in Chapter
V). Towards this end we have examined N-Hi$RUWE32-F nucleoprotein complex
stability in the presence of oligonucleotide competitosgieed to systematically dissect
nucleotide stability contributions. We have employedsaahtinuous solid-phase DNA-
binding functional enzyme-linked immunosorbent assay (E)Lt8Aaddress this goal, as
this assay permits simultaneous testing of competitigormucleotides in a high-
throughput fashion, and direct comparison of results toggathe effects of each
competitor.

To identify nucleotides that contribute to overall nupledein complex stability, we
designed three series of competitive oligonucleotidesuder in our functional ELISA.

Table 6.1details the sequence identity of the competitors andatienale of our design.
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Briefly, we designed a series of binucleotide truncatianamts of PE32-F (-195 to -164
of the SMxA promoter) that have deletions proceeding from the 3’(el®@b series), and
from the 5’ end (-164 series). Recent studies have shavimitortance of nucleotides
near positions -195 to -192 and -171 to -164 of thexSMromoter in both transfection-
based reporter assays (28, 48) and direct ssDNA-binding ag®dys Therefore,
truncations from either end of PE32-F (-195/-164) shouldfere with the ability of the
oligonucleotide to compete for N-HisPubinding. The results obtained by incorporation
of these oligonucleotide competitors in functional ELIS&® shown in Figure 6.1.
Panel A and B show the competition isotherms gengrayethis approach for the -195
series and -164 series, respectively. Nonlinear leastesyfitiing of these isotherms to
a phenomenological inhibition equation (Equation 6.1) yi&Qis values for comparing
relative affinities for N-HisPy. We used self-competition (PE32-F) as a positive
control andICsp reference point for comparison. As shown in Figure 6.1, |p@ne
deletions from either the 5’ or 3’ end of PE32-F result®ss of affinity for N-HisPUs,
and the extent of truncation directly coincides witslaf affinity, as indicated by
increasingCsp values. Consistent with the notion that N-HI§BWIPE32-F nucleoprotein
complexes are stabilized by cooperative interactionsdezivgites (Chapter V), deletion
of either putative binding site results in a loss of tbmpetitors ability to displace N-
HisPui} from the solid phase. Interestingly, deletions ftbe5’ end appear to be better
tolerated than those from the 3’ end. This contragiotsious findings that N-HisPgir

shows higher affinity for the 3’ site of PE32-F thantfoe 5’ site (Chapter V). However,
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AAGAGA
GGAAGAGA
GTGGAAGAGA
CAGTGGAAGAGA
TGCAGTGGAAGAGA
AATGCAGTGGAAGAGA
GGAATGCAGTGGAAGAGA
GAGGAATGCAGTGGAAGAGA
CAGAGGAATGCAGTGGAAGAGA
AACAGAGGAATGCAGTGGAAGAGA
AGAACAGAGGAATGCAGTGGAAGAGA
GCAGAACAGAGGAATGCAGTGGAAGAGA
GAGCAGAACAGAGGAATGCAGTGGAAGAGA
GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA
GGGAGCAGAACAGAGGAATGCAGTGGAAGA
GGGAGCAGAACAGAGGAATGCAGTGGAA
GGGAGCAGAACAGAGGAATGCAGTGG
GGGAGCAGAACAGAGGAATGCAGT
GGGAGCAGAACAGAGGAATGCA
GGGAGCAGAACAGAGGAATG
GGGAGCAGAACAGAGGAA
GGGAGCAGAACAGAGG
GGGAGCAGAACAGA
GGGAGCAGAACA
GGGAGCAGAA
GGGAGCAG
GGGAGC

2,

IC5o (Molar)

Figure 6.1. Analysis of N-HisPup:PE32-F nucleotide interactions by truncated

oligonucleotide competition. Results of fluid-phase competitor titrations in a &A}

based ssDNA-binding assay are shown for two seriesioddted oligonucleotides with

a common 5’ (-195 series) or 3’ (-164 series) termihiand B, Competition isotherms

for the -195 and -164 series, respectively. Sequencesgohatleotides are illustrated

in Table 6.1. Points represanean +s.dof measurements made in triplicate. Isotherms

were fit to equation 6.1.C, ResolvedICsy values are plotted for each fluid-phase

competitor (best fit £ 67% confidence intervalCso value bars extending past the axis

frame are indicative of very low affinity or were pboresolved.
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it may suggest that 5’ nucleotides of the putafNéR-consensus (GGGAGA) are more
critical to binding than are those in the 3’ end.

Based on results shown in Figure 6.1, it was found thgbmlicleotides with a
minimum length of 18-20 nt consistently conferred the bestpetitive response in our
functional ELISA. This finding, coupled with a need to @anfsequence specificity and
discount possible length effects associated with obseéGggrofiles, led us to design a
series of competitive oligonucleotides of consistent g0 nt) that scan the entirety of
PE32-F (Table 6.1). Using these oligonucleotides in the catmpefunctional ELISA
provided the results shown in Figure 6.2. Similar to whed abserved for the truncation
series, oligonucleotides representing the ends of PE32ntpated the best for N-
HisPui} binding. This result suggests that the competitive effecbbserved in Figure
6.1 is sequence-specific and is not purely dependent upon wdigotide length. This
data also shows that the two binding sites are not dguiva However, this data also
contradicts previous findings which show the 3’ site tospes greater inherent affinity

for N-HisPu binding than the 5’ site, as discussed in Chapter V.

DISCUSSION

Binding of Pur proteins to nucleic acids has been showpotentiate extensive
cellular consequences ranging from cell cycle arrestaiscriptional and translational
regulation. The diverse functional aspects of Pur pretenake them important
molecular target candidates for the prevention of veplication, cardiovascular disease

and cancer (132). However, a fundamental understandimgadfanisms employed by
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GGGAGCAGAACAGAGGAATGCAGTGGAAGAGA
GAGGAATGCAGTGGAAGAGA
CAGAGGAATGCAGTGGAAGA
AACAGAGGAATGCAGTGGAA
AGAACAGAGGAATGCAGTGG
GCAGAACAGAGGAATGCAGT

Competitor (5' - 3')

GAGCAGAACAGAGGAATGCA
GGGAGCAGAACAGAGGAATG

IC50 (Molar)

Figure 6.2. Analysis of N-HisPup:PE32-F nucleotide interactions by scanning
oligonucleotide competition. Results of fluid-phase competitor titrations in a &A}
based ssDNA-binding assay are shown for a series of 2(igohacleotides that scan
PE32-F. Competition isotherms (not shown) were fietpation 6.1 to resolviCsg
values for each competitor, plotted as best fit valug7% confidence interval.lCsg

value bars extending past the axis frame are indicativery low affinity.
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Pur proteins in regulating these processes have not dseeved, due in part to an
inadequate description of Pur protein target sequences.

The diversity of nucleotide sequences that have beeh tasprobe for Pur protein
binding and involvement, as well as differences in intevacaffinities associated with
the use of these probes (Table 1.1) illustrates theculiffes associated with definitive
binding site identification. Furthermore, a lack of nopl®tein complex stoichiometries
reported for these probes, with few exceptions, makemastn of the number of
binding sites in each sequence difficult to estimate. Thsesipiity of multiple
heterogeneous binding sites existing on a single probe obvieusts. Therefore a
systematic approach to delineation of binding site iderdftyany proteins requires
preexisting knowledge regarding complex stoichiometry, #&ffinend/or footprint
information. Few systematic approaches to identifyindemiicle sequence components
critical for Pur proteins have been armed with any of itifermation. One such study,
aimed at the identification of a Ruconsensus sequence made use of this information in
regards to the c-myc-associatetdR-element (10, 11, 310). In this series of papers,
Edward Johnson and colleagues systematically showed that inds to a core
consensus sequence of GGGAGA with what is likely a foclsometry (reviewed in
Chapter I).

Armed with equivalent thermodynamic data regarding theitgndf recombinant N-
HisPui} to the proximal MCAT enhancer element of the &Mpromoter (Chapter V),
we sought to test the consensus sequence predictiohredaloand colleagues in regards

to PuB nucleotide preferences, and to see if they differ ftbose of Pux. Previous
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reports have implicated nucleotides flanking the core MG&fuence of the SivA
promoter as being necessary for Pur protein-mediated repressreporter expression
(28, 48) and for direct binding of Ruand Pup to oligonucleotides representative of this
region (28, 275). Figure 6.3 summarizes the results oétfiedings. In the present
study, we used a convenient enzyme-linked immunosorbent A¢liding assay to
gauge the effects of competitive fluid-phase mutant oligteotides to on N-
HisPuiB3,:PE32-F nucleoprotein complex assembly.

Our results indicate that nucleotides on either end 032HE are critical to
nucleoprotein complex stability. This finding is based oncthwapetition profiles of 5’
and 3’ truncation series of oligonucleotides harboring esgige doublet deletions
(Figure 6.1). The findings were further corroborated by eympént of a series of
scanning oligonucleotides, where the intention was to digclength effects that could
possibly explain the competition results of the trumcatseries. Indeed, these
oligonucleotides also suggest the involvement of terminallentides in N-
HisPui,:PE32-F nucleoprotein complex stability (Figure 6.2). The gmes of
degenerate GGGAGA core consensus sequences in eachRIB8BF suggest that these
regions indeed represent N-HisBuiinding sites and the N-HisHushares nucleotide
preferences with those reported for é.ur

Previous finding by our lab have shown regions of DNasetkption afforded by N-
HisPu that correspond to the 5 and 3’ regions of the MCAT anéa element
spanning from nucleotides -195 to -164 of theod@promoter when in a single-stranded

conformation (Figure 5.5). Unfortunately, the resolutiothig footprinting approach
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SMoA Promoter:  5-GCCTCCTGTTTCGGGAGCAGAACAGAGGAATGCAGTGGAAGAGACCCAGGCCTCTGGCC-3

(Coding strand) AAAAA AAAAA
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Figure 6.3. Recognition and binding of N-HisPus to the purine-rich strand of the
SMaA cryptic MCAT enhancer element. A, Region and sequence of the purine-rich
strand of the cryptic MCAT enhancer of the &M promoter. Numbers indicate
nucleotide positions relative to the transcriptional tsgte. Red arrows indicate
positions and identities of nucleotides deemed important stabilization of (N-
HisPui),:PE32-F nucleoprotein complexes shown here and in previousstadd are
indicative of two Pur protein bindings sites exhibiting sliglegeneracy of th®UR-
motif, GGGAGA. B, Hypothetical mechanism of maintained directional bindimg
cooperatively assembled nucleoprotein complex. Loopindghef purine-rich strand
permits cooperative interactions between binding sitédlewmaintaining 5 to 3

directionality of the binding site in relation to timaraction interface of N-HisPgwr
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did not allow for precise determination of ligating nuciée$ within these sites. The
results did indicate that N-HisHurinds to these sites in a successive 3’ to 5 and
cooperative manner suggesting that these sites are noralequi a finding consistent
with sequences analysis showing non-redundancy of fitese Results from the present
study also show that the 5’ and 3’ binding sites within PE22eFnon-equivalent with
respect to N-HisP@rbinding; however our results also indicate that N-HigPbinds to
the 5’ site with greater affinity than to the 3’ siig, contrast to results obtained by
guantitative footprinting. It is possible that this deggancy arises from isolation of the
two binding sites by the use of the 32 nt oligonucleotide PE32@uantitative
footprinting experiments described in Chapter V were peréa using 382 nt template
representations of the SM\ promoter region containing other known sites of Pur pmotei
interaction (47, 148, 272). It is possible binding of N-HigRorthe 5’ and 3’ sites of the
region encompassing the MCAT enhancer element is tligmmamnically linked to
binding at other sites that may influence the interactioergetics observed in these
experiments. N-HisP@rmediated nuclease protection at sites outside of nuobsot
195 to -164 indicates that this might be a possibility.

Identification of N-HisPus binding sites within the MCAT enhancer element of
SMoA raises structural questions of how nucleoprotein assenmsblsgccomplished.
Numerous dimeric transcription factors typically digplpalindromic binding site
sequences. For example bHLH dimers bind palindromic @& -NCANTGN-3") by
monomer recognition of major groove C-G basepair camstis on successive half-turns

of the B-DNA helix (202). The sequence represented by PE&#fains direct repeats
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of the putative N-HisPrbinding sites. Therefore, the manner by which two monemer
of N-HisPu3 cooperatively bind two direct repeats of the identified Imgdsequence
represents a structural dilemma. Figure 6.3, panel Bshow binding might occur and
suggests that looping of the intervening ssDNA sequencesrarspire. This is purely
speculation, however, and requires high resolution straiofata for validation.

In conclusion, the results described herein provide dirdgtmation regarding the
nucleotide contributions stabilizing nucleoprotein  complexBsmed between
recombinant Py and oligonucleotide representations of the proximal M@hhancer
element of the SMA gene promoter. These results provide insight into peassibl
experimental methods of reducing Puinding affinity in cultured cells anish vivo by
mutating putative nucleotide contacts, as well as indékection of additional Pr
binding targets genome-wide. These approaches may notidnly @ur understanding
of mechanisms of SMA repression involved in phenotypic reprogramming of VSMCs,
but also unveil the extents of Pur protein function in mHygical events and disease
progression, and provide a means to prevent or manageatlconsequences of Pur

protein-ssDNA interactions.
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CHAPTER VII. CONCLUDING REMARKS

The studies described in this dissertation have helpedat@cterize the mechanism
implemented by P{@ir to assemble a repressive nucleoprotein component @afASM
transcriptional regulation as it might occur vivo and in cell-culture models of
myofibroblast transdifferentiation and VSMC dediffeiation. Equally as important,
these studies have also shown that Pur protein-medisgptession of SMA
transcription can serve as a model system for examitie cause and effect relationship
between sequence-specific SSB transcription factodsstmictural interconversions in
regulating gene expression.

Generally speaking, the results of these studies Hawersthat Pys, the dominant
Pur protein repressor of SM transcription in MEFs, utilizes cooperative interant to
facilitate and stabilize nucleoprotein assembly at tloxipral MCAT enhancer element
of the SMxA promoter. It remains to be established whether ottmstmechanism is
accurate in the context of a repressive nucleoproteityeabte that enacts repression of
SMoA transcriptionin vivo, as the mechanism described herein was delineated with
purified recombinant P@r in the absence of co-repressorsoPand MSY1. Loss-of-
function studies described here, suggest that full-repressft SMoA expression in
MEFs requires collaborative, synergistic activitiedooth Pue and Pup. Furthermore,
the inability of recombinant P@rto solely establish ssDNA-binding in the presence of

short complementary strands (strand displacemerst) sliggests that Huris an
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opportunistic SSB transcription factor, and that co-rggoe involvement might be
necessary to destabilize base-pairing within theaBMMCAT enhancer element, to
allow for repressive nucleoprotein complex assembly.

Future efforts in continuation of the studies descrilethis dissertation would be
aimed towards delineating the roles of dPuand MSY1 in nucleoprotein complex
assembly and helix destabilization as mentioned aboveombination of biophysical
assessment of isolated nucleoprotein assemblies fordPur MSY1 with their respective
ssDNA strands, and footprinting techniques involving dsDNA tatep in the presence
of Pury, Pu3, and MSY1 (in isolation and combination) would likely revehé
thermodynamic parameters stabilizing nucleoprotein asseamnta detail how assembly
occurs in the context of a double-stranded environment. ila8iyn probing of the
secondary structure of the M promoter region with ssSDNA-sensitive reagents, in the
contexts of supercoiled and linearized plasmid dsDNA cortstra@y help to explain if
topological stress facilitates stable non-B-DNA staes that promote sequence-specific
SSB recruitment and occupation, events crucial to negategulation of SMA
expression. Collectively, these future studies would lieipuce the cause and effect
relationship between sequence-specific SSB repressors paoichoter structural
interconversion in the regulation of $M gene transcription and other genes that rely on
ssDNA-binding transcription factors for regulated expressidn addition, they would

provide a technical foundation for examining these systems

221



COMPREHENSIVE BIBLIOGRAPHY

1. Ackers GK, Johnson AD, Shea MA (1982) Quantitative modael dene
regulation by lambda phage repressor. Proc Natl Acad ScAl¥9(4):1129-33.

2. Aikawa M, Rabkin E, Voglic SJ, Shing H, Nagai R, SchéénLibby P (1998)
Lipid lowering promotes accumulation of mature smoothateusells expressing smooth
muscle myosin heavy chain isoforms in rabbit atheronra.Res.83(10):1015-26.

3. Aikawa M, Sakomura Y, Ueda M, Kimura K, Manabe |, Ishav&, Komiyama
N, Yamaguchi H, Yazaki Y, Nagai R (1997) Redifferentiatafnsmooth muscle cells
after coronary angioplasty determined via myosin heavyainchexpression.
Circulation.96(1):82-90.

4, Alberts BM, Frey L (1970) T4 bacteriophage gene 32: a strugitotdin in the
replication and recombination of DNA. Nature.227(5265):1313-8.

5. Autieri MV, Keleman SE, Wendt KW (2003) AIF-1 is an agbolymerizing and
Racl-activating protein that promotes vascular smoothcleusell migration. Circ
Res.92:1107-14.

6. Ban C, Chung S, Park DS, Shim YB (2004) Detection of pr@B8lA interaction
with a DNA probe: distinction between single-stramdl @louble-strand DNA-protein
interaction. Nucleic Acids Res.32:€110 1-8.

7. Barr SM, Johnson EM (2001) Ras-induced colony formation aarahorage-
independent growth inhibited by elevated expression of Puralphid3T3 cells. J Cell

Biochem.81(4):621-38.

222



8. Bazar L, Meighen D, Harris V, Duncan R, LevensAligan M (1995) Targeted
melting and binding of a DNA regulatory element by a gemtivator of c-myc. J Biol
Chem.270(14):8241-8.

9. Becker NA, Kelm RJ, Jr., Vrana JA, Getz MJ, MahérLJ (2000) Altered
sensitivity to single-strand-specific reagents assediaith the genomic vascular smooth
musclea-actin promoter during myofibroblast differentiation. ®IBChem.275:15384-
91.

10. Bergemann AD, Johnson EM (1992) The HelLa pur factor lsimgge-stranded
DNA at a specific element conserved in gene flankingoregiand orgins of DNA
replication. Mol Cell Biol.12:1257-65.

11. Bergemann AD, Ma ZW, Johnson EM (1992) Sequence of cDNA @ingpthe
humanpur gene and sequence-specific single-stranded-DNA-binding pregpeartithe
encoded protein. Mol Cell Biol.12:5673-82.

12. Bergwerff M, Verberne ME, DeRuiter MC, Poelmann Riitenberger-de Groot
AC (1998) Neural crest cell contribution to the developingcutatory system:
implications for vascular morphology? Circ Res.82(2):321

13. Bissell DM, Wang SS, Jarnagin WR, Roll FJ (1995)-8edcific expression of
transforming growth factor-beta in rat liver. Evidente autocrine regulation of
hepatocyte proliferation. J Clin Invest.96(1):447-55.

14. Blake RD, Delcourt SG (1996) Thermodynamic effectfoohamide on DNA

stability. Nucleic Acids Res.24(11):2095-103.

223



15. Blank RS, McQuinn TC, Yin KC, Thompson MM, TakeyasuS¢hwartz RJ,
Owens GK (1992) Elements of the smooth muscle alpha-potimoter required in cis
for transcriptional activation in smooth muscle. Evidefar cell type-specific regulation.
J Biol Chem.267(2):984-9.

16. Blank RS, Owens GK (1990) Platelet-derived growth facegulates actin
isoform expression and growth state in cultured ratiasrhooth muscle cells. J Cell
Physiol.142(3):635-42.

17. Blank RS, Thompson MM, Owens GK (1988) Cell cycle verdessity
dependence of smooth muscle alpha actin expressiottumezlirat aortic smooth muscle
cells. J Cell Biol.107(1):299-306.

18. Bloomfield VA (1981) Quasi-elastic light scattering aggions in biochemistry
and biology. Annu Rev Biophys Bioeng.10:421-50.

19. Bochkarev A, Bochkareva E (2004) From RPA to BRCA2olesgrom single-
stranded DNA binding by the OB-fold. Curr Opin Struct Biol.143&)42.

20. Bockman DE, Sohal GS (1998) A new source of cells ibomirg to the
developing gastrointestinal tract demonstrated in chick brygos.
Gastroenterology.114(5):878-82.

21. Brenowitz M, Senear DF, Kingston RE (2001) DNase | fadt@nalysis of
protein-DNA binding. Current protocols in molecular biologgdited by Frederick M
Ausubel [et al.Chapter 12:Unit 12 4.

22. Brenowitz M, Senear DF, Shea MA, Ackers GK (1986) "Haatptitrations

yield valid thermodynamic isotherms. Proc Natl Acad S8 B.83(22):8462-6.

224



23. Brenowitz M, Senear DF, Shea MA, Ackers GK (1986) Qtaive DNase
footprint titration: a method for studying protein-DNAnteractions. Methods
Enzymol.130:132-81.

24. Breslauer KJ, Frank R, Blocker H, Marky LA (1986) PraaictDNA duplex
stability from the base sequence. Proc Natl Acad S8iAJ83(11):3746-50.

25. Brunelli S, Tagliafico E, De Angelis FG, Tonloreri Baesso S, Ferrari S,
Niinobe M, Yoshikawa K, Schwartz RJ, Bozzoni I, Far@&rCossu G (2004) Msx2 and
Necdin combined activities are required for smooth mustiderentiation in
mesoangioblast stem cells. Circ Res.94:1571-8.

26. Bucala R, Spiegel LA, Chesney J, Hogan M, Ceramil®94) Circulating
fibrocytes define a new leukocyte subpopulation that nesliissue repair. Molecular
medicine (Cambridge, Mass.1(1):71-81.

27. Cann JR (1989) Phenomenological theory of gel electrepisoof protein-
nucleic acid complexes. J Biol Chem.264(29):17032-40.

28. Carlini LE, Getz MJ, Strauch AR, Kelm RJ, Jr. (2008yptic MCAT enhancer
regulation in fibroblasts and smooth muscle cells.ol Bhem.277:8682-92.

29. Carroll SL, Bergsma DJ, Schwartz RJ (1986) Structudecamplete nucleotide
sequence of the chicken alpha-smooth muscle (aortic) getia. An actin gene which
produces multiple messenger RNAs. J Biol Chem.261(19):8965-76.

30. Carroll SL, Bergsma DJ, Schwartz RJ (1988) A 29-nucleddNé& segment

containing an evolutionarily conserved motif is requiredcis for cell-type-restricted

225



repression of the chicken alpha-smooth muscle actin gene promoter. Mol Cell
Biol.8(1):241-50.

31. Carson JA, Fillmore RA, Schwartz RJ, Zimmer WE (20Di@ smooth muscle
gamma-actin gene promoter is a molecular target fernlouse bagpipe homologue,
mNkx3-1, and serum response factor. J Biol Chem.275(50):39061-72.

32. Cavaluzzi MJ, Borer PN (2004) Revised UV extinction ffaoents for
nucleoside-5-monophosphates and unpaired DNA and RNA. iNuckcids
Res.32(1):e13

33. Champ PC, Maurice S, Vargason JM, Camp T, Ho PS (2004ibDi®ns of Z-
DNA and nuclear factor | in human chromosome 22: a mfmdedoupled transcriptional
regulation. Nucleic Acids Res.32(22):6501-10.

34. Chang CF, Gallia GL, Muralidharan V, Chen NN, Zol#klohnson E, Khalili K
(1996) Evidence that replication of human neurotropic JGsViDNA in glial cells is
regulated by the sequence-specific single-stranded DNA-bingliatgin Pur alpha. J
Virol.70(6):4150-6.

35. Chaponnier C, Goethals M, Janmey PA, Gabbiani F, Gabbiani G,
Vandekerckhove J (1995) The specific NH2-terminal sequence E&DEof alpha-
smooth muscle actin plays a role in polymerization imroviand in vivo. J Cell
Biol.130(4):887-95.

36. Chen NN, Chang CF, Gallia GL, Kerr DA, Johnson EMadkmarov CP, Barr

SM, Frisque RJ, Bollag B, Khalili K (1995) Cooperative actof cellular proteins YB-1

226



and Pua with the tumor antigen of the Human JC Polyomaviruterdenes their
interaction with the viral lytic control element.derNatl Acad Sci USA.92:1087-91.

37. Chen NN, Khalili K (1995) Transcriptional regulationhoiman JC polyomavirus
promoters by cellular proteins YB-1 and Pur alpha in ghdis. J Virol.69(9):5843-8.

38. Chen S, Lechleider RJ (2004) Transforming growth fgstoduced
differentiation of smooth muscle from a neural craésim cell line. Circ Res.94:1196-
202.

39. Chen S, Supakar PC, Vellanoweth RL, Song CS, ChattBrj&koy AK (1997)
Functional role of a conformationally flexible homopuri@mopyrimidine domain of
the androgen receptor gene promoter interacting with Sgpa qnyrimidine single strand
DNA-binding protein. Mol Endocrinol.11(1):3-15.

40. Chen Y, Kelm RJ, Jr., Budd RC, Sobel BE, Schneider2D04( Inhibition of
apoptosis and caspase-3 in vascular smooth muscle celfgabginogen activator
inhibitor type-1. J Cell Biochem.92(1):178-88.

41. Chepenik LG, Tretiakova AP, Krachmarov CP, Johnson EMliIKK (1998)
The single-stranded DNA binding protein, Pur-alpha, binds HIWVAR RNA and
activates HIV-1 transcription. Gene.210:37-44.

42. Cho A, Graves J, Reidy MA (2000) Mitogen-activated prokéiases mediate
matrix metalloproteinase-9 expression in vascular simootiscle cells. Arterioscler

Thromb Vasc Biol.20(12):2527-32.

227



43. Clement S, Hinz B, Dugina V, Gabbiani G, Chaponnier C (2068)N-terminal
Ac-EEED sequence plays a role in alpha-smooth-mustie imcorporation into stress
fibers. Journal of cell science.118(Pt 7):1395-404.

44, Clement S, Stouffs M, Bettiol E, Kampf S, Kraudd, KChaponnier C, Jaconi M
(2007) Expression and function of alpha-smooth muscle dctimg embryonic-stem-
cell-derived cardiomyocyte differentiation. Journatefl science.120(Pt 2):229-38.

45, Clouthier DE, Comerford SA, Hammer RE (1997) Hepatic o§lsy,
glomerulosclerosis, and a lipodystrophy-like syndromPEPCK-TGF-betal transgenic
mice. J Clin Invest.100(11):2697-713.

46. Cobianchi F, SenGupta DN, Zmudzka BZ, Wilson SH (1986) Steicf rodent
helix-destabilizing protein revealed by cDNA cloning. J Biol QI#61(8):3536-43.

47. Cogan JG, Subramanian SV, Polikandriotis JA, KelmJRJStrauch AR (2002)
Vascular smooth muscle-actin gene transcription during myofibroblast differeiia
requires Spl/3 protein binding proximal to the MCAT enhandBiolJChem.277:36433-
42.

48. Cogan JG, Sun S, Stoflet ES, Schmidt LJ, Getz MJu@trAR (1995) Plasticity
of vascular smooth muscteactin gene transcription. J Biol Chem.270:11310-21.

49. Cole JL (2004) Analysis of heterogeneous interactionsethddls
Enzymol.384:212-32.

50. Coles LS, Bartley MA, Bert A, Hunter J, Polyak Samond P, Vadas MA,

Goodall GJ (2004) A multi-protein complex containing cold &hdemain (Y-box) and

228



polypyrimidinetract binding proteins forms on the vasautdothelial growth factor
MRNA. Eur J Biochem.271:648-60.

51. Connaghan-Jones KD, Heneghan AF, Miura MT, Bain D2007)
Thermodynamic analysis of progesterone receptor-prammiteractions reveals a
molecular model for isoform-specific function. ProatNAcad Sci U S A.104(7):2187-
92.

52. Corjay MH, Thompson MM, Lynch KR, Owens GK (1989) Diffetial effect of
platelet-derived growth factor- versus serum-induced gramwtismooth muscle alpha-
actin and nonmuscle beta-actin mRNA expression in culttae aortic smooth muscle
cells. J Biol Chem.264(18):10501-6.

53. Creazzo TL, Godt RE, Leatherbury L, Conway SJbKiML (1998) Role of
cardiac neural crest cells in cardiovascular developmeAnnual review of
physiology.60:267-86.

54. Da Silva N, Bharti A, Shelley CS (2002) hnRNP-K and Rpingg act together to
repress the transcriptional activity of the CD43 gene prem&lood.100(10):3536-44.
55. Damon DH (2005) Sympathetic innervation promotes vasculaotinmmuscle
differentiation. Am J Physiol Heart Circ Physiol.288:H2#8%1.

56. Darbinian N, Gallia GL, Khalili K (2001) Helix-destahilg properties of the
human single-stranded DNA- and RNA-binding proteincPuJrCell Biochem.80:589-95.
57. Darbinian N, Gallia GL, King J, Del Valle L, Johns&M, Khalili K (2001)
Growth inhibition of glioblastoma cells by human Pur(alph) Cell Physiol.189(3):334-

40.

229



58. Darbinian N, Gallia GL, Kundu M, Shcherbik N, Tretiakok, Giordano A,
Khalili K (1999) Association of Pur and E2F-1 suppresses transcriptional activity of
E2F-1. Oncogene.18:6398-402.

59. Darbinian N, Sawaya BE, Khalili K, Jaffe N, WortmB, Giordano A, Amini S
(2001) Functional interaction between cyclin T1/cdk9 and Phaatfetermines the level
of TNFalpha promoter activation by Tat in glial cellsJournal of
neuroimmunology.121(1-2):3-11.

60. Darby I, Skalli O, Gabbiani G (1990) Alpha-smooth musclendstiransiently
expressed by myofibroblasts during experimental wound healingboratory
investigation; a journal of technical methods and pathologl)63(-9.

61. Davies MJ (1996) Stability and instability: two faces @nary atherosclerosis.
The Paul Dudley White Lecture 1995. Circulation.94(8):2013-20.

62. Davis-Smyth T, Duncan RC, Zheng T, Michelotti Gydms D (1996) The far
upstream element-binding proteins comprise an ancient farhigingle-strand DNA-
binding transactivators. J Biol Chem.271(49):31679-87.

63. Desmouliere A, Chaponnier C, Gabbiani G (2005) Tissue repairaction, and
the myofibroblast. Wound Rep Reg.13:7-12.

64. Desmouliere A, Geinoz A, Gabbiani F, Gabbiani G (1993)sfoaming growth
factor-beta 1 induces alpha-smooth muscle actin expredsiogranulation tissue
myofibroblasts and in quiescent and growing culturedblasts. J Cell Biol.122(1):103-

11.

230



65. Desmouliere A, Redard M, Darby I, Gabbiani G (1995) Apoptosdiates the
decrease in cellularity during the transition between dasion tissue and scar. The
American journal of pathology.146(1):56-66.

66. Desmouliere A, Rubbia-Brandt L, Abdiu A, Walz T, Ma@-Coelho A,
Gabbiani G (1992) Alpha-smooth muscle actin is expressed inbpopulation of
cultured and cloned fibroblasts and is modulated by gamrageann. Experimental cell
research.201(1):64-73.

67. Desmouliere A, Rubbia-Brandt L, Grau G, Gabbiani G (19%)aHn induces
alpha-smooth muscle actin expression in cultured fibsdbland in granulation tissue
myofibroblasts. Laboratory investigation; a journal of tecdhi methods and
pathology.67(6):716-26.

68. Dhalla AK, Ririe SS, Swamynathan SK, Weber KT, @katRV (1998) chk-YB-
1b, a Y-box binding protein activates transcription fromalghal(l) procollagen gene
promoter. Biochem J.336 ( Pt 2):373-9.

69. Didier DK, Schiffenbauer J, Woulfe SL, Zacheis M, 8atiz BD (1988)
Characterization of the cDNA encoding a protein bindindheorhajor histocompatibility
complex class Il 'Y box. Proc Natl Acad Sci U S A.85(1922-6.

70. Ding Y, Osugi T, Kuo CH, Tanaka H, Do E, Irie Y, MiN (1997)
Characterization of a nuclear factor that enhances [W#ing activity of SSCRE-

BP/PUR alpha, a single-stranded DNA binding protein. Newmcimt.31(1):45-54.

231



71. Dixon JL, Stoops JD, Parker JL, Laughlin MH, Weisman Gtrek M (1999)
Dyslipidemia and vascular dysfunction in diabetic pigsl an atherogenic diet.
Arterioscler Thromb Vasc Biol.19(12):2981-92.

72. Doucet C, Brouty-Boye D, Pottin-Clemenceau C, Camoi@V, Jasmin C,
Azzarone B (1998) Interleukin (IL) 4 and IL-13 act on humangluibroblasts.
Implication in asthma. J Clin Invest.101(10):2129-39.

73. Drew HR, Travers AA (1984) DNA structural variatioms the E. coli tyrT
promoter. Cell.37(2):491-502.

74. Du Q, Tomkinson AE, Gardner PD (1997) Transcriptionallatigm of neuronal
nicotinic acetylcholine receptor genes. A possible roletifee DNA-binding protein
Puralpha. J Biol Chem.272(23):14990-5.

75. Duncan R, Bazar L, Michelotti G, Tomonaga T, Krutad¢chAvigan M, Levens
D (1994) A sequence-specific, single-strand binding protein aesividte far upstream
element of c-myc and defines a new DNA-binding motif. GeDev.8(4):465-80.

76. Engelse MA, Lardenoye JH, Neele JM, Gimbergen JM, ries\MR, Lamfers
MLM, Pannekok H, Quax PHA, de Vries CIJM (2002) AdenoviralvattA expression
prevents intimal hyperplasia in human and murine blood led4se maintaining the
contractile smooth muscle phenotype. Circ Res.90:1128-34.

77. Evdokimova V, Ruzanov P, Anglesio MS, Sorokin AV, Rmaikov LP,
Buckley J, Triche TJ, Sonenberg N, Sorensen PH (2006) Akiated YB-1
phosphorylation activates translation of silent mRffcies. Mol Cell Biol.26(1):277-

92.

232



78. Fabunmi RP, Sukhova GK, Sugiyama S, Libby P (1998) Expressitissue
inhibitor of metalloproteinases-3 in human atheroma agdlaé&on in lesion-associated
cells: a potential protective mechanism in plaque stabiitrc Res.83(3):270-8.

79. Fatigati V, Murphy RA (1984) Actin and tropomyosin in snhomiuscles. J Biol
Chem.259:14383-8.

80. Fawell SE, White R, Hoare S, Sydenham M, Page M, Paw& (1990)
Inhibition of estrogen receptor-DNA binding by the "pure" amtezgen IClI 164,384
appears to be mediated by impaired receptor dimerizatimt Ratl Acad Sci U S
A.87(17):6883-7.

81. Folta-Stogniew E, Williams KR (1999) Determination obldtular Masses of
Proteins in Solution: Implementation of an HPLC Szelusion Chromatography and
Laser Light Scattering Service in a Core Laboratdmigiomol Techniques.10:51-63.

82. Foster DN, Min B, Foster LK, Stoflet ES, Sun StzZ3dJ, Strauch AR (1992)
Positive and negative cis-regulatory elements medigieession of the mouse vascular
smooth muscler-actin gene. J Biol Chem.267:11995-2003.

83. Frid MG, Kale VA, Stenmark KR (2002) Mature vascular enelatm can give
rise to smooth muscle cells via endothelial-mesenchyraakdifferentiation: in vitro
analysis. Circ Res.90(11):1189-96.

84. Fried M, Crothers DM (1981) Equilibria and kinetics of tapressor-operator
interactions by polyacrylamide gel electrophoresis. Nadeids Res.9(23):6505-25.

85. Fried MG, Daugherty MA (1998) Electrophoretic analysismuoitiple protein-

DNA interactions. Electrophoresis.19(8-9):1247-53.

233



86. Fukuda H, Katahira M, Tsuchiya N, Enokizono Y, Sugimura agdd M,
Nakagama H (2002) Unfolding of quadruplex structure in the G-sicAnd of the
minisatellite repeat by the binding protein UP1. Proc NaddASci U S A.99(20):12685-
90.

87. Fukuda T, Ashizuka M, Nakamura T, Shibahara K, Maeda K, I&ndbhno K,
Kuwano M, Uchiumi T (2004) Characterization of the 5'-umfated region of YB-1
MRNA and autoregulation of translation by YB-1 protein. Miec/Acids Res.32(2):611-
22.

88. Gabbiani G, Kocher O, Bloom WS, Vandekerckhove J, WEbE984) Actin
expression in smooth muscle cells of rat aortic intithekening, human atheromatous
plague, and cultured rat aortic media. J Clin Invest.73(1):148-52

89. Gabbiani G, Ryan GB, Majne G (1971) Presence of modifidbiasts in
granulation tissue and their possible role in wound cotbira Experientia.27(5):549-50.
90. Gallia GL, Darbinian N, Jaffe N, Khalili K (2001) §ie-stranded nucleic acid-
binding protein, Put, interacts with RNA homologous to 18S ribosomal RNA and
inhibits translation in vitro. J Cell Biochem.83:355-63.

91. Gallia GL, Darbinian N, Johnson EM, Khalili K (1999) Sedociation of Puar

is mediated by RNA. J Cell Biochem.74:334-48.

92. Gallia GL, Johnson EM, Khalili K (2000) Rura multifunctional single-stranded

DNA- and RNA-binding protein. Nucleic Acids Res.28:3197-205.

234



93. Gallia GL, Safak M, Khalili K (1998) Interaction ofetlsingle-stranded DNA-
binding protein Puralpha with the human polyomavirus JC \d@euly protein T-antigen.
J Biol Chem.273(49):32662-9.

94. Gan Q, Yoshida T, Li J, Owens GK (2007) Smooth musels cand
myofibroblasts use distinct transcriptional mechanisarssmooth muscle alpha-actin
expression. Circ Res.101(9):883-92.

95. Gaudreault I, Guay D, Lebel M (2004) YB-1 promotes strapdra&on in vitro
of duplex DNA containing either mispaired bases or dsplmodifications, exhibits
endonucleolytic activities and binds several DNA repairtens. Nucleic Acids
Res.32(1):316-27.

96. Geary RL, Wong JM, Rossini A, Schwartz SM, Adams (D02) Expression
profiling identifies 147 genes contributing to a unique primatenenal smooth muscle
cell phenotype. Arterioscler Thromb Vasc Biol.22(12):2010-6.

97. Gerber HP, Seipel K, Georgiev O, Hofferer M, HugRdsconi S, Schaffner W
(1994) Transcriptional activation modulated by homopolymghitamine and proline
stretches. Science.263(5148):808-11.

98. Getz MJ, Elder PK, Benz J, B.W., Stephens RE, Moefl 876) Effect of cell
proliferation on levels and diversity of poly(A)-contaigimRNA. Cell.7:255-65.

99. Ghisolfi L, Joseph G, Amalric F, Erard M (1992) The gigefich domain of
nucleolin has an unusual supersecondary structure respomfsiblés RNA-helix-

destabilizing properties. J Biol Chem.267(5):2955-9.

235



100. Gordon D, Reidy MA, Benditt EP, Schwartz SM (1990) @moliferation in
human coronary arteries. Proc Natl Acad Sci U S A.87462D-4.

101. Grossmann ME, Tindall DJ (1995) The androgen receptaanscriptionally
suppressed by proteins that bind single-stranded DNA. J B&in270(18):10968-75.
102. Gueron M, Kochoyan M, Leroy JL (1987) A single mode ®fADbase-pair
opening drives imino proton exchange. Nature.328(6125):89-92.

103. Gupta M, Sueblinvong V, Gupta MP (2007) The single-strand DNA/R
binding protein, Purbeta, regulates serum response fad@éy)-(8ediated cardiac muscle
gene expression. Canadian journal of physiology and phaloggcs(3-4):349-59.

104. Gupta M, Sueblinvong V, Raman J, Jeevanandam J, Gupt20aB) (Single-
stranded DNA-binding proteins Ruand Pug bind to a purine-rich negative regulatory
element of thex-myosin heavy chain gene and control transcriptional earshational
regulation of gene expression. J Biol Chem.278:44935-48.

105. Ha SC, Lowenhaupt K, Rich A, Kim YG, Kim KK (2005) Cals$tructure of a
junction between B-DNA and Z-DNA reveals two extrudedasds.
Nature.437(7062):1183-6.

106. Haas S, Steplewski A, Siracusa LD, Amini S, KhK&li{1995) Identification of a
sequence-specific single-stranded DNA binding protein that ssggmdranscription of
the mouse myelin basic protein gene. J Biol Chem.270(21):12503-10.

107. Haas S, Thatikunta P, Steplewski A, Johnson EM, KKalAmini S (1995) A
39-kD DNA-binding protein from mouse brain stimulates trapson of myelin basic

protein gene in oligodendrocytic cells. J Cell Biol.130(5):1171-9

236



108. Hampshire AJ, Rusling DA, Broughton-Head VJ, Fox KR (2000}gfinting: a
method for determining the sequence selectivity, affiaitgd kinetics of DNA-binding
ligands. Methods.42(2):128-40.

109. Harding SE (1995) On the hydrodynamic analysis of madecolar
conformation. Biophys Chem.55:69-93.

110. Hautmann MB, Madsen CS, Owens GK (1997) A transforming griastor beta
(TGFbeta) control element drives TGFbeta-induced satmr of smooth muscle alpha-
actin gene expression in concert with two CArG elemehBiol Chem.272(16):10948-
56.

111. Hautmann MB, Thompson MM, Swartz EA, Olson EN, Owé&i§ (1997)
Angiotensin ll-induced stimulation of smooth muscle alpbin expression by serum
response factor and the homeodomain transcriptionrfdittiox. Circ Res.81(4):600-10.
112. Hebenstreit D, Horejs-Hoeck J, Duschl A (2005) JAK/ST&pendent gene
regulation by cytokines. Drug News Perspect.18(4):243-9.

113. Heneghan AF, Connaghan-Jones KD, Miura MT, Bain DL (2Qa®)perative
DNA binding by the B-isoform of human progesterone remephermodynamic analysis
reveals strongly favorable and unfavorable contributiorte assembly.
Biochemistry.45(10):3285-96.

114. Heneghan AF, Connaghan-Jones KD, Miura MT, Bain DL (2@®&ctivator
assembly at the promoter: efficient recruitment oC3Rs coupled to cooperative DNA

binding by the progesterone receptor. Biochemistry.46(39):11023-32.

237



115. Herault Y, Chatelain G, Brun G, Michel D (1993) TheRPé&lement stimulates
transcription and is a target for single strand-spediintling factors conserved among
vertebrate classes. Cell Mol Biol Res.39(8):717-25.

116. Herring BP, Kriegel AM, Hoggatt AM (2001) Identificatioh Barx2b, a serum
response factor-associated homeodomain protein. TB&rh.276(17):14482-9.

117. Holycross BJ, Blank RS, Thompson MM, Peach MJ, i8w&K (1992) Platelet-
derived growth factor-BB-induced suppression of smooth musaleddferentiation.
Circ Res.71(6):1525-32.

118. Hoskins RA, Carlson JW, Kennedy C, Acevedo D, EvansiHib| Frise E, Wan
KH, Park S, Mendez-Lago M, Rossi F, Villasante A, Dinf?, Karpen GH, Celniker SE
(2007) Sequence finishing and mapping of Drosophila melanodgasterochromatin.
Science.316(5831):1625-8.

119. Howell DC, Laurent GJ, Chambers RC (2002) Role of thmorand its major
cellular receptor, protease-activated receptor-1, in pulmofiarosis. Biochemical
Society transactions.30(2):211-6.

120. Hu Y, Zhang Z, Torsney E, Afzal AR, Davison F, MetzB, Xu Q (2004)
Abundant progenitor cells in the adventitia contributatteerosclerosis of vein grats in
ApoE-deficient mice. J Clin Invest.113:1258-65.

121. Hultman T, Stahl S, Hornes E, Uhlen M (1989) Directigofiase sequencing of
genomic and plasmid DNA using magnetic beads as solid supdadeic Acids

Res.17(13):4937-46.

238



122. Hungerford JE, Little CD (1999) Developmental biologyhef vascular smooth
muscle cell: building a multilayered vessel wall. Jouafarascular research.36(1):2-27.
123. Ise T, Nagatani G, Imamura T, Kato K, Takano H, Norbtdzumi H, Ohmori
H, Okamoto T, Ohga T, Uchiumi T, Kuwano M, Kohno K (1999rgcription factor Y-
box binding protein 1 binds preferentially to cisplatin-nfiedi DNA and interacts with
proliferating cell nuclear antigen. Cancer research.5342)6.

124. Ishida Y, Kondo T, Takayasu T, Iwakura Y, Mukaida N (2004) d$sential
involvement of cross-talk between IFN-gamma and TGF-betiaeirskin wound-healing
process. J Immunol.172(3):1848-55.

125. Itoh H, Wortman MJ, Kanovsky M, Uson RR, Gordon REano N, Johnson
EM (1998) Alterations in Pur Levels and Intracellular Localization in the CV-1 Cel
Cycle. Cell Growth Differentiation.9:651-65.

126. Itoh S, Umemoto S, Hiromoto M, Toma Y, TomachikaAgyagi S, Tanaka M,
Fujii T, Matsuzaki M (2002) Importance of NAD(P)H oxidasediated oxidative stress
and contractile type smooth muscle myosin heavy chai2 @Mthe early stage of
atherosclerosis. Circulation.105:2288-95.

127. Iwasaki H, Isayama T, Ichiki T, Kikuchi M (1987) Intediae filaments of
myofibroblasts. Immunochemical and immunocytochemicalalyses. Pathology,
research and practice.182(2):248-54.

128. Jameson DM, Seifried SE (1999) Quantification of prgieatein interactions

using fluorescence polarization. Methods.19(2):222-33.

239



129. JiJ, Tsika GL, Rindt H, Schreiber KL, McCarthy J8InKRJ, Jr., Tsika R (2007)
Puro and Pup Collaborate with Sp3 To Negatively Regulg@évyosin Heavy Chain
Gene Expression during Skeletal Muscle Inactivity. Mol G&l.27(4):1531-43.

130. Johnson AC, Jinno Y, Merlino GT (1988) Modulation of eqigg growth factor
receptor proto-oncogene transcription by a promoter siteitsve to S1 nuclease. Mol
Cell Biol.8(10):4174-84.

131. Johnson AD, Owens GK (1999) Differential activation tbé SMalphaA
promoter in smooth vs. skeletal muscle cells by bHLHofsc Am J Physiol.276(6 Pt
1):C1420-31.

132. Johnson EM (2003) The Pur protein family: clues to fundtam recent studies
on cancer and AIDS. Anticancer Res.23:2093-100.

133. Johnson EM, Chen PL, Krachmarov CP, Barr SM, Ka&yW Ma ZW, Lee
WH (1995) Association of human Rumwith the retinoblastoma protein, Rb, regulates
binding to the single-stranded DNA feurecognition element. J Biol Chem.270:24352-
60.

134. Juliano RL, Dixit VR, Kang H, Kim TY, Miyamoto Y, XD (2005) Epigenetic
manipulation of gene expression: a toolkit for celldgigts. J Cell Biol.169:847-57.

135. Jung F, Johnson AD, Kumar MS, Wei B, Hautmann M, OvisMcNamara C
(1999) Characterization of an E-box-dependent cis elemaht smooth muscle alpha-

actin promoter. Arterioscler Thromb Vasc Biol.19(11):2591-9.

240



136. Jurk M, Weissinger F, Lottspeich F, Schwarz U, Winnmacke (1996)
Characterization of the single-strand-specific BPV-1liorlgnding protein, SPSF I, as
the HelLa Pur alpha factor. Nucleic Acids Res.24(14):2799-806.

137. Kahler CM, Schratzberger P, Wiedermann CJ (1997) Respdnsascular
smooth muscle cells to the neuropeptide secretoneurinridstier Thromb Vasc
Biol.17:2029-35.

138. Kanai Y, N. Dohmae, N. Hirokawa (2004) Kinesin trangpBNA: isolation and
characterization of an RNA-transporting granule. Ne8:%13-25.

139. Kasuga T, Cheng J, Mitchelson KR (1995) Metastable sitigled DNA
conformational polymorphism analysis results in enhancéanoophism detection. PCR
methods and applications.4(4):227-33.

140. Kawai-Kowase K, Owens GK (2007) Multiple repressor payiswcontribute to
phenotypic switching of vascular smooth muscle cells. Am Physiol Cell
Physiol.292(1):C59-69.

141. Kelm RJ, Jr., Cogan JJ, Elder PK, Strauch AR, Gelz(1M99) Molecular
interactions between single-stranded DNA-binding proteisecated with an essential
MCAT element in the mouse smooth musecleactin promoter. J Biol Chem.274(
20):14238-45.

142. Kelm RJ, Jr., Elder PK, Getz MJ (1999) The singlensied DNA-binding
proteins Pur, Pu, and MSY1 specifically interact with an exon derived us®
vascular smooth muscte-actin messenger RNA sequence. J Biol Chem.274(53):38268-

75.

241



143. Kelm RJ, Jr., Elder PK, Strauch AR, Getz MJ (1997) Segueh cDNAs
encoding components of vascular actin single-stranded-bBiNding factor 2 establish
identity to Pue. and Pup. J Biol Chem.272:26726-33.

144. Kelm RJ, Jr., Sun S, Strauch AR, Getz MJ (1996) Repness transcriptional
enhancer factor-1 and activator protein-1-dependent enhactoatyaby vascular actin
single-stranded DNA binding factor 2. J Biol Chem.271(39):24278-85.

145. Kelm RJ, Jr., Wang SX, Polikandriotis JA, Strauch(2803) Structure/function
analysis of mouse Pfir a single-stranded DNA-binding repressor of vascular smoot
musclea-actin gene transcription. J Biol Chem.278:38749-57.

146. Khalili K, Valle LD, Muralidharan V, Gault WJ, Oanian N, Otte J, Meier E,
Johnson EM, Daniel DC, Kinoshita Y, Amini S, Gordo(2003) Pue is essential for
postnatal brain development and developmentally couplellaselproliferation as
revealed by genetic inactivation in the mouse. Mol B®&ll.23(19):6857-75.

147. Kim JH, Bushel PR, Kumar CC (1993) Smooth muscle alpti@-promoter
activity is induced by serum stimulation of fibroblastllsseBiochem Biophys Res
Commun.190(3):1115-21.

148. Knapp AM, Ramsey JE, Wang SX, Godburn KE, Strauch ABMKRJ, Jr.
(2006) Nucleoprotein interactions governing cell type-dependprgéssion of the mouse
smooth muscle alpha-actin promoter by single-stranded DiN&ing proteins Pur alpha
and Pur beta. J Biol Chem.281(12):7907-18.

149. Knapp AM, Ramsey JE, Wang SX, Strauch AR, Kelm RJ2007) Structure-

function analysis of mouse Pur beta Il. Conformatidarag mutations disrupt single-

242



stranded DNA and protein interactions crucial to smoothsateu alpha-actin gene
repression. J Biol Chem.282(49):35899-9009.

150. Kocher O, Gabbiani G (1986) Cytoskeletal features of Hanthatheromatous
human arterial smooth muscle cells. Human patholog9)18745-80.

151. Kolodgie FD, Burke AP, Farb A, Gold HK, Yuan J, Nadl&inn AV, Virmani
R (2001) The thin-cap fibroatheroma: a type of vulnerable ptathe major precursor
lesion to acute coronary syndromes. Current opinion thalagy.16(5):285-92.

152. Koppel DE (1972) Analysis of Macromolecular Polydispgrsn Intensity
Correlation Spectroscopy: The Method of Cumulan@hdm Phys.57(11):4814-20.
153. Kouzine F, Liu J, Sanford S, Chung HJ, Levens D (2004)yhamic response
of upstream DNA to transcription-generated torsional sstreNature structural &
molecular biology.11(11):1092-100.

154. Kouzine F, Sanford S, Elisha-Feil Z, Levens D (200&) flinctional response of
upstream DNA to dynamic supercoiling in vivo. Nature struttu&a molecular
biology.15(2):146-54.

155. Krachmarov CP, Chepenik LG, Barr-Vagell S, Khalili Xohnson EM (1996)
Activation of the JC virus Tat-responsive transcriptiogi@iment by association of the
Tat protein of human immunodefficiency virus 1 with clalfuprotein Pus. Proc Natl
Acad Sci.93:14112-7.

156. Krueger A, Protozanova E, Frank-Kamenetskii MD (2006) $egueéependent

base pair opening in DNA double helix. Biophys J.90(9):3091-9.

243



157. Kumar MS, Hendrix JA, Johnson D, Owens GK (2003) Smoottleo-actin
gene requires two E-boxes for proper expression in vidoiama target of class | basic
helix-loop-helix proteins. Circ Res.92:840-7.

158. Kumar MS, Owens GK (2003) Combinatorial control of smaadtiscle-specific
gene expression. Arterioscler Thromb Vasc Biol.23:737-47.

159. Kuntz ID (1971) Hydration of macromolecules. Ill. Hydna of polypetides. J
Am Chem So0c.93(2):514-6.

160. Kuntz ID (1971) Hydration of macromolecules. 1V. Pejyfide conformation in
frozen solutions. J Am Chem So0c.93(2):516-8.

161. Lancillotti F, Lopez MC, Arias P, Alonso C (1987) &A in transcriptionally
active chromosomes. Proc Natl Acad Sci U S A.84(6):1560-4.

162. Lasham A, Lindridge E, Rudert F, Onrust R, Watson J (208Qu|&ion of the
human fas promoter by YB-1, Puralpha and AP-1 transcriféictors. Gene.252(1-2):1-
13.

163. Laue TM (1992) Short column sedimentation equilibriumlyaisa for rapid
characterization of macromolecules. In: Technical imfamtion DS-835, Spinco Business
Unit: Palo Alto, CA.

164. Laue TM, Shah BD, Ridgeway TM, Pelletier S (1992) ConnpAitked
Interpretation of Analytical Sedimentation Data fdProteins. In: Analytical
Ultracentrifugation in Biochemistry and Polymer Scieridarding SE, Rowe AJ, Horton

JC, (eds.), pp. 90-125, The Royal Chemistry Society: CalgriuK.

244



165. Layne MD, Yet SF, Maemura K, Hsieh CM, Liu X, IthiRe ME, Perrella MA
(2002) Characterization of the mouse aortic carboxypeptidaseorotein promoter
reveals activity in differentiated and dedifferentiat@dcular smooth muscle cells. Circ
Res.90(6):728-36.

166. Leavitt J, Gunning P, Kedes L, Jariwalla R (1985) Smootclea-actin is a
transformation-sensitive marker for mouse NIH 3T3 andZR@ells. Nature.316:840-2.
167. Lei M, Baumann P, Cech TR (2002) Cooperative binding of esstghnded
telomeric DNA by the Potl protein of Schizosaccharomyc@smbe.
Biochemistry.41(49):14560-8.

168. Lemaitre V, Soloway PD, D'Armiento J (2003) Increasedial degradation with
pseudo-aneurysm formation in apolipoprotein E-knockout mickcielet in tissue
inhibitor of metalloproteinases-1. Circulation.107(2):333-8.

169. Lezon-Geyda K, Najfeld V, Johnson EM (2001) DeletiorBUWRA, at 5931, and
PURB, at 7p13, in myelodysplastic syndrome and progressioaciite myelogenous
leukemia. Leukemia.15(6):954-62.

170. Li G, Chen YF, Kelpke SS, Oparil S, Thompson JA (2002p&sn attenuates
itegrinPs-dependent adventitial fibroblast migration after inhibitioh osteopontin
production in vascular smooth muscle cells

Circulation.101:2949-55.

171. Li G, Oparil S, Kelpke SS, Chen YF, Thompson JA (200B)oblast growth
factor receptor-1 signalling induces osteopontin expressidnvascular smooth muscle

cell-dependent adventitial fibroblast migration in vit@x.culation.106:854-9.

245



172. Li S, Wang D-Z, Wang Z, Richardson JA, Olson EN (200#) serum response
factor coactivator myocardin is required for vascutansth muscle development. Proc
Natl Acad Sci.100:9366-70.

173. Li Y, Koike K, Ohashi S, Funakoshi T, Tadano M, Kobhy&s Anzai K,
Shibata N, Kobayashi M (2001) Pur alpha protein implicated idritenRNA transport
interacts with ribosomes in neuronal cytoplasm. Bimlalg & pharmaceutical
bulletin.24(3):231-5.

174. Libby P, Ridker PM, Maseri A (2002) Inflammation and atbeayosis.
Circulation.105:1135-43.

175. Libby P, Theroux P (2005) Pathophysiology of coronary yartisease.
Circulation. (111):3481-8.

176. Limesand SW, Jeckel KM, Anthony RV (2004) Puralpha, nglesistranded
deoxyribonucleic acid binding protein, augments placentabdgen gene transcription.
Mol Endocrinol.18(2):447-57.

177. Liu H, Barr SM, Chu C, Kohtz DS, Kinoshita Y, Johm&M (2005) Functional
interaction of Pux with the Cdk2 moiety of cyclin A/Cdk2. Biochem Biophys Res
Commun.328(4):851-7.

178. Liu J, He L, Collins I, Ge H, Libutti D, Li J, EgiM, Levens D (2000) The FBP
interacting repressor targets TFIIH to inhibit activatadnscription. Molecular
cell.5(2):331-41.

179. Liu LF, Wang JC (1987) Supercoiling of the DNA tempthiang transcription.

Proc Natl Acad Sci U S A.84(20):7024-7.

246



180. Lundblad JR, Laurance M, Goodman RH (1996) Fluoresceneeizatibn
analysis of protein-DNA and protein-protein interactidviel Endocrinol.10(6):607-12.
181. Ma C, Chegini N (1999) Regulation of matrix metallopratses (MMPs) and
their tissue inhibitors in human myometrial smooth neiscells by TGF-betal.
Molecular human reproduction.5(10):950-4.

182. Ma ZW, Bergemann AD, Johnson EM (1994) Conservationnmhuand mouse
Pur alpha of a motif common to several proteins involvedinitiation of DNA
replication. Gene.149(2):311-4.

183. MacDonald GH, Itoh-Lindstrom Y, Ting JP (1995) The ttapsional regulatory
protein, YB-1, promotes single-stranded regions in the DpAmoter. J Biol
Chem.270(8):3527-33.

184. Mack CP, Owens GK (1999) Regulation of smooth muscla-aptin expression
in vivo is dependent on CArG elements within the 5' argt filtron promoter regions.
Circ Res.84(7):852-61.

185. Mallat Z, Gojova A, Marchiol-Fournigault C, Espositodamate C, Merval R,
Fradelizi D, Tedgui A (2001) Inhibition of transforming growtlcttar-beta signaling
accelerates atherosclerosis and induces an unstable phguetype in mice. Circ
Res.89(10):930-4.

186. Manabe |, Owens GK (2001) Recruitment of serum respéeaser and
hyperacetylation of histones at smooth muscle-speciigulatory regions during
differentiation of a novel P19-derived in vitro smooth olegifferentiation system. Circ

Res.88:1127-34.

247



187. Marmur J, Doty P (1962) Determination of the base conposiof
deoxyribonucleic acid from its thermal denaturation tewuee. J Mol Biol.5:109-18.
188. Matsumoto K, Wolffe AP (1998) Gene regulation by Y-lpoateins: coupling
control of transcription and translation. Trends Gall.8:318-23.

189. McDonald OG, Wamhoff BR, Hoofnagle MH, Owens GK (2006nt@| of SRF
binding to CArG box chromatin regulates smooth muscle g&peession in vivo. J Clin
Invest.116(1):36-48.

190. Melnikova IN, Yang Y, Gardner PD (2000) Interactions betweegulatory
proteins that bind to the nicotinic receptor beta4 subunit georaoter. European journal
of pharmacology.393(1-3):75-83.

191. Michelotti EF, Tomonaga T, Krutzsch H, Levens D (199%l)uar nucleic acid
binding protein regulates the CT element of the human c-pngtooncogene. J Biol
Chem.270(16):9494-9.

192. Michelotti GA, Michelotti EF, Pullner A, Duncan REick D, Levens D (1996)
Multiple single-stranded cis elements are associatéd agtivated chromatin of the
human c-myc gene in vivo. Mol Cell Biol.16(6):2656-69.

193. Mikawa T, Fischman DA (1992) Retroviral analysis of ie@ranorphogenesis:
discontinuous formation of coronary vessels. Pro¢ Alzdd Sci U S A.89(20):9504-8.
194. Min BH, Foster DN, Strauch AR (1990) The 5'-flankingiaegof the mouse
vascular smooth muscle alpha-actin gene containfutemaarily conserved sequence

motifs within a functional promoter. J Biol Chem.265(27):1666.7-75

248



195. Minty A, Kedes L (1986) Upstream regions of the humadiaaiactin gene that
modulate its transcription in muscle cells: presenceamfevolutionarily conserved
repeated motif. Mol Cell Biol.6(6):2125-36.

196. Miwa T, Boxer LM, Kedes L (1987) CArG boxes in the humardiac alpha-
actin gene are core binding sites for positive trangs@cegulatory factors. Proc Natl
Acad Sci U S A.84(19):6702-6.

197. Miwa T, Kedes L (1987) Duplicated CArG box domains have ipesdnd
mutually dependent regulatory roles in expression of theahualpha-cardiac actin gene.
Mol Cell Biol.7(8):2803-13.

198. Monaghan A, Webster A, Hay RT (1994) Adenovirus DNA bingitagein: helix
destabilising properties. Nucleic Acids Res.22(5):742-8.

199. Mosse PR, Campbell GR, Campbell JH (1986) Smooth muydeeotypic
expression in human carotid arteries. Il. Atherosdisrfree diffuse intimal thickenings
compared with the media. Arteriosclerosis (Dallass.8@):664-9.

200. Muralidharan V, Sweet T, Nadraga Y, Amini S, Kh&il{(2001) Regulation of
Puralpha gene transcription: evidence for autoregulatioRupélpha promoter. J Cell
Physiol.186(3):406-13.

201. Muralidharan V, Tretiakova A, Steplewski A, HaasA®jini S, Johnson E,
Khalili K (1997) Evidence for inhibition of MyEF-2 binding toBP promoter by MEF-

1/Pur alpha. J Cell Biochem.66(4):524-31.

249



202. Nair SK, Burley SK (2003) X-ray structures of Myc-Maxdakad-Max
recognizing DNA. Molecular bases of regulation by protoegenic transcription
factors. Cell.112(2):193-205.

203. Negishi Y, Nishita Y, Saegusa Y, Kakizaki I, GalliKihara F, Tamai K,
Miyajima N, Iguchi-Ariga SM, Ariga H (1994) ldentification drcDNA cloning of
single-stranded DNA binding proteins that interact with thgion upstream of the
human c-myc gene. Oncogene.9(4):1133-43.

204. Nordheim A, Rich A (1983) Negatively supercoiled simian vidds DNA
contains Z-DNA segments  within  transcriptional enhancesequences.
Nature.303(5919).674-9.

205. Notredame C, Higgins DG, Heringa J (2000) T-Coffee: A Inoxthod for fast
and accurate multiple sequence alignment. J Mol Biol.30Z{%)17.

206. Ohashi S, Koike K, Omori A, Ichinose S, Ohara S,agabhi S, Sato TA, Anzai
K (2002) Identification of mRNA/protein (mMRNP) complexesntaining Puralpha,
mStaufen, fragile X protein, and myosin Va and their aagon with rough endoplasmic
reticulum equipped with a kinesin motor. J Biol Chem.277(40):3-2804

207. Osugi T, Taniura H, Ikemoto M, Miki N (1991) Effects dfanic exposure of
NG108-15 cells to morphine or ethanol on binding of nucledofado cAMP-response
element. Biochem Biophys Res Commun.174(1):25-31.

208. Owczarzy R, Tataurov AV, Wu Y, Manthey JA, McQuiskA, Almabrazi HG,

Pedersen KF, Lin Y, Garretson J, McEntaggart NO, S&llay Dawson RB, Peek AS

250



(2008) IDT SciTools: a suite for analysis and design ofemi@cid oligomers. Nucleic
Acids Res.

209. Owens GK (1995) Regulation of differentiation of vagcsfaooth muscle cells.
Physiol Rev.75:487-517.

210. Owens GK, Kumar MS, Wamhoff BR (2003) Molecular regutabf vascular
smooth muscle cell differentiation markers in develeptnand disease. Physiol
Rev.84:767-801.

211. Pace CN, Vajdos F, Fee L, Grimsley G, Gray T (199%) kb measure and
predict the molar absorption coefficient of a prot&rotein Sci.4(11):2411-23.

212. Paddison PJ, Caudy AA, Hannon GJ, Conklin DS (2002) ®hotiin RNAS
(shRNAs) induce sequence-specific silencing in mammalifis. €@enes Devel.16:948-
58.

213. Pecora R (1972) Quasi-elastic light scattering from onamlecules. Annu Rev
Biophys Bioeng.1:257-76.

214. Penberthy WT, Zhao C, Zhang Y, Jessen JR, Yang ZaWriO, Collazo A,
Meng A, Lin S (2004) Pur alpha and Sp8 as opposing regulaforewal gata2
expression. Developmental biology.275(1):225-34.

215. Petruska J, Goodman MF, Boosalis MS, Sowers LC, Ch€prignoco I, Jr.
(1988) Comparison between DNA melting thermodynamics BMNA polymerase
fidelity. Proc Natl Acad Sci U S A.85(17):6252-6.

216. Philo JS (1997) An improved function for fitting sedina¢ioh velocity data for

low-molecular-weight solutes. Biophys J.72(1):435-44.

251



217. Philo JS (2000) A method fo directly fitting the time dative of sedimentation
velocity data and an alternative algorithm for caldotatsedimentation coefficient
distribution functions. Analytical Biochemistry.279:151-63.

218. Pidkovka NA, Cherepanova OA, Yoshida T, Alexander MRideRA, Thomas
JA, Leitinger N, Owens GK (2007) Oxidized phospholipids induzenptypic switching
of vascular smooth muscle cells in vivo and in vitro. ®es.101(8):792-801.

219. Powell DW, Mifflin RC, Valentich JC, Crowe SE, SaaldlaWest AB (1999)
Myofibroblasts. I. Paracrine cells important in healtid disease. Am J Physiol.277:C1-
Co.

220. Rahmouni AR, Wells RD (1989) Stabilization of Z DNA inoviley localized
supercoiling. Science.246(4928):358-63.

221. Rajavashisth TB, Taylor AK, Andalibi A, Svenson KLusis AJ (1989)
Identification of a zinc finger protein that binds to therst regulatory element.
Science.245(4918):640-3.

222. Ramsey JE, Daugherty MA, Kelm RJ, Jr. (2007) Hydrodynamidies on the
guaternary structure of recombinant mouse Purbeta. J Berh@82(3):1552-60.

223. Rasimas JJ, Kar SR, Pegg AE, Fried MG (2007) Intenactoid human O6-
alkylguanine-DNA alkyltransferase (AGT) with short singteanded DNAs. J Biol
Chem.282(5):3357-66.

224. Rasimas JJ, Pegg AE, Fried MG (2003) DNA-binding mechanisr®6of
alkylguanine-DNA alkyltransferase. Effects of protein andAD&lkylation on complex

stability. J Biol Chem.278(10):7973-80.

252



225. Reddy S, Ozgur K, Lu M, Chang W, Mohan SR, Kumar CdgyRHE (1990)

Structure of the human smooth muscle alpha-actin génalysis of a cDNA and 5'
upstream region. J Biol Chem.265(3):1683-7.

226. Regan CP, Adams PJ, Madsen CS, Owens GK (2000) Moleeedtdranisms of
decreased smooth muscle differentiation marker expresdier vascular injury. J Clin
Invest.106:1139-47.

227. Rich A, Nordheim A, Wang AH (1984) The chemistry and biplof left-handed

Z-DNA. Annual review of biochemistry.53:791-846.

228. Rippe K (1997) Analysis of protein-DNA binding at equilibriumlFB
Futura.12:20-6.

229. Ritchie S, Boyd FM, Wong J, Bonham K (2000) Transcrigifdhe human c-Src
promoter is dependent on Spl, a novel pyrimidine bindingofaBPy, and can be
inhibited by triplex-forming oligonucleotides. J Biol Ch@T5(2):847-54.

230. Robertson RM, Laib S, Smith DE (2006) Diffusion ofased DNA molecules:
dependence on length and topology. Proc Natl Acad ScAUL03(19):7310-4.

231. Ronnov-Jessen L, Petersen OW (1996) A function faméntousa-smooth

muscle actin: retardation of motility in fibroblast<dll Biol.134:67-80.

232. Ross R (1999) Atherosclerosis - an inflammatory diseldse&v England J
Med.340:115-25.

233. Ross R (1999) Atherosclerosis is an inflammatoryadese American heart

journal.138(5 Pt 2):S419-20.

253



234. Russell AP, Holleman DS (1974) The thermal denaturatioDNA: average
length and composition of denatured areas. Nucleic Acidsli®):959-78.

235. Rustighi A, Tessari MA, Vascotto F, Sgarra R, Gignt Manfioletti G (2002)
A polypyrimidine/polypurine tract within the Hmga2 minimaloproter: a common
feature of many growth-related genes. Biochemistry.41(4):1229-40.

236. Ruyechan WT, Wetmur JG (1975) Studies on the coopetatiding of the
Escherichia coli DNA unwinding protein to  single-strathde DNA.
Biochemistry.14(25):5529-34.

237. Sadakata T, Kuo C, Ichikawa H, Nishikawa E, Niu SY, Kuara E, Miki N
(2000) Puralpha, a single-stranded DNA binding protein, supprésse&nhancer activity
of CAMP response element (CRE). Brain research.77(1):47-54

238. Safak M, Gallia GL, Khalili K (1999) Reciprocal intetian between two cellular
proteins, Puralpha and YB-1, modulates transcriptionatigcof JCVCY in glial cells.
Mol Cell Biol.19(4):2712-23.

239. SantalLucia J, Jr. (1998) A unified view of polymer, dumpbalhd
oligonucleotide DNA nearest-neighbor thermodynamics. PXatl Acad Sci U S
A.95(4):1460-5.

240. Sappino AP, Masouye |, Saurat JH, Gabbiani G (1990) Smooiscle
differentiation in scleroderma fibroblastic cells. Th&merican journal of
pathology.137(3):585-91.

241. Sappino AP, Schurch W, Gabbiani G (1990) Differentiatioperteire of

fibroblastic cells: expression of cytoskeletal proteins w@arker of phenotypic

254



modulations. Laboratory investigation; a journal of techihicmethods and
pathology.63(2):144-61.

242. Sartore S, Chiavegato A, Faggin E, Franch R, Puato M,nA&soPauletto P
(2001) Contribution of adventitial fibroblasts to neointif@mation and vascular
remodeling. Circ Res.89:1111-21.

243. Schildmeyer LA, Braun R, Taffet G, Debiasi M, BuAts Bradley A, Schwartz
RJ (2000) Impaired vascular contractility and blood pressaneeostasis in the smooth
musclea-actin null mouse. FASEB J.14:2213-20.

244, Schneider DJ, Absher PM, Ricci MA (1997) Dependence ahentation of
arterial endothelial cell expression of plasminogervatdr inhibitor type 1 by insulin on
soluble factors released from vascular smooth musdte Eatculation.96(9):2868-76.
245. Schneider TD (2002) Consensus sequence Zen. Applied bicanifosrh(3):111-
0.

246. Schneider TD, Stephens RM (1990) Sequence logos: a newowdigplay
consensus sequences. Nucleic Acids Res.18(20):6097-100.

247. Schulick AH, Taylor AJ, Zuo W, Qiu CB, Dong G, Woodwam, RAgah R,
Roberts AB, Virmani R, Dichek DA (1998) Overexpressionti@nsforming growth
factor betal in arterial endothelium causes hyperplag@aptosis, and cartilaginous
metaplasia. Proc Natl Acad Sci U S A.95(12):6983-8.

248. Schwartz SM, Stemerman MB, Benditt EP (1975) Thecaatima. Il. Repair of
the aortic lining after mechanical denudation. The Acar journal of

pathology.81(1):15-42.

255



249. Sen S, Lahiri A, Majumdar R (1992) Melting charactiesstf highly supercoiled
DNA. Biophys Chem.42(3):229-34.

250. Senear DF, Brenowitz M (1991) Determination of bindingistamts for
cooperative site-specific protein-DNA interactions using gbé mobility-shift assay. J
Biol Chem.266(21):13661-71.

251. Senear DF, Brenowitz M, Shea MA, Ackers GK (1986)@ates of cooperative
protein-DNA interactions: comparison between quantitadieexyribonuclease footprint
titration and filter binding. Biochemistry.25(23):7344-54.

252. Serini G, Bochaton-Piallat ML, Ropraz P, GeinoBArsi L, Zardi L, Gabbiani
G (1998) The fibronectin domain ED-A is crucial for myodiblastic phenotype
induction by transforming growth factor-betal. J Cell Biol. B3373-81.

253. Serini G, Gabbiani G (1999) Mechanisms of myofibroblastvigctiand
phenotypic modulation. Experimental cell research.250(2)837 3-

254. Shah NM, Groves AK, Anderson DJ (1996) Alternative alezrest cell fates are
instructively promoted by TQFsuperfamily members. Cell.85:331-43.

255. Shelley CS, Da Silva N, Teodoridis JM (2001) During U93@nouytic
differentiation repression of the CD43 gene promotenasliated by the single-stranded
DNA binding protein Pur alpha. Br J Haematol.115(1):159-66.

256. Shelley CS, Teodoridis JM, Park H, Farokhzad OC,rigetit EP, Arnaout MA
(2002) During differentiation of the monocytic cell line9®¥%, Pur alpha mediates
induction of the CD11c beta 2 integrin gene promoter. J inainl68(8):3887-93.

257. Sheterline P, Sparrow JC (1994) Actin. Protein Profllel21.

256



258. Shimizu RT, Blank RS, Jervis R, Lawrenz-Smith SC, @wéK (1995) The
smooth muscle alpha-actin gene promoter is differigntiagulated in smooth muscle
versus non-smooth muscle cells. J Biol Chem.270(13):7631-43.

259. Shimotai Y, Minami H, Saitoh Y, Onodera Y, Mishimakélm RJ, Jr., Tsutsumi
K (2006) A binding site for Pur alpha and Pur beta is stru¢gunaktable and is required
for replication in vivo from the rat aldolase B origiBiochem Biophys Res
Commun.340(2):517-25.

260. Singleton CK, Klysik J, Stirdivant SM, Wells RD (19&2ft-handed Z-DNA is
induced by supercoiling in physiological ionic conditions. Na299(5881):312-6.

261. Sinha S, Hoofnagle MH, Kingston PA, McCanna ME, Ow&i§ (2004)
Transforming growth factoB- signaling contributes to development of smooth muscle
cells from embryonic stem cells. Am J Physiol Cell Rtily287:C1560-C8.

262. Skowronski J, Furtak K, Klysik J, Panusz H, Plucienkicz&1978) The 1360 bp
long basic repeat unit of calf satellite | DNA conta@®& rich nucleus of about 140 bp.
Nucleic Acids Res.5(11):4077-85.

263. Smidt MP, Russchen B, Snippe L, Winholds J, Ab G (1995hi@joand
characterisation of a nuclear, site specific ssDNA ibmdprotein. Nucleic Acids
Res.23(13):2389-95.

264. Spencer JA, Baron MH, Olson EN (1999) Cooperative driph®nal activation
by serum response factor and the high mobility group prot&®RP3. J Biol

Chem.274(22):15686-93.

257



265. Stacey DW, Hitomi M, Kanovsky M, Gan L, Johnson @M99) Cell cycle arrest
and morphological alterations following microinjectiaf NIH3T3 cells with Pus.
Oncogene.18:4254-61.

266. Stafford Il WF (1992) Boundary analysis in sedimentatiansport experiments:

a procedure for obtaining sedimentation coefficient tstidons using the time derivative
of the concentration profile. Anal Biochem.203(2):295-301.

267. Stafford Ill WF (1994) Sedimentation Boundary Analy$imteracting Systems:
Use of the Apparent Sedimentation Coefficient Distidout Function. In: Modern
Analytical UltracentrifugationSchuster T, Laue TM, (eds.), pp. 119-37, Birkhauser:
Boston.

268. Stafford WF, Sherwood PJ (2004) Analysis of heterologdasacting systems
by sedimentation velocity: curve fitting algorithms fostimation of sedimentation
coefficients, equilibrium and kinetic constants. Biophy®@.108(1-3):231-43.

269. Stenina OlI, Poptic EJ, DiCorleto PE (2000) Thrombirvaiets a Y box-binding
protein (DNA-binding protein B) in endothelial cells. JrClInvest.106(4):579-87.

270. Stoflet ES, Schmidt LJ, Elder PK, Korf GM, Foster,@trauch AR, Getz MJ
(1992) Activation of a muscle-specific actin gene promoter s@rum-stimulated
fibroblasts. Mol Biol Cell.3(10):1073-83.

271. Subramanian SV, Kelm RJ, Jr., Polikandriotis JA, DS, Strauch AR (2002)
Reprogramming of vascular smooth musgiactin gene expression as an early indicator

of dysfunctional remodeling following heart transplardrdiovasc Res.54:539-48.

258



272. Subramanian SV, Polikandriotis JA, Kelm RJ, Jr., @aJi Orosz CG, Strauch
AR (2004) Induction of vascular smooth musaleactin gene transcription in
transforming growth facto—1-activated myofibroblasts mediated by dynamic interplay
between the Pur repressor proteins and Spl/Smad coactivauos. Biol
Cell.15(10):4532-43.

273. Suck D, Oefner C (1986) Structure of DNase | at 2.0 Alutsn suggests a
mechanism for binding to and cutting DNA. Nature.321(6070):620-5.

274. Sun D, Guo K, Rusche JJ, Hurley LH (2005) Facilitatioa stiructural transition

in the polypurine/polypyrimidine tract within the proximal proter region of the human
VEGF gene by the presence of potassium and G-quadrupé&adtive agents. Nucleic
Acids Res.33(18):6070-80.

275. Sun S, Stoflet ES, Cogan JG, Strauch AR, Getz MJ (MN&3gtive regulation of
the vascular smooth muscteactin gene in fibroblasts and myoblasts: disruption of
enhancer function by sequence-specific single-stranded DNAagipdoteins. Mol Cell
Biol.15:2429-36.

276. Sutton DH, Conn GL, Brown T, Lane AN (1997) The depereleidNase |
activity on the conformation of oligodeoxynucleotidesodhiem J.321 ( Pt 2):481-6.

277. Swamynathan SK, Nambiar A, Guntaka RV (1998) Role gfesstranded DNA
regions and Y-box proteins in transcriptional regulatbmiral and cellular genes. Faseb

J.12(7):515-22.

259



278. Swartz EA, Johnson AD, Owens GK (1998) Two MCAT elemeftthe SM
alpha-actin promoter function differentially in SM v&n-SM cells. Am J Physiol.275(2
Pt 1):C608-18.

279. Takagi T (1990) Application of low-angle laser lighatsering detection in the
field of biochemistry. J Chromatography.506:409-16.

280. Takai T, Nishita Y, Iguchi-Ariga SM, Ariga H (1994) Moléucloning of
MSSP-2, a c-myc gene single-strand binding protein: chaizatien of binding
specificity and DNA replication activity. Nucleic Acid®es.22(25):5576-81.

281. Takeji M, Moriyama T, Oseto S, Kawada N, Hori Malrnk, Miwa T (2006)
Smooth muscle alpha-actin deficiency in myofibroblastgl$ to enhanced renal tissue
fibrosis. J Biol Chem.281(52):40193-200.

282. Tamrazi A, Carlson KE, Daniels JR, Hurth KM, KatEmbogen JA (2002)
Estrogen receptor dimerization: ligand binding regulatewediaffinity and dimer
dissociation rate. Mol Endocrinol.16(12):2706-19.

283. Tang WW, Ulich TR, Lacey DL, Hill DC, Qi M, Kaufm&A, Van GY, Tarpley
JE, Yee JS (1996) Platelet-derived growth factor-BB induessl tubulointerstitial
myofibroblast formation and tubulointerstitial fibrosi.he American journal of
pathology.148(4):1169-80.

284. Tataurov AV, You Y, Owczarzy R (2008) Predicting ultogeti spectrum of
single stranded and double stranded deoxyribonucleic aciojghya Chem.133(1-3):66-

70.

260



285. Tewari DS, Cook DM, Taub R (1989) Characterizatiorhefgdromoter region
and 3' end of the human insulin receptor gene. J BioinC26(27):16238-45.

286. Thiele BJ, Doller A, Kahne T, Pregla R, Hetzer RgiReZagrosek V (2004)
RNA-binding proteins heterogeneous nuclear ribonucleoprotdin &, and K are
involved in post-transcriptional control of collagen | and bynthesis. Circ

Res.95(11):1058-66.

287. Tomasek JJ, Gabbiani G, Hinz B, Chaponnier C, Brown RA (2002)

Myofibroblasts and mechano-regulation of connectiveuéissemodelling. Nature
reviews.3(5):349-63.

288. Tomonaga T, Levens D (1996) Activating transcriptiormfreingle stranded
DNA. Proc Natl Acad SciU S A.93(12):5830-5.

289. Tretiakova A, Gallia GL, Shcherbik N, Jameson B, SohiEM, Amini S, Khalili
K (1998) Association of Puralpha with RNAs homologous 8l determines its binding
ability to the myelin basic protein promoter DNA sequeldcBiol Chem.273(35):22241-
1.

290. Tretiakova A, Otte J, Croul SE, Kim JH, Johnson EMjm\®, Khalili K (1999)
Association of JC virus large T antigen with myelin basiotein transcription factor
(MEF-1/Puralpha) in hypomyelinated brains of mice transgéyie&pressing T antigen.
J Virol.73(7):6076-84.

291. Tretiakova A, Steplewski A, Johnson EM, Khalili K, &S (1999) Regulation
of myelin basic protein gene transcription by Spl and Puragphdence for association

of Spl and Puralpha in brain. J Cell Physiol.181(1):160-8.

261



292. Tretyachenko-Ladokhina V, Ross JB, Senear DF (2002) ddgnmamics of E.
coli cytidine repressor interactions with DNA: distinmodes of binding to different
operators suggests a role in differential gene regulatitfol Biol.316(3):531-46.

293. Viglasky V, Antalik M, Adamcik J, Podhradsky D (2000) Famelting of
supercoiled DNA topoisomers observed by TGGE. Nucleid#\Bies.28(11):E51.

294. Voloshin ON, Shlyakhtenko LS, Lyubchenko Yu L (1989) Laeaibn of melted
regions in supercoiled DNA. FEBS letters.243(2):377-80.

295. Wang H, Peters GA, Zeng X, Tang M, Ip W, Khan SA (199%stavo-hybrid
system demonstrates that estrogen receptor dimerizatibgand-dependent in vivo. J
Biol Chem.270(40):23322-9.

296. Wang J, Niu W, Nikiforov Y, Naito S, Chernausek Sit&VD, LeRoith D,
Strauch A, Fagin JA (1997) Targeted overexpression of 18&Fkes distinct patterns of
organ remodeling in smooth muscle cell tissue beds ofsgesmic mice. J Clin
Invest.100(6):1425-39.

297. Wang SX, Elder PK, Zheng Y, Strauch AR, Kelm RJ,(2005) Cell cycle-
mediated regulation of smooth musakeactin gene transcription in fibroblasts and
vascular smooth muscle cells involves multiple adengviE1A-interacting cofactors. J
Biol Chem.280:6204-14.

298. Wang Z, Lin XH, Qiu QQ, Deuel TF (1992) Modulation of s@iption of the
platelet-derived growth factor A-chain gene by a promotgiore sensitive to S1

nuclease. J Biol Chem.267(24):17022-31.

262



299. Wang Z, Rao PJ, Castresana MR, Newman WH (2005) oI NikRduces
proliferation or apoptosis in human saphenous vein dmoutscle cells depending on
phenotype. Am J Physiol Heart Circ Physiol.288:H293-H301.

300. Wang Z, Wang DZ, Pipes GC, Olson EN (2003) Myocardmnsaster regulator
of smooth muscle gene expression. Proc Natl Acad SciAUL00(12):7129-34.

301. Wang ZY, Lin XH, Nobyuoshi M, Qui QQ, Deuel TF (1992) Bidof single-
stranded oligonucleotides to a non-B-form DNA structwgsults in loss of promoter
activity of the platelet-derived growth factor A-chaimgeJ Biol Chem.267(19):13669-
74.

302. Warnhoff BR, Bowles DK, McDonald OG, Sinha S, SomA®, Somlyo AV,
Owens GK (2004) L-type votage-gated’Cahannels modulate expression of smooth
muscle differentiation marker genes via a Rho Kkinasegaryin/Srf-dependent
mechanism. Circ Res.95:406-14.

303. Wei Q, Miskimins WK, Miskimins R (2005) Stage-specifipressions of myelin
basic protein in oligodendrocytes involves Nkx2.2-mediatpdession that is relieved by
the Spl transcription factor. J Biol Chem.280:16284-94.

304. Weintraub H, Davis R, Tapscott S, Thayer M, KrauséBbhezra R, Blackwell
TK, Turner D, Rupp R, Hollenberg S, et al. (1991) The myoDedgamily: nodal point
during specification of the muscle cell lineage. Science4Z2K):761-6.

305. Weiss JN (1997) The Hill equation revisited: uses and sessuFaseb

J.11(11):835-41.

263



306. Wen J, Arakawa T, Philo JS (1996) Size-exclusion chrgratby with on-line
light-scattering, absorbance, and refractive indexatiete for studying proteins and their
interactions. Anal Biochem.240(2):155-66.

307. Wilkins RC, Lis JT (1999) DNA distortion and multimetiaa: novel functions
of the glutamine-rich domain of GAGA factor. J Mol B&85(2):515-25.

308. Wilson WW (2003) Light scattering as a diagnosticpfatein crystal growth--a
practical approach. J Struct Biol.142(1):56-65.

309. Woodcock-Mitchell J, Mitchell 3J, Low RB, Kieny Mei®el P, Rubbia L, Skalli
O, Jackson B, Gabbiani G (1988) Alpha-smooth muscle actmansiently expressed in
embryonic rat cardiac and skeletal muscles. Difféagioh; research in biological
diversity.39(3):161-6.

310. Wortman MJ, Johnson EM, Bergemann AD (2005) MechaniddN&¥ binding
and localized strand separation by dand comparison with Pur family member, Rur
Biochem Biophys Acta.1743:64-78.

311. Wortman MJ, Krachmarov CP, Kim JH, Gordon RG, @hépLG, Brady JN,
Gallia GL, Khalili K, Johnson EM (1999) Interaction of\HIL Tat with Pue. in nuclei of
human glial cells: characterization of RNA-mediterotein-protein binding. J Cell
Biochem.77:65-74.

312. Wu J, Lee C, Yokom D, Jiang H, Cheang MC, Yorida EbifuD, Berquin IM,
Mertens PR, Iftner T, Gilks CB, Dunn SE (2006) Disruptidntlee Y-box binding
protein-1 results in suppression of the epidermal growttof receptor and HER-2.

Cancer research.66(9):4872-9.

264



313. Yagil G (1991) Paranemic structures of DNA and the& mIDNA unwinding.
Crit Rev Biochem Mol Biol.26(5-6):475-559.

314. Yoshida T (2008) MCAT elements and the TEF-1 familyraridcription factors
in muscle development and disease. Arterioscler Thrdasc Biol.28(1):8-17.

315. Yoshida T, Owens GK (2005) Molecular determinants séwar smooth muscle
cell diversity. Circ Res.96:280-91.

316. Zambrano N, De Renzis S, Minopoli G, Faraonio R, maAfiScaloni A, Cimino
F, Russo T (1997) DNA-binding protein Pur alpha and transgnigéictor YY1 function
as transcription activators of the neuron-specific Fg&%e promoter. Biochem J.328 ( Pt
1):293-300.

317. Zeng L-H, Okamura K, Tanaka H, Miki N, Kuo C-H (2005) Gonitant
translocation of Pur with its binding proteins (PurBPs) from nuclei to cytoplaguring
neuronal development. Neroscience Res.51:105-9.

318. Zhang A, David JJ, Subramanian SV, Liu X, Fuerst MD,0ZKa Leier CV,
Orosz CG, Kelm RJ, Jr., Strauch AR (2008) Serum respoosw faeutralizes Pur alpha-
and Pur beta-mediated repression of the fetal vasauaoth muscle alpha-actin gene in
stressed adult cardiomyocytes. Am J Physiol Cell Ph28i4(3):C702-14.

319. Zhang A, Liu X, Cogan JG, Fuerst MD, Polikandriotis K&lm RJ, Jr., Strauch
AR (2005) YB-1 coordinates vascular smooth muscle alpha-getne activation by
transforming growth factor betal and thrombin during diffeatioh of human

pulmonary myofibroblasts. Mol Biol Cell.16(10):4931-40.

265



320. Zhang H, Facemire CS, Banes AJ, Faber JE (2002yddiffe-adrenoreceptors
mediate migration of vascular smooth muscle cells aheentitial fibroblasts in vitro.
Am J Physiol Heart Circ Physiol.282:H2364-H70.

321. Zhang M, Smith EP, Kuroda H, Banach W, Chernausek &@inRA (2002)
Targeted expression of a protease-resistant IGFBP-4 mirasmooth muscle of
transgenic mice results in IGFBP-4 stabilization and smoaiscle hypotrophy. J Biol
Chem.277(24):21285-90.

322. Zhang Q, Pedigo N, Shenoy S, Khalili K, Kaetzel [05) Pue activates
PDGF-A gene transcription via interactions with a Grisingle-stranded region of the
promoter. Gene.348:25-32.

323. Zijderveld DC, van der Vliet PC (1994) Helix-destabiligiproperties of the

adenovirus DNA-binding protein. J Virol.68(2):1158-64.

266



This document was created with Win2PDF available at http://www.win2pdf.com.
The unregistered version of Win2PDF is for evaluation or non-commercial use only.
This page will not be added after purchasing Win2PDF.


http://www.win2pdf.com

	University of Vermont
	ScholarWorks @ UVM
	10-8-2008

	Biophysical Characterization of the Sequsingle-Stranded DNA-Binding Properties of Mouse Pur : a Repressor of Smooth Muscle -Actin Gene Expression
	Jon Ramsey
	Recommended Citation



