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The research goal of this project is to obtain the first, comprehensive, physical 

model of the initial phase of the PriA helicase-directed formation of the primosome, a 

large protein-DNA complex, in E. coli, responsible for the restart of the DNA replication 

after the damage. The primosome, in its final state, comprises of as many as seven 

different proteins: PriA and DnaB helicases, DnaC, DnaG, DnaT, PriB, and PriC. 

Multiple and specific protein - protein, and protein - DNA interactions constitute integral 

part of this large molecular machine and dictate how this molecular motor assembles. 

However, the mechanistic details on how this intricate complex forms and accomplishes 

its function are unknown.  

In order to be able to put, such a complex molecular machine, together and 

understand, at the molecular level, its assembly process, discrete protein - protein and 

protein - DNA interactions of its components must be elucidated. Therefore, to begin 

with, the examination of the interactions of the PriA helicase, the first player in the 
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assembly process, with various structures of the DNA, and the effect of the nucleotide 

cofactors on the interactions was addressed.  

The interactions of the PriB protein with PriA-DNA complex are considered to be 

the next, crucial, step in the assembly process of the primosome. In turn, the interactions 

of PriB with single stranded and double stranded DNA were examined. Only when such 

information was available, tertiary complexes could be studied.  

Finally, having elucidated the nature of PriA-ssDNA / -dsDNA and PriB-ssDNA / 

-dsDNA binary complexes, tertiary PriA-PriB-ssDNA, PriA-PriB-dsDNA, PriA-PriB-

PAS complexes were examined. Consequently, direct quantitative model of two initial 

steps in the primosome assembly, involving the PriA and PriB proteins vis-à-vis the 

minimal primosome assembly site (PAS) of phage phiX174, was proposed. 

The studies presented here establish the first quantitative framework to study, at 

the molecular level, the assembly mechanism of the primosome, a paradigm of a large 

molecular machine involved in DNA replication. By building on the scaffold established 

in this research project, subsequent steps in the assembly process will be examined, to 

grant the first, comprehensive, molecular model of the primosome formation. 
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CHAPTER 1 

INTRODUCTION 

1.1 GENERAL OVERVIEW 

Binding events are fundamental to the biology of every living organism1. From 

the simple substrate – enzyme and protein – protein interactions to the intricate multiple 

ligand – enzyme – nucleic acid complexes, binding events control virtually all aspects of 

life as we know it. A detailed understanding of these complex macromolecular 

interactions requires understanding of thermodynamics, kinetics and structures of 

interacting molecules alone and when in the complex1. In order to quantify the essential, 

functionally important forces that stabilize these interactions, thermodynamic tools are 

used and prove to be extremely powerful, providing the information on macroscopic and 

intrinsic binding constants, stoichiometries, cooperativities, i.e., the molecular 

determinants that stabilize examined complexes1. 

DNA replication, recombination and repair are tightly regulated fundamental 

processes coordinated by variety of multiple protein complexes including the primosome 

and the replisome2-5. Elucidation of the mechanistic details of the ordered assembly of 

these essential molecular machines of DNA and RNA metabolism is indispensable for 

understanding why such processes dysfunction in various diseases such as cancer and 

human genetic disorders2-5. The only efficient way to design competent, rational, 

therapies for these diseases is to dissect, at the molecular level, elementary protein - 
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protein and protein – DNA interactions that govern the assembly, and orchestrate faithful 

transmission of genetic information from one cell generation to the next. In this capacity, 

helicases, a class of enzymes responsible for virtually all aspects of the DNA and RNA 

metabolism, are of particular interest2-5. It is the helicase activity which transforms the 

metabolically inactive duplex DNA or RNA into active single stranded form. Numerous 

human genetic diseases as well as different types of cancer involve defects in proteins 

that engage in helicase activity2-5. However, the mechanistic details on how these 

fascinating enzymes accomplish their functions are still unknown2. 

1.2 DNA REPLICATION 

DNA replication is a fundamental process in the transmission of the genetic 

material from one cell generation to the next2-5. This process requires the parental duplex 

DNA to be unwound and form metabolically active single-stranded intermediate2. To 

duplicate their genomes, and separate strands during DNA replication, all cells use a 

multiprotein apparatus known as the replisome2-5. It turns out that the replication 

machinery is quite conserved among viruses, bacteriophages, prokaryotes, and 

eukaryotes, and in general, comprises of a helicase to unwind the double stranded DNA, 

a polymerase(s) to synthesize new strands of DNA, and a clamp loader to organize the 

complex on the DNA2-6. 

In the bacterial replication machine, the DnaB protein, the primary replicative 

helicase, encircles the lagging strand of DNA and uses the energy from ATP hydrolysis 

to separate the duplex DNA by translocating in 5’ to 3’ direction within the replication 

bubble3-5,7-9. To prevent formation of unnecessary secondary structures that could 

obstruct the replication process each individual single strand is then coated with single 

stranded DNA binding (SSB) proteins3-5. DNA Polymerase (Pol) III moves along the 
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leading arm of the replication fork which is primed only once at the origin of replication, 

oriC, and uses the single stranded DNA as a template to synthesize the daughter strand 

with high fidelity3-5. Heterodimeric β clamp (sliding clamp) tethers Pol III to the DNA 

thereby confers high processivity of the polymerase and helicase actions3-6. Multiprotein 

clamp loader, in the ATP-dependent fashion, orchestrates β clamp opening and closing 

around template DNA. It also organizes the replisome by simultaneously binging to Pol II 

and DnaB3-6. 

Because of the antiparallel structure of the DNA, on the lagging strand, Pol III 

translocates in the opposite direction to the progression of the replication fork3-5. Here the 

daughter strand is synthesized in the series of ~1.5 kilobase fragments, the Okazaki 

pieces3-5. This is possible due to the action of the DnaG primase which synthesizes short 

RNA primers5,10. The clamp loader assembles β clamp and Pol III around the RNA 

primer used by Pol III to jump-start the synthesis of the Okazaki fragment. This creates a 

DNA loop on the lagging strand5. When the synthesis of the daughter strand is completed 

Pol III discharges the clamp, and the loop collapses3-5. In a subsequent step, Pol III binds 

the new β clamp on the RNA primer upstream and begins synthesis of the next Okazaki 

fragment3-5. When another Okazaki fragment is synthesized, Pol I replaces RNA primers 

with DNA and a ligase seals the nicks to create a continuous chain of DNA. The process 

repeats many times until the synthesis is completed3-5. 

1.3 DNA DAMAGE AND THE PRIMOSOME 

Even though Pol III has a very high fidelity, the integrity of the replisome is 

constantly compromised due to environmental factors and cellular metabolism that 

induce damages in the genomic DNA and result in the formation of a stalled replication 

fork2-5,11-13. It has been experimentally established that the formation of the stalled 
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replication fork is an event, which always takes place during replication process, as the 

lesions on DNA, such as pyrimidine dimmers, abasic sites, nicks, or chemical 

modifications constantly occur11-13. When the polymerase encounters DNA damage, the 

replisome collapses and stalled replication fork is formed5,11-17. This situation is 

detrimental to the cell and without efficient repair mechanism will cause mutations, 

chromosomal rearrangements, and often cell death5,11-17,19-21. In order to prevent the cell 

death, different organisms employ elaborated pathways to restart DNA replication, 

independent of oriC through the pre-primosome assembly11-17. Thus, in Escherichia coli 

cell, six different proteins, DnaB helicase, DnaC, DnaT, PriC, PriB and another helicase, 

PriA, are engaged in the pre-primosome assembly and function13-17. One of the current 

models suggests that PriA helicase specifically recognizes small ssDNA gap structures 

and initiates 3’ -> 5’ DNA unwinding, thereby, sets off the assembly process of the pre-

primosome13-17. Subsequently and sequentially, PriB and DnaT proteins associate with 

PriA - DNA complex13-18. Finally, the DnaB - DnaC complex recognizes the multi-

protein scaffold and the ssDNA patch resulting from PriA helicase unwinding and the 

pre-primosome is formed13-17. The transient binding of the primase to the pre-primosome 

results in a complete primosome (Figure1.1)13-18. 

1.4 RATIONALE FOR THE STUDY 

The physiological description of the pre-primosome and primosome formation, a 

great scientific achievement in its own merit, leaves as many questions as it answers. The 

field is left with a number of confusing and contradictory data concerning the initiation, 

energetics, stability, and the very composition of the pre-primosome, as well as the nature 

of interactions between different proteins and the DNA (Figure1.2)5,14,16,18,24-26. The role 

of nucleotide cofactors, which dramatically change DnaB, PriA and DnaC behavior has 
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Figure 1.1 Schematic representation of the simplest structure of the primosome 
formed at the ssDNA of the lagging strand. Six different E. Coli proteins, DnaB 
helicase, DnaC, DnaG primase, DnaT, PriB and another helicase, PriA, are engaged in 
the primosome assembly and function. 
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never been addressed. Direct interactions between PriA and PriB, as well as PriB and 

DnaT have been indicated, however, due to the semi-quantitative nature of the analyses 

no mechanistic conclusions could be provided14,16,18,24-26. As a consequence, the 

molecular mechanisms of these specific protein - protein and protein - nucleic acid 

interactions are largely unknown which obscures elucidation of the biological activities 

and the rules which govern the assembly process of the primosome, a large molecular 

machine involved in nucleic acid metabolism.  

1.4.1 Central hypothesis and specific aims. 

The research goal of this project is to obtain a physical model of the helicase-

directed formation of the pre-primosome and the primosome. Our leading hypothesis is 

that the PriA helicase specifically recognizes different, yet specific, DNA structures, 

thereby initiates the assembly process. We postulate that these principal PriA – DNA 

states of the pre-primosome complex serve as the recognition marks for other proteins 

involved in the pre-primosome formation. We further postulate that the PriB protein 

binds to the PriA-DNA and forms a tertiary PriA-PriB-DNA. We hypothesize that 

interactions within the pre-primosome are controlled by the specific binding of the 

nucleotide cofactors to the PriA helicase, which allosterically changes the affinities of the 

enzymes towards DNA, as well as stochiometries of the helicase – nucleic acid 

complexes. To test these hypothesis this research project has four major objectives:  

Specific Aim 1: Recognition of the Structures of the Damaged DNA 

Substrates by the PriA Helicase. The studies included energetic of the recognition of 

the gapped ssDNA substrates (CHAPTER 2), dsDNA substrates (CHAPTER 3), and 

the allosteric role of ATP and ADP in the recognition process using quantitative 

fluorescence titration, hydrodynamics, and photo-cross-linking techniques. 



 7 

 

 

 

 

 

 

 

 
Figure 1.2 After over two decades of research the stoichiomerty of the 
primosome components is still predominantly unknown. Much less is known about 
mutual engagement between the proteins, nucleic acid and the role of the nucleotide 
cofactors in the assembly process.  
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Specific Aim 2: The Effect of PriA’s N-terminal Domain on the Recognition 

of the Damaged DNA Structures. Thermodynamics of the PriA helicase N-terminal 

domain – ssDNA and dsDNA interactions as well as the allosteric role of ATP and ADP 

in the recognition process was examined through quantitative fluorescence titration 

techniques, hydrodynamics, and photo-cross-linking techniques (CHAPTER 4). 

Specific Aim 3: Interactions of PriB with the ssDNA and dsDNA. Energetics 

of PriB - ssDNA and PriB - dsDNA interactions was examined using quantitative 

fluorescence titration, analytical ultracentrifugation, and photo-cross-linking techniques 

(CHAPTER 5). 

Specific Aim 4: Initiation of the Primosome Assembly on the Primosome 

Assembly Site (PAS). Thermodynamics of the binary PriA-PriB and tertiary PriA-PriB-

ssDNA, PriA-PriB-dsDNA, PriA-PriB-PAS complexes was examined. The topology and 

energetics of formed complexes as well as the allosteric role of ATP and ADP was 

determined using analytical ultracentrifugation, fluorescence titration, fluorescence 

resonance energy transfer (FRET), and photo-cross-linking methods (CHAPTER 6). 

Achieving these research objectives allowed us to formulate the first ever, 

detailed, molecular model of the initial phase of the pre-primosome assembly, a paradigm 

molecular machine, directed by the PriA helicase and expose the role of the multiple 

protein - protein and protein - DNA interactions, as well as the allosteric role of 

nucleotide cofactors in the assembly process. These studies constitute a fundamental step 

in elucidation of the entire pre-primosome assembly process in the future. 

In conclusion, we will use a comprehensive basic science approach to answer 

fundamental, biologically meaningful questions. In general, we will argue that in order to 

fully understand multi-component systems, such as the primosome, which are the 

building blocks of life; one has to be able to dissect, at the molecular level, multiple 
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substrates - enzyme interactions which govern these processes. As shown here, wide 

variety of comprehensive biochemical and biophysical methods provide unique tools to 

address these essential questions. Only when such fundamental knowledge about the 

system is available, meaningful and relevant translational approaches could be developed.  
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CHAPTER 2 

THE ESCHERICHIA COLI PRIA HELICASE SPECIFICALLY 

RECOGNIZES GAPPED DNA SUBSTRATES271 

2.1 ABSTRACT 

Energetics and specificity of interactions between the E. coli PriA helicase and 

the gapped DNAs have been studied using the quantitative fluorescence titration and 

analytical ultracentrifugation methods27. The PriA – gapped DNA complex has a 

surprisingly low total site-size corresponding to ~ 7 nucleotides, as compared to the site-

size of ~ 20 nucleotides of the enzyme - ssDNA complex27. The dramatic difference in 

stoichiometries indicates that the enzyme predominantly engages the strong DNA-

binding subsite in interactions with the gap and assumes a very different orientation in the 

gap complex, as compared to the complex with the ssDNA27. The helicase binds the 

ssDNA gaps with 4 - 5 nucleotides with the highest affinity, which is ~3 and ~2 orders of 

magnitude larger than the affinities for the ss and dsDNAs, respectively27. In the gap 

complex, the protein does not engage in cooperative interactions with the enzyme 

associated with the surrounding dsDNA27. Binding of nucleoside tri-phosphate to the 

strong and weak nucleotide-binding sites of the helicase eliminates the selectivity of the 

enzyme for the size of the gap, while saturation of both sites with ADP leads to amplified 

                                                 
27This research was originally published in Journal of Biological Chemistry. Szymanski, M. R., Jezewska, 
M. J. & Bujalowski, W. (2010). The Escherichia coli PriA helicase specifically recognizes gapped DNA 
substrates: effect of the two nucleotide-binding sites of the enzyme on the recognition process. J Biol Chem 
285, 9683-96. © the American Society for Biochemistry and Molecular Biology. 
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affinity for the ssDNA gap containing 5 nucleotides and engagement of additional protein 

area in interactions with the nucleic acid27. 

2.2 INTRODUCTION 

Helicases constitute one of the largest classes of enzymes, employed in most of 

the cellular processes. This fascinating molecular pumps catalyze vectorial unwinding of 

the duplex DNA to provide an active, single stranded catalytic intermediate required in 

replication, recombination and repair processes2,28,29. These enzymes are motor proteins 

that couple ATP hydrolysis to unwinding and mechanical translocation along the nucleic 

acid lattice but also have recently been shown to perform a wide spectrum of functions 

traditionally not attributed to helicases2,5,22,23,28-30. These include remodeling of DNA, 

RNA, and displacement of proteins and protein complexes from DNA and RNA28-30. 

Since helicases are present in virtually all processes of DNA and RNA metabolism it is 

not surprising that deficiency in their functions or deregulated expression of these 

proteins have been connected to various diseases including cancers, developmental 

defects, and neurodegenerative diseases19-21,28-31. 

2.2.1 Replication Restart. 

The completion of replication which, in Escherichia coli takes about 40 min, and 

6 – 8 hours in cultured human cells, has to be well coordinated with other cell cycle 

events and is crucial for stable maintenance of chromosomes19-21,28-32. Any malfunction in 

replication process can lead to a range of disorders; therefore, different organisms 

developed different mechanisms to restart the replication outside of the origin of 

replication19-21,28-32. This is especially important in bacterial cells where, because of only 

one origin of replication, the number of replication forks is limited to two per 

chromosome per generation19-21,28-33. Different types of DNA damage like UV radiation, 
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chemical exposure, formation of abnormal secondary structures, and depletion of 

nucleotide precursors are only a few common examples that can stall the progression of 

the replication fork19-21,28-32. It is now established that virtually all replication forks 

formed at oriC are derailed at high frequency when encounter DNA damage, collapsing 

before completing synthesis of the chromosome33-35. Different organisms developed 

different mechanisms to get rid of different damages and different types of damages 

encountered by the replication fork dictate which restart pathway will be used for the 

replication fork restoration34-36. Even in E. coli there are several different repair pathways 

including: PriA – dependent pathway, PriA – independent and suppressor pathways 

(Figure 2.1)32,35,37. 

2.2.2 PriