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CHAPTER |

INTRODUCTION

Overview

Propagation and maintenance of the cellular gen@me among the most
fundamental biochemical processes executed acildéagagdoms of life. Such processes
range from the meticulous duplication of the cealfugenome, to the high-precision
exchange of genetic information between chromosprtesdetection and repair of
damaged genetic material. These intricate tasksanefully guided from start to finish
by a highly synchronized army of DNA processingtdas that dynamically assemble,
exchange, and reorganize at the DNA to advance eachemical step. The dynamic
composition and organization of these multi-protemachines enables efficient and
reliable completion of each DNA processing pathweusands of times each day.

While genomic maintenance is crucial for life, DNArocessing itself,
paradoxically, is a source of increased genomiaenalbility. Access to individual DNA
strands necessitates displacement of the DNA frisnpriotected, stable duplex form,
leaving the ensuing single-stranded (ss)DNA expdsathemical and enzymatic assault
and prone to self-entanglement. This precaricwson is remedied by the existence of
single-stranded DNA binding proteins (SSBs), whiolat and protect sSSDNA from these
hazards for as long as the DNA remains unwoundeukaryotes, Replication Protein A
(RPA) serves as the primary SSB and coordinategabriitment and progression of

DNA processing complexes in addition to its rolepmotecting ssDNA. As a key and



early-identified DNA processing protein, RPA hagmeasubject to extensive biochemical
characterization, as well as structural investagatfor all globular fragments of the
protein. In spite of this, the structural and neeuktic basis for how full-length RPA
carries out the fundamental biological functiorbofding ssDNA remains unknown and

forms the central line of inquiry for my Ph.D. déstation research.

Propagating and Maintaining the Genome: DNA Processing and the Role of SSBs
Ever since the debut of the ‘double helix’ in 1983 how DNA is propagated
and preserved has remained among the most widedyi@d questions in biology. In the
decades since publication of this pioneering stmegtthe landscape for DNA processing
has moved beyond the essential mechanics of DNKAca#ipn to include a complicated
regulatory landscape governing DNA damage recagniand response2), multiple
DNA repair pathways 39), the intracellular exchange of genetic informativia
homologous recombinatiori@), and numerous points of crossover among all efmth
Collectively, this broad assortment of DNA trangas employs a wide variety of DNA
biochemistry carried out by a host of structuradliverse multi-protein assemblies.
Despite the biochemical and structural diversitpyating the DNA processing milieu,
all DNA transactions face the common challenge ahipulating single strands of DNA.
Not surprisingly, SSBs play a ubiquitous role irarg every form of DNA processing
present within the cell. Numerous reviews on S3Bs available 1-16); a brief
summary of the structural organization of SSBs #edspecific benefits they provide to

DNA processing follows.



Structural organization and hierarchy of SSBs

The fundamental structural module of the SSB ig #ligonucleotide /
oligosaccharide_inding domain (OB-fold) 17-20). This particular structural motif
consists of a coiled, five-strand antiparalfebarrel capped with aa-helix between
strands 3 and 4 (Figure 1.1A)7. Variation among OB-folds is achieved by varying
loop length betweer-strands or the direct insertion of additional stuwal motifs
between canonical elements of the fold (i.e. zinbans, zinc fingers, helical towers?

18, 20). The concave surface presentedistrands 2 and 3 is the primary site for ligand
binding with potential contributions from residuesthe flankingp-strands 1 and 4, as
well as from loops joiningl andp2 (Li2), B3 anda (L3,), a andp4 (L.4), andp4 andf5
(L4s) (Figure 1.1B) 18). Polarity of nucleic acid binding is highly camged, with the
majority of nucleic acids associating with the Bdetowardp-strands 3 and 4 and the 3’
end towardB-strands 1 and 2 (Figure 1.1B)8]j. Notable exceptions to this are the
coli SSB andO. novatelomere end-binding protein, for which binding godly is
reversed 18). Most importantly, polarity at the OB-fold bimdj interface is propagated
with tandem repetition of the OB-fold, allowing paty to be maintained across an entire
protein. OB-folds are not constrained to exclusivding of nucleic acid or
oligosaccharides and often serve as important iproteeraction motifs in SSB4.8-20).

The degree of tandem domain architecture and okgimnassembly of OB-folds
forms the basis for structural classification ofBS§Figure 1.2) 15). Simple SSBs,
which are found in bacteria and crenarcheons, sbosone or two OB-folds encoded on
a single polypeptidelg). Functionally, simple SSBs organize into honateieric and

homodimeric assemblies to bind ssDNA; however, astigrization is not required to



maintain the stability of their native monomeridd® Prototypical examples from this

group include the SSBs & coli (bacterial) and. solfataricugcrenarchaealllf).

A. L12
B.

Figure 1.1. OB-fold structure and function. A)cAetypal OB-fold topology. OB-fold
domain from aspartate t-RNA synthetaSe,cerevisiaePDB entry 1ASY. B) Nucleic
acid interaction surface and binding polarity.

Complex SSBs, also referred to as the RPA sub-griwnetion exclusively in
eukaryotes and euryarcheoid$)( They comprise multiple, tandem OB-folds disitéd
across more than one polypeptide and require okgimnassembly to generate a native
protein structure 15). Because of the complexity of their inter-domaichitectures,

higher-order oligomerization of individual RPA molges is not required for functional



ssDNA binding, as it is with simple SSBs. Exampiesn this group include human
RPA and theA. fulgidusSSB from euryarchaed¥). Limited cross-over from simple
SSBs to higher-order organisms is present, as demaded by human mitochondrial SSB

(mtSSB) 21) and the recently discovered human SSBs (hSSBIBRBR?2).

Prokarya E. coli D. radiodurans
— G G
Archaea A. fulgidus .
S. solfataricus
 mm  mm
—
2
G G
Eukarya
—_—
hSSB1
- B  m o
L T hsse2
Replication Protein A
— mtSSB

Figure 1.2. Structural classification of SSBsruStured regions are represented as boxes
and disordered regions as lines. DNA-binding OB-fdomains are green; non-DNA
binding or unidentified domains are brown. Higbeder oligomerization foA. fulgidus
and other euryarcheaons has not been charactedapted from Richards, et dl5).

Specific roles for SSBs during DNA processing

From a biochemical perspective, SSBs assist DNJegssing by providing two
key functions at the site of action: stabilizatiohssDNA substrates and coordinated
recruitment of a diverse array of DNA processingtdes. The binding of ssDNA by

SSBs occurs with high affinity (K~10° M) and low sequence specificityq 16).



Conversely, interactions with other DNA processipgteins possess much lower
affinities in comparison (K~10° M), consistent with the need for dynamic protein
interchange during DNA processingf3( 24).

SSB interaction with ssDNA provides multiple beteefito the forward
progression of DNA processing assemblies. As rmead previously, high affinity,
nonspecific binding of ssSDNA by SSBs protects agfaimcleolytic damage and chemical
modification to DNA bases, as well as inapproprigiteding by other DNA processing
factors. Coating ssDNA with SSBs also preventmfiion of DNA secondary structure
and duplex reannealment, which can hinder or 8&IA processing machinery28).
Importantly, SSB binding of ssDNA is critical fonguring the efficiency of DNA
processing by suppressing dynamic fluctuationsoofduplex DNA and thus providing a
stable template for enzymatic action. SSB stinntadf helicase or polymerase activity
is one important consequence of this ability toaoige SSDNA 25-27).

In addition to providing chemical and structurtslization to sSDNA templates,
SSBs also interact with a wide variety of DNA pregiag factors, serving as a platform
for the recruitment and interchange of these pmetéil, 14). The role of SSB protein
interaction in recruitment and exchange of DNA gssing factors is seen most vividly
with polymerase switching at the eukaryotic reglma fork, where polymerasé
assumes control of the ssDNA template from polysesathrough a concerted series of
contacts through RPA, RFC, and PCN23)( Protein interaction with SSBs, which
maintain a pre-defined DNA binding polarity, is @lsritical for ensuring the proper
physical orientation of biochemical action on ssDi&nplates. Nucleotide excision

repair relies upon RPA DNA-binding polarity to reitrand orient excision enzymes



XPF/ERCC1 and XPG to 5" and 3’ sites of the talgsion, respectively28). Perhaps
the most direct outcome of contact between SSBso#mel DNA processing factors is
the initial loading of SSBs onto newly unwound sg$bMnd their subsequent
displacement to permit access to ssDNA templat@his aspect of SSB protein
interaction has been characterized in detail fer #v40 system of replication, where
interaction between the SV40 large T-antigen hsécand the human SSB RPA results in
efficient loading of RPA onto emerging ssDNA. Sedpsent contact between these two
proteins enables displacement of RPA from ssDNAstates to permit loading of
polymerasex/primase to initiate primer synthes9( 30).

The interplay between SSB DNA binding and inteoactwith other proteins
provides an ideal platform for the assembly, camation, and regulation of DNA
transactions. To serve as a common hub for vdfgrdnt types of DNA metabolism
requires great structural versatility from SSBs. owH SSBs adapt and evolve
architecturally with the forward progression of arfpcular DNA transaction remains a
central question for DNA processing. The remainafethis chapter focuses upon the
current state of these questions for RPA priorrtdastaking this dissertation project and
the experimental methodology employed to probepthsticity of RPA architecture and

its DNA-binding trajectory.

Replication Protein A
Replication Protein A (RPA) was originally discosd over twenty years ago as
an essential biochemical factor necessaryirforitro reconstitution of SV40 replication

(31, 32). Isolation of this eukaryotic counterpart to thecterial SSBs was somewhat late



in coming, as almost all other eukaryotic compos@umplementary to the prokaryotic
replication system had been identified some yeesiqusly. The delayed entrance of
RPA led some researchers to speculate that eukaryoday not even require SSBS)(

In the years since then, RPA has not only been showe indispensible to replication of
DNA, but has also been established as a key sign&dictor in DNA damage recognition
and responsed); an essential component for nearly every DNA mepathway §); and

an important participant in homologous recombinmat{®0, 34), telomere maintenance
(39, and transcriptional regulationl?, 36). Intensive biochemical and structural
investigation of this protein has provided a funeatal understanding of SSB function

(12-14, 37).

Structural and functional organization of RPA

A heterotrimer, RPA consists of three polypept&lgunits, denoted by
molecular weight: RPA70, RPA32, and RPA14 (Figui@A) (12, 13). Proteolytic and
structural studies on RPA fragments and the irgeatiein have revealed a modular inter-
domain organization with a total of seven globwamains connected by flexible linkers
and a single disordered domain (RPA32B%-49). Three of these domains (70C, 32D,
14) interface through a hydrophobic three-helixdarto form the trimeric core of RPA
(Figure 1.3) 43), from which emanates the N-terminal domains oAR® (70B, 70A,
and 70N, all flexibly linked in tandem) and the &rhinal domain of RPA32 (RPA32C).
Individual expression for each RPA subunit is inbt¢; however, RPA32 and RPA14
are able to form a soluble subcomplex in the alsefdRPA70 50, 51). As with the

majority of SSBs, all domains are OB-folds with &heeption of the C-terminal winged



helix domain of RPA32, and have been characterizéiyidually or in tandem at high

structural resolution (Figure 1.3C39, 41-45, 48).

A. RPA70
0 181 292 305 422 436 616
70N 70A 70B 70C
RPA32 46 171 204 270 RPA14 1 121
1 .
D 320
&\
Q L,
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Figure 1.3. Structural organization of RPA. A) RRlomain map. B) Cartoon
representation of RPA inter-domain organization. RYpresentative high resolution
structures of RPA domains. PDB entries 1EWI (70M);GU (70AB), 1L10

(70C/32D/14), 1DPU (32C).

DNA binding is mediated by the four central OBed@lomains — 70A, 70B, 70C,
and 32D — with 5’ to 3’ polarity from 70A to 32D ifftre 1.4) 28, 52). Contact with
ssDNA is maintained through base-stacking by twaseoved aromatic residues in each
domain, as well as hydrogen bonding and electiiositatieractions from basic residues
lining each OB-fold cleft39, 43). In vitro cross-linking studies, mutational analysis, and
crystal structures from the tandem 70AB domainsehamicated that RPA proceeds

through three different interaction modes upon ing&sDNA: an initial 8-10 nucleotide
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binding mode that includes domains 70A and 70B,2a23 nucleotide mode that

proceeds to engage 70C, and a final 28-30 nuckeatidde that encompasses all four
DNA-binding domains (Figure 1.4P0Q, 53, 54). This final binding mode complements
RPA’s occluded site size of 30 nucleotidegsb, (56). Collectively, these discrete

interaction modes are thought to form a ‘DNA-birglitrajectory’ that RPA traverses

each time it interacts with sSDNA4).

DNA-binding occurs with high affinity (K~10° — 10'* M) and sequence non-
specificity, but there exists a fifty-fold prefemnfor poly-pyrimidine over poly-purine
substrates5b, 56, 59). The binding affinities of individual DNA-bindghndomains are
quite weak in comparison and are believed to dser@a strength from 5’ to 3’ along
RPA’s DNA binding channel (Figure 1.4B3@, 57, 60, 61). High affinity for SSDNA is
achieved through the close tethering of these dwsn@iO residues for 70A to 70B; 15
residues for 70B to 70C), increasing the local eot@tion of the otherwise weak
binding sites §2). Diminishing domain affinity, as well as the nubakrity of the DNA
binding channel, is believed to be critical for lelrag other DNA processing proteins to
displace RPA from ssDNA, as this presents a sefi@gsanageable, weaker interactions
to be shifted.

As with all SSBs, RPA makes multiple contacts wathost of DNA processing
factors. An excellent summary of proteins knowrinteract with RPA and their target
interaction sites, if known, can be found in theiees work of Fanning and colleagues
(14). RPA domains 70N and 32C serve as primary prdtderaction sites; however,

protein binding is also targeted to the principdlAbinding domains 70A and 70B to
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A. B. Domain Ky Method!

70A 1.7uM  NMR?
- 708 16.8uM  NMR?
b /J\‘
70C N —
32D N> K —

Figure 1.4. RPA and ssDNA binding. A) RPA DNA-tiing domains (70A, 70B, 70C,
32D) form a modular binding channel. RPA70ABC &)IuRPA32D (green), RPA14
(red). Tentative path for ssDNA is indicated bwadi dotted line. PDB entries 1JMC
(70AB) and 1L10 (70C/32D/14). B) Dissociation camgs for individual DNA-binding
domains. N.D. (not determinedjMethod used to determine affinitfArunkumar, et al
(46). °A quantitative measurement of 70C affinity is uritaldle in the literature.
Qualitative comparisons of binding curves suggeat its affinity is comparable to that
of 70B 67). “Reported attempts to quantify 32D binding have heeuccessful thus far
(58). C) RPA binds ssDNA in three discrete bindingdes (1) an initial 8-10 nucleotide
mode that engages 70A and 70B, (2) an intermedz®3 nucleotide mode that includes
70A-70C, and (3) a final 28-30 nucleotide mode timatiudes all four DNA-binding
domains (70A-70C, 32D).

promote or compete with DNA bindingZ-14). Structural characterization of complexes
formed between proteins and peptide fragments tiagggON or 32C have revealed
common binding surfaces on each domain — eithebdisec cleft of the 70N OB-fold or
the surface of the three-strafigsheet of 32C (Figure 1.5A%%, 48, 63, 64). Common

sequence motifs targeting each domain have also diegracterized for a select number
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of these interactions (Figure 1.5B)8( 64); however, universality of this consensus has
yet to be established. As mentioned above, pratégnactions with RPA serve to recruit
other DNA processing proteins to sites of actiod &mensure their proper orientation
with respect to the DNA. Similarly, protein inteten also facilitates loading or

displacement of RPA from ssDNA&Y, 30).

A.
B.
ATRIP (54-68) :  DFTADDLEELDTLAS
RPA70N  MrE11(539-553) : AFSADDIMSIDLAEQ
RAD9(297-311) : DFANDDIDSYMIAME
P53 (44-58) : MLSPDDIEQWFTEDP
UNG2 (73-88) : RIQRNKAAALLRLAAR
RPA32C xpa(29-46): ERKRQRALMLRQARLAAR

RAD52 (257-274) : RKLROKQLOQQFRERMEK

Figure 1.5. RPA and protein interaction. A) Protiaiteraction surfaces of 70N (blue) and
32C (green) making contact with peptide fragmefts53 @5) and UNG2 48) in gold,
respectively. PDB references 2B3G (70N) and 1DP2L)3 B) Peptide binding motifs
for 70N and 32C. Identical or similar residues laighlighted in red (adapted fror64)
and @8), respectively).

Emerging therapeutic implications for RPA research

Due to its centrality in DNA processing, genomisd®f any single RPA subunit
is lethal g5, 66). However, even subtle mutations can have dranedfiect as witnessed
by the RPA70 missense mutant L221P in the DNA-lmgdilomain RPA70A. This

particular mutant, initially characterized in yeaabrogates DNA binding for the entire
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protein ©7-69). Homozygosity for this mutation is embryonic Hakt in mice;
heterozygous carriers are subject to increasedence of lymphomas, where tumors are
characterized by gross chromosomal breaks anchreggmentsgb). Loss of the RPA70
chromosomal locus (17p13.3) has been noted in beauwf cancers; exactly how this
loss impacts cancer progression remains to be rdeted, but the role of RPA in
maintaining genomic stability is likely to be reét (70, 71).

Recent efforts have begun to explore the potefdiakbxploiting RPA’s role in
genome maintenance for the development of chenagibatic compounds. As an
essential factor for the repair of DNA damage atéld by traditional chemotherapeutic
agents, RPA presents a particularly attractive rsg@xy target to increase the efficacy of
these compounds/?). Moreover, RPA expression is upregulated inasertypes of
cancer. As an example, triple-negative (ER-/PRREHegative), BRCA1-deficient
breast tumors exhibit elevated levels of RPA, andck-down of RPA in BRCAL-
deficient HelLa cells has been shown to reducescellival in culture 73).

Small molecule screening by Turchi and colleaguas Hilentified inhibitors
capable of disrupting DNA-binding by RPA domainsA7@nd 70B. When target
compounds are combined with cisplatin or etoposidsynergistic decrease in cellular
viability is observed in cultured cell§Z, 74, 75). Small molecule screening for the
protein interaction domain 70N is currently on-gpim our lab, following the well-
established SAR by NMR methodologg6f. RPA70N screening has also been reported
in the generation of compounds capable of disrgptirteraction between 70N and
damage sensor Rad9, as well as tumor suppressptheb@h ann vivo effect has yet to

be tested (7). In addition to their therapeutic potential, $maolecule inhibitors of
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RPA function are valuable research tools for dissgcrelationships between ligand

targeting of a particular domain(s) and specifiedtional outcomes in DNA processing.

M echanistic I ntegration of RPA Structure and Function: How Architectural
Remodeling Drives DNA Processing

As mentioned previously, how SSBs adapt to theisbisubstrate landscapes of
DNA metabolism remains a key question in DNA preoeg biology. The modular
domain organization of human RPA and other SSBsldvindicate that inter-domain
rearrangement is a vital component of this strattadaptability. Global characterization
of RPA’s modular architecture and its responsenteraction with ssDNA or protein,
however, has remained limited. The prevailing us@damding of RPA architectural

remodeling at the time this project was initiatedliscussed below.

RPA quaternary architecture

Coincident with the publication of proteolytic nppg experiments highlighting
the modular domain organization of RPA8), scanning transmission electron
microscopy (STEM) studies on full-length RPA repdrivisual changes to the protein’s
conformation when engaged in the 8-10 and 28-30entide binding modes78).
Specifically, the authors noted a transition frortglabular’ to ‘elongated’ profile upon
binding ssDNA substrates of increasing lengii®).( A number of researchers have
embraced and propagated this ‘compact’ view of RiPéhitecture in the absence of
ssDNA @0, 43, 53, 79), suggesting that modular RPA domains must engageter-

domain interactions that are dispersed upon DNAlibop (Figure 1.6A).
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Figure 1.6. Alternate views of RPA quaternary asdture. A) ‘Compact’ inter-domain
organization. B) ‘Independent’ inter-domain orgaatian.

The harsh fixation techniques of electron microscape not well suited to
preserving the native structure of flexible, moduaoteins, which would indicate that
the question of native RPA architecture is betinrassed under solution conditions.
Subsequent NMR studies on tandem domain constrRR#70AB, RPA7ONA, and
RPA32/14 revealed a high degree of inter-domairepetidence in the absence and
presence of ssSDNA4G-48). This argued for a more flexible and dynamic eiaaf RPA
architecture in solution (Figure 1.6B). The crystaucture of RPA70AB in the absence
of ssDNA also lent support to an independent aearent of domains, as 70A and 70B

assumed dissimilar inter-domain orientations in s@parate crystal form42).

Remodeling RPA architecture upon binding ssDNA
While advocating conflicting views on RPA’s DNA-&earchitecture, neither

model (compact versus flexibly independent) hasnbedidated for full-length RPA

! The RPA70NA construct used in the cited studytideb approximately half of the 70B sequence as well
15



under native solution conditions. A similar lack siructural clarity also persists in
descriptions of architectural changes to RPA upassing through its DNA binding
trajectory. The existing biochemical evidence sufsp the presence of progressive
architectural change as RPA binds ssDNA, but pewidnited structural information as
to the nature of these changes. Protease proteatisays of RPA with and without
ssDNA reveal increased proteolytic resistance ohARBfhodular structure when bound to
ssDNA @8). UV cross-linking studies of RPA and various thdbmain fragments
demonstrate a shift in RPA subunits that contariraer-template junction (from RPA70
to RPA32) as a ssDNA overhang is increased from 31tnucleotides53, 80). These
studies, along with earlier UV cross-linking expeents 81), provide biochemical
delineation of RPA’s three modes of DNA bindingl@nt, 13-14 nt, 30 nt). Subsequent
experiments on RPA mutants, with targeted disrmptdd DNA-binding activity in
individual domains, allowed correlation of RPA himgl modes with the activity of
specific domains and also provided alternative aues for each mode (8-10 nt for
70AB, 12-23 nt for 70ABC, 23-27 nt for 70ABC/3234). More recently, fluorescence
guenching studies have suggested an upper limittHer intermediate mode of 16
nucleotides and a lower limit for the final mode2éf nucleotidesg2).

Existing structural information on these bindingdes is limited to the original
crystal structures of RPA70AB bound to an octarntalie substrate3Q, 40) and the
STEM study outlined abové®). The RPA70AB/dg crystal structure provides valuable
insight into the how domains 70A and 70B mediatéARHirst interaction mode with
ssDNA; the question as to whether this is theiivieaarchitecture in the context of full-

length RPA remains. This is particularly saliest the biochemical studies detailed

16



above have proposed that the interaction moded@éf €drrelate with the globular (8-10
nt), contracted elongated (12-23 nt), and extergledgated conformations (28-30 nt)
observed in the STEM studies, suggesting that RRB7®akes additional inter-domain
contacts in the initial binding modg3, 79). However, if inter-domain flexibility persists
upon DNA-binding, as indicated for the DNA-free f@io, this would again render RPA
susceptible to STEM preparation artifacts. Theallrand occasionally conflicting
nucleotide ranges reported for the intermediate2@ 2t) and final binding modes (23-27
nt or 28-30 nt) relative to that of the initial ding interaction (8-10 nt) are particularly

suggestive of additional dynamic plasticity in DRA-bound forms of RPA.

Interplay between protein-induced architectural petaling of RPA and ssDNA binding
More recently, attention has focused upon theitgbibf specific protein
interactions to prompt architectural remodeling RPA, particularly to stimulate or
inhibit DNA-binding. A typical example is the imtection between the origin-binding
domain of SV40 large T-antigen (Tag-OBD) and RPABQR9). Contact between Tag-
OBD and a contiguous surface formed by 70A and @PBosite their DNA-binding
clefts stimulates RPA’s ability to bind ssDNAR9). This Tag-induced remodeling of
inter-domain orientation purportedly offsets thdrepic cost of aligning free 70A and
70B to engage the ssDNA substrate, thus incred3iy binding 29). The interaction
between Tag and RPA is maintained for substragg®sentative of RPA’s initial DNA
binding mode (d§), but is subsequently lost upon progression terimediate (ds) and
final binding modes (d&), suggesting that structural transitions accompaniRPA'’s

DNA binding trajectory are ultimately responsibte tisrupting this contacg).
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Likewise, interaction between Tag-OBD and the g@rointeraction domain 32C
facilitates removal of RPA from ssDNA to allow iiition of primer synthesis by
polymerasea/primase 80). Here the correlation between protein interactand
interruption of DNA binding is not intuitive, asfl@xible 30-residue linker separates 32C
and the final DNA-binding domain 32D. However, thathors note that the weak
binding affinities of 32D and neighboring 70C woulld capable of allowing transient
access to the 3’ side of substrate ssDNA. Theythgsize that capture of 32C and
subsequent tension on the intervening 32DC linkaay nincrease this transient
accessibility enough to allow loading of polymeragerimase. Subsequent initiation of
primer synthesis would then be sufficient to dritve equilibrium towards release of RPA

from the DNA.

Toward a structural understanding of RPA architeetand its DNA binding trajectory

As mentioned previously, the precise nature of 8teuctural transitions
accompanying RPA binding of DNA or the architectundluence of protein interaction
on these transitions remains to be determinedis tlear, however, that a structural
understanding of RPA’s DNA-binding trajectory hasodder implications for the
progression of DNA processing. Despite the impargéaof this information, structural
characterization of full-length RPA remains chafjery. Flexible, modular proteins are
typically not ideal candidates for crystallizatiand study by x-ray diffraction. Notably,
published crystal structures of the subcomplex RP2A8 possess diffuse density for the
flexibly linked 32N and 32C domaind9). At 116 kDa, RPA is also too small for shape

reconstruction analysis by cryo-electron microscopWloreover, evidence for inter-
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domain flexibility from studies of smaller RPA fragnts would indicate that solution
approaches are to be preferrd®-48). This thesis utilizes the combination of NMR
spectroscopy and small-angle scattering, which grased an increasingly powerful
approach for providing both local and global dgsttwns of the architectures of flexible,
modular proteins and dynamic multi-protein asseeso@3, 84). A basic overview of
these experimental techniques is provided in theé section, as well as the strategies

employed for applying this methodology to RPA.

Experimental methodsfor structural and dynamics analysis

Integration of detailed atomic-resolution analysigh global macromolecular
conformation has provided unprecedented insightstime architecture and dynamics of
macromolecular assemblie84( 85). Traditional structural tools, such as x-ray
crystallography and NMR spectroscopy, have affordethiled insight into individual
structural modules of macromolecules, their abiiityengage ligands, and their capacity
to form higher-order complexes. The extensivealiprof high-resolution structures for
component domains of RPA demonstrates the pastfulngss of these structural
approachesA(-45, 48, 49).

Of key interest, though, is how this collection inflividual domain structures
organizes in the solution environment of the caHluimilieu. For macromolecules
possessing internal flexibility or large regionsda$order, describing a global architecture
is not simply a matter of geometric reconstructiaut, rather requires an understanding of
how the global macromolecular conformation evohdisamically over time as it

diffuses through solution. In other words, ratitban existing as single, fixed
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architectures, flexible, modular proteins are moaecurately described by a
conformational ensemble, populated by multiplegrichanging conformations4, 86,
87). A complete understanding of such macromolecudachitectures requires
knowledge of the relative frequency and distribaitaf macromolecular conformations
within the conformational ensemble.

In recent years, small-angle scattering (SAS) naarged as a powerful technique
for experimentally characterizing conformationalsembles of flexibly modular and
disordered proteins84, 88, 89). The low resolution spatial information encodedhe
scattering curve provides important insight intoe ttglobal conformations of
macromolecules. However, its ability to capturés tetructural information across
multiple states within a conformational ensemblevptes an invaluable tool for probing
global protein dynamics. This perspective on glabacromolecular dynamics can then
be integrated with more local information on intEmain motion and distribution using
high-resolution techniques such as NMR. The raggplstructural dynamics’ description
of a protein conformational ensemble can then lmbgu for insight into biological

function.

Nuclear magnetic resonance spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy powaerful technique for
extracting high-resolution structural and dynanmtormation from macromolecules in
native solution environments. From three-dimersiatetermination of structures, to
characterization of macromolecular interactiongrwbing global and local biomolecular

motions, NMR has granted atomic-level access tddorental biological processes. The
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basic physical principles that underlie this vealsabiophysical technique, as well as
NMR experiments most relevant to structural biolagy described below.

Of all the spectroscopic methodologies, magnetgomance alone relies upon
manipulation of the fundamental quantum mechangraperties of atomic nuclei to
provide unique information on their electronic eowiment 90). In this case, the
guantum mechanical property of interest is nucggan angular momentum. Placement
of nuclei with magnetically active spins (where #pegn quantum number is | = %2) within
a static magnetic field of sufficient strength ioda the spin angular momentum vector to
rotate about an axis parallel to the magnetic f{Eidure 1.7) 91-94)>. The frequency of
this rotational motion (the resonance frequencyetdes upon the electronic environment
surrounding a given nucleus, whether it forms dra covalent bond, participates in
non-covalent interactions, or is simply proximabeother atoms. Subsequent excitation
of these precessing spins by an oscillating eledgnetic (EM) field, which transmits
energies corresponding to their resonance freqagncotates the spins to the plane
perpendicular to the static field (Figure 1.7). #egy continue their precession in the
transverse plane, a time-dependent signal that descahe collective rotational
frequencies of the spins is collected (Figure 1.700nce processed by Fourier
transformation, this signal provides a ‘frequencgpimthat reflects the unique electronic

surroundings of each spin (Figure 1.7).

2 In the interests of clarity, nuclear magnetic reswe is described from a classical perspective.afull
guantum mechanical treatment of the basic NMR expatt, the reader is referred tt8{7, 188).
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Figure 1.7. Nuclear magnetic resonance spectrgsodp Basic outline of the NMR
experiment. Nuclear spins, represented by spheteaaow, undergo precessive motion
at a characteristic resonance frequency when plated static magnetic field (B).
Application of an oscillating magnetic pulse jJBrotates the spin vector to the
perpendicular plane, where it continues its preoass motion and induces an oscillating
voltage signal. Fourier transform of this time-dgomsignal (t) generates a frequency
spectrum @) with intensity centered at the spin’s resonameguency.

Without the presence of the excitatory EM fieldangverse spin precession
gradually returns to the original parallel precessxtant prior to excitation. This return
of excited spins to their ground energy state ievkm as ‘relaxation’ and provides a
powerful means for accessing global and local mdéEcmotions, as the timescales of
motion influence the rapidity with which spins rel@®3, 95-98). This phenomenon will
be discussed in more detail in a later section.

From the perspective of magnetic resonance, madeames are simply complex
assemblies of nuclear spins. One-dimensidihlNMR exploits the high natural
abundance of th&H isotope in macromolecules; however, the large remof protons
present in a macromolecule (compared to a smalecotd) often leads to extensive
overlap within the resulting 1EH spectrum. More advanced 2BH( **N or *H, *°C) or
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3D (*H, *¥c, ™N) experiments, which allow greater resolution bége overlapping
signals, require samples to be enriched with magait active isotopes (spin %2 nuclei --
3¢, N, or3!P), which are less abundant in nature thaflisSuch enrichment is usually
achieved by recombinant expression of the macracutdan bacteria grown in minimal
media supplemented witfiN-ammonium chloride of*C-glucose as sole nitrogen and/or
carbon source99).

The two-dimensional®N-*H heteronuclear single-quantum coherence (HSQC)
experiment has become a key tool for structuralistuof proteins by NMR100). For
this particular experiment, the resonance frequancif backbone amidiH and **N
nuclei for each amino acid are correlated, fornartgo-dimensional frequency map with
signals corresponding to ealthl-'H pair from each residue, excepting prolines. Beeaus
the unique electronic surroundings of each nuatkctate spin resonance frequencies, the
distribution of signals in an HSQC spectrum serassa unique ‘fingerprint’ for each
protein. HSQC spectra provide valuable informabonthe foldedness of a protein, the
proportion of residues localized to flexible regoof the polypeptide backbone, and the
presence of different timescales of motion withiffiedent parts of a protein. Use of the
HSQC becomes even more powerful when resonancgnassits are available for the
protein of interest, which correlate ed¢h-H frequency signal with its specific amino
acid of origin. Standard assignment experiment$ rmethodologies can be found in
(101).

More importantly, the HSQC can be used to monit@nges to nuclear electronic
environment upon introduction of a binding partneriation in pH or temperature, or

addition of a substrate. By tracking changes takpgosition or intensity within the
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spectrum, one can map an interaction surface omtaip of interest, calculate binding
constants, or determine which regions of a protei® most forcefully impacted by
changes in solution conditions. Of specific ing¢réo the study of modular protein
systems is the use of the HSQC to gain insight th&o presence or absence of inter-
domain contacts for an intact protein. This isallsuachieved by comparison of signals
in spectra acquired on individual modules relativethose of spectra acquired on the
intact protein 46, 47). Shifting or broadening of signals in spectraha intact protein is
considered indicative of inter-domain interaction.

Of note, protein mass has a direct bearing on #pdity of NMR signal
relaxation: the larger the protein or domain modtie faster signal relaxation. This
effectively imposes a size limitation on systemsattitan be routinely studied by
conventional HSQC (~35 kDa), as signals arisingnfrmacromolecules larger than this
decay too quickly to be detected efficiently. hetpast decade, the development of
advanced NMR methodologies that address rapid agtax has pushed this accessible
size regime to 40-50 kDa, and creative experimesgpplication of these techniques to
select biological systems has granted insight systems ranging from hundreds to
thousands of kilodalton402105).

Approaches to prolonging NMR signal lifetime or tralizing mechanisms that
induce signal relaxation rely on unique sample grafon strategies, specialized pulse
sequences, or application of both. Deuterium &mmEnt ¢H) of macromolecular
samples permits global reduction of the numbextBaeousH nuclei, which are potent
inducers of signal relaxatiod@6). Since they exchange with solvent, the amidéeopio

of interest are rendered NMR active by back-exckasfgH for *H during the course of
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sample purification and preparation. Applicatioh tcansverse alaxation _@timized
spectroscopy (TROSY) exploits destructive interference betwedifferent physical
processes driving signal relaxation and selectsdarelated°N-'H signals with extended
signal lifetime (07). Similarly, goss-correlated _etaxation-@ehanced _plarization
transfer (CRINEPT) takes advantage of interfereretevéen signal relaxation pathways
to create signal correlation betweEh-'H pairs (L08 109. Use of TROSY is most
optimal for macromolecular masses ranging from B0-#Da; for CRINEPT, the optimal

range extends to molecular masses in excess a0

NMR heteronuclear relaxation measurements

In addition to providing access to protein struetand biomolecular interactions,
NMR is also an invaluable technique for probingbgloand local dynamics within
macromolecules. Macromolecular motion can rangenfftocal fluctuations along the
polypeptide backbone or side chains to global imtat diffusion of the macromolecule
through solvent. For flexible, modular proteinsternal tumbling and hydrodynamic
drag among linked domains is a key constraint dgvaonformational sampling of global
architecture. Characterizing the speed and otienteof inter-domain motion can
provide important insights into the conformatiosphce accessible to a biomolecule and
the kinds of substrate landscapes likely to explag conformational sampling.

As mentioned above, macromolecular motion can beitored by probing the
rate of NMR signal relaxation. This is possibledigse macromolecular motion causes
oscillation of small magnetic fields formed by manf spins, which leads to de-excitation

(relaxation) of spins that are excited by the agpEM field @3, 95). The rate of signal
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decay can then be translated into descriptors abaglor local motion, such as the
rotational diffusion tensor of a protein or ampliéuand time-scale parameters for the
fluctuations of amide bond97, 98, 110).

Relaxation can be monitored for any NMR activeleus. For proteins, methods
for monitoring™N heteronuclear relaxation are the most advancethese target NMR
observable amid®N-'H bonds along the polypeptide backbone and can leporated
into a standard HSQC experimental framework. HErpants typically measure three
types of relaxation: longitudinal or; Telaxation, transverse or, Telaxation, and cross-
relaxation, which is indirectly monitored by measment of NOEs. Details for each of
these types of relaxation, as well as the quantuethamical mechanisms driving
relaxation can be found in associated reviews afetences therei®6-98, 110.

Encoded within 7T, T,, and NOE values for each HSQC signal are theivelat
frequencies of each motion executed or experiebgdtle associated amino acid residue.
The distribution of these motional frequencies aterred to as the residue’s spectral
density function (SDF, df) (Figure 1.8A). The spectral density function \pdes
important information on the speed and amplituda eésidue’s motion. In general, a
high content of low frequencies within the SDF (kg 1.8A) signals the presence of
slow motions (timescales on the order of nanoses;gmbtein rotational diffusion occurs
on this timescale), while a more even distributamnoss both low and high frequencies
reflects faster motion (timescales on the orderpaoseconds; rapid amide bond
fluctuations occur on this timescale) (Figure 1.8A)

Importantly, extensive work has gone into derivimgthematical relationships

linking the value of the SDF at NMR resonance fesggies that drive nuclear excitation
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and transitions (i.e. J(0), wk), Jwr), Jwxtwy), Jwh-wy)) to parameters describing

molecular motion, such as the principal componeamsd orientation angles of the

diffusion tensor (R Dy, D; a, B, v) (111 112. In the interest of completeness,
equations describing the relationship betweenT}, and NOE values and the spectral
density function, as well as that between the spkctensity function and isotropic

diffusion parameters are provided (Figure 1.8B) practice, direct calculation of

diffusion tensor parameters fromy, TT,, and NOE values is performed by software
packages such as r2rl_diffusidi (), ROTDIF (13, and relax114, 115.

Rotational diffusion tensors provide two key piecésnformation: (1) the speed
of domain rotation and (2) the relative orientatmmthis rotation (i.e. if the domain is
asymmetric in shape, does it rotate primarily abtsutong or short geometric axis?). In
the case of flexible, modular proteins, examinatbrhe rotational diffusion tensor for
individual domains is particularly insightful, asmdarities and differences among
different diffusion tensors speak to the relatiegmre of inter-domain independence and
hydrodynamic drag experienced by each domain mod&lgthermore, changes to the
rotational diffusion tensor imposed by binding iglahd (ssDNA or protein) can provide
insight into architectural remodeling of inter-ddmarientation.

In addition to descriptions of global rotationaffdsion, relaxation data can also
be used to provide insight into local fluctuatiasong amidé>N-'H bonds along the
polypeptide backbone. Because bond motion is doatpd and™N relaxation

measurements provide only three observables foracteaizing this motioh the most

3 If N relaxation measurements are made at more thafigdetrength, the number of available
observables is increased. Even with tens of olabées in hand, however, the motion of the systestills
undersampled by several orders of magnitude.
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where the dipolar constant, d, and the chemical shift anisotropy
constant, ¢, are given as

L, — permeability of free space

N AC h — Planck’s constant
d= S €= \/*x YN — magnetogyric ratio of nitrogen
NH 3 Yy — magnetogyric ratio of hydrogen
ryy — length of amide NH bond
6l)iSO
HA= 6D )+ D, , — rotational rate of diffusion

Figure 1.8. Investigating biomolecular motion. ®)eoretical spectral density functions
for residues experiencing slow rotational diffusiexclusively (left, red) or diffusion
coupled with rapid amide bond fluctuations (righiye). B) Mathematical relationships
between (1) rates of heteronuclear relaxtion Tk, and NOE) and the spectral density
function at proton and nitrogen transition frequesc and (2) the spectral density
function (Jf)) and isotropic rotational diffusion tensor paraene (Os). Corresponding
equations for anisotropic diffusion tensors caridemd in (L11).
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common approach for describing bond motion is thedélFree (MF) formalism of
Lipari and Szabol(16 117). In this analytical approach, the authors defingeneric
amplitude term, the order parametér ®r describing spatial sampling of amitfl-*H
bond fluctuations. This is complemented by a gengmescale term, the internal
correlation timet; (as opposed to the global correlation time desugilrotational
diffusion), for describing the time required for amide ™N-'H bond to perform its
spatial sampling. The formalism was eventuallyadged to allow for description of
certain residues using two motions: a fast motif, ;) superimposed upon a slow
motion (Ss, t) (118). As the slow motion approaches the amplitudespegd of the fast
motion, the mathematical description reduces toetkgressions for the single-motion
framework.

The validity of the MF formalism relies upon comf@ independence of the
global rotational diffusion of a protein and thecab fluctuations along its polypeptide
backbone 116 117). This can, unfortunately, present a problemflexible, modular
proteins as this assumption is not necessarilyicgpé for residues in flexible linkers.
Furthermore, the rotational motion of each domaimaet a sole function of Brownian
diffusion through solvent, but is mutually influestt by the motion of its neighbors,
causing time variation of diffusion tensor paramgeteCalculation of order parameters
and internal correlation times relies on an aceussisessment of the rotational diffusion
tensor. The theoretical framework for making theatulations for diffusion tensors
with constant rotational speed and orientation édl developed. However, a framework
is lacking for performing the equivalent analysistihe context of speed variation and

time-averaged asymmetry from the rotational diffusiensor. A recently published
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study addressing a two-site jump model for isotafiffusion suggests that the field is
beginning to address these issuek9. For now, MF analysis has the potential to be
informative, but should not be the sole approachgining insight into local motion of
flexible, modular proteins.

An alternative approach to characterizing localtiomo is spectral density
mapping, where values of the spectral density fanctJw), are calculated at NMR
observable frequencies (Qn, wp, wytwy, wy-wy) for each amino acid residue and
compared across the polypeptide backbai20,(121). For relaxation measurements
made at a single field strength, allowing for otilyee experimental observables, reduced
spectral density mapping is employed®2?), which requires the approximationu}{ ~
Jwptwn) ~ Jwy-wy). Examination of 3§y) values can broadly identify regions of the

polypeptide backbone experiencing increased dyn#iogtuation at high frequencies.

Small-angle x-ray scattering

Over the past decade, small-angle x-ray scatte(®§XS) has proved an
increasingly valuable tool for accessing globaloinfation on the architectural
organization of macromolecules and their assembii@ssolution environment. Specific
properties detected by x-ray scattering include roraolecular size and shape; the
presence of foldedness, disorder, or aggregatidatess of oligomerization; and
conformational dynamics88). Unlike diffraction from an ordered crystal mafr
scattering profiles are averaged across all madecoientations present at random in
solution. This has the effect of reducing the effe resolution of the spatial

information encoded in the scattering curve, primgdnsight into the global molecular
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envelope rather than details of internal structuEaen so, integrating a low resolution
perspective of global architecture with high retiolu domain or subunit structures can
provide a comprehensive understanding of macroratdeassembly.

Acquisition of SAXS data is similar to that forray diffraction (23. A
monodisperse solution of the macromolecule or cempf interest is exposed to a high
flux, coherent x-ray beam, which scatters from teteccenters distributed throughout the
macromolecule (Figure 1.9A). As the scatteredysttaavel forward to the detector, they
undergo constructive and destructive interferercdotm a unique intensity pattern.
Unlike the diffraction pattern from ordered cryspdédnes, though, scattering intensity is
radially symmetric about the detector center, aseqnence of random macromolecular
orientation in solution, and decreases rapidly $oattering angles beyond 1° (or
momentum transfer values beyond 0.3) 83, 84, 88). As a result, radial integration of
the two-dimensional scattering pattern at discestgular intervals from the detector
center generates a macromolecule’s scattering cufge Here, 1(q) represents the
integrated intensity for a given momentum transfelue, q, which is related to the
corresponding scattering angl®, Dy q = 4t sin @) / A, whereA is the corresponding x-
ray wavelength (Figure 1.9A). For small-angle y-szattering studies reported in this
research, scattering angles range from 0.1 todgiegs (q values of 0.01 to 0.322)A

First-order analysis of the scattering curve, I(qan provide important
information on molecular size, aggregation stated @ternal flexibility. Guinier
transformation of 1(q) (Figure 1.9B) allows caldiga of the particle radius of gyration
(Ry) within the low-g Guinier region of the curve (ohefd as g*RB < 1.3). Visual

inspection of the Guinier region can also revealghesence of aggregation, as
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Figure 1.9. Small-angle x-ray scattering. A) Sohtc of SAXS experimental set-up. B)
Detection of aggregation by Guinier analysis. Cydssment for internal flexibility and
disorder using Kratky analysis. D) Pair distancgtriiution functions representative of
different protein architectures. Adpated from Pt et al 83).

determined by non-linear behavior at low g valuggyre 1.9B). Kratky transformation

of the scattering curve provides a visual assessmiemternal flexibility within the
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particle (Figure 1.9C). Particles with well-defthglobular architecture will exhibit a
parabolic peak that converges to baseline withen lfgh-q region, while intrinsically
disordered molecules will display a hyperbolic @mwith non-convergent behavior at
high q values. Macromolecules composed of a maxtof structured and flexible
segments will demonstrate features from both soesiaa well-defined parabolic peak
that is upturned at high g values (Figure 1.3) (

Direct insight into domain or subunit orientatiodistance separation, and
conformational mobility can be obtained by Fourimnsformation of the scattering
curve into real space to produce the pair-distitoufunction, P(r). Pair-distribution
functions report on the frequency of inter-atomistahces within a macromolecul@3(
88). For compact, globular molecules, the P(r) fiorcis manifest as a Gaussian-like
distribution about the radius of gyration (Figur®). For architectures which deviate
from spherical symmetry or possess multiple, flgxilmked components, this symmetric
density of distances can vary to exhibit shoulddfsthe primary maximum, separate
secondary maxima, or skewed asymmetry (Figure 1(8B) Calculation of the P(r)
function also provides an estimate ofl? the maximum geometric distance present in
the macromolecule or its conformational ensembl@ddition to a secondary estimate of
Ry (83, 88). In the case of flexible, modular proteins, ralemain dynamics results in a
smoothing of secondary inter-domain distance peaitkin the P(r) function and a
tendency for the distribution to skew toward londistances (Figure 1.9D)24).

In recent years, methods fab initio reconstruction of low resolution molecular
envelopes directly from scattering curves have beccomputationally tractable Z5

126). Not only do such envelopes provide direct Viigaion of molecular shape, but
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they also supply a three-dimensional framework tfog docking of high resolution
structures, if available1@7). It is important to remember, however, that roalar
envelopes represent theveraged molecular shape in solution. As with the P(r)
distribution, heterogeneity among architecturestha presence of dynamics within a
molecular population will cause smoothing of the lecalar envelope 124).
Furthermore, molecular envelope reconstructiomable to distinguish the ‘handedness’
or shape chirality for asymmetric architectures,iolvhcan lead to ambiguous
interpretation without complementary structuralommhation. Even in these instances,
though, molecular envelopes can provide at leasttdirder insights into the distribution
of molecular domain architecture or changes todhthitecture upon ligand bindin84,
89).

Over the past five years, great strides have Imeade in extracting dynamics
information from SAXS data by rigid-body modelinfroacromolecular conformational
ensembles89, 128). These techniques are particularly relevantiotecules possessing
internal linkers or regions of disorder. The bagmategy involves initial simulation of a
conformational population, usually 5,000 — 10,000dels, using rigid-body modeling
methods that rely upon molecular dynamics caloutsti (Bilbo-MD) (28 or
knowledge-based potentials (EOM39| to generate linker conformations. Theoretical
scattering curves are calculated for each model @mpared to the experimental
scattering data. Random subsets of conformershareselected and assessed for their
ability to recapitulate the experimental scattertogve upon averaging. Model selection
and subset organization are iteratively repeatet! ra@fined to yield a population of

‘representative’ conformers, whose collective tle¢ioal scattering profile best matches
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the experimental data. While ensemble selectiothoas can provide powerful insight
into the most populated architectures of a macreowér population, it is important to
consider that the ensembles of flexibly linked ahsordered molecules are a broad
continuum of architectural states, rather thanndtdéid series of discretely exchanging
states. Advances in the theoretical framework rileiag these macromolecular systems
and the ability to simulate them computationallyll vide required to extract a more

complete description of conformational ensemblesfEAXS data.

Small-angle neutron scattering

The advantages of high x-ray beam flux, and tmeseased signal sensitivity,
make SAXS the scattering methodology of choice tfee majority of biomolecular
systems. There are many instances, however, wiighe quality SAXS data cannot
distinguish between competing models for the ommion of multi-component
assemblies within a molecular envelope. Small@mglutron scattering (SANS) offers
an alternative for dissecting the global scatterigvelopes of multi-component
assemblies through the use of contrast matchinganlast variation.

Where x-rays scatter from the electron clouds toma, neutrons scatter from
atomic nuclei. In both cases, the strength ofteday is dependent upon the contrast
between macromolecule and solvent (Figure 1.1@8).( For x-rays, larger, compact
electron-rich macromolecules are more distincttindato the electron-diffuse solvent,
and thus scatter more strongly. For neutrons, kiewecattering contrast does not scale
with the total number of atomic nuclei. Insteaéutmons scatter strongly only from

certain kinds of atomic nuclei, among théid and ?H, which exhibit very distinct
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scattering densiti8&s As such, neutron contrast for a protonated blemube in
deuterated solvent is maximized due to the larfferdnce in scattering density between
'H and?H, producing a robust scattering signal. Convgrseutron contrast is reduced
(but not eliminated) when the same protonated bieoute is studied in a protonated
environment 129).

Equal scattering density between sample and sblien known as a
macromolecule’s match point, where scattering dignam the macromolecule is
indistinguishable from that of the solvent due be dack of contrast. Notably, the
scattering density of a solvent can be altered djysting its deuterium content; and
matched solvent'H:’H ratios have been calculated for the major classés
biomacromolecules with and without deuterium enrieht (protein, lipids, nucleic
acids) (29. Contrast matching experiments exploit theste#hces in match points by
acquisition of SANS data in a solvent matched te oomponent of a macromolecular
complex (or vice versa) (Figure 1.10B)30). The resultant scattering signal encodes
spatial information exclusively from the non-matdhgortion of the complex in the
context of its fully assembled state.

Contrast matching is optimally useful when shadermation is desired for a
single component of a complex (and when the matshtmf the component has been
well established)130). If shape information is sought for two or ma@@mponents in
the assembled state, contrast variation experingartsaccess this without the need for
multiple sample preparations to target each commuo(i0). With contrast variation,

multiple neutron scattering profiles are acquiredthe same sample across a range of

® The physical property that governs the strengtihefinteraction between neutrons and atomic niglei
known as the coherent neutron scattering lengtkitiefSLD). Further description of the physics
underlying neutron scattering can be foundli®dj.
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Figure 1.10. Small-angle neutron scattering. @&heBnatic illustrating neutron contrast.
Neutron contrast is maximized between protein aolvest when their respective
scattering length densities differ as for a protedgrotein in deutrated solvent (left).
When protein and solvent have similar neutron egaty length densities (right),
scattering contrast and the strength of the saadtesignal are reduced. B) Contrast
matching. Selective deuteration of one componam aolvent matching of the
remaining complex allows scattering detection esigely from the deuterated
component. C) Contrast variation. Neutron sciaifieprofiles are acquired for the same
sample across a range ofD,0O solvent mixtures. Individual scattering profiles
each component are subsequently deconvoluted fisnseries 130).

H,0:D,0 solvent mixtures (typically 0%, 10%, 20%, 30%%@8GGnd 100% BD) (Figure
1.10C). The match points of the complex and itsnponents are extracted by
comparison of sample scattering intensity across tlontrast series, permitting
deconvolution of the scattering function for eaamponent of the complex in the
assembled statel31). Conventional small-angle scattering analysisif@&r, Kratky,
and P(r) transformation) can proceed on SANS stoagtecurves for each assembled

component, as well as the global scattering cuorettie entire assembled complex.
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More powerful still, scattering information from 8K can be combined with higher
sensitivity SAXS data to guidab initio reconstruction of the assembled complex with
more accuracyl@3?).

From a practical perspective, SANS sample prejparaand data acquisition
present a number of technical challenges relatv8AXS. The relatively low flux of
neutron beams requires 10-20 times the sample amwmeded for SAXS and also
demands greater sample stability at higher conagomis, as data collection can take
hours, as opposed to the seconds needed for Xt8@% The physics of the neutron
beam entails measurement of additional calibragaperiments, as well as greater
mathematical intervention to ensure accurate resludf the two-dimensional scattering
pattern to a one-dimensional scattering curd&3); Despite these additional
complications, with the appropriate expertise aldd SANS can provide unparalleled

access to the explicit organization of macromolacaksemblies.

Experimental Overview

In an effort to advance a broader understandinBRA function and its role in
DNA processing, this dissertation project has pdoibe solution arrangement of modular
domains within full-length RPA and the structurahmmrangement of this inter-domain
architecture as RPA negotiates the three interactiates of its DNA-binding trajectory.
Chapter Il addresses the conflicting views on RiPgigecture through NMR studies on
intact, ?H,**N-enriched RPA and a number of multi-domain fragteerCorrespondence
between TROSY-HSQC spectra from RPA fragments hadgpectrum acquired on full-

length RPA indicate an absence of inter-domainamiatand favor a model for flexible
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independence of RPA domains. This dynamic fleiibils maintained upon DNA
binding for protein interaction domains 70N and 32@t is lost for principal DNA-
binding domains 70A and 70B as they engage the BiN#strate.

Chapter Il describes a detailed biophysical stuyinternal inter-domain
dynamics utilizing NMR™N relaxation measurements on select RPA tandem idoma
fragments and tracks how inter-domain motion isratf by DNA binding. These studies
were initiated with the expertise and guidance of Kavita Dorai, a visiting professor
from the Indian Institute of Science Education @Research in Mohali, India, and
technical input from Dr. Markus Voehler of Vandét'bi Biomolecular NMR Facility.
Diffusion tensor analysis of relaxation data frdm tandem RPA70AB fragment reveals
a semi-independent rotational motion for each danhbat is jointly correlated upon
binding ssDNA substrate. A similar analysis on tindti-domain RPA70NAB construct
reveals differential rotational motion for the a@dslinked 70A and 70B domains relative
to the distantly connected 70N domain, highlightitige role of linker length in
determining the unique solution behavior of domaixscuting distinct functions.

Chapter IV presents a global characterization ef BiNA-binding core of RPA
(RPA-DBC), employing SAXS to investigate architeedichanges in each DNA-binding
state and to track remodeling of the DNA bindingftcl SAXS sample preparation and
data collection was carried out in collaborationthwDr. Susan Tsutakawa of the
laboratory of Dr. John Tainer at the SIBYLS beaml(BL12.3.1) of the Advanced Light
Source at Lawrence Berkeley National Laboratoryr. Dsutakawa also generously
provided guidance in use of the software applicatifor the subsequent analysis of the

scattering experiments. A series of SANS contrasiation experiments was also
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collected on select complexes of RPA-DBC and ssDNAhile these experiments are
not reported in this manuscript, they will be irddd in the published version of this
work. SANS experiments were performed in collaborawith Dr. William Heller at the
High Flux Isotope Reactor at Oak Ridge National dralory. Dr. Heller also provided
invaluable assistance in navigating the reductiod analysis of SANS data, a new
enterprise for this laboratory. The scatteringultsshighlight the presence of inter-
domain dynamics within the RPA DNA-binding coretlre absence of DNA. RPA-DBC
retains a portion of this flexibility as it undegga progressive compaction through the
initial 10-nucleotide and intermediate 20-nucleetiddNA binding modes. The
compaction is reversed, however, in the final 36kentide binding mode, where the
architecture is similar, but not identical, to teaen for the DNA-free state.

The broader implications of this research for RRAction and DNA processing
are summarized in Chapter V. An integrated modeRfPA solution architecture and its
DNA-binding trajectory is proposed and evaluatedthe context of the most recent
literature on DNA processing. Future refinementtbis view of RPA structural
dynamics and a roadmap for probing the impact aftgim interaction upon RPA

architectural remodeling are outlined.
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CHAPTER Il

NMR ANALYSIS OF THE ARCHITECTURE AND FUNCTIONAL RENDDELING

OF A MODULAR MULTI-DOMAIN PROTEIN, RPA®

The progression of DNA replication and repair regsithe coordinated action of
dynamic, multi-protein assemblies. We have preslpproposed a critical role for
proteins composed of multiple, flexibly attachedmdins in facilitating the action of
these dynamic complexe24). Because these proteins can undergo intra- aiedl- i
domain rearrangements, they are able to interattmally with the ever-changing
substrate landscape present during DNA processiR§A is a prototypical modular
multi-domain DNA processing protein with flexiblenkers of various lengths (Figure
2.1). The trimer core is a compact assembly oktl@8-fold domains (RPA70C/32D/14)
to which is appended the disordered RPA32N funatialomain, the RPA32C winged-
helix domain, and the tandem RPA70AB and the RPATBNfold domains. Despite a
wealth of information available on the structurel &mnction of these domains, very few
insights have been obtained about the architeciurgact RPA (3, 14).

NMR spectroscopy in solution is a powerful tool &braracterizing proteins under
conditions that preserve intrinsic dynamic progerti The advent of TROSY, CRINEPT

and related experimental approach&84( has vastly increased the upper limit of

® This work has been published as a communicatioreuBdosey, C.A., Chagot, M.-E., Ehrhardt, M.,
Pretto, D.l., Weiner, B.E., Chazin, W.J. (2000MR analysis of the architecture and functional

remodeling of a modular multidomain protein, RB&urnal of the American Chemical Socijety
131, 6346-6347 (142).
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molecular masses accessible to study by NMR. Elesmwpnge from the globular malate
synthase (82 kDa) to the oligomeric GroEL-GroES plax (872 kDWa) to highly
flexible domains from the ribosome (>2.5 MDdYg-105. In the case of RPA (116
kDa) and many other multi-domain proteins, modtyaaind inter-domain flexibility are

the critical properties that enable characteriratibdynamic architectures by NMR.

1 120 181 292 305 422 436 616

(@) rpa70 70N 70A  70B 70C

1 121

1 43 171 200 270
RPA32 =i eet8P8  RPA14 14
32N

AR

Figure 2.1. A) Domain organization of RPA. All dams are OB-folds, except for
RPA32C, which is a winged-helix domain, and theodisred functional domain
RPA32N. B) lllustration of ‘structural dynamicsha time-dependent RPA architecture.

(b)

70B 70A

32N
32C

To illustrate the analytical framework, results aresented first for RPA70ONAB
(M, 45.8 kDa), which has an asymmetric arrangemefhit &if0-residue N-A linker and a
10-residue A-B linker (Figure 2.1). TheN-'H TROSY-HSQC spectrum of°N-
enriched RPA70NAB reveals the presence of over@t@e 400 expected signals from
422 residues (Figure 2.2A). The signals from eathhe three domains appear in
positions remarkably similar to those in NMR spactf the three isolated domains

(Figure 2.3). Thus, all three domains are stradtyrindependent and resonance
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assignments can be transferred from the isolatethols to RPA70NAR46). NMR is
highly sensitive to differences in the degree aéirdomain flexibility; the signals from
the A and B domains are substantially weaker thanstgnals from the N domain, even
though all three domains are approximately the sanass (Figure 2.2A). The
differences arise from the fact that although thead B domains are structurally

independent, the short A-B tether partially restritheir motions, whereas the much

longer N-A tether enables the N domain to tumblksersally freely in solution. The
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Figure 2.2. NMR Analysis of RPA. (3JN-'‘H TROSY-HSQC of"®°N-RPA70NAE
recorded at 800 MHz, 25 °C, and pH 6.0 (right) wettpansion of the boxed reg
(left). (b) *>N-'H TROSY-HSQC ofH,"N-RPA recorded aB00 MHz , 25 °C, and
7.5. (c) Expanded views of the spectrum in (dhmabsence (left) and presence (ri

of dT3¢. Signals from RPA70 and RPA32 (bold) are labeled.

coupling of the A and B domains by the short tefbea critical factor for the ability to
bind ssDNA with high affinity 46).

The same approach was applied to the analysislldehgth RPA. Figure 2.2B
shows the remarkably high qualityN-‘H TROSY-HSQC spectrum &H,"*N-enriched
RPA. Over 350 of the 550 expected signals from R®A70N, RPA70A, RPA70B,
RP32C and RPA32N domains were identified in thiectppm. As in the case of
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RPA70NAB, the signals appear in nearly identicaippons as in the NMR spectra of the
isolated domains, indicating the domains are atrafliy independent and enabling the
transfer of resonance assignments directly tortei protein (Figure 2.2C). Moreover,
a clear hierarchy in the inter-domain dynamics ewaslent. The signals from RPA32N
and RPA32C were very strong, indicating that treksmains are nearly as flexible in the
trimer as when isolated on their own. Lower intgns observed for the signals from
RPA70 N, A, and B domains, with N signals strongiean A and B as seen for
RPA70NAB. In contrast, no signals were identiffed the RPA70C/RPA32D/RPA14
trimer core. Although it has a relatively largessadM 49.1 kDa), the trimer core on its
own gives excellent spectra (Figure 2.4). The absef signals in the intact protein is
therefore attributable to slowing of its rate oftling due to the drag caused by the
attachment of the five other domains. The abtlitysimultaneously probe five domains
without interference from the trimer core in the QRY-HSQC spectrum demonstrates
the value of the dynamic hierarchy of different NMigeriments.

Having established a basis for analyzing RPA aechitre, investigations were
undertaken to characterize the remodeling of RRAc#giral dynamics upon binding
ssDNA. Figure 2.2C shows a comparison of a rediom **N-'H TROSY-HSQC
spectra of’H,**N-enriched RPA obtained in the absence and presehcds, which
revealed three important observations. First, S&DiMis essentially no effect on

RPA70N or RPA32C, showing directly that they playrole in the binding of sSSDNA
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Figure 2.3. Identification of signals from indivialidomains withirt®N-RPA70NAB.
Expanded view of°N-'H TROSY-HSQC from>N-RPA70NAB recorded at 800 MHz,
25°C, and pH 6.0. Signals mapped to individual damare labeled accordingly.

and remain available for functioning in the reanent of other DNA processing factors.
Second, the changes in signals of RPA70A and RPAx®® binding of ssSDNA were
very similar to those observed when ssDNA is #dainto isolated RPA70AB. In
addition, the signals from the A and B domains s&en to broaden upon binding of
ssDNA, consistent with a tighter association oftdredem high affinity domains with the
trimer core, which slows their rate of tumbling andreases the rate of relaxation. These
results represent the first direct observation loé remodeling of RPA structural

dynamics upon binding ssDNA and reflect DNA-indu@iginment of RPA70AB with

the trimer core.
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The third important observation was that bindingsIDNA caused changes in the
NMR signals of RPA32N, which also reflected rematglof RPA. Comparison of

NMR spectra for the intact protein and the isold®&R32N domain revealed offsets
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Figure 2.4°N-'H TROSY-HSQC ofH,"®™N-RPA70C/32D/14 recorded at 800 MHz, 25
°C, and pH 7.5.

in the intact protein until ssDNA is added (Fig@®). Since the 32N domain is the
primary site for RPA phosphorylation, the transigméractions of RPA32N may explain
why RPA actively involved in DNA processing (i.e.NB-bound) can be efficiently
phosphorylated by ambient cell-cycle machinery ddADdamage transducers. This
hypothesis is consistent with previous reports RBA associated with ssSDNA is more
accessible to kinase activity than the free protgi@ 135 136). The change in

availability of RPA32N may also help explain howntlege-dependent phosphorylation
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of RPA32N patrticipates in redirecting processinghaf DNA substrate from replication
to repair (37, 138).

The analysis of full-length RPA shows NMR can seagean effective tool for
evaluating the structural dynamics of challengingltadomain proteins. While many
obstacles remain to understanding the intricateedgyaphy of DNA processing, we
have demonstrated that NMR can contribute insigtd the structural dynamics of the

corresponding macromolecular machinery.
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Figure 2.5. Release of RPA32N upon ssDNA bindinger@y of °N-‘H TROSY-HSQC
spectrum of free RPA32N (red) and intddi-RPA (black) in the absence (left) and
presence (right) of &b. Arrows indicate signals affected by ssDNA-binding
Materialsand M ethods
Plasmid construction
Residues 1-422 of RPA70 were cloned into the pBGitBBouse expression

vector (L. Mizoue, Center for Structural BiologyaMerbilt University), introducing an

H3C protease-cleavable N-terminal 6X-His tag. Ressd1-46 of RPA32 were cloned
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into the pLM302 in-house expression vector, int@dg an H3C protease-cleavable N-

terminal 6XHis-MBP tag.

Protein production

All unlabeled RPA constructs were overexpressedBi21(DE3) or Rosetta
(DE3) cells at 37 °C and purified by Ni-NTA affigitthromatography (Sigma) using
standard procedures. Fusion tags were left intacalf constructs, excepting RPA32N,
whose His-MBP fusion tag was removed by H3C praedsavage and re-passage over
Ni-NTA resin. Full-length RPA heterotrimers werepegssed overnight at 18°C in
BL21(DE3) p or BL21 Star cells and purified by NFN affinity chromatography,
followed by heparin purification (GE Healthcare)nifdrmly enriched®N and?H,**N
samples were prepared by growing bacteria overm@igiagom temperature (18°C for full-
length RPA) in a minimal medium containing 0.5 ¢AH,CI (CIL, Inc.) in KO or

’H,0, respectively.

NMR spectroscopy

NMR samples were concentrated to 0.1-0.2 mM in fiebuwontaining 30 mM
HEPES, 100 mM NaCl, 5 mMME, 10 uM ZnCl,, and 200 mM arginine, pH 7.5.
Spectra of full-length RPA and RPA70NAB were alsmured at pH 6.0 (30 mM
NaCitrate substituted for HEPES) to reduce thectdfef amide proton exchange in
linker regions. Experiments were performed at 28dg a BrukeAVANCES800 NMR
spectrometer equipped with a cryoprobe. Gradiemiaeced "N-'*H HSQC and

TROSY-HSQC spectra were recorded with 2K compleintpoin the'H and 128

48



complex points in thé®N dimension. NMR data were processed and analysatyu
NMRPipe (39 and SPARKY v3.1X40), respectively. Sequence specific assignments
for RPA70NAB were obtained using published assignér RPA70N and RPA70AB
(45, 141). Resonance assignments for RPA32C in intact RRAewnade by direct
transfer from isolated RPA32@§&). RPA32N signals were identified in the full-lehgt

protein by comparison withN—*H HSQC spectra from the isolated domain.

ssDNA titrations by NMR

Desalted ssDNA oligonucleotides were purchased frontegrated DNA
Technologies, Inc. (Coralville, 1A) and used withdwrther purification. Titrations were
carried out by direct addition of stoichiometricsdTo NMR samples. Sample dilution

due to titration was less than 5%, and sample pslagafirmed after each experiment.

Acknowledgements
We gratefully acknowledge Markus Voehler, Alexey cBkarev, Cheryl
Arrowsmith and Ellen Fanning for valuable reagearid useful discussions, and support
from the NIH (RO1 GM065484, T32 GM008320, PO1 CAB32, P30 CA068485, P50

ES000267).

49



CHAPTER III

STUDIES OF INTER-DOMAIN REMODELING WITHIN RPA70AB AD

RPA70NAB UPON BINDING ssDNA BY NMR°N-RELAXATION

I ntroduction

As a central component of DNA processing assembtige eukaryotic ssSDNA
binding protein, Replication Protein A (RPA) utdg a dynamic inter-domain
organization to protect and organize ssDNA and dioate a host of DNA processing
factors requiring access to ssDNA substrates, ewpl@fficient adaptation to the
changing substrate environments associated witbrgemrmaintenance and repdid). A
heterotrimer (M 70, 32, and 14 kDa), RPA contains a total of seglebular domains:
three oligonucleotide/oligosaccharide binding (G&ls that associate non-covalently to
form the trimeric core of the protein (70C/32D/14) additional three flexibly linked
OB-folds which form the N-terminus of RPA70 (70B)A, and 70N), and a flexibly
linked winged helix domain at the C-terminus of RRA32C) (4) (Figure 3.1). An
eight region, the ~40-residue disordered N-termimiuRPA32 (32N), functions in cell-
cycle and damage-dependent phosphorylati@, L38).

Binding of ssDNA is localized to the four centddmains of RPA — 70A, 70B,
70C, and 32D - which contact ssDNA non-specificiiyn 5’ to 3’ 28, 52). While the
binding affinity of each domain is relatively we&ki0® M), the effect of close spatial
proximity entailed by short linkers (10 and 15 desgs for 70AB and 70BC, respectively)

results in a collective binding affinity of ~£M for the modular DNA-binding site6,
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56). Recruitment of other DNA processing proteindaisilitated primarily by domains
70N and 32C, though protein interaction with thaagipal DNA-binding domains 70A

and 70B has also been describid).(

1 120 181 292 305 422 436
70N 70A 708

RPA32 46 171 204 270 RPA14 1 121
1

Figure 3.1. RPA domain organization and bindingsidNA. A) Domain organization of
RPA. B) Cartoon schematic of modular domain distitn in RPA. RPA70 (blue),
RPA32 (green), RPA14 (red).

NMR studies ofH, N-enriched full-length RPA in the absence and presef
ssDNA have revealed the existence of a dynamigpeddent inter-domain architecture
with little contact between globular domain$4p). Subsequent studies of tandem
domain fragments of the principal DNA-binding don®i70A and 70B and protein
interaction domain 70N by SAXS have further ideatifthe presence of multiple inter-
domain orientations both in the absence and preseihssDNA substrated43). While
these studies have demonstrated unequivocallyntidtiple inter-domain orientations
exist for RPA in solution, the average spatial dsfon or orientation of these inter-
domain arrangements remains unknown.

To gain insight into the average inter-domain daéons experienced by RPA

and extend the current understanding of RPA arctiite,">N-relaxation parameters {T
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T,, and NOE) have been measured on tandem domaimdérag RPA70AB and
RPA70NAB alone and RPA70AB bound to dToligonucleotide. Derivation of
individual rotational diffusion tensors for eachnamin from these relaxation parameters
reveals semi-independent rotational motion for 7&&d 70B that becomes largely
correlated upon binding ssDNA. In comparison, tioteal diffusion of the distantly
linked 70N domain remains relatively unrestrictedlowing extensive orientational
sampling. This differential rotational mobility welates with and reinforces the
corresponding functional needs of each domainhigh affinity binding of ssSDNA and

interaction with other protein partners.

Materialsand Methods
Materials
Plasmids for RPA70AB (pSV281) and RPA70NAB (pBGJLO@ave been
described previouslyg, 142). Both constructs contain N-terminal 6X-histidifussion
tags that are cleavable by TEV (RPA70AB) or H3C ARBNAB) proteases. TEV and
H3C proteases were produced in-house. ssDNA suést(dTo) were purchased from
Integrated DNA Technologies (IDT) with standard al#sg purification and

resuspended in sterile water.

Expression and purification of recombindni-RPA70AB and®N-RPA70NAB
Uniformly enriched >N-RPA70AB or ®N-RPA70NAB were prepared by
growing Rosetta(DE3) cells (Novagen, EMD ChemicalsB7°C to Olgy 0.5-0.6 and

expressing overnight at 25°C in a minimal mediumtaming 0.5 g/L™NH4CI (CIL,
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Inc.). N-enriched RPA70AB or RPA7ONAB were purified usistandard nickel
affinity chromatography (Ni Sepharose 6 Fast FI@igma) in a buffer containing 20
mM HEPES-KOH (pH 7.5), 500 mM NaCl, 5 mBME, 10 uM ZnCl, with a linear
elution gradient of 30-500 mM imidazole. To remawstidine fusion tags, relevant
fractions were pooled and incubated with either TEtease (RPA70AB) or H3C
protease (RPA70NAB) during overnight dialysis a€C4hto 20 mM HEPES-KOH (pH
7.5), 5 mMBME, 10 uM ZnCl, with 100-200 mM NaCl. The protein was repassed ove
Ni affinity resin to remove free fusion tag and f@ase, then concentrated prior to
loading on a HiLoad 16/60 Superdex 75 column (GEltHeare) equilibrated in 30 mM
NaCitrate (pH 6.0), 100 mM NaCl, 5 m@ME, 10 uM ZnCl,, 200 mM arginine.

Relevant fractions were pooled, flash frozen imikignitrogen, and stored at -80°C.

Preparation of NMR samples

Proteins stocks of’N-RPA70AB or *°N-RPA7ONAB were thawed on ice and
dialyzed into 30 mM NaCitrate, 100 mM NaCl, 5 mpWIE, 10 uM ZnCl,, pH 6.0 at
4°C, prior to concentration to 300 — 5Q®. For *>N-relaxation samples bound to
ssDNA, an equimolar amount of ghfoligonucleotide was added directly to the protein

concentrate.

ssDNA titration of RPA70AB by NMR
To aid in transferring assignments to the DNA-mbstates of domains 70A and
70B, N-'H HSQC spectra were acquired on a titration sesfeRPA70AB bound to

dTy0. Titrations were carried out by direct additioh d¥; oligonucleotide stock to
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concentrated°N-RPA70AB for the molar ratios: 1:16, 1:12, 1:84,11:2, and 1:1.
Samples were allowed to equilibrate 15 minutes rpigo acquisition of eacH®N-'H
HSQC spectrum to ensure complete equilibrium bigdifTotal sample dilution due to
the addition of sSDNA was less than 5%, and samidlevas confirmed at the end of the

titration series.

NMR experiments

All NMR experiments were performed at 25 °C usinuk&r AVANCES800 or
600 NMR spectrometers equipped with cryoprobesad@nt—enhancet’N—‘*H HSQC
spectra were recorded with 1024 complex pointsiéthl and 128 complex points in the
>N dimension. NMR data were processed using effiopspin 2.1 (Bruker Biospin) or
NMRPipe 39 and analyzed with SPARKY v3.140. Sequence specific assignments
for RPA70AB and RPA70NAB were transferred from psitsbd assignments for
RPA70N and RPA70AB405, 141). Assignments for domains 70A and 70B in complex
with dTip were confirmed via the ssDNA titration series diésd above, as well as from
individual ssDNA titrations of 70A and 70B reporteckviously 46, 144).

HSQC-basedN-relaxation measurements of &nd T values were acquired
using standard inverse detected pulse sequerigs 146), modified to include a
gradient-enhanced water suppression schddg.( T, values were measured for delays
of 50, 100, 200 (x2), 300, 600, 1200, 2500, 400Quitis an overall recovery delay of 5.0
— 6.0 s. 7} values were measured for delays 17.3, 34.6, ®R8, (x2), 86.4, 103.7,
138.2, 172.8, 207.4 ms with an overall recoveryagedf 1.5 s. TheH-'>N NOE

experiment 145 was acquired with a 3-second saturation period amerleaved
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acquisition of saturated and non-saturated tratssierTypical acquisition parameters
were 128 {°N) and 1024 'H) points in thew; andw, dimensions, respectively with 24

(T, and T) or 100-120 (NOE) transients collected for eadhcrement.

Analysis of-°N-relaxation data

Interleaved T, T,, and NOE data were deconvoluted and processeapspin
(Bruker Biospin) and imported into Sparkh4Q). T; and T, values for each residue were
calculated by fitting a monoexponential decay takpbeightsusing Sparky’s relaxation
fitting feature and specifying 500 Monte Carlo slations for error estimates. NOE
values were calculated as the ratio of peak intiessior saturated and reference spectra

(Isaflver). The NOE error was calculated according to

2
o, O\ 2
onoe = NOE = ref) o+ (ﬂ) (1)
Iref Isat

where theoes andos,: are the root-mean-square (RMS) values of the ritose for the
reference and saturated spectra, respectively.eTlvege calculated using an average of
4-5 measurements from the rm function in Sparky.

Ratios of T and T, for calculation of the rotational diffusion tensworere
generated in Excel, and errors were propagatedessrided for the NOE. Selection
criteria for residues unaffected by fast motionsanformational exchange followed that
of Tjandra et al 111). Essentially, residues were excluded from tHéusion tensor

calculation where the NOE was less than 0.65 owfoch
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<T2>_T2 <T1>_T1
<T,> <T, >

>15%SD  (2)

where <B> and <T> represent averages across all residues and SBsesps the
standard deviation among all residues for the wifiee expressed on the left side of the
equation {11). Rotational diffusion tensors were calculatethgghe ModelFree script
r2rl_diffusion (11, 148 and ROTDIF {13). Structure files for specifying N-H bond
vector orientations were derived from PDBs of aystructures for 70AB in the absence
(1FGU) and presence of ssDNA (1JMC) and the NMRutsm structure for 70N
(LEWI). The ellipsoid representations of each udibn tensor were calculated using
modified scripts in the program relakl@, 115. PDB coordinates were also used in the
calculation of theoretical rotational diffusion sams for 70N and 70AB in the absence

and presence of ssDNA using HYDRONMR4Q, 150.

Results

While previous NMR studies of tandem domain cards from RPA have
revealed a general lack of inter-domain contdét 47, 142), the average distribution of
inter-domain orientation and how domain linking Bwps this distribution remains
unknown. To gain further insight into this aspettRPA architecture;’N-relaxation
parameters (if T2, and NOE) were acquired on the tandem domain nmistRPA70AB
(xssDNA) and RPA70NAB and used to calculate rotaldaiffusion tensors for the three
globular domains. Since the speed and orientaifddrownian rotational diffusion are

primarily influenced by macromolecular size andpghathe rotational diffusion tensor
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can provide insight into the effective shape ofcandin. For a domain tethered to a
second rotating domain, the rotational diffusionsta will also capture the orientational
bias introduced by hydrodynamic drag from attachneéran additional rotating mass.
Examination of the experimental rotational diffusitensors of RPA domains, then,
should reveal their average inter-domain rotaticor&ntation in the context of inter-
domain tethering, as well as the extent to whidheténg influences their rotational

motion.

Principal DNA-binding domains 70A and 70B exhilgitrs-independent rotational
diffusion in solution.

Visual inspection of amide relaxation parametean@lthe polypeptide backbone
can provide first-order insight into domain molyiliand reveal the presence of local
flexibility within the backbone. For RPA70AB alonéigure 3.2 reveals a slightly higher
average T for 70B versus that observed for 70A (Table 3.1)ggesting that the
rotational motion of each domain is independentonBunced deviations from domain
averages of Tand T, values occur in regions of high mobility, primgrthe Li» (70A
residues 212-219 and 70B residues 332-340) agd70A residues 265-276 and 70B
residues 383-390) DNA-binding loops of each don{@hapter 1), as well as the linker
connecting 70A and 70B (residues 290-300), and ftteible C-terminus of 70B
(residues 416-422) (Figure 3.2). A similar trema these regions is observed from
corresponding decreases in their NOE values (Fi§g which are more sensitive to

rapid internal motion along the polypeptide backdaon
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Table 3.1. Averag&N-relaxation parameters for RPA70AB at 800 MHz, R98

RPA70A! RPA70B2 RPA70AB3
T, (s) 1.38 (0.11) 1.47 (0.13) 1.43 (0.12)
T, (s) 0.039 (0.002) 0.037 (0.002) 0.038 (0.002)
NOE 0.83 (0.04) 0.81 (0.04) 0.81 (0.04)

The average over residues 187-287. Excludes DMAiti loops L, (residues 212-219) andd(residues
265-276).

’The average over residues 300-413. Excludes DNt loops k. (residues 332-340) andd(residues
383-390) and C-terminus (residues 416-422).

*The average over residues 187-413. Excludes DNAirinloops L, and Ls, inter-domain linker (residues
290-300), and 70B C-terminus (residues 416-422).

Errors (in parentheses) are averaged across eagh ohresidues.

Rotational diffusion tensors were calculated frogil7 ratios for 70A and 70B
individually in the context of RPA70AB, as evaluggia single diffusion tensor for the
entire tandem domain construct led to poor fitstgdaot shown). Since residues
experiencing rapid local motion or conformationaicleange can lead to under- or
overestimation of rotational diffusion, only resedumeeting the criteria of equation 2
and possessing an NOE > 0.65 were included indlwilation. In all, a total of 58 and
67 residues were used in the 70A and 70B tensouladiions, respectively. These data
were sufficient to define the six parameters aiily fanisotropic diffusion tensor, and the
relevant N-H vectors were evenly distributed thitoagt each domain, allowing for even

orientational sampling (data not showh%J).
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Figure 3.2. Backbone amide nitrogérN) relaxation time constants {&nd T) and*H-
>N NOE values for RPA70AB at 800 MHz and 298 K. idess for 70A are colored
blue; residues for 70B, orange; and residues withm linker, gray. The average
statistical error in the measurements was less 1086 for | parameters and less than
5% for T, and*H-'>N NOE parameters.
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Diffusion tensors were calculated assuming isatropxially symmetric, and fully
anisotropic rotational motion and assessed for gesstof-fit. Subsequent statistical

testing indicated that the fit improved for bothA7@nd 70B upon selection of the axially

A.
B. Model D, (107 rad/s) D, (107 rad/s) D,(107 rad/s) D;(107 rad/s) T, (ns) Anisotropy
70A Isotropic 1.16 14.4
Axial 1.04 (0.04) 1.04 (0.04) 1.36 (0.07) 1.15 14.5 1.30(0.05)
Anisotropic 1.01 (0.20) 1.08 (0.11) 1.35(0.26) 1.15 14.6
70B Isotropic 1.08 15.4
Axial 1.02(0.04)  1.02(0.04)  1.20(0.11) 1.08 15.5 1.18 (0.09)
Anisotropic  0.98 (0.09) 1.05 (0.10) 1.20(0.12) 1.08 15.5
Model a B Y X2 F-statistic p-value
70A Isotropic 1.92
Axial 71(12) 163 (60) 1.47 6.76 5.9E-04
Anisotropic 65 (72) 161 (13) 26 (118) 1.49 0.73 0.49
70B Isotropic 1.78
Axial 178 (23) 55 (24) 1.66 2.54 0.064
Anisotropic 179 (25) 54 (31) 67 (77) 1.67 0.71 0.49

Figure 3.3. Rotational diffusion tensor analysisRFA70AB at 800 MHz and 298 K. A)
Ellipsoid representations of the rotational diftusitensor are superimposed upon inertial
representations of domains 70A and 70B. The sitdbe ellipsoid major and minor
axes are proportional to the corresponding raterotdition about them, while the
orientation represents the principal axis systenthef diffusion frame. B) Rotational
diffusion tensor parameters for 70A and 70B caledan ROTDIF. R, Dy, and B
represent rotational rates of diffusion about thegypal axes of the diffusion tensor;sP
is the effective isotropic rate of diffusion;s= 3(Dx + Dy + D, ). m is the rotational
correlation time 1, = 1/6Ds,). The Euler angles specifying the orientation tioé
principal diffusion axes with respect to the ingrfirame ¢, B, y) are given in degrees.
The model of best fit is highlighted in blue.
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symmetric model over the isotropic model, but dest@ted negligible improvement
upon application of the fully anisotropic modeldéie 3.3B).

Study of the axially symmetric rotational diffusidensors of 70A and 70B
reveals trends consistent with those initially ateed for the™N relaxation parameters.
The effective isotropic rotational diffusion rater each domain differs slightly (1.15x10
rad/s for 70A and 1.08xIGad/s for 70B), indicating that 70A experiencesrenmapid
tumbling in solution relative to 70B. More striginthough, is the difference in relative
asymmetry and orientation of rotational tumblingéach domain (Figure 3.3). For 70A,
the average orientation of rotational tumbling appeto correspond well with the
domain’s inertial framef( ~ 160° or a deviation of 20° from the inertialrfra) and is
favored about the long dimension of the domainultegy in a ‘twisting’ motion about
the point of linker attachment. For 70B, the pnefd direction of rotational tumbling
appears to be rotated ~55° with respect to thdaiahdrame of the domain, causing the
domain to rotate preferentially at an angle to@NA-binding cleft (Figure 3.3).

The disparity in rotational speed and orientationeach domain indicates that
70A and 70B experience independent rotational mogwen though they are tethered by
a relatively short linker (10-residues). To detierenf this rotational motion is consistent
with that of the isolated domains, theoretical wifbn tensors were calculated from the
corresponding PDB structures using HYDRONMRAY, 150). Parameters for these
theoretical rotational diffusion tensors and ebiplsrepresentations for each domain are
reported in Figure 3.4. Notably, the predictedudifon rates for each domain in isolation

are higher than those measured experimentallycatidg that tethering of tandem
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domains does introduce significant hydrodynamicgdta their respective rotational
motion (c.f. Qs 1.15x10 and 2.18x10rad/s for 70A and |, 1.08x10 and 1.75x10
rad/s for 70B). Experimental diffusion rates aastér, though, than that predicted in the
absence of any RPA70AB inter-domain motion (i.eA Zhd 70B remain fixed in space
relative to each other) (Figure 3.4B). Interediingn contrast to the experimental
results, the orientation of the theoretical diftusitensors is aligned closely with the
inertial tensor of each domain. While deviationwesen the inertial and experimental
diffusion tensor for 70A is minimal, the differenteemore pronounced for 70B (Figure
3.3), indicating that tethering introduces gredims to the rotational tumbling of 70B
than that of 70A. The theoretical diffusion tensbrthe two domains fixed in tandem

clearly deviates from all experimental orientati¢fgyure 3.4A, right panel).

A. A\ i S
! \ & N\
B T 1Y
| \
b)) k¢
) < )8
,\" A'ay
/”"
B. Model D, (107 rad/s) D, (107 rad/s) D,(10”rad/s) D, (107 rad/s) T, (ns) Anisotropy a B %

70A 1.92 2.00 2.61 2.18 7.6 1.3-1.4 49 169 41
708 1.43 151 231 1.75 9.5 1.5-1.6 0 179 4
70AB 0.597 0.665 1.01 0.757 22,0 1.5-1.7 -34 176 -38

Figure 3.4. Theoretical rotational diffusion tersdor 70A and 70B individually and
tethered. HYDRONMR calculations were specified 800 MHz field strength and 298
K. A) Ellipsoid representations of the theoreticaltational diffusion tensor are
superimposed upon inertial representations of dasnd0A (left), 70B (middle), and
70AB (right). B) Theoretical rotational diffusickensor parameters for 70A, 70B, and
70AB. Theoretical anisotropy is reported as a eafigm D/D, and O/Dy. 1 is the
rotational correlation timet, = 1/6Ds,). Euler angles specifying the orientation of the
principal diffusion axes with respect to the ingrframe ¢, B, y) are reported in degrees.
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The rotational motion of 70A and 70B becomes cateel upon binding sSDNA.

To determine the impact of ssDNA binding on irdemain orientation and
rotational motion,">N-relaxation values were measured for RPA70AB botmd dT,
oligonucleotide, and assignments were determinethe®dDNA-bound state by chemical
shift perturbation assay (Materials and Methods).contrast to the DNA-free state, the
subtle difference in averagg @nd T values for 70A versus 70B is now absent (Figure
3.5, Table 3.2). Moreover, there is a slight, distinct increase, in the average for
both domains in the DNA-bound state versus the Oif&-state, indicative of slower
rotational motion for both domains. DeviationsTip T,, and the NOE noted previously

for the mobile DNA-binding loopsik and Lys and the flexible linker connecting 70A and

Table 3.2. Average values foN-relaxation parameters for RPA70AB bound tq gt
800 MHz and 298 K. Averages exclude regions ofi mgpbility for RPA70AB in the
absence of DNA for purposes of comparison (reférable 3.1). Errors (in parentheses)
are averaged across each range of residues.

RPA70A/dT,, RPA70B/dT,, RPA70AB/dT,,

T, (s) 1.83(0.11) 1.86 (0.10) 1.85(0.11)
T, (s) 0.037(0.005)  0.038(0.001)  0.038(0.001)
NOE 0.83 (0.04) 0.83 (0.03) 0.83 (0.03)

70B are no longer present, but the distinctivedneoted in the C-terminus of 70B for the
free protein remains (Figure 3.5). This loss dkiinal motion along the polypeptide
backbone at {; and Lss is consistent with reduced flexibility in the DN#inding loops

as they make contact with sSDNA substrate, whigs lof flexibility in the inter-domain
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linker indicates restriction of inter-domain motionOverall, these changes to the
relaxation parameters are consistent with a breadedse in the independence of global

motion for 70A and 70B in the context of the RPAB)Aonstruct.

A.
el —
70B 70A
B. Model D,(107rad/s) D, (107rad/s) D,(107 rad/s) D;,,(107 rad/s) T, (ns) Anisotropy
Isotropic 0.99 16.8
70A Axial 0.92 (0.03) 0.92 (0.03) 1.15 (0.056) 1.00 16.7 1.24 (0.05)
Anisotropic 0.89 (0.60) 0.96 (0.09) 1.14 (0.09) 1.00 16.7
Isotropic 0.97 17.2
70B Axial 0.91 (0.02) 0.91 (0.02) 1.17 (0.06) 1.00 16.7 1.28(0.05)
Anisotropic  0.88 (0.08) 0.94 (0.08) 1.17 (0.10) 1.00 16.7
Isotropic 0.98 17.0
70AB Axial 0.91 (0.02) 0.91 (0.01) 1.16 (0.04) 1.00 16.7 1.27 (0.04)
Anisotropic 0.90 (0.12) 0.93 (0.10) 1.16 (0.23) 1.00 16.7
Model a B Y X2 F-statistic p-value
Isotropic 2.85
70A Axial 172 (17) 73 (16) 1.90 10.51 1.5E-05
Anisotropic 170 (22) 75 (23) 122 (49) 1.92 0.77 0.47
Isotropic 3.98
708 Axial 3(12) 80 (9) 2.49 14.24 3.5E-07
Anisotropic 4(11) 79 (14) 130 (77) 2.52 0.57 0.57
Isotropic 3.52
70AB Axial 116(9) 175(117) 2,23 25.20 9.3E-13
Anisotropic 111 (101) 177 (9) 151 (114) 2.25 0.35 0.70

Figure 3.6. Rotational diffusion tensor analysisRFPA70AB bound to dib at 800 MHz
and 298 K. A) Ellipsoid representations of the ftiotzal diffusion tensor are
superimposed upon inertial representations of desn&0A and 70B with ssDNA
substrates. B) Rotational diffusion tensor paramsefie 70A, 70B, and 70AB calculated
in ROTDIF. D, Dy, and D represent rotational rates of diffusion about phi&cipal
axes of the diffusion tensor;Ris the effective isotropic rate of diffusionisP= 15(Dy +

Dy + D, ). 1m is the rotational correlation timer,{ = 1/6Dso). The Euler angles
specifying the orientation of the principal diffasiaxes with respect to the inertial frame
(o, B, y) are given in degrees.
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As with the DNA-free state of RPA70AB, residues tiregthe selection criteria
described above were used to calculate rotatiaffakwbn tensors for 70A (58 residues),
70B (67 residues), and 70AB (126 residues) (Figu63. Axially symmetric diffusion
remained the diffusion model of best fit for allsea. In the presence of a ssDNA
substrate, the average speeds of rotational mdtorvOA and 70B are now nearly
identical (Dso 1.00x10 rad/s for both 70A and 70B) and match the effectistational
diffusion rate obtained when considering the twadms as a single diffusing bodyi{p
1.00x10 rad/s for 70AB). Moreover, the orientation ofatibnal motion is now nearly
perpendicular to the inertial frames of both 7@A=(73°) and 70Bf{ = 80°), indicating
that rotational tumbling occurs preferentially aban axis parallel to the DNA-binding
cleft and ssDNA substrate (Figure 3.6). While cangon of chemical shifts between
isolated and tandem 70A and 70B constructs uphbielsabsence of domain contact in
the DNA-bound state4@), the high degree of correspondence between tegpective
diffusion tensors implies that their inter-domaiotman is now well correlated.

To confirm that these experimental findings werasistent with synchronous
rotational motion, theoretical diffusion tensorsrevealculated for isolated 70A, isolated
70B, and RPA70AB bound to ssDNA with HYDRONMR (Figu3.7). Excellent
correspondence was found between experimentalsfiutensors and those calculated
for RPA70AB, whereas the diffusion rates calculai@disolated 70A and 70B clearly
overestimated the rates of diffusion (Figure3.7Bhe orientation of rotational motion
from the theoretical calculations also agreed weih that derived from experimental

>N-relaxation parameters (Figure 3.7A). Overalést results support a realignment of
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the average inter-domain orientation between 708 &0OB upon binding SSDNA,

causing their respective rotational motions to loskependence and become correlated.

.

B. Model D, (107 rad/s) D, (107rad/s) D,(107rad/s) D, (107 rad/s) T, (ns) Anisotropy a B v
70A/dC, 2.05 2.10 2.66 2.27 7.3 13 74 176 -59
70B/dC, 1.82 1.90 2.68 2.13 7.8 1.4 25 178 20
70AB/dC, 0.873 0.981 1.22 1.02 22.8 1.2-1.4 59 177 60

Figure 3.7. Theoretical rotational diffusion tersséor 70A and 70B bound to ssDNA.
individually and tethered. HYDRONMR calculationgne specified for 800 MHz field
strength and 298 K. A) Ellipsoid representationshd theoretical rotational diffusion
tensor are superimposed upon inertial representatimf domains 70A (left), 70B
(middle) and 70AB (right) with ssDNA substrates.) Bheoretical rotational diffusion
tensor parameters for 70A, 70B, and 70AB with ssDN#bstrates. Theoretical
anisotropy is reported as a range frogilR and O/Dy. 1, is the rotational correlation
time (tm, = 1/6Dso). Euler angles specifying the orientation of ginecipal diffusion axes
with respect to the inertial frame, B, y) are reported in degrees.

The rotational motion of 70N is independent of 20@ 70B diffusion

As with the DNA-binding domains 70A and 70B, thetgin interaction domain
70N remains free of inter-domain contact in thetegnof full-length RPA and other
tandem domain constructdq 142). Because of the comparatively long length of its
connecting linker (60-70 residues), 70N is expettedxhibit greater rotational freedom
than both 70A and 70B, though this has yet to bmahestrated experimentally. To
gather further insight on the average inter-doneaientation of 70N when linked to 70A

and 70B, as well as the degree of rotational freegermitted by the 70NA linkef>N-
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relaxation parameters were measured for the catstRPA70NAB, followed by

extraction of individual diffusion tensor paramestésr each domain.

Table 3.3. Average values folN-relaxation parameters for RPA7ONAB at 800 MHz and
298 K. Averages exclude regions of high mobildy RPA70AB in the absence of DNA
(refer to Table 3.1) and 70N residues with'°N NOE values three standard deviations
below the average (residues 3, 21, 53, 90). Efmonsarentheses) are averaged across
each range of residues.

RPA70N RPA70A RPA70B RPA70AB RPA70NAB
T, (s) 1.20 (0.05) 1.58 (0.16) 1.63(0.13) 1.61(0.14) 1.48 (0.11)
T, (s) 0.049 (0.001)  0.038(0.003)  0.046(0.004) | 0.042(0.004)  0.045 (0.003)
NOE 0.82 (0.03) 0.73 (0.08) 0.74 (0.06) 0.74(0.07) 0.76 (0.06)

>N-relaxation parameters for RPA70NAB are plotted Figure 3.8 and
summarized in Table 3.3. Assignments from 70N, ,78&#d 70B were easily transferred
(152); assignments for the 70NA linker were not avddabVisual inspection of fand
T, plots reveals a marked difference in average galoe70N relative to 70A and 70B,
indicating a high level of rotational independerice 70N. Notably, the level of noise
and inter-residue variation appears to be greatlyaeced in domains 70A and 70B
relative to 70N, which can be attributed to incezbbne broadening and decreased signal
sensitivity for 70AB relative to 70N (Figure 3.8)Comparison of Tand T values for
70AB residues in RPA70NAB to those measured for RBAB reveals a discernible
increase in the average Values for both domains, as well as an increasbaraverage
T, for 70B (c.f. Tables 3.2 and 3.3). ExaminatiorNS)E values, which highlight local

motion along the polypeptide backbone, reveal tharacteristic deviations observed
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Figure 3.8. Backbone amide nitrogém\) relaxation time constants {&nd &) andH-

>N NOE values for RPA7ONAB at 800 MHz and 298 K. sRlees for 70N are colored
red; residues for 70A, blue, residues for 70B, gearand residues within the 70AB
linker, gray. Assignments for residues in the 70Nker were not available for these
studies. The average statistical error in the oreasents was less than 8% for all
parameters considered across all domains. Wheseghdry domain, the statistical error

was 3-4% for 70N and 8-10% for 70AB.

69




B. Model D, (107 rad/s) D, (107 rad/s) D,(107rad/s) D,,(107 rad/s) T, (ns) Anisotropy
Isotropic 1.37 12.1
70N Axial 1.25(0.07) 1.25(0.07) 1.64 (0.17) 1.38 121 1.32
Anisotropic  1.12(0.17) 1.38(0.23) 1.63(0.22) 1.38 121
Isotropic 1.01 16.5
70A Axial 0.85 (0.06) 0.85 (0.06) 1.45 (0.75) 1.05 15.9 1.7
Anisotropic  0.69 (0.31) 1.06 (0.43) 1.40 (0.46) 1.05 15.9
Isotropic 0.98 17.0
70B Axial 0.88 (0.07) 0.88 (0.07) 1.16 (0.13) 0.97 17.2 1.31
Anisotropic  0.86 (0.24) 0.91 (0.26) 1.16 (0.30) 0.98 17.0
Model a B Yy X2 F-statistic p-value
Isotropic 16.6
70N Axial 70 (20) 89 (23) 14.2 3.62 0.021
Anisotropic 69 (39) 88 (23) 28 (29) 14.0 1.2 0.32
Isotropic 20.0
70A Axial 135 (31) 166 (140) 17.9 2.46 0.079
Anisotropic 110 (48) 171 (26) 3 (NaN) 17.9 9.3 0.41
Isotropic 49
70B Axial 81 (35) 145 (52) 4.6 1.81 0.16
Anisotropic 82 (53) 146 (40) 37 (NaN) 4.9 0.05 0.95

Figure 3.9. Rotational diffusion tensor analysis R\PA70NAB at 800 MHz and 298 K.
A) Ellipsoid representations of the rotational d#fon tensor are superimposed upon
inertial representations of domains 70N, 70A, afB.7 B) Rotational diffusion tensor
parameters for 70N, 70A, and 70B calculated in RGFTDDy, Dy, and O represent
rotational rates of diffusion about the principaksa of the diffusion tensor;d9 is the
effective isotropic rate of diffusion, dg = /4(Dx + Dy + D, ). tm is the rotational
correlation time 1, = 1/6Ds,). The Euler angles specifying the orientation tioé
principal diffusion axes with respect to the ingrfirame ¢, B, y) are given in degrees.
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previously for 70A and 70B in the DNA-binding logpsiter-domain linker, and C-
terminus. For 70N, low NOE values are observethénlys loops (residue 90); whereas
we were unable to assess the trends for the 7QNbap, because the resonances were
not well resolved in the original spectra (Figurg)3

While the rotational diffusion tensor for 70A ireticontext of RPA70NAB is very
similar to its counterpart from the RPA70AB constrithe diffusion tensor for 70B is
now more closely aligned with the inertial frametloé domain (c.f. Figures 3.3 and 3.9),
suggesting that attachment of the 70NA linker dffeithe rotational motion of 70B
without major perturbation to the rotational orian of 70A. The speed of rotational
diffusion for 70N is increased relative to that/®A and 70B, consistent with its greater
rotational freedom (Figure 3.9B). Curiously, thelative orientation of rotational
tumbling for 70N differs markedly from that of 70#nd 70B (Figure 3.9). In fact, the
70N diffusion frame is rotated back and away frive DNA/protein interaction cleff(=
89°), nearly perpendicular, in comparison to théudion frames of 70Af = 166°) and
70B B = 145°) (Figure 3.9). This may be a consequeficeenattachment point of the
linker in each case, which is more centrally loddta 70N, but is offset toward the back
and front of the domain base for 70A and 70B, respely.

Goodness-of-fit metrics for all diffusion tensorgne globally much poorer for
RPA70NAB than for RPA70AB with and without ssDNAbstrate, despite the fact that
the errors in the origindPN Ty, T,, and NOE measurements were comparable across all
three sets of data (c.f. Table 3.3 to Tables 3d ). The RPA7ONAB reduced
values were generally lower for 70B relative to 7@Ad 70N, suggesting that tethering

by the 70NA linker may introduce greater complexdyhe rotational trajectory of these
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domains. As such, a high level of variance wittha orientation of rotational tumbling
may not be adequately described by diffusion tensmdels that reflect motion

associated with a fixed tumbling orientation.

B. Model D, (107 rad/s) D, (107rad/s) D,(107rad/s) D, (107 rad/s) T, (ns) Anisotropy a B Y
70N_trunc 1.747 1.956 2.422 2.04 8.2 1.2-1.4 23 120 -10
70N 1.200 1.423 1.842 1.49 11.2 1.3-15 -23 100 -31

70A 1.92 2.00 2.61 2.18 7.6 1.3-1.4 49 169 41

70B 1.43 1.51 231 1.75 9.5 1.5-1.6 0 179 4

Figure 3.10. Theoretical rotational diffusion tersséor 70N_trunc, 70N, 70A, and 70B.
HYDRONMR calculations were specified for 800 MHzl# strength and 298 K. A)
Ellipsoid representations of the theoretical ratadl diffusion tensor are superimposed
upon inertial representations of domains (from teftight) 70N, 70N_trunc, 70A, and
70B. B) Theoretical rotational diffusion tensorgaeters for 70N_trunc, 70N, 70A, and
70B. Theoretical anisotropy is reported as a rafngen D./Dy, and B/Dy. tm is the
rotational correlation timer, = 1/6Dso). Euler angles specifying the orientation of the
principal diffusion axes with respect to the ingrframe ¢, B, y) are reported in degrees.

To determine if the rotational motion of 70N mindcthe motion of the isolated
domain, the theoretical rotational diffusion tendor 70N alone was calculated in
HYDRONMR (Figure 3.10). Diffusion tensors wereadhted from two separate sets of
70N PDB coordinates. The first set included aBidaes determined as part of the
original NMR solution structure (model 70N). Thecend set, however, excluded
residues of the flexible N- and C-termini of thardon (residues 2-6 and 107-114) in an
attempt to focus the calculation solely upon thebglar core of the domain (model

70N_trunc). Interestingly, the theoretical diffoisiparameters derived from the intact
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70N model provided the best match to the experiatentational diffusion data (Figure
3.10), indicating that the extended linker contrésuto the hydrodynamic geometry of

70N rotational diffusion

Discussion

Rotational motion in solution is exquisitely seiv@tto macromolecular size and
shape and is well positioned to reveal how domankabe impacts inter-domain
architecture. Here, rotational diffusion tensoes/én been determined for select RPA
domains, the principal DNA-binding domains 70A af@B and the protein interaction
domain 70N, by measurement OIN-relaxation parameters on the tandem domain
constructs RPA70AB and RPA70NAB. Analysis of rataél motion for domains 70A
and 70B reveals semi-independent diffusion of edmimain that is more restricted than
that predicted for the free domains. Domain tuntplremains sufficiently unique,
however, to allow independent diffusion frames éach domain. Rotational diffusion
becomes highly correlated upon binding ssDNA, c¢ayiFi0A and 70B to share identical
diffusion properties and tumble as a single enti®otational diffusion of 70N is shown
to be independent of that for both 70A and 70B, itsudliffusion is clearly influenced by
attachment of the 70NA linker.

Marked differences in the rate and orientationdomain rotational diffusion
suggest that the primary factors driving the unigpier-domain dynamics of 70AB
versus 70N and 70A versus 70B are the length o&#iseciated inter-domain linkers and
the geometry of linker attachment. The long, 60r@€idue linker connecting 70N to
70AB effectively isolates 70N from the hydrodynardiag created by attachment of the

28-kDa 70A and 70B domains, allowing its rotatiomadtion to approximate diffusion of
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a free domain more closely. The short, 10-resililiieer connecting 70A and 70B,
however, maintains sufficient proximity between th@mains that hydrodynamic drag

becomes a key contribution to their diffusion aneirt relative inter-domain orientations.
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Figure 3.11. Linker attachment points for domaif# (left) and 70B (right). Residues
feeding into the 70AB linker are colored in mageridlipsoid representations of the
rotational diffusion tensor are superimposed up@ntial representations of each domain
in the lower panel.

Interestingly, the orientation of 70A and 70Bfaéion remains unique, despite
the similar size and shape of these two domaingamihation of RPA70AB crystal
structures, however, reveals that the two domaindiffier in the attachment point of the

linker. 70A is secured to the linker at the bas¢he domain on the face opposite the

74



DNA-binding cleft, while 70B is attached in an ogfie manner at a point centered just
below the DNA-binding cleft (Figure 3.11). It igkely that the asymmetry of these
attachment points is the primary influence drivitige unique direction of domain

pivoting and may explain the differences observedotational orientation for 70A and

70B.

The rotational orientation of each domain and thengetry of their respective
linker attachments are suggestive of how the twmcpal DNA-binding domains
achieve efficient, polarized binding of ssSDNA suésts. The rotational pivoting of 70B
toward the front of its DNA-binding cleft optimallyositions the domain to encounter a
ssDNA substrate as soon as it is initially engaaed0A. Meanwhile, the back-to-front
attachment of the linker ensures that 70B bindiogucs adjacent to the 3’ side of 70A,
preventing 70B from flipping around to bind at theside of the domain or even in a

back-to-back manner reminiscentafcoli SSBs (Figure 3.12).

Figure 3.12. How rotational orientation and linkattachment potentially direct
RPA70AB’s known mode of DNA-binding. A) Canonigaiganization of domains 70A
and 70B along ssDNA. B) Alternate organizationsdofmains 70A and 70B along
ssDNA that are precluded by back-to-front linkeaetiment.
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Flexible, inter-domain organization is thought te A critical aspect of RPA
function. Understanding variation in the architeetof this inter-domain organization
provides valuable insight into how RPA executesfutsction in binding ssDNA and
engaging other DNA processing proteins. The ctetigering of 70A and 70B results in
an inter-domain arrangement that is only semi-iedejent in the DNA-free state. Partial
restriction of this sampling of inter-domain oriatibns is expected to increase the
rapidity of DNA binding by co-localizing the two dwins in an orientation that is
favorable for engaging ssDNA substrates, but siiifficiently flexible to allow the
protein to adapt to the substrate as needed. eledbke of protein interaction, though, the
ability to access multiple, unrestricted domaireotations increases the likelihood of a
successful binding interaction. The longer lengtlthe 70NA linker (60-70 residues)
enables such broad conformational sampling by allgw7ON sufficient rotational
freedom to engage and recruit DNA processing pestrepresenting a wide variety of
architectures. Moreover, the extended linker alsmumvents the steric obstruction that
might arise were all RPA domains packed closelyetiogy, particularly if the target
binding partner is presented in the context ofgdanulti-protein assembly.

From a biophysical point of view, the relationstptween linker properties
(length, geometry, amino acid content) and interdim dynamics is an emerging area of
study that has been approached from both theokrethchemprirical perspectived 53
155. Much work remains, however, to provide a fudtaunt of the role of disordered
linkers in directing inter-domain motion. For peots such as RPA, this knowledge is
critical to establishing how flexible inter-domaamchitectures function to promote the

action of multi-protein machinery.
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CHAPTER IV

INVESTIGATING REMODELING OF RPA ARCHITECTURE UPONIBIDING

SsDNA BY SMALL-ANGLE X-RAY SCATTERING

I ntroduction

As the primary ssDNA-binding protein in eukarygtéeplication Protein A
(RPA) plays a vital role in the organization andtpction of single-stranded (ss) DNA
during genome propagation and maintenance (revieiwed2-14). In addition to
deflecting endonuclease activity and preventing DBEcondary structure formation,
RPA acts as a platform for recruiting DNA procegdiactors and managing their access
to ssDNA @3, 156). The ability to coordinate and participate ie tiapid interchange of
proteins at ssDNA templates is thought to arispart from RPA’s dynamic, modular
architecture 142). While architectural remodeling enables RPAatiapt swiftly to an
everchanging substrate landscape, specific stalcimodels for how RPA engages
ssDNA and coordinates protein access are currantdyailable.

As a modular heterotrimer, RPA’s three subunit®®ARO, RPA32, RPA14)
contain seven structured domains interconnectefielible linkers (Figure 4.1). Three
of these domains form the trimeric core of the @rot(70C, 32D, 14), from which
emanate the flexibly linked N-terminal domains d?A¥0 (70B, 70A, 70N), as well as
the disordered N-terminus and structured C-termilmahain of RPA32 (32N and 32C,
respectively). All domains are OB-foldslifmsaccharideMgonucleotide_nding) with

the exception of RPA32C (a winged helix domain) dmave been structurally
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characterized at high resolutioBX45, 48, 49). NMR experiments have indicated that
these domains are structurally independent in ¢éimext of full-length RPA, resulting in

a dynamic solution architecturd43 152). The challenge of describing the average
spatial disposition of this time-varying architaetand how it changes during the course
of DNA processing has yet to be overcome.

Binding of ssDNA is mediated by the basic cleftsted four central OB-folds —
70A, 70B, 70C, and 32D, which engage ssDNA withdb3’ polarity, respectively, and
occlude a site size of 30 nucleotides (Figure £8) 42) RPA binds ssDNA in three
distinct binding modes, which correlate with diffat structural and functional states of
the protein §3, 54). An initial 8-10 nucleotide binding mode invofvéhe two principal
DNA-binding domains 70A and 70B (Figure 4.1C). dfession through the subsequent
~20 and ~30 nucleotide binding modes is presumedatsse a shift in the overall
architecture of RPA as DNA-binding domains of thmér core become involved (first
70C for the 20-nucleotide binding mode, then 32Dth® 30-nucleotide binding mode,
Figure 4.1C). These binding modes are thoughépoessent pivot points at which other
DNA processing proteins may act upon RPA to aca&dehinder, or reverse progression
through this DNA-binding trajectory and thus proma particular DNA processing
transaction.

X-ray diffraction, NMR, and scattering studies iflwing the principal DNA-
binding domains 70A and 70B have provided earlycstiral insight into the first step of
this DNA-binding trajectory40, 42, 46, 143 144). Binding of a d@ substrate aligns and
compacts 70A and 70B along the length of their DbiAding clefts 40, 42). Even with

its high affinity for ssDNA, though, the 70AB/gdComplex exhibits residual dynamics in
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solution 143). The precise structural source of this motiomams to be determined,
whether from fluctuations of the ssDNA substrateéassional motion between 70A and
70B. The existence of motion within the DNA-bouodmplex, however, raises the

possibility of a structural equilibrium that mighe manipulated to enhance or reverse

ssDNA binding.
A. RPA70
1 120 181 292 305 422 436 616
70N 70A 70B 70C
RPA32 46 171 204 270 RPA14 1 121
D 14
o -—

Figure 4.1. RPA domain organization and bindingsddNA. A) Domain organization of
RPA. B) Cartoon schematic of modular domain distidn in RPA. RPA70 (blue),

RPA32 (green), RPA14 (red). C) RPA binds ssDNAhire¢ discrete binding modes: (1)
an initial 8-10 nucleotide mode that engages 704 @0B, (2) an intermediate 12-23
nucleotide mode that includes 70A-70C, and (3)ralfi28-30 nucleotide mode that
includes all four DNA-binding domains (70A-70C, 32D

In order to extend these initial insights to thik RNA-binding trajectory of RPA,
small angle xray <attering (SAXS) experiments were conducted onDNA-binding

core of RPA (RPA-DBC) alone and bound to ssDNA saltss representative of RPA’s
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three binding modes (d10, d20, and d30). The GSAXS allows for characterization
of the global architecture and accompanying dynamfeach RPA binding mode under
native solution conditions. Analysis of the lowse&ition spatial information gained
from these experiments was extended by rigid bodieaular dynamics simulations and
computational modeling on RPA-DBC/ssDNA complexe3he results reveal that
unbound RPA-DBC assumes multiple inter-domain aagons in solution, but the
majority of the solution ensemble is only modemaektended. Binding of 10- and 20-
nucleotide substrates results in a progressive aotigqn of the DNA-binding core, while
interaction with the 30-nucleotide substrate refoRPA-DBC to an inter-domain
arrangement more consistent with the DNA-free pnote Together, these findings
suggest a dynamic, ‘bi-modal’ model for DNA-bindingvhere RPA is initially
compacted to accommodate emerging ssDNA substtaes,resumes its default inter-
domain distribution when 30-nucleotides become lakiks. Elucidation of this
fundamental structural trajectory provides an esslefoundation for understanding the
intricate interplay among RPA, ssDNA, and other DNmcessing factors during DNA

metabolism.

Materials and M ethods
Materials
The pET15b vector containing RPA-DBC [RPA#(s1dRPA323,7/14, or
RPA70ABC/32D/14] was a kind gift of A. Bochkared3]. Thrombin cleavable, 6X-His
fusion tags precede N-termini of the 70ABC and Uhusits. Active thrombin was

purchased from CALBIOCHEM. All ssDNA substrates— dCCACCCCCCC,
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dCCACCCCCCCCCcCcCeeecece, and dCCACCCcCceceeeceeceecccmuue
(d10, d20, and d30, respectively), as well as #aoently modified d, dCy, and dGo
oligonucleotides were purchased from Integrated DWéchnologies with standard
desalting purification and were resuspended inlstdistilled water prior to use. Full-
length RPA used in these studies was preparedsasiloed (52) and provided as a kind

gift by Dr. Mike Shell.

Expression and purification of recombinant RPA-DBC

Expression and purification of recombinant RPA-DB@ve been described
previously by the Bochkarev laboratory during itstial biochemical characterization
(43). Further optimization of these protocols wasuresfl, however, in order to generate
highly pure protein in quantities sufficient for 8. During the course of optimization,
we found that RPA-DBC was highly toxic Eb coli, more so than the full-length protein
(suggesting a beneficial steric effect from thespree of the extended protein interaction
domains). Because of thig, colitransformation efficiency proved to be very low éon
or two colonies per 100 uL competent cells), artiged protein expression was highly
inconsistent (one positive growth batch for every attempted).

The initial strategy to address RPA-DBC toxicitysia transfer the construct to a
kanamycin-based vector with tighter control of etgoression promoter (pBG100), thus
circumventing the lability associated with ampiailland the leaky expression
characteristic of the pET15b promoter. Surprigingie transformation efficiency of this
new vector proved far lower than that of the pET1&ttor, and protein yield was

extremely low for colonies which had successfullsansformed.  Attempting
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transformation and expression with a varietyEofcoli strains, media (LB, SOC, TB,
Studier’'s minimal media), and expression conditiditsnot provide a ready a solution.
We next considered that the order of subunits wittie vector (RPA14, RPA32D,
RPA70ABC) might be the source of this persistericity. The subunit order had been
designed previously to take advantage of robustesspon from the first open reading
frame (ORF) of the tricistronic vector, ensuringuaflant production of the soluble
subcomplex of RPA14 and RPA32 to aid in efficiesiubilization of RPA70ABC. We
postulated that reversing the order of the subunitthe reading frame (RPA70ABC,
RPA14, RPA32D) would result in less efficient fotioa of the trimeric complex, and
thus less toxicity from protein expression.

Implementation of this ORF order within the pBGM#Xxtor appeared to resolve
these problems, providing excellent transformagdficiency and consistent RPA-DBC
expression. The overall yield of the protein wawdr than expected, but was soon
optimized to approach that of full-length RPA. SBAGE of the purified protein,
however, revealed differential staining intensity RPA14 and RPA32D that suggested
an altered stoichiometry between these subuniRFA14: 1 RPA32D). Running an
SDS-PAGE overlong caused the strongly staining RPA&nd to resolve into two
separate species, raising the possibility of a wdiypng contaminant. This was
subsequently confirmed by ESI-MS and proteomicdyarsaon purified protein, where
the 16-kDa contaminant, previously assumed to bA3RP, was identified a&. coli
ferric uptake regulator (FUR). Extensive optimiaatof expression and purification was
unable to prevent association of this protein VABA-DBC during induced expression or

to dislodge it once purified from bacteria.
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In light of these developments, a renewed attengt made to work with the
original pET15b version of the construct, wheratstgies were developed to minimize
time spent in liquid growth and stationary phagbs, point at which ampicillin lability
and leaky expression are most pronounced. Thisoléde current production protocol,
which is as follows. Freshly transformed coloroéfRosetta(DE3) pLyS cells (Novagen,
EMD Chemicals) were screened for robust expresato87 °C. Successful colonies
were replated overnight on solid LB media to geteefsigh-density growth. Upon
confirmation of RPA-DBC expression, cells were agptl a second time to provide
starter plates for liquid high-expression culture®ne-liter cultures were inoculated
directly with cells scraped from the starter platgsplate/culture) and grown to Qfd
0.5-0.6 at 37 °C, followed by induction with 0.5 mNTG for 3 hours at 37 °C.
Harvested cells were stored at -80 °C.

RPA-DBC was purified using standard nickel affinihromatography (Ni
Sepharose High Performace, GE Healthcare) in @&baéintaining 20 mM HEPES-KOH
(pH 7.5), 500 mM NacCl, 10 mMME, 10uM ZnCl, with a linear elution gradient of 40-
500 mM imidazole. Relevant fractions were desaitéd NaCl-free buffer (HiPrep
26/10 Desalting, GE Healthcare), followed by anextchange purification (SOURCE
15Q, GE Healthcare) in 20 mM HEPES-KOH (pH 7.5)0 XM L-arginine, 10 mM
BME, 10 uM ZnCl,, 10% glycerol, with a linear elution gradient ofi® M NacCl.
Target fractions were then concentrated and loastd a HiLoad 16/60 Superdex 200
column (GE Healthcare) equilibrated in 20 mM HEPESH (pH 7.5), 200 mM NacCl,
10 mM BME, 10% glycerol. To remove histidine fusion taB§A-DBC was incubated

with thrombin for two hours at room temperaturesnthoaded sequentially onto HiLoad

84



16/60 Superdex 75 and HiTrap Heparin HP columns (&#althcare) to remove
thrombin and secondary cleavage products. Buffeese identical to those used
previously for Superdex 200 and Source Q purifargtiespectively, with the exception
of a 0 - 500 mM NaCl elution gradient for the heépauns. As a final polishing step, the
RPA-DBC pool was concentrated and passed througipardex 200 HR 10/30 column.
Absence of ssDNA contamination was confirmed byesssient of the protein
absorbance ratio at 260 and 280 nm. Average igedgpproximately 1.4 mg per liter LB
culture. Figure 4.2 provides a flow scheme andomganying representative SDS-

PAGE gels of RPA-DBC purification.

ESI-MS and proteomics analysis

Approximately 50 ug of purified RPA-DBC (prior temoval of histidine fusion
tags) was analyzed by coupled HPLC and electrogpiass spectrometry to confirm the
purity of the preparation. Proteomics analysis ficored individual RPA subunit
identity. Excision of individual subunit bandsrinca representative SDS-PAGE gel was
followed by in-gel tryptic digestion and tandem sapectrometry on extracted peptides.

Bioinformatics analysis of MS/MS data was carried io IDPICKER.

Fluorescence anisotropy ssDNA-binding assays
The ssDNA-binding activity of RPA-DBC was assesbgd rise in fluorescence
anisotropy as increasing amounts of protein wededdo polycytidine substrates labeled

at their 5’ ends with 6-carboxyfluorescein (5'-FANG,o, -dCyo, -dCgo). Triplicate serial
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Figure 4.2. Flow chart for purification of RPA-DBftom E. coli and representative
SDS-PAGE gels showing products of each step.

dilutions of protein (0 — 0.pM) were prepared in 384-well plates with 20 mM HESRE
KOH (pH 7.5), 200 mM NacCl, and 10 mpME, then mixed with fluorescently-labeled
ssDNA (final concentration 25 nM). Polarized flascent intensities were measured
with a Spectramax M5 plate reader (Molecular Maegjnat excitation and emission
wavelengths of 492 nm and 520 nm, respectively,16% s (1 reading/s) and averaged.
Dissociation constants (K were calculated by fitting the data to a simphMo-state

binding model.

Size exclusion chromatography via multi-angle ligtdattering
Sample monodispersity was verified by multi-anighat scattering coupled with

SEC (SEC-MALS). All experiments were carried out im-line measurement of
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ultraviolet absorbance at 280 nm (Agilent 1100eserAgilent Technologies), static light
scattering (DAWN HELEOS 8+, Wyatt Technology), adifferential refractive index

(Agilent 1200 series, Agilent Technologies). Systealibration was performed on a
BSA standard (Sigma), first resuspended, then twiehanged into the SEC-MALS
running buffer. RPA-DBC was combined with 1.2-10%d excess ssDNA substrate and
incubated on ice for 20-30 minutes. Samplesu44-12 mg/mL) were then filtered and
injected onto a Superdex 200 PC 3.2/30 column iegaied in 20 mM HEPES-KOH (pH

7.5), 200 mM NaCl, 5 mM DTT, and 2% glycerol. Erpeents were recorded and

analyzed using ASTRA V (Wyatt Technology).

Preparation of RPA-DBC/ssDNA complexes for SAXS

Purified RPA-DBC was concentrated to 7.3 mg/mL, borad with 2-fold excess
ssDNA substrate (d10, d20, or d30), and incubatedce for 6-18 hours. To remove
excess ssDNA, samples (300 uL) were injected onfuperdex 200 HR 10/30 gel
filtration column (GE Healthcare) equilibrated avght in 20 mM HEPES-KOH (pH
7.5), 200 mM NaCl, 5 mM DTT, and 2% glycerol. Sdespfor RPA-DBC, RPA-
DBC/d10, and RPA-DBC/d20 eluted as single peakssistent with their behavior
observed by SEC-MALS (Figure 4.3). RPA-DBC/d30whkweer, produced a unique,
second peak, which eluted after the primary peBdadford analysis and UV absorbance
readings indicated the presence of both protein2N4 in this peak. As the primary
peak of the elution profile remained intact, we sth@ao move forward with data

collection on this sample series.
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Figure 4.3. Preparative Superdex 200 gel filtrapoofiles for RPA-DBC before SAXS
data acquisition. The arrow labeled ‘f.27’ is fhwsition of fraction 27

Coincident with the unexpected elution profile fRPA-DBC/d30 was the
absence of excess, unbound ssDNA peaks for all bbidad samples, suggesting
underestimation of the original protein or ssDNAstate concentration during sample
preparation. Reassessment of ssSDNA stock contemsaindicated that the original
addition of ssDNA had been on the order of 1.2ftbl8-excess. Reassessment of protein
concentration was not possible after completiothefSEC runs. #, readings from the
peak eluting fraction for RPA-DBC (2.4 mg/mL), howee, were consistent with a
starting concentration of 12 mg/mL, assuming tledard 1:5 dilution factor estimated
by the SIBYLS beamline staff for the Superdex 206umn. This concentration is also
consistent with the total amount of protein origiypashipped for the experiments.
Assuming 12 mg/mL as an upper limit, the minimunoant of RPA-DBC loaded with
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ssDNA would be on the order of 70-90% prior to sapan by gel filtration with no free
SSDNA to spare.

In light of the unexpected SEC results, the denisi@as made to pursue data
collection with full partitioning of each elutiorrgfile. Conservative fractionation (290
uL fractions) allowed the 2-3 mL eluted peak widttts be divided into portions
comprising at most 10-15% of the total peak. Ithe most extreme case, 70-90% of an
RPA-DBC sample is DNA-bound, one would expect tlesntentral portion of the peak
to contain homogeneously DNA-bound RPA-DBC, whishreéadily extracted by the

small volume of fractionation.

Small-angle x-ray scattering data collection

SAXS data was collected at the SIBYLS beamlin@12at the Advanced Light
Source, Lawrence Berkeley National Laboratory. tt8cag measurements were
performed on 2QL samples at 15 °C using a Hamilton robot for logdgsamples from a
96-well plate into a helium-purged sample chamlizaita were collected on the original
gel filtration fractions from each SEC run, as wadiconcentration series from fractions
sampled from each primary SEC elution peak andutioenalous secondary RPA-
DBC/d30 peak (~2-8-fold concentration). Fractipnsr to the void volume and
concentrator eluates were used for buffer subtracti

SAXS experiments were acquired using an X-ray bdesm a multilayer
monochromator of 12 keVA(1.3 A) covering the following momentum transfer range:
0.011 A* << 0.322 A*, whereq is defined ag) = 4r sin @/2)/A with scattering angle

0/2 and wavelength (A). The multilayer monochromator provides increasedu)ftux,
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allowing stronger signals for lower protein concations. Sequential exposures (0.5, 0.5,
2, 5, and 0.5 s) were taken, and data were modiforeradiation-dependent aggregation.
All SAXS data were collected using the MarCCD 168edtor in fast frame transfer
mode and reduced via normalization to the incidea@m intensity. Buffer scattering was
subtracted from protein scattering. This was fodowy azimuthal averaging to obtain
the intensityl(q) versusq scattering plot visualized by xmgrace. The dataenanalyzed
using PRIMUS (Primary Analysis & Manipulations wi8mall Angle Scattering Data)
version 3.0 from ATSAS 2.3167), from which Guinier, KratkyP(r), and CRYSOL

analyses were generated.

Computational modeling

Individual ab initio molecular envelopes were calculated in GASBQR5); ten
to fifteen GASBOR runs were subsequently averagetfitered using the DAMAVER
suite (58. The model of RPA-DBC was constructed using RidBrdinates from the
X-ray crystal structures of RPA70AB/dGentry 1JMC) and RPA70C/32D/14 (entry
1L10). Missing loops in 70C and 32D, as well as #0B/70C linker, were built
manually in PyMol 159), then joined and optimized with the Modeller 9uterface in
Chimera 160 161). From these starting coordinates, conformati@reembles were
generated by rigid body molecular dynamics simaieti with BILBO-MD in the
presence (R30-50A) and absence of Restraints 162).

To create RPA-DBC/d20 and RPA-DBC/d30 models, @dckr0C/dG and
32D/dG, structures were generated in HADDOCK, relying upactive’ residues and

protein/DNA base-stacking restraints defined frdma RPA70AB/d@ crystal structure
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(163 164). DNA-bound 70C and 32D domains were substituiéthin the original

RPA-DBC model and intervening sections of ssDNA evaranually added in PyMol
(159. Subsequent fand P(r) calculations for select RPA-DBC modelsengenerated
with GNOM from theoretical scattering curves simtethwith CRYSOL or the FOXS

server 165). All molecular graphics were prepared using Py{169).

Results and Discussion
Preparation and validation of RPA DNA-binding c¢RPA-DBC)

Flexible, modular proteins offer many complicatiotts the interpretation of
scattering profiles, as their architecture is mogéd in space, but instead varies with time
(124, 143 166). In particular, the presence of continuous \emm in long-range
distances can overshadow more subtle architeatbealges occurring at closer proximity
(83). For full-length RPA, the extended, flexibleKers associated with the dedicated
protein interaction domains 70N and 32C, as wethaglisordered N-terminus of RPA32
(32N), offer the potential to dilute the electroairpdistance distribution and obscure
changes in the DNA-binding core of RPA. In an effo simplify the scattering analysis
and amplify the architectural features of interéisg decision was made to focus on a
construct containing only the NDA-binding @mre — RPA-DBC (RPA70ABC/32D/14;
Figure 4.1). This construct presents only threacsiiral modules for subsequent pair
distance distribution analysis — 70A, 70B, and theterotrimeric core of RPA
(70C/32D/14) — with relatively short interveningiters (10 and 15 residues for 70AB
and 70BC, respectively). The architecture of thdAEbinding core in isolation is

anticipated to be unchanged from that of the fmgth protein, as structural
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independence of the excluded domains relative & DNA-binding core has been
established previously, both in the absence argkepoe of sSSDNA143 152).

High-yield expression and purification of RPA-DB&re successfully optimized
for E. coli (Figures 4.2 and 4.4A}¥8). Subunit masses and identity for the purified
protein were validated by electrospray mass speethy (ESI-MS) and proteomics
analysis, respectively (Figures 4.4B and 4.4). ofdacence anisotropy binding assays
verified similar ssDNA binding activity for RPA-DBGQCelative to full-length RPA
(Figure 4.4C), and the measured binding affinitee comparable to those in the
literature (0.9 nM to 0.028 nM56, 167)).

Sample homogeneity is critical for scattering stsdias even minor amounts of
sample aggregation can strongly distort the swtatfe(84, 123). Accordingly,
monodispersity of RPA-DBC was assessed by SEC-MARSperdex 200 PC 3.2/30),
both in the absence of ssSDNA and bound to ssDNAtsalles representative of RPA’s
three binding modes (10-, 20-, and 30-nucleotideb). order to facilitate consistent
placement of RPA-DBC at the 5’ end of each substrpblycytidine sequences were
engineered to include a single adenine at positor{i.,e. d-CCACCCCCCC, d-
CCACCCCCcCcececeecececececee,  d-ccAacceceecececececcececcececceececaumue

(d10, d20, d30, respectively)), as previous studas indicated preferential binding of
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Figure 4.4. Preparation and validation of RPA-DBE) SDS-PAGE of purified RPA-
DBC in 20 mM HEPES-KOH (pH 7.5), 200 mM NaCl, 10 nf¥iE, and 5% glycerol.
B) ESI-MS analysis of RPA-DBC subunits. C) Fluoersme anisotropy measurement of
binding affinity of full-length RPA &) and RPA-DBC ¢) for 5’-FAM-dCzo. Ky values
represent the average of three measurements. uliptElprofiles from SEC-MALS on
RPA-DBC alone (blue) and bound to d10 (red), d2@€g), and d30 (purple) substrates.
the 70A domain to d-CCACL&3. Monodisperse elution profiles were obtaineddtbr
DNA-free and DNA-bound species (Figures 4.4D) wibhnly small amounts of
concentration-dependent aggregation eliminatetienvbid volume. As expected, RPA-
DBC in complex with d10 and d20 substrates eluter lthan the free protein (Figure
4.4D), consistent with the presence of a more campéachitecture induced by the
binding of ssDNA. Notably, this trend is reverded the 30-nucleotide binding mode,

where the delay in elution, though later, is mooasistent with that of the DNA-free

protein (Figure 4.4D).
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Small-angle x-ray scattering on RPA-DBC alone aadra to SSDNA substrates
Small-angle x-ray scattering profiles were acquioedRPA-DBC in the absence
of ssDNA and bound to representative substrategdoh binding mode (Figure 4.5A),
following a final SEC purification to eliminate t@ aggregation and excess ssDNA
substrate (see Materials and Methods). Initiabssment of concentration-dependent
aggregation and radiation damage by visual inspeaf scattering curves underscores
the unique solution behavior of each sample. kn @absence of ssDNA, RPA-DBC
remains highly sensitive to concentration-dependaggregation (in excess of 2.5
mg/mL) and radiation exposure (greater than O(Figure 4.6A). RPA-DBC/d10 avoids
such aggregation at higher concentrations, butnetadiation sensitivity. In marked
contrast, RPA-DBC/d20 complexes remain resilienbtth aggregation and radiation
damage at all concentrations and exposures testédfortunately, an unusual SEC
elution profile, contaminated background subtragtioand mostly aggregated
concentration series were encountered in the ardiys RPA-DBC/d30, so results for
this sample series are inconclusive. Broadly spgakhough, progressive DNA-binding
appears to improve RPA-DBC stability and ultimatetgtects against radiation damage.
Following visual assessment, the most represestatcattering curves were
selected for further analysis. A radius of gymat{&;) for each sample was derived from
Guinier analysis (Figures 4.5C and 4.6B). Comparisf R, values across all samples

reveals progressive compaction of RPA-DBC uporraatgon with d10, then d20
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Figure 4.5. RPA-DBC SAXS data collection. A) Azithally averaged scattering
profiles (I(q) v. q) for RPA-DBC alone and boundd®0, d20, and d30 substrates. The
scattering curve for RPA-DBC/d20 was acquired at fimes the concentration of the
other samples, which is why the noise at high geslis less in comparison. B) Kratky
transformations of scattering data. C) SummarRBA-DBC Ry values derived from
Guinier analysis.
substrates. The change in, Rbserved upon binding d10 (2.5 A) is in excellent
agreement with that originally observed from scaite studies of the two principal
DNA-binding domains, RPA70AB, bound to an 8-nud@etsubstrate (2.2 A)143).
Binding of RPA-DBC to d20 results in an additiomigicrease in theof 1.3 A (Figure
4.5C). Interaction with d30, however, restoresRh¢o a value nearly identical to that of
the DNA-free state, suggesting that RPA’s 30-nudeobinding architecture mirrors the
extended state of the DNA-free protein, consisteith the trend initially detected by
SEC-MALS.

Kratky transformation of the data (Figure 4.5B)lggebroad profiles typical of a
multi-domain protein &3, 124), and the progressive redistribution of the priynar

maximum at g = 0.1 A points toward the presence of discrete conformatichanges

within RPA-DBC for each increase in substrate langCuriously, high-q divergence of
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Figure 4.6. Processing and analysis of SAXS dafaVisual inspection of I(q) versus q
scattering curves in Grace. RPA-DBC (i), RPA-DBIIdii), and RPA-DBC/d20 (iii).
Grace plots constructed by Dr. Susan TsutakawanéfFalaboratory, Lawerence
Berkeley National Laboratories). B) Guinier anadyst RPA-DBC scattering data. RPA-
DBC (i), RPA-DBC/d10 (ii), RPA-DBC/d20 (iii), and mA-DBC/d30 (iv).
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the Kratky plots, a hallmark for partial flexibyitin proteins 88), is quite subtle for
RPA-DBC in the absence of ssDNA and remains ungdtefor subsequent DNA-bound
complexes (Figure 4.5B). Lower sensitivity withime high g-region of the scattering
curve, as well as the lower proportion of flexilitgkers relative to the remainder of the
protein (~5% of total residues), may hinder detectdf internal flexibility by Kratky
transformation.

Recent theoretical work has advocated a more sensissessment of flexibility
by application of the Porod-Debye fourth power [€168. In this approach, non-
asymptotic behavior within the Porod region of tteasformed scattering curve serves as
a benchmark for the diffuseness of a biomolecwdéestron density contrast, and thus an
indicator of high internal density or diffuse flbxity. If the exact mass of the
biomolecule is known, qualitative evaluation of tinensformed scattering curve can be
supplemented by calculations of the packing den@l§w.i) from the Porod volume
(Vi)-

In the absence of ssDNA, Porod-Debye transformatdnthe RPA-DBC
scattering curve results in a distinct asymptatdjcating well-defined electron density
contrast between protein and solvent (Figure 4.7/8ubsequent examination of the
packing density verifies that the protein massas umilaterally condensed in a single
globular mass, as theplein Of 1.08 g/mL is approximately 18% lower than that
predicted for a uniform mass distribution, 1.32 g/(kigure 4.7B). This is consistent
with the discrete inter-domain disposition of RPBO, where the majority of scattering
centers fall within structured domains, but flegibinkers preclude confinement of the

overall architecture to a single volume.

97



A. :0 S N osene ._,-”"'".’“'“ B.
3 o~ Porod .
B dorotein Predicted
g Sample Volume e
H Aoy (B0 o (e/mU)
';u RPA-DBC RPA-DBC/d10 RPA-DBC 120,000 1.08 1.32
0.0 q* (Normalized) 10
e RPA-DBC/d10 138,000 0.97 1.33
i -
RPA-DBC/d20 134,000 1.03 1.34
RPA-DBC/d30 148,000 0.97 1.34

RPA-DBC/d30

Figure 4.7. RPA-DBC Porod-Debye analysis. A) Ndizeal Porod-Debye plots [1(q)%q
versus §. B) Summary of Porod-Debye statistics.

When RPA-DBC is bound to ssDNA substrates, howether,asymptote is lost,
signifying increased diffuseness in the electronsttg contrast (Figure 4.7A). This is
precisely the reverse, though, of what is antiggat that is, inter-domain compaction
upon DNA-binding is expected to provide an evenhbiirgconcentration of electron
density and thus retention of the Porod-Debye platnd a general increase in particle
packing density. The extended conformation of bloend ssDNA may provide the
simplest explanation of the diffuse electron dgnsfiough the accompanying increase in
Porod volume exceeds that predicted for direct tamfdiof RPA-DBC and ssDNA
volumes. Further theoretical and experimental ymesl based upon the differential
scattering contrasts of protein and DNA will likddg required to resolve this.

Electron pair distance distributions, P(r), wereeyated for each scattering curve
via iterative determination of the maximum dimemns[@,,« using GNOM (Figure 4.8).
For RPA-DBC/d10 and RPA-DBC/d20 complexesm,P iteration generated two

successful Rax values, here designated as primary and secondagytbe essential
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Figure 4.8. RPA-DBC P(r) distribution analysis. Aormalized RPA-DBC P(r)
distributions. B) Summary of P(r) statistics. ds for Guinier-derived Rvalues are
indicated in parentheses.

shape of the distributions were identical regaslle$ the Rax chosen. The P(r)
distribution for RPA-DBC exhibits a broad, highlxtended tail, characteristic of a

flexible, modular protein 88, 124) (Figure 4.8A). Comparison of normalized P(r)

distributions from the DNA-bound complexes of RPBO again reveals progressive
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compaction of the protein upon binding d10 and siZfstrates, evidenced by loss of the
distribution’s extended tail and decrease i, dFigure 4.8A). Binding of d30 restores
the original span in distance; however, the distidn retains unique features within the
intermediate distance range (50 A < r < 100 A) (Fég4.8A). Examination of the
corresponding distance range for RPA-DBC/d10 andA\-RBC/d20 complexes also
highlights density features unique to each compbeayiding clear indication of distinct
structural changes for each DNA-binding state, domate with changes in the breadth of

the global molecular envelope.

Inter-domain organization within RPA-DBC

Collectively, comparisons of Rralues, Porod-Debye plots, and P(r) distributions
from RPA-DBC alone and bound to ssDNA substratestpgoward a general compaction
of RPA-DBC architecture upon binding d10 and d2fi,release of this compaction upon
binding d30, resulting in a final DNA-bound confation more consistent with the
DNA-free protein. To derive more explicit informat on specific inter-domain re-
arrangements occurring within RPA-DBC during thdsading events, a series of
molecular envelopes were generatdd initio from optimized P(r) distributions using
GASBOR, followed by envelope averaging with DAMAVERNIth the expectation of
intrinsic inter-domain flexibility for RPA-DBC (thas potentially retained upon binding
ssDNA), molecular envelopes should be viewed asageel representations of inter-
domain distribution, rather than definitive recaounstions of fixed architecturesl?4,

143). This is supported by the relatively poor goanaef-fit values (5.0 — 6.7)
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generated from comparison of experimental P(r)ridistions to individual GASBOR

envelopes.

Figure 4.9. Averaged RPA-DBC molecular envelopgs GASBOR averaged molecular
envelopes. The views to the right are a 90° ratafrom the bottom (above), followed
by a 180° rotation from the left (below. RPA-DBBIYe), d10 (red), d20 (green), d30
(purple). B) Manual comparison and docking of ZARD)/14 (1L10, above right) and
70AB/dGs (1IMC, below right) crystal coordinates with sedttg envelopes.

The averaged RPA-DBC envelope reveals the pressin@eomparatively linear

molecular volume, anchored by a primary lobe ofsitgrthat remains constant across all
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DNA-bound complexes (Figure 4.9A). The arm of dignghich extends from this
anchoring lobe is noticeably condensed in the RBGLI10 and RPA-DBC/d20
complexes, but is again lengthened for RPA-DBC/d8beit with a slightly different
profile relative to the DNA-free state (Figure 4)9MAecause the extended arm of density
is the primary portion of the envelope impactedrupdroduction of d10, it is tentatively
assigned as the location of principal DNA-bindingnains 70A and 70B, the primary
domains involved in the 10-nucleotide binding modEhe relatively larger size of the
anchoring lobe and the consistency of its shapalfddNA-binding states are suggestive
of RPA's trimer core.

To determine the feasibility of this inter-domainramgement, molecular
envelopes from previous scattering studies of RA&/{143), as well as published
crystal structures of the trimer core (RPA70C/32D/43) and RPA70AB bound to a
dGCs substrate 40) were manually docked into RPA-DBC molecular enpek (Figure
4.9B, 4.10). The RPA trimer core, as representgdhe crystal structure, can be
accommodated by the anchoring lobe for all casggi(& 4.9B) and clearly exceeds the
volumes of the remaining densities, which are laited to 70A and 70B.
Correspondence between the trimer core and thecolaleenvelopes, while comparable,
is not entirely optimal, particularly for the domarOC, which possesses a zinc-ribbon
motif that tends to protrude beyond the envelogguié 4.9B). Superposition of the
bilobal RPA70AB scattering envelope upon the exéehdensity of RPA-DBGsans
ssDNA shows excellent correspondence between tle imdicating that structural
averaging from the dynamic inter-domain motion dPAY0AB is preserved in the

context of the full DNA-binding core (Figure 4.10/)43). By analogy, the intervening
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density between 70B and the trimer core regionassistent with dynamic motion
between these two modules.

Direct translation of the more compact moleculavedope from RPA70AB/dg
to those of RPA-DBC bound to ssDNA is not quitesamightforward. Overlays with
RPA-DBC/d10 and RPA-DBC/d20 show localized areasngmatched density, while
RPA-DBC/d30 lacks all correspondence with the sema#nvelope (Figure 4.10B).
Interestingly, substitution of the RPA70AB/glCrystal structure within RPA-DBC/d20
shows marked improvement in fitting of the dengiBigure 4.10B). In solution,
RPA70AB/dG retains residual inter-domain dynamidgl®. Equivalent residual inter-
domain motion would be expected for RPA-DBC/d10;tfos case, it is possible that the
2-nucleotide increase in substrate length (10 we®&umight be sufficient to yield a
slightly different molecular envelope. The engagatrof three DNA-binding domains in
the RPA-DBC/d20 complex, however, would effectivédyher the 70B domain to its
substrate, which would explain this envelope’s sigpecorrespondence to the fixed
crystal structure. For RPA-DBC/d30, failure to @erunodate either crystal structure or
scattering envelope suggests that the 70A and 7&Bachs experience a different
averaged conformation on their substrate. Theeridomain motion, if present, is not
identical to the DNA-free protein, as the DNA-frR® A70AB scattering envelope fails
to overlay the RPA-DBC/d30 envelope effectivelygiiie 4.10C).

In comparing RPA-DBC molecular envelopes with anheowut ssDNA, the
pronounced compaction of RPA-DBC/d10 relative toARPBC sansssDNA becomes
evident (Figure 4.9A). In fact, the RPA-DBC/d10velope more closely resembles the

general shape of RPA-DBC/d20, rather than thatedf RPA-DBC, particularly when
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Figure 4.10. Comparison of RPA-DBC and RPA70AB rnolar envelopes. A) Overlay
of RPA-DBC (blue) and RPA70AB (gold) envelopes e tabsence of ssDNA. B)
Overlay of DNA-bound RPA-DBC (d10 in red, d20 inegn, and d30 in purple) and
RPA70AB/dG (gold) envelopes. C) Overlay of DNA-free RPA70&Bvelope (gold)
with RPA-DBC/d30 (purple).

comparing the density in between the trimer coré @B (even though the linker is
expected to remain extended upon binding d10).is Ipossible that this excessive
compaction simply reflects the altered hydrodynastate of 70A and 70B when jointly
bound to ssDNA, where the increase in effectivesrasd hydration for a 70AB/d10

module produces greater viscous drag relative & tthmer core, and hence a less
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extended range of inter-domain orientations. Imsiginto whether this molecular
scattering volume is consistent with the ensembraaged orientation of RPA-DBC/d10
can be obtained from computational simulations (sdew).

Apart from this, comparison of RPA-DBC moleculavelopes verifies that the
initial compaction for RPA’s first binding mode iolves binding and alignment of the
principal DNA-binding domains, 70A and 70B. Praggien to the 20-nucleotide binding
mode causes maximum compaction of the DNA-bindioge avith direct apposition of
70AB and the trimer core. The structural rearramgats underlying transition to the 30-
nucleotide binding mode, however, are less intai@nd may involve redistribution of
the DNA-binding modules across the span of the #sBNbstrate, increased dynamic
spatial averaging within the DNA-binding core, @mse combination of the two that
would result in an averaged, extended envelopdasitai that of the DNA-free state.

While docking studies support the proposed arrargertand rearrangement) of
domains within RPA-DBC scattering volumes, the tmra of the DNA-binding site
remains unresolved — whether it lies on the conmexoncave face of the molecular
envelope (Figure 4.9). Taking RPA-DBC/d20 as aamngxe, a convex DNA-binding
site would allow for a contiguous path from 70AB ttee trimer core with moderate
curvature of the ssDNA substrate. Such an intenalo arrangement, however, forces
an entropically unfavorable steric proximity betweabe 70B and 70C domains (Figure
4.11A). A concave DNA-binding site would obviateetsteric strain between 70B and
70C (Figure 4.11B), but would destroy the continwit the binding channel, forcing the

ssDNA substrate either to kink back to make seqgaierdntact with all the DNA-binding

105



sites or to skip binding of the 70C domain in fawdr maintaining a less strained

conformation.

Figure 4.11. Potential RPA-DBC inter-domain orid¢iotas assuming a convex (A) or
concave (B) ssDNA-binding site. RPA70 domains €hlURPA32D (green), RPA14
(red), ssDNA (gold).

RPA-DBC ensemble modeling indicates limited extenisi the absence of DNA

While analysis of ensemble-averaged RPA-DBC moecanvelopes allows
insight into specific inter-domain re-arrangemeatompanying each DNA-binding
mode, how the path of ssDNA evolves across thesesitions and whether DNA
substrates are stationary or fluctuating within bheding cleft remains undetermined.
Moreover, inter-domain dynamics within RPA-DBC, bat the presence and absence of
ssDNA, are expected to play a critical role in flasticity and organization of the

modular DNA-binding cleft during binding and releasf ssSDNA substrates, particularly
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in the context of DNA processing assemblies. DOgreveraging within the molecular
envelope, unfortunately, precludes access to gasic dynamic information.

Computational simulations provide a valuable averfoe exploring the
conformational sampling capacity of flexible, maaluproteins §9, 124, 162. For the
purposes of these studies, RPA-DBC molecular dycsartiviD) simulations were run
using BILBO-MD, a rigid body MD program that usése tCHARMM forcefield (62).

As the BILBO-MD algorithm is currently unable tocaenmodate nucleic acids, analysis
was limited to RPA-DBC and a ‘mock’ version of REXBC/d10, where domains 70A
and 70B were defined as a single rigid body in dhientation of the dg co-crystal
structure. A starting model of RPA-DBC was constied from published 70AB and
trimer core crystal structured, 43); linkers and missing loops were added using the
Modeller extension of Chimeral§0, 161). From this model, 6600 confomers were
generated under a constrainegr&nge of 30-50 A for RPA-DBGansssDNA, as well as
RPA-DBC/d10 with the modified rigid body boundargksscribed above.

Plots of individual B and Dnax values extracted from each conformer versus
goodness-of-fit to the experimental data are digmlain Figure 4.12. While R
distributions exhibit best-fit minima consistentthvithe experimentally derived values
(Figure 4.12), R values are systematically underestimated (c.f. A38mulated Dhax
to 171 A experimental R for RPA-DBC). Review of the CHARMM simulation
trajectories from selectgategories revealed thay Restraints imposed upon the volume
explored by RPA-DBC forced compactiong(R0O A) or extension (R50 A) of the

protein.  Simulation trajectories for RPA-DBC al$oghlighted different domain
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sampling properties, depending upon the choiceefefrence module (domain held fixed

in space during the simulation). To ensure adegeploration of conformational space
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Figure 4.12. Summary of RPA-DBC BILBO-MD ensemblesthe presence of R
restraints. A) Plots of° goodness-of-fit versusgRand Dyax for RPA-DBC. B) Plots of
¥* goodness-of-fit versusgRind Drnax for mock RPA-DBC/d10.
without steric interference from domain clashirg tentral 70B domain was selected as
the reference module for subsequent RPA-DBC sinaumst

The simulations were repeated, this time in theeats of R restraints,

generating a total of 15,000 conformers each fohfRBC and RPA-DBC/d10. Plots of

unrestrained Rand Dynax Values versus experimental goodness-of-fit progideore
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Figure 4.13. Summary of RPA-DBC BILBO-MD ensembles the absence of R
restraints. A) Plots of* goodness-of-fit versusgrind Dyax for RPA-DBC. B) Plots of
¥* goodness-of-fit versusgRind Drnax for mock RPA-DBC/d10.

complete representation of RPA-DBC conformatioqelce (Figure 4.13). While small
gaps throughout these distributions suggest thenpiat for additional conformational
sampling, symmetric distributions of maximum x,and z distances from each set of
simulations confirm that the conformational samglis sufficient to permit comparison
to the experimental data (data not shown). For BIBL sansssDNA, the absence of a
well-defined minimum in the goodness-of-fit plots Ry and Dyax indicates that multiple
inter-domain orientations are capable of describing experimental scattering data
equally well (Figure 4.13), consistent with the)R(nd molecular envelope analysis. The
presence of a broad minimum in the goodness-gidils from RPA-DBC/d10, however,

suggests that the average range of inter-domaientations consistent with the
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experimental scattering data is now more limitedaia reflective of the P(r) and
molecular envelope analysis and consistent withpamtion upon binding ssDNA.

Intriguingly, the average radius of gyration for thosimulated RPA-DBC
ensembles is appreciably greater than the expetainesdues (Figure 4.14A). In fact, for
both RPA-DBC and RPA-DBC/d10, experimental Ralues fall at the sparsely
populated, lower end of each simulateglrBnge (Figure 4.14B). Thus, the simulated
population distribution generated by BILBO-MD istremnsistent with the actual values
in solution. This points toward inaccuracies ia #imulation, which likely arise from the
high temperature applied during the trajectory arldck of consideration for molecular
hydration. The greatest,l from the simulated RPA-DBC ensemble, however, esma
consistent with the experimental value (Figure A)l14uggesting that this fully extended
conformation is sampled in solution. The grea®sic from RPA-DBC/d10, though, is
approximately 20-40 A greater than the experimen@ue (Figure 4.14A), again
pointing to simulation inaccuracy. When comparedheoretical [Qax values from the
trimer core (Ghax 93 A) and 70AB/dg (Dmax 60 A), the average R values for both
simulated RPA-DBC ensembles (139-140 A) suggestttigamost frequent arrangement
of 70A, 70B, and trimer core modules within the giated ensemble is not necessarily
linear as indicated by trab initio envelopes, but rather arced.

To gain insight into the conformational architeetyr selected BILBO-MD
conformers close to the experimentglddd Dynax were extracted and compared (Figure
4.15). As expected, RPA-DBC conformers represemetatf the experimental {ad an
arced, rather than a linear inter-domain distrifyticontrary to theb initio molecular

envelope (Figure 4.15A, left panel). This curvatisrlost, though, for
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Figure 4.14. Comparison of parameters from simdlaBdLBO-MD ensembles to

experimental scattering parameters. A) Summarysiafulated and experimental
statistics. B) Frequency distributions of B®r simulated RPA-DBC (top) and RPA-
DBC/d10 (bottom) ensembles. C) Frequency distigmgt of Dnax for simulated RPA-

DBC (top) and RPA-DBC/d10 (bottom) ensembles.

conformers consistent with the experimental,P where all domains are at their
maximum, linear extension (Figure 4.15A, right dané similar pattern is observed for
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Figure 4.15. Representative BILBO-MD conformersdaperimental R(left panels) and
Dmax (right panels) values for RPA-DBC (A) and mock RBRC/d10 (B).

RPA-DBC/d10, where conformers consistent with tkpegimental R reflect a closer

inter-domain organization (Figure 4.15B, left panels opposed to the more open

112



arrangement associated with conformers displayiagekperimental Rux (Figure 4.15B,
right panel).

As mentioned above, discrepancies between averquggimental and simulated
parameters point toward inaccuracies in the sinaratIt would seem that BILBO-MD
is able to sample the breadth of accessible irgerain orientations, but is unable to
account for the relative abundance of these otti@mts within a population. This partly
arises from running the simulation under high terapges (1500K), which can
exaggerate the sampling of extended inter-domaienttions that may be less
accessible under physiological temperatures. Tgiel-body protocol employed by
BILBO-MD may also favor oversampling of more extedd conformations by
overlooking the effects of hydrodynamic viscositgpecifically, the program relies upon
designation of a stationary, reference domain, fwdrich neighboring ‘moving’ domains
are iteratively rearranged after MD simulation ofer-domain linkers128). As such,
conformational effects imposed by hydrodynamic diragn rotational diffusion of the
protein through solvent (including semi-independdiffusion fromall mobile domains)
are neglected. Contributions from transient itemain attraction or repulsion driven by
electrostatic, van der Waals, or hydration effeats ignored as well. In light of this,
determining whether the inter-domain arrangemestso@ated with the experimental
RPA-DBC R, values (Figure 4.15) truly represent the most dhoh orientation in
solution will require advanced molecular dynamippraaches that apply more realistic
solvent and temperature parameters.

While an accurate description of the full RPA-DBGIution ensemble is not

accessible through BILBO-MD, the simulations dovide important information on
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inter-domain distribution that is unavailable froexamining averaged molecular
envelopes. It is clear that multiple RPA-DBC canfations are present in solution;
however, the current evidence suggests that thé afmsdant conformations exhibit
limited inter-domain extension. A similar conclosiapplies to simulations of RPA-
DBC/d10. In light of this, the pronounced compaistof the RPA-DBC/d10 molecular
envelope relative to RPA-DBC, noted above (Figur@A% may simply reflect the

conformational predisposition of the RPA-DBC enskEmb As a result, the greater
extension in the molecular envelope of RPA-DBCtredato those of RPA-DBC/d10 and
RPA-DBC/d20 may arise from ensemble averaging averore diverse distribution of
inter-domain orientations, rather than an architecthat is predominantly extended in

solution.

RPA-DBC assumes a close, curved inter-domain aiemt in the presence of SSDNA
Evidence for limited inter-domain extension withthe RPA-DBC solution
ensemble would indicate a similar inter-domainrdistion for RPA-DBC/d30 that is not
readily detectable by molecular envelope compariséxs BILBO-MD is unable to
accommodate nucleic acids, select models of RPA-DBComplex with d20 and d30
substrates were built by hand to provide insigtd the correspondence between specific
inter-domain distributions and experimental pararsetierived from the scattering data
(Rg: Dmax P(r)). Complexes of 70C and 32D bound ta d@bstrates were generated in
HADDOCK (163 164), based upon restraints defined from critical @roDNA base-

stacking interactions in the 70AB/gCrystal structure. Docked domains were overlaid
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with the original RPA-DBC model (see above) in Pyraod Chimera, and intervening
segments of the ssDNA substrate were added manually

Prior to comparison with the experimental dataseawly of the models led to a
number of observations. The first of these regéndsminimum and maximum number
of intervening nucleotides accommodated by 70A/a0@ 70B/70C. For both cases, a
minimum of two intervening nucleotides is requiredprevent steric overlap between
domains (the 70AB/d&crystal structure displays this as wel). Separation of 70A
and 70B by more than 4 nucleotides leads to ovenskin of the 70AB linker, whereas
approximately 6-8 intervening nucleotides led tib éxtension between 70B and 70C.

A second observation considers the substrate dagpzfdhe trimer core, where 7
bases are required to bridge the 70C and 32D lgrsitas on adjacent faces of the trimer
core (Figure 4.16). With three nucleotides engagtach DNA-binding domain, this
suggests that at least 13 nucleotides are requaefdl the trimer core completely.
Measurements of RPA70C/32D/14 affinity for 10- aBd-nucleotide substrates by
fluorescence polarization are consistent with thssthe trimer core’s affinity for the 20-
nucleotide substrate is greatly increased relativéhat for the 10-nucleotide substrate
(Figure 4.16). Altogether, these measurementsavprddict a minimum substrate length
of 23 nucleotides (8 for 70AB, 2 for 70B/70C, 13 fomer core) in order to occupy all
RPA-DBC DNA-binding domains completely. This subgt length is consistent with
the 32D domain remaining unoccupied with a 20-ratade substrate, as has traditionally
been defined for the intermediate binding moder &80-nucleotide substrate, though,
interaction with this minimum substrate length cbuésult in RPA-DBC binding at 8

slightly different locations along the length o&tBO-nucleotide substrate. Consequently,
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future experiments examining the final binding masieould consider limiting the
substrate to 23-24 nucleotides in order to redumenpial variations in RPA-DBC’s

binding register.
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Figure 4.16. A) Model of RPA70C/32D/14 bound to BgDsubstrate. B) Fluorescence
anisotropy binding curves for RPA70C/32D/14 titvas with 5’-FAM-dG, (e) and 5'-
FAM-dCy (m). K4 values represent the average of three measurements

Three models were generated for RPA-DBC/d20 withibtent of examining the

role of inter-domain spacing and linear domain rageament in complementing the
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scattering data (Figure 4.17). The first modeh@a\) considers the influence of steric
freedom between the modules of the DNA-binding Biteancorporating six nucleotides
between 70AB and the trimer core. This model ismhé¢o test whether the entropically

favorable steric freedom gained by allowing thig@xnter-modular spacing is still
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Figure 4.17. Modeling of RPA-DBC/d20 complexes witherlays of experimental
(black) and theoretical (green) I(q) curves ang &istributions. A) Model 1 (extended
inter-domain orientation). B) Model 2 (linear inbomain orientation). C) Model 3
(arced inter-domain orientation).

consistent with the compaction observed in dbeinitio envelope and P(r) distribution
(Figure 4.17A, the 32D domain remains unoccupiedthis case). The simulated

scattering function from this model differs consatgy from the experimental datg?(

31.0, Figure 4.17A), while the JR~40.3 A) clearly exceeds that derived by Guinier
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analysis (34.9 A). Moreover, the experimental R{igtribution lacks the secondary
shoulder of the simulated distribution, which asi$em spatial separation of 70AB and
the trimer core. Overall, it would appear thatesttended model is not consistent with
the experimental data, suggesting that proximittyveen 70AB and the trimer core are
favored in the intermediate binding mode.

The second and third models examine whether a maiei arrangement of
domains within the RPA-DBC/d20 complex are alignegetarly or as a curved arc,
evaluating the potential for curvature in the maduDNA-binding cleft as noted in the
Bilbo-MD simulations. The second model presentslatively linear arrangement of the
central domains (Figure 4.17B), while the third mlodttempts to accommodate the
sharply curved arrangement indicated by the RPA-IBIRC molecular envelope (Figure
4.17C). Here, Rvalues from both models are consistent with theegrmental data (R
35.3 and 36.5 A, respectively) and thgirgoodness-of-fit values are relatively similar
(compare 11.8 to 9.1). While these two models mod@sely approximate the
experimental P(r) distribution than the model witloader inter-domain spacing (Figure
4.17A), the relatively high? values indicate that neither is a particularly dymsatch to
the data. As such, determination of the precisengdric arrangement of domains (linear
versus arced) clearly warrants further investigatioy more advanced modeling
approaches than those presented here. Consigeddtidynamics and ensemble-based
modeling strategies will also likely prove insighitf

In the case of RPA-DBC/d30, two models were geedratith the intent of
examining the inter-domain proximity on the longeibstrate (Figure 4.18). The first

considered maximum spread between 70A/70B and D@B/With 4 and 6 bases,
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respectively, incorporated between these domairgui@ 4.18A). The second model
retained the extended placement between 70B and B@Csubstituted the minimum
two-base separation between 70A and 70B that iereéd in the crystal structure
(Figure 4.18B). Rvalues for both models were 43.5 A (fully externdedd 41.1 A
(partially extended), which is considerably higkiean the experimental value of 38.6 A.
Moreover, the associated P(r) distributions posdgessict secondary shoulders that are
not present in the experimental distribution (Fegdrl8), representing closer association
between 70AB and the trimer core than the modeléer-domain spacing. Theqk
values of the models (144 and 131 A, respectiveigwever, fall well short of the
experimental Rax of 183 A.  As with the DNA-free protein, the madjgrof RPA-
DBC/d30 molecules in solution appear to adopt & lkestended state than might be
expected from a well-spaced, linear alignment ef BfNA-binding domains along the
30-nucleotide substrate. The existence of a higleemental .., though, indicates the
presence of a population distribution that includiggly extended orientations within the
ensemble. Interestingly, the intra-domain featumefie RPA-DBC/d30 P(r) distribution
(r < 100 A) remain very similar to those of RPA-DBICO (Figure 4.17), suggesting that

the interdomain orientations in the two binding m®dnay be similar.
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Figure 4.18. Modeling of RPA-DBC/d30 complexes witherlays of experimental
(black) and theoretical (purple) I(q) curves ang Bistributions. A) Model 1 (maximum
70A/70B and 70B/70C spacing). B) Model 2 (maximo@B/70C spacing).

120



RPA-DBC follows a dynamic ‘bi-modal’ mechanism dfAbinding

Comparisons between RPA-DBC models generated byo8ID and manual
methods and their associated P(r) distributionsewssed to correlate specific inter-
domain orientations with unique features of theesxpental P(r) distributions. The

results are summarized in Figures 4.19 and 4.20.
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Figure 4.19. Integrating RPA-DBC modeling and expental P(r) distributions. A)
RPA-DBC P(r) distribution. Arrows indicate dist&ascbetween the given module and
the trimer core. As an example, the local 70Aueatentered at 130 A represents all
distances between 70A and the trimer core. B) Guoispn of RPA-DBC (blue) and
RPA-DBC/d10 (red). C) Comparison of RPA-DBC/d1@dy and RPA-DBC/d20
(green). D) Comparison of RPA-DBC/d20 (green) RA-DBC/d30 (purple).

In the absence of ssDNA, the P(r) profile for RPBD contains a primary

maximum representative of all intra-domain distanaed three ‘shoulders’ that represent

distances between the trimer core and 70A, 70B,7&#B (Figure 4.19A). In the case
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of the “70AB’ shoulder, the 70A and 70B domains suifficiently close to be considered
a single module, while the ‘70A’ and ‘70B’ shouldarapture distances associated with
the spatial separation of these domains. When RBS- binds d10, the discrete
shoulders associated with 70A and 70B disappeaitg e shoulder corresponding to
70AB increases slightly, indicating that DNA-bindinhas resulted in substantial
reduction in the population of structures where tive domains are far apart (Figure
4.19B). For the 20-nucleotide binding mode, th&BG&Ghoulder shifts in slightly and
merges with the primary maximum (Figure 4.19C).isTé¢orrelates with the maximum
compaction of RPA-DBC when bound to d20. In thsecaf RPA-DBC/d30, the
continuity between the 70AB shoulder and the prjmaaximum remains unchanged;
however, there is now an increase in long-range@mniies in excess of 100 A. (Figure
4.19D). This long-range portion of the P(r) distiion lacks the features associated with
the spatial separation of 70A and 70B that wasrebsein the absence of ssSDNA (Figure
4.19). However, the intra-domain features of tfRARDBC/d30 distribution (r < 100 A)
remain similar to those of the RPA-DBC/d20 disttibn. The final 30-nucleotide
binding state, then, appears to encompass a mirfuir@er-domain orientations either
reminiscent of the compact 20-nucleotide bindingden@r exhibiting more extended
orientations.

Taken together, the changes in inter-domain oriemtahat accompany RPA-
DBC through its three binding modes suggest thasthuctural remodeling of RPA-DBC
is ‘bi-modal,” that is there are two primary ardutural transitions taking place during
DNA-binding. The first transition is the compactiof RPA-DBC’s inter-domain

architecture during the first two binding stateBinding of 8-10 nucleotide substrates
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draws the 70A and 70B domains together, where pssgpn to a 20-nucleotide substrate
positions the trimer core close to the 70AB domdkrigure 4.20). The second transition
involves a dynamic redistribution of domains fomsosubset of the RPA-DBC solution
ensemble, converting the compact architecture efititermediate binding mode to a
more extended, final binding state. In the subsetimixture of conformers, the trimer
core and 70AB domains can occupy inter-domain tatens where they are farther

apart from each other than in the compact d20 éfagere 4.20).

Figure 4.20. Proposed model for RPA-DBC DNA-bindiragectory. Binding of d10 and
d20 substrates results in progressive compactionhef DNA-binding core through
alignment of 70A and 70B (d10), then 70AB and triroere (d20). Binding of the d30
substrate allows RPA-DBC to rearrange upon the ¢sDN

The question of how exactly ssSDNA threads its wapugh RPA remains. Does

the substrate follow the convex or concave surfaicéhe arced scattering envelope?

While additional SAXS experiments on intermediaB®NA substrates may provide
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insight into this, a full delineation of the DNA migty can be obtained from small-angle
neutron scattering (SANS), which can provide sigfit scattering contrast to distinguish

protein and DNA density.

Conclusions

These studies have provided the first structurabpextive on RPA’'s DNA-
binding trajectory. A combination of small-angleray scattering and computational
simulation have established that the DNA-bindingecof RPA (RPA-DBC) exists as a
mixture of inter-domain orientations, where the mabundant of these orientations
assumes a close, curved inter-domain arrangemditis ensemble of inter-domain
orientations is progressively compacted and restticupon binding 10- and 20-
nucleotide substrates, but partially resumes a dnixger-domain distribution upon
binding 30-nucleotide substrates. The compactgso@ated with the first two binding
modes arises primarily from alignment and appasitid 70A and 70B domains (d10),
followed by alignment and apposition of 70AB ance tirimer core (d20). The
subsequent return to a mixture of inter-domain rdagons in the final binding state
(d30) may arise from variations in the distributiohDNA-binding domains along the
substrate, greater dynamic fluctuations betweerstistrate and the DNA-binding core,
or some combination of the two.

Overall, two primary architectural transitions defi RPA’'s DNA-binding
trajectory — inter-domain compaction, followed byredurn to a mixed population of
compact and extended states. The mechanistic datigihs of this ‘bi-modal’

understanding of RPA remodeling upon binding ssDMK be discussed in fuller detalil
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in the next chapter, as well as strategies forrdeteng how this fundamental structural

pathway is integrated into DNA processing transensti
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CHAPTER V

DISCUSSION AND FUTURE DIRECTIONS

Summary of thiswork
‘Adaptable architecture’ is an emerging paradignthie field of DNA processing
biology, a theme applicable to individual DNA presing proteins and elaborate protein
assemblies alike. This research project has facupen investigating and describing the
dynamic architecture of one of the most fundameptaticipants in eukaryotic DNA

processing, RPA. Key discoveries and themes froswmiork are summarized below.

RPA possesses an ‘independent,” dynamic inter-doarahitecture

Application of advanced NMR methodologies has p#adi unprecedented
access to the solution architecture of full-lend®RA, resolving an implicit debate
between competing views of RPA quaternary structgmmpact’ versus ‘independent’).
TROSY-HSQC experiments have revealed an absenastesfdomain contact among
RPA'’s five structured modules, counter to the orddi‘compact’ architecture indicated
by STEM (78). Not only do individual modules remain free diygical contact, but their
diffusive rotational motion remains independentvas!, as witnessed by variation in
signal linewidths within the TROSY-HSQC. This dyma architecture is maintained
even in the context of DNA binding, as the struetand motion of protein interaction
domains 70N and 32C are unaffected by RPA intemaatith a 30-nucleotide substrate,

compared to DNA binding domains 70A and 70B. TWtisictural autonomy of domains
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dedicated to DNA binding versus protein interaci®well correlated with RPA'’s role as

a recruitment platform and coordinator for DNA pgesing.

Domain linkage and DNA binding impose motional etation on RPA domain dynamics
Variation in rotational motion among RPA domainspears to be driven
primarily by linker length, as revealed by heterdear relaxation experiments on RPA
tandem domain fragments, RPA70AB and RPA70NAB. @anson of theoretical
rotational diffusion tensors for free domains twdé of their linked counterparts
establishes that rotational motion of the linkedndns is not completely free, but rather
depends upon the degree of tethering imposed binteeeonnecting linker. Rotational
tumbling of the DNA binding domains 70A and 70Bseen to become highly correlated
upon binding a ssDNA substrate. For RPA70NAB, #@hintains a higher degree of
diffusive autonomy compared to 70A and 70B, coesistvith their respective roles in
engaging protein and ssDNA substrates, as well has dbservation of functional

autonomy through structural independence notetlfblength RPA.

RPA architecture condenses, then extends, upoinga$sough its DNA-binding
trajectory.

The structural adaptability of RPA’'s dynamic inteymain architecture is
reflected in the structural progression of the @ros DNA-binding trajectory. Small-
angle scattering analysis of the initial 8-10 antbrimediate 12-23 nucleotide binding
modes has uncovered a progressive compaction efdatmain architecture (first 70A

and 70B, then 70AB and the trimer core) as the Dii#gding core attempts to
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accommodate these comparatively short substrafedvancement to the final 28-30
nucleotide binding state prompts release of thisridomain compaction, and the DNA-
binding core reverts to a dynamic mixture of contpand open inter-domain
distributions along the ssDNA. The evolving comtotithe DNA-binding core over the
course of this trajectory, whether convex or coecaemains to be resolved by future
SANS analysis. Nonetheless, the scattering psofifevide the first comprehensive view
of inter-domain rearrangement as RPA binds ssDNA eonfirm the existence of

residual motion within the DNA-binding core evenemhbound to its substrate.

Implication of theresults

Re-envisioning the three binding modes of RPA

The ability to correlate a particular architectwith each binding mode of RPA
provides tremendous mechanistic insight into howARI@apts to and engages ssDNA
substrates. As expected, the initial binding m@i@ nt) engages and aligns domains
70A and 70B, while the trimer core remains dynaifhycliexible. The intermediate
binding mode (20 nt) results in close proximitytioé trimer core and 70AB, generating a
condensed, bilobal, inter-domain architecture. Timal binding mode (30 nt) is
associated with release of the steric constrairdesied for the intermediate state,
suggesting that a more complicated assortment eh ognd compact inter-domain
orientations typifies the default DNA-bound architee.

Results of computational modeling indicate thatdbig of ssDNA with a
minimum number of nucleotides to occupy all four ®HNinding domains should leave

little room for redistribution of domains along teeDNA (Chapter 1V). The presence of
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extended distributions of domains in the final céempthen, suggests that the established
occluded site size of 30 nucleotid&®,(56) is not the minimum interaction footprint for
all four DNA-binding domains, which is estimated &B8-24 nucleotides from
computational models and fluorescence stud8®. ( In this view, the ‘final’ binding
mode, as defined by full occupation of all four D¥#ding domains, can encompass at
least two distinct architectures—condensed or elddr-contingent upon available
substrate length. This architectural dichotomy neaplain the ambiguity within the
literature in defining nucleotide ranges for RPAitermediate and final binding modes.
The 12-23 nucleotide span invoked for the interadbinding mode54) encompasses
a range in which ssDNA initially makes contact wihC, but must then traverse a third
of the trimer core to reach and occupy 32 &nd Chapter IV). The condensed, bilobal
architecture of the intermediate state is expettetdle present throughout this range.
Conflicting ranges of 23-27 n64) or 28-30 nt 14, 55) for the final interaction state
define the minimum site requirement for full occtipa of the DNA-binding core (23-24
nt) and the best-fit model for extended inter-dan@ientation on ssDNA (28-30 nt).

In light of this, accurate delineation of RPA’'sé¢d DNA binding states should
require consideration of the architectures of aatdraction mode, in addition to domain
involvement and nucleotide length range. For thal binding mode, participation of
domains 70A and 70B correlates well with the cqroesling scattering profile and a site
size of 8-10 nucleotides (Figure 5.1). In the cak¢he intermediate state, additional
engagement of the trimer core through 70C, andnately 32D, generates a condensed
architecture over the corresponding length range2e24 nucleotides (Figure 5.1). With

all four DNA-binding domains now occupied, howevtite final binding mode is best
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described as an ‘architecture in transition’ actbsscorresponding length range of 24-30
nucleotides, as the redistribution of DNA-bindingnthins progressively shifts the core

architecture to include a significant populatioregtended states (Figure 5.1).

12-23 nt

24-30 nt

Figure 5.1. Architectural model for RPA’s DNA-bind trajectory. Cartoon diagrams
of each binding mode are shown next to their cpording scattering envelope from
Chapter IV. Prior to binding ssDNA, RPA-DBC posses a slightly extended inter-
domain orientation in solution. The initial bindinstate involves substrates 8-10
nucleotides in length and engages domains 70A 8Bd The intermediate binding state
encompasses substrates 12-23 nucleotides in |langths characterized by a condensed
architecture as the ssDNA proceeds to engage twoer domains 70C and 32D. The
final binding state of 24-30 nucleotides is chagaeed by a redistribution of DNA-
binding domains, with a transition from the compacthitecture of the intermediate
binding mode to the extended architecture assatiaith the final occluded site size of
30 nucleotides.

The available scattering data driving this modsgpresent snapshots of very
specific points along this architectural trajectaagd additional experimental verification

is warranted to test its validity and as well asrélevancen vivo (vide infrg. Even so,
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this long-sought structural view of RPA’s DNA bindttrajectory now allows the
formulation of key questions addressing how thesectiral transitions drive DNA
processing. Of particular interest is how other ADNrocessing factors might take
advantage of these architectural changes to faeilior, more importantly, to disrupt

binding of ssSDNA by RPA.

Integrating protein intervention into the DNA-binditrajectory of RPA

The ability to accelerate or interrupt the bindofdRPA to its SSDNA substrate is
critical to the efficient progression of DNA prosgsy machinery. Studies investigating
the role of protein interaction in manipulating DNvnding by RPA have focused
primarily upon the relevance of specific domain-@mcontacts (SV40 Tag-OBD/70AB
and Tag-OBD/32C, Chapter I). The availability o$tauctural model for RPA’'s DNA-
binding trajectory now permits these studies t@laeed into a more global architectural
context. Among the reports discussed in Chaptead the specific interaction between
the principal DNA-binding domains 70A and 70B ar torigin-binding domain of
SV40 large T-antigen (Tag-OBD), an interaction show stimulate RPA’s ability to
bind ssDNA, purportedly through pre-alignment o# tANA-binding channel29). Of
particular interest was the ability of Tag to foanternary complex with RPA bound to a
dTs substrate, but subsequent loss of this interadtonsubstrates representative of
intermediate (d{s) and final binding modes (dd).

Examination of the core architectures of the ahiand intermediate binding
modes of RPA suggests that steric effects areraapyi contributor to the disruption of

the Tag-OBD/70AB interaction. Manual superpositioh the known structure of
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monomeric Tag-OBD with its approximate binding st@ RPA70AB in the context of
RPA-DBC/d10 and RPA-DBC/d20 complexes places Tad@@Bclose proximity to the
trimer core (Figure 5.2). The higher-order assenifl active large T-antigen as a
hexamer would be expected to create steric clashe 80 with the compact architecture
of RPA-DBC/d20. The progressive rearrangement BAR inter-domain distribution,
then, may be responsible for freeing the DNA-bigdiore from large T-antigen as RPA
finalizes contact with the ssDNA. As such, theliog mechanism would be intrinsically

primed to disengage, allowing for ‘hand-off’ of RRé&\the next protein partner.

Figure 5.2. Superposition of hypothetical 70AB/T@BD complex with RPA-DBC
scattering envelopes. Overlay of hypothetical ingccomplex between Tag-OBD and
RPA70AB with scattering envelopes from RPA-DBC/d@6ft) and RPA-DBC/d20
(right). Residues facilitating protein-protein tact are highlighted in magenta.

Initiation of primer synthesis for the SV40 systerh replication relies upon
contact between Tag-OBD and domain 32C, an interadiypothesized to trigger
displacement of RPA from ssDNA(). Displacement is proposed to occur through the

exertion of tension on the linker between 32C dedfinal, labile DNA-binding domain,
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32D, exposing enough of the ssDNA template to enpblymerase/primase to access
the ssDNA and subsequently displace the remainidiiedRPA DNA-binding core3Q).
Subsequent studies from this group and that oHen Fanning have since determined
that primase itself is also capable of interactmith 32C (70 and also the tandem
domains, 70N, 70A, and 70B, which may also fad#itaisplacement of RPA from
ssDNA, though this has yet to be investigated erpantally.

The structural models of RPA’s DNA-binding core @éal/no obvious obstacle to
preventing displacement of the trimer core via imme&xerted upon the 32D/32C linker.
The high degree of flexibility between the trimere and domains 70A and 70B in the
initial binding mode indicate, however, that temsileveraged through the 32D/32C
linker alone may not be sufficient to remove théirenDNA-binding core, unless it is
sufficient to propagate to the linker between doealOC and 70B. It is perhaps at this
point that interaction between 70AB and primaseelsvant for full removal of RPA
from ssDNA. This remains purely speculative, thoudrull elucidation of the structural
mechanism behind protein-driven displacement of RRM require a clearer
understanding of the full range of protein-proteiontacts involved, as well as the
intrinsic dynamics present within RPA’s DNA-bourtdte. Research strategies to pursue

this are outlined in more detail in the next sattio

The role of RPA structural dynamics in DNA procegsi
Dynamic inter-domain architectures are optimaliytexi to accommodate the
shifting substrate environments of DNA metabolismNot only is such modular

organization useful for adapting to the unique gei®s of binding partners, but flexible
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linking also ensures the proximity of distinct bieenical functions4). The findings
noted above illustrate how DNA binding and protieiteraction functions are structurally
integrated in the context of full-length RPA thrbuthe flexible linking of their cognate
domains. Such an inter-domain organization speifiow RPA can simultaneously
organize and coordinate both ssDNA and proteinigiaaints during DNA processing
transactions.

Well characterized examples of this can be fouitt the DNA damage response
machinery, where stretches of RPA bound to ssDNAsesdo signal checkpoint
activation. Recruitment of ambient checkpoint einas ATRIP, RAD9, and MRE11 to
DNA-bound RPA is facilitated by their interactiontiwthe 70N domain@3, 64), which
is now shown to remain unconstrained in the DNA+abatate 143 152). Assembly of
the nucleotide excision repair complex serves ashan example of the independent
coordination of DNA and protein substrates by RRA this particular case, the polarity
of RPA binding to ssDNA determines and maintains plolarity of excision nuclease
recruitment and actior( 28).

In addition to an ability to manage separate DNW arotein substrates, RPA is
also able to adapt directly to variation in thediry environment of ssDNA, through
architectural versatility of its DNA-binding coreCompression and release of the DNA-
binding core over the course of the DNA-bindingectory indicates that RPA can tailor
its inter-domain orientation to the available léngif the ssDNA substrate. Such
‘custom’ interaction ensures that RPA can shieldNs&, regardless of context, and
provides an essential mechanism for efficientlyugstering ssDNA that falls below the

standard occluded site size of 30 nucleotides. bihéing of sSSDNA substrates appears
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to outweigh the steric strain imposed by a condgmrsehitecture, as the core assumes a
highly compacted inter-domain arrangement wherDdNgssubstrate of minimal length
is available.

Precisely how the architectural plasticity of RBANA binding core impacts
DNA metabolism has not been directly captured laypdard biochemical approaches as
yet. At best, this structural flexibility has bedatected indirectly bin vitro UV cross-
linking studies on RPA and primer-template subefd3) or RPA and replicating SV40
DNA (171 172. In the study of primer-template substrates, dffeciency of subunit
cross-linking relied upon substrate length, wheRARD was more effectively captured
in the context of shorter substrates (13-14 nt) RRA32 in the context of longer
substrates (19-31 ntphy. For replicating SV40 DNA, cross-linking efficiey was
initially optimal for RPA32 with emerging RNA-DNArpners, then favored for RPA70
with subsequent primer extensioh7{, 172). A clearer understanding of how RPA’s
DNA-binding core is rearranged during active celfuDNA processing will require the

creative combination of methods that can accessiynamic molecular environment.

Understanding and accessing adaptable protein aecires through dynamics

The explosion of ‘adaptable architecture’ as aegalintheme for protein structures
has emphasized the need for an integrated undénstpof protein function as a product
of both architecture and dynamics. In the caseRBfA, a time-varying, modular
architecture is critical for participation in thaverse substrate landscapes of DNA
metabolism. The challenge of accessing and chaiaicty such dynamic architectures

remains an active area of theoretical and expetmheevelopment. While approaches
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such as SAXS, SANS, and NMR relaxation are becomioge mainstream, their routine
application to many important biological systemawaited.

The description of RPA’s dynamic, modular arcHiiee represents an important
advance in the field of DNA processing; it is algnificant for making use of these
integrated methodologies. As such, this work carves as a reference for similar
experimental approaches to other modular SSBs &itbld proteins. The fundamental
guandary of high resolution domain information lwe absence of a knowledge of global
architecture persists for nearly all SSBs and desstDNA processing proteins, among
them important targets such as nucleotide excisepair factors XPA and XPC,

homologous repair factor BRCA2, and the telomereHnig proteins Pot1-Stenl.

Future Directions

Research is a self-evolving path, where intergstiesults inspire continuing
guestions. This project has fundamentally advawcedinderstanding of RPA'’s intrinsic
dynamic architecture and how this architecturempdcted by the binding of ssDNA.
The architectural models generated from these rgslinow await further testing and
refinement, while new questions focusing upon th&olical implications of these
results are ripe for exploration. Outlines of thiey areas for future investigation are
described in detail below.

The first segment focuses upon refining our viéWRBA ‘structural dynamics’ by
providing a more quantitative description of theatsgd volume explored by the full-
length protein. This line of inquiry would be exped to yield the average spatial
disposition and orientation of individual domaingharespect to RPA’s trimer core, and

thus a more complete picture of the general voloowipied by RPA. This information
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would set the stage for incorporating full-lengtRARinto models for multi-protein DNA
processing assemblies.

The second section concentrates upon validatidrreimement of the model for
DNA-binding developed from the scattering experitsaeported here (Figure 5.1). Key
guestions include resolving the exact placementhef DNA-binding core within the
scattering envelope, examining the specific origona and dynamics of individual
domains across the three binding modes, and imatistg the architectures of ‘transition’
points between each binding mode. As referredtwe, this information would provide
a more detailed platform for understanding the &amental structural transitions which
accompany DNA processing transactions.

The final section seeks to address the challenginfpgical problem of how
protein intervention results in displacement of RBAmM ssDNA. Using minimal
components of the SV40 system of replication, pnymaeas of focus would include
identification of RPA domains necessary for displfaent and description of
architectural changes within the DNA-binding coengrated by manipulation of these
target domains. By understanding the architectnedlmarks of a displaced DNA-
binding core, we can begin to integrate this ‘dispinent’ mechanism into the
progression of specific DNA processing pathways|uding DNA replication, damage

response, and repair.

Extending and detailing the current view of RPAistral dynamics
TROSY-HSQC experiments have proved invaluable taldishing a flexible,

independent inter-domain architecture for RPA. #&leaments of rotational diffusion
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tensors have provided complementary informationamdigg average inter-domain
orientations for domains 70N, 70A, and 70B, andttedag data has highlighted a
moderately extended architecture for the DNA-bigdicore (70ABC/32D/14).
Nonetheless, critical questions remain on manyefdetails of RPA’s modular, flexible
architecture. Average domain orientations haveqgée established in the context of the
full-length protein, the accessible spatial disensampled by each domain remain
undefined, and details of the global architecturéhe full-length protein are unknown.
As with the project reported here, a combinatiomNdfR and SAXS on full-length RPA

and multi-domain fragments is proposed to explbesé¢ questions.

Establishing average domain orientation in fullggmRPA

NMR heteronuclear relaxation experiments (Chapii¢rhave the capacity to
establish the rotational orientation of a domainmérest. Full-length RPA, however,
presents a number of technical challenges for meamnt of°N relaxation. Primary
among these is the requirement for an extendedveegalelay in the measurement of
large T, values, a consequence of increased hydrodynanaig dn domains closely
coupled to the 50-kDa trimer core (i.e. 70B and )J(OAs a result, the acquisition time
required for running relaxation experiments on thk-length protein using standard
methods is impractical with regards to sample Btglor shared user demands on the
instrumentation.

An alternative source of information on inter-demarientation and motion can
be found in measurement bN-'H residual dipolar couplings (RDCs) and subsequent

calculation of the averaged molecular alignmensderfor each domain. Rather than
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reporting directly upon rotational motion as thédfudiion tensor does, the molecular
alignment tensor provides an assessment of howcamaletumbling is orientationally
biased upon introduction of alignment media to $shenple solvent. The orientation of
this tumbling bias, in turn, indirectly reports upshape and rotational freedom in the
context of alignment. Theoretical details of RD@®ir measurement, and calculation of
the molecular alignment tensor are detailed inralver of reviews{73 174).

As the structures of RPA’s domains are already vesftablished by high
resolution methods, the power of RDCs lies in theddility to reveal how flexible
tethering affects domain motion. Differences betwéhe theoretical alignment tensor
predicted for a domain in isolation and that meaduor the domain in the context of
full-length RPA will highlight the rotational biasreated by flexible attachment to the
rest of the protein. Collectively, then, the ahgnt tensors will provide a view of the
average inter-domain orientation for domains 700/,770B, and 32C in the context of
full-length RPA. As signals from the trimer cone anot detected in TROSY spectra of
full-length 2H, **N-RPA, other NMR experiments or examination of mitgive RPA
constructs, such as RPA-DBC, will be required ttambthis information.

Full determination of an alignment tensor withfite parameters (P R, a, B, v)
will require acquisition of five separate sets'dfi-'H RDCs under different alignment
conditions. As optimization of sample alignmenvésy much an empirical undertaking,
alignment media should be established initially hwitN-enriched RPA prior to
investigation of a deuterated sample. Since tladyical approach relies upon molecular

alignment created by steric obstruction of rotagloimmbling, alignment media that act
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sterically, such as bicelles and strained polyacnytle gels, should be preferentially
explored.

Interpretation of RDC data for RPA will pose a sigiant challenge. Initial
analysis will focus upon comparing and contrastiignment tensors calculated for each
domain from the measured sets'dfi-‘H RDCs. This domain-by-domain approach is
preferred for proteins like RPA, since the timey#ag architecture of the full-length
protein does not present a fixed molecular framedlobally referencing alf°N-*H
RDCs. Rather, the flexible independence of eacmailo causes the ordering
environment of the alignment media to impact eacmain’s rotational tumbling
differently. As a result, each domain alignmenhsta should possess a unique
magnitude and orientation and will represent theraged alignment experienced by the
domain as it dynamically samples multiple oriemtasi in solution 174 175).
Differences in the alignment tensors across theailsnof RPA are expected to be
reflective of the differences in domain shape agttidring environments (i.elomains
experiencing highly anisotropic motion, whethemfrehape or tethering by short linkers,
will exhibit a greater magnitude in the alignmesrdor).

The magnitude and orientation of domain alignmemsors calculated in the
context of the full-length protein will differ, thugh, from those determined for each
domain in isolation, as tethering by inter-domankérs will increase the anisotropy of
rotational tumbling in the context of alignment. or@parison of domain alignment
tensors measured in the context of full-length RIPA those calculated for each domain
in isolation should reveal how linkage impacts tbigsentational sampling for each

domain, and thus provide insight into the averageridomain orientation experienced in
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the context of full-length RPA. Validation of tleesverage domain orientations will
require ensemble methods, such as molecular dysasmaulations on the full-length

protein, to provide a sufficiently large populatioh RPA structures for assessing the
average theoretical orientation and alignment @hedomain. A similar approach has
been described by Maciejewski and colleagues fihwee-domain derivative of human
factor H (FH1-3), with the exception that ensemipmeration was driven by simulated

annealing in Xplor-NIH, rather than molecular dynesrtrajectories}76).

Determining average inter-domain distances inlgrlgth RPA

Paramagnetic relaxation enhancement (PRE) refersthe ability of a
paramagnetic center, such as a metal ion or orgadical, to accelerate the rate at which
an excited NMR signal returns to its equilibriunatet Association of a paramagnetic
center with a biomolecule, then, results in broaugof NMR signals. Since the degree

of relaxation enhancement depends upon the proxiwitthe paramagnetic center
according tor%, where r is the intervening distance, PREs prouaideffective means for

determining the relative distances between a kn@aramagnetic center and those
surrounding nuclei that are within a range of 12436177). In the instance where the
paramagnetic center is situated on a separatélifdinked domain, however, PREs will

reflect an averaged distance between the parameggent and nuclei located on the
opposing domain, weighted according;to

Incorporation of a paramagnetic center within RfRAy be readily achieved by
cobalt substitution at the zinc ribbon of 70C, bbshing the trimer core as a central

point of reference for the remaining flexibly linrkelomains. The use of metal ions as
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paramagnetic probes for proteins has been wellrdented by the laboratory of Lewis
Kay for the case of copper ions @u(178. Application of a similar strategy with
cobalt will require knowledge of the correspondeiegctronicg-factor and the correlation
time associated with its electronic spin relaxgtvalues which are already established or
which can be measured by NMR experimefi&9).

Qualitative information on those domains that appgh the trimer core within the
range of 12-35 A can be readily obtained by conspariof TROSY-HSQC signal

intensities acquired from the diagmagnetic versiesgaramagnetic state. Quantitative
interpretation of average distances calculated fRRREs (weighted bfg), though, will

require an understanding of the upper and lowerddbmain distances accessible to each
domain within the spatial range of the paramagneffect. Rigid-body modeling
engines, such as BilboMD and EOM can provide esémaf this distance range, while
small-angle scattering can provide experimentaldasibn. Once these distance ranges

are available, though, care must be exercisedenntierpretation of the distance average,
as theri6 dependence of paramagnetic phenomena causesrstiistteices to have an

exaggerated influence on the inter-domain avera@e.described above for the RDC
measurements, ensemble analysis of inter-domatandiss from molecular dynamics
simulations on full-length RPA should be helpfularploring the impact of this bias on
the PRE measurements. Once these PRE-based awetagdomain distances have
been determined and properly interpreted, thewrip@ration into the emerging structural
model for full-length RPA will provide important flormation on the average spatial

distribution of domains 70N, 70A, 70B, and 32C wiispect to the trimer core.
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Probing global architecture of the RPA conformaticensemble with SAXS

While RDCs and PREs measured by NMR can providaildd information on
average inter-domain orientations and distances, they lanied in their ability to
provide information on theange of domain orientations and distances experienged b
the entire solution ensemble of full-length RPAnsight into this range of accessible
inter-domain distances and orientations is crittcalinderstanding the degree of inter-
domain motion present in the full-length proteis, well as the array of architectural
forms assumed by RPA. Small-angle x-ray scatterfB&XS) is the principal
experimental technique of choice for accessing alspatial information from a protein
ensemble in solution and is capable of capturatlg distances present within the
population. A combination of SAXS and advanced kt§id-body modeling is proposed
to explore the range of inter-domain architectuaesessible to full-length RPA and to
determine which of these architectures occur mresjuently in solution.

Interpretation of scattering curves and molecatarelopes from dynamic, multi-
domain proteins presents a number of complicaticms, the experimental data
simultaneously encodes multiple inter-domain areamgnts. Moreover, the behavior of
scattering curves for modular protein systems haly cecently received systematic
documentation through computational simulation ig®I@9, 180) and still lacks much of
the theory that underlies the current understandfngore static, globular protein$2pb,
181). Because of this, pursuit of SAXS on full-leng®PA is also an opportunity to
determine how inter-domain motion impacts the expental scattering curve and

models derived from this data.
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Acquisition of SAXS data on full-length RPA woulollow the methods detailed
in Chapter IV, followed by standard data analys@uifier, Kratky, pair-distance
transformations, etc.). Spatial parameters deriv@u the scattering data {RDmax P(r)
distribution) would then be available for comparisio spatial parameters derived via
NMR (i.e. PREs). Bilbo-MD could be used to simalaan initial conformational
ensemble for comparison with the experimental sgaty data; the limitations detailed in
Chapter 1V, however, suggest that a full rigid-bodhplecular dynamics (MD) or
Brownian dynamics (BD) simulation would be a bettesource for generating a
simulated population for full-length RPA. The sefsent simulated ensemble and
analysis of the average, simulated SAXS curve ftioisiensemble would be informative
in determining the range of theoretically possiRIRA architectures, as well as whether
Brownian rotational motion alone or both Browniamtion and viscosity effects can
account for the spatial and orientational propsmieasured experimentally by NMR and
SAXS.

Validating the relative abundance of specific imdemain arrangements within a
solution population for any protein still remainsclaallenge. For RPA, experimental
information from NMR, SAXS, and MD/BD can lend suppto the relative frequency of
general categories of inter-domain orientationss ah example, this might include
resolving whether all inter-domain linkers are mm@dhantly extended in solution or
possess the more condensed persistence lengthraridam coil polymer, based on
assessment of PRE-derived distances and SAX&nd Dnax values, as well as the
relative frequency of these respective conformafioarrangements within MD/BD

trajectories. The assessment of definitive con&dimmal ensembles for flexible, modular
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proteins continues to remain an active area forhous development in structural
biology.

Integration of NMR, SAXS, and MD/BD data into a deb of full-length RPA
will provide a comprehensive view of RPA’s genemdér-domain disposition, as well as
the diversity of architectures accessible to thegin in solution. This structural model
will provide an invaluable foundation for undersiarg the role of RPA architecture in
the context of multi-protein assemblies and hovs taichitecture evolves during the

course of different DNA processing events.

Refining the model of RPA’s DNA-binding trajectory

Small-angle scattering has provided the first cdtmal model of how RPA
architecture accommodates different substrate engs it follows its DNA-binding
trajectory. Nonetheless, key questions remainrdagg RPA’s DNA-binding pathway.
The precise location of the DNA-binding core rensaambiguous, as does the relative
orientations of specific domains within the DNA-8Bing core. Moreover, the inter-
domain architectures associated with ‘transitiooings between binding modes remain a
critical area of interest for understanding thdiahi‘capture’ of 70C by ssDNA and
changes to the DNA-binding core as it transitiaas its minimal binding site size of 24

nucleotides to its occluded site size of 30 nudtiest

Delineating the path of DNA through RPA with SANS

Studies from small-angle x-ray scattering reveal possible orientations for the

site of DNA binding: the smooth convex face of RBA-DBC molecular envelopes or
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the sharply kinked concave face of the opposite ¢@hapter IV, Figure 4.8). The
convex arrangement is expected to introduce maskesit strain on domains 70AB and
the trimer core, while the concave arrangement dwaastommodate less physical contact
between these two sections of the DNA-binding coféne use of small-angle neutron
scattering (SANS), specifically contrast variatexperiments, is proposed to resolve the
ambiguity in the placement of the DNA-binding chahn

The principle and rationale for neutron contraatiation is discussed in Chapter
I. Here, neutron scattering profiles will be cotied on RPA-DBC/ssDNA complexes in
buffers consisting of 0%, 10%, 20%, 30%, 80%, add% D,O. As protein and ssDNA
possess different neutron scattering propertief;established mathematical algorithms
can be implemented to extract separate scattetinges for RPA-DBC and its ssSDNA
substrate. Analysis can then proceed as for cdioren x-ray scattering, allowing
derivation of P(r) functions and reconstruction wiblecular envelopes. Ideally,
reconstruction of the protein scattering envelopeutl highlight the channel occupied
by scattering density from the DNA. As the scatigrstudies have revealed domain
spreading in the case of the final 30 nucleotidessates, the ssDNA substrates for
SANS will be designed to occupy the DNA-binding eavithout allowing excess room
for spreading of domains (24 nucleotides), as wsllto capture the features of the

architecture of the final, occluded site size (8@laotides).

Examining inter-domain re-orientation during RPA Adinding

While scattering studies have provided an unprexted view of global changes

in the DNA-binding core as RPA traverses its DNA¢ing trajectory, the specific
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behavior of individual domains during DNA-bindingdirelied upon data from smaller
fragments (RPA70AB, Chapter IIl) or modeling stiedemmparing specific inter-domain
arrangements to the experimental scattering datager IV). As for full-length RPA,
the use of°N-'H residual dipolar couplings (RDCs) measured by N&fR comparison
of the resulting experimental and theoretical ahignt tensors is proposed to track
changes in inter-domain orientation for the DNAgirg core bound to 10-, 20-, and 30-
nucleotide substrates.

These experiments present a number of techniclleciges, foremost among
them the size limitations imposed by the 78 kDa DBBbiAding core, RPA-DBC.
Deuterium enrichment has shown promising resulta pilot study of this construct at
800 MHz, where strong NMR signals were observed7/i@A and 70B, and slightly
broader signals from the trimer core. Signal gjitems maintained upon introduction of a
10-nucleotide substrate, but is diminished for anB06leotide substrate. Additional
optimization at higher field strength (900 MHz),vasll as higher temperatures (in excess
of 298 K), would allow for improved signal sensitjwfor the final 30-nucleotide binding
mode. The use of alternative NMR experiments (BN/CRIPT) for higher molecular
weight systems would also be an option for accgsshis complex 108 109).
Progressive changes to the magnitude and orientafiadlomain alignment tensors with
each mode of DNA binding will highlight specific cluitectural changes imposed by
DNA-binding, as well as the presence of residuedridomain motion in the intermediate

and final binding modes.
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Mapping the architecture of ‘transition’ statesvilmén DNA binding modes

While SAXS has illuminated the characteristic #@estiures for each DNA
binding mode of RPA, the updated structural modelRPA’s DNA-binding trajectory
raises new questions about the architectural tiansi among binding modes.
Specifically, what are the inter-domain rearrangetsi¢hat accompany the DNA-binding
core as it accommodates substrate lengths thajebtiek initial and intermediate binding
modes (10-13 nucleotides) and the intermediate famal binding modes (24-30
nucleotides)? As with the previous studies, SAX$roposed as the primary approach to
examine changes to the global profile of the DNAdmmg core of RPA when bound to
substrates that are 10-13 nucleotides in length ther first transition and 24-30
nucleotides in length for the second transition.

The molecular envelopes derived for the first draon would be expected to
show a progressive compaction of 70AB and trimere cdensity, as the substrate
becomes sufficiently long to capture and tether.70Gs possible though that the weak
binding affinity of 70C may in fact result in resial motion of the trimer core, preventing
transition to the intermediate mode until the stdtstis long enough to at least partially
engage 32D as well. The molecular envelopes fos#tond transition from the compact
intermediate binding mode to the final binding made expected to show a progressive
lengthening of the scattering envelope up to threuoled site size of 30 nucleotides. To
characterize the presence and degree of residu@nmioetween 70AB and the trimer
core during these transitions, collection and asialgf'>N-'H RDCs are again proposed.

The extent to which inter-domain motion remainstlmse transition states will be
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important to determining how labile these architees are to disruption of DNA-
binding.

Completion of these experiments will serve todatiée the original model of DNA
binding proposed by this research and to provideoee in-depth understanding of how
the DNA-binding core of RPA is rearranged to accadate different ssSDNA substrates.
As with studies on the full-length protein, thisokviedge will be critical to furthering our
understanding of how RPA captures and comes offNgsBubstrates and specifically
how other DNA processing proteins can target thdifferent architectural states to

promote or hinder DNA binding.

Elucidating a ‘displacement’ mechanism for RPA dn\by protein intervention
Paramount to understanding the role of RPA in DNé&tabolism is an awareness
of how other DNA processing proteins dislodge RP&nT its nucleic acid substrate in
order to gain access to ssDNA templates. As meaticabove, examination of the
structural pathway for DNA-binding by RPA-DBC doest provide a clear answer to
this issue. This final section is devoted to iderdtion of specific domains required for
the displacement of RPA from ssDNA substrates &edarchitectural changes to the

DNA-binding core that accompany manipulation ofstneomains.

Development of an RPA ‘displacement’ assay

The design of this assay would be similar to tis#d to detect loss of interaction
between RPA and SV40 large T-antigen (Tag) as RRAsitions from its initial to

intermediate and final binding mode?9). Here, researchers linked RPA to resin via
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antibody coupling and pre-incubated the bound RP#f wag to form a complex.
Subsequent washing of the RPA-Tag complexes witheasing concentrations of gT
dT,s5 and dEo oligonucleotide substrates resulted in no, partiecomplete loss of Tag,
respectively, from the resin, as RPA architectyra#modeled’ when transitioning from
its initial to final binding mode. A similar stegy is proposed for detecting
displacement of RPA from ssDNA substrates. A 36lentide substrate would be linked
to resin using a biotin/streptavidin system andipoebated with full-length RPA. As
there is precedent for the involvement of Tag igptiicing RPA from ssDNA in the
SV40 system of replicatior80), RPA/ssDNA complexes would initially be incubated
with increasing concentrations of Tag and retentibRPA on the ssDNA resin would be
monitored.  Since polymerase/primase (pol-prim) may also be required for
displacement, it would also be tested individualhd in combination with Tag for the
ability to disrupt DNA binding by RPA. Length dfi¢ DNA substrate and RPA/DNA
stoichiometry would also be parameters open formopation. Once the necessary
combination of ‘displacement proteins’ is identifjeinvestigation of specific RPA

domains required for the disruption of DNA bindiwguld follow.

Identification of specific RPA domains required fbsplacement from ssDNA.

Building upon the displacement assay establishethé preceding section, the
experimental system would be modified to test thaitg of Tag and/or pol-prim to
disrupt DNA binding for various fragments of RPAitial studies would examine
displacement of RPA deletion mutants lacking eitbetboth 70N and 32C domains.

Follow-up studies would focus upon the involvemehthe DNA-binding core in this

150



process by repeating the assay with the DNA-bindorg alone, RPA-DBC, and its two
primary modules: RPA70AB and RPA70C/32D/14 (trirere) (substrate length would
be modified to fit the DNA-binding sites of thesaaller constructs). Based upon known
domain interactions between Tag and RPA (and got-and RPA), these studies are
expected to reveal 32C as necessary for the effidesruption of DNA binding. A
possible secondary target may also emerge for d@¥dA and 70B. Previous studies
have already established residues critical foraugon between 32C and 70ABY 30),
and charge-reversal mutants would be availablealaate the role of direct protein

interaction in triggering RPA displacement.

Delineating the mechanism of RPA displacement byRNM

Once specific domains involved in RPA displacemesie been identified, an
RPA construct representing a ‘minimal displacensygtem’ (likely the DNA-binding
core, RPA-DBC, with domain 32C attached) will besitioned for more detailed analysis
by NMR. Initial chemical shift perturbation expments will focus upon recreating the
results initially demonstrated by biochemical asseyere unlabeled Tag (or pol-prim) is
titrated into an’H,"N-enriched sample of the target RPA construct peekéd with
ssDNA substrate. A reversal or re-appearance iA RRemical shifts to positions
characteristic of the DNA-free state would indicateccessful displacement from the
SsDNA.

Examination of chemical shift perturbation data tgtloalso reveal other key
aspects of the displacement process. For exam@&ding of the protein partner strong

enough to be observed during displacement, and theesnteraction continue after
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ssDNA has been released? Are target RPA domaunsdbim sequence (32C first, then
70AB) or simultaneously? As interaction between RBAd Tag has been studied
extensively by NMR, characteristic chemical shirtprbations associated with binding
between these two proteins are readily availablewmg direct assessment of this
qguestion. Even without a prior knowledge of thesgal perturbations, though, as
would be the case for pol-prim, one would stilldi#e to detect the presence, order, and
persistence of binding by comparing signal posgitmthose of RPA’'s DNA-free state.

Chemical shift perturbation data should also reubal site within the DNA-
binding channel at which displacement originateAre signals from 32D and 70C
targeted first, as we would anticipate, or is thteraction uniformly disrupted across the
entire channel? What are the timescales of thplatisment reaction? Does the
mechanism rely upon the intrinsically weak bindiequilibria of 32D and 70C to
facilitate eventual removal of the remaining cooe,does it force a far more rapid
removal of the DNA-binding channel by other means?

Repetition of the titration assay with charge-reatmutations incorporated into
target protein interaction sites on the RPA coms$twould serve to validate these
findings by NMR, as well as to parse which domaiteiiactions contribute to specific
aspects of the displacement mechanism. For examsplésplacement merely weakened
or completely compromised by charge reversal in quee protein interaction site? Is
there a particular portion of the DNA-binding caffected by loss of a given protein
interaction? Is displacement completely inhibiteg applying charge reversal to all

interaction sites, or is there a hidden contaetygt undiscovered?
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The primary challenge of these experiments arisea the large sizes of RPA’s
protein partners, Tag (~540 kDa hexamer) and pokgr350 kDa), which may cause
signal broadening upon association with RPA. Sobksometric titrations at high
magnetic field strength (800-900 MHz), in additimndeuterium enrichment of the RPA
construct, would be used to circumvent this. Stia@ignal broadening be particularly
severe, information could still be obtained by 0§« RINEPT/CRIPT, or alternatively
by study of RPA charge reversal mutants that wedkeninteraction with Tag or pol-

prim, but retain the capacity for partial displaesm

Characterizing the architecture of a ‘displacedARPINA-binding core

The ultimate goal for this work is the developmeiita structural model for
displacement of RPA from ssDNA. Observations fribra chemical shift perturbation
assays described above, as well as informationigedvby more detailed structural
studies of full-length RPA and the DNA-binding cdmeund to ssDNA, will provide
much of the foundation for this model. Nonetheldélss ability to observe a ‘displaced’
architecture for the DNA-binding core directly wdube an invaluable benchmark for
understanding this process.

Whether intermediates representative of the ‘degadaarchitectural state of RPA
exist in solution long enough to be captured byeotional NMR is currently unknown.
In the event that their presence is transient,nthceeveloped methodology for studying
invisible, ‘excited’ protein conformations by NMRa& been made available from the
laboratory of Lewis Kay182-184) and holds great promise for permitting accesbese

intermediate RPA architectures. A common examplthis approach combines NMR
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relaxation dispersion and residual dipolar couplmgasurements to determine relative
domain alignments of abundant ‘ground’ state prot@informations and less populated
‘excited’ conformations82-184). The success of this methodology, though, relpgn
the presence of a very slow transition betweenmgiand excited states, on the order of
microseconds or milliseconds, such that each giedsents a distinct population in
solution.  Should RPA displacement occur on thekmwv stimescales, whether
spontaneously or by intervention from Tag or palvprapplication of the appropriate
pulse schemes should provide information on the dtdisplacement, as well as the
relative inter-domain alignments of displacemem¢rimediates. In the event that Tag or
pol-prim accelerate RPA displacement to faster srages, it may be possible to turn to
charge-neutralizing or reversal mutants to hindé&raction with RPA, and thus reduce
the speed and efficiency of displacement to thgetaimescale range.

The characterization of invisible, excited statestill relatively new and has yet
to be applied to a protein that possesses the tactimal complexities of RPA.
Experimental optimization is likely to be the rukgther than the exception in this case,
though strategies for accommodating large protgasgjcularly segmental labeling and
methyl TROSY methodology, are becoming increasingigre common 185 186)
Nonetheless, this approach offers the possibilitaaressing intermediate architectural
states of RPA that may be impossible to capturemmye conventional structural
methodologies and that are crucial to our undedstgnof a fundamental process in

DNA metabolism — the removal of RPA from its ssDN#bstrates.
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Projection for future research on RPA

Future study of RPA architecture and function ssemtial to furthering our
current understanding of the molecular coordinatiomolved in DNA replication,
damage response, and repair events. The reselarcloytlined above seeks to extend
this knowledge by first providing a more detailegw of RPA ‘structural dynamics’
through mapping accessible and average inter-dodiatances and orientations of the
full-length protein. The plan moves on to refineinef the current architectural model
for RPA’s DNA-binding trajectory and how the DNAraiing core is remodeled by
interaction with ssDNA. The final section investigs the mechanism by which protein
intervention disrupts DNA-binding by RPA and therresponding RPA inter-domain
architectures associated with displacement. Puo§these three research focuses should
provide critical insights into how RPA organizeslgrarticipates in the wide diversity of

DNA processing transactions performed by the cell.

Concluding Remarks

Our perspective on how cellular genomes are pmeagand maintained has
advanced swiftly in the 25 years since the origisiatovery of RPA. With landmark
advances in structural biology, particularly in #meas of NMR spectroscopy and small-
angle scattering, we are now in an era where tlolitactural landscape of DNA
metabolism is just coming into view. The chorepiied assembly and interchange of
multi-protein complexes on DNA substrates has eetergs a focal point for rapid
cellular adaptation to the shifting substrate emvwmnents of DNA replication, damage

response, and repair. We are now in a positiomap the molecular mechanisms of
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these diverse biochemical transactions in termthefspatial and temporal evolution of
their multi-protein DNA processing machines.

The scope of this dissertation research has sdagftaracterize the architectural
diversity of one of the most critical DNA procesgiproteins, the human ssDNA-binding
protein, RPA. In addition to providing our firsiew of the global disposition of RPA’s
inter-domain organization, this project has alsamixed how this protein’s dynamic
guaternary structure is refashioned upon bindiigNgs From this we have gained a
structural perspective on one of the most pervasiokecular actions in DNA processing
— the protection and organization of sSDNA. Thiasg#ings are an essential prerequisite
to understanding how RPA coordinates access to Asbdnplates and regulates
progression of DNA processing events.

For the future, there lies the need for furthdmesment and development of the
structural models to emerge from this work. Momportantly, though, the stage is now
set for examining how the basic architectural clesnthat accompany RPA’'s DNA-
binding trajectory are influenced by and propagatedhe greater DNA processing
machinery. It is hoped that the scope of RPA nesem the next quarter century will

prove as fruitful and interesting as for the onstpa
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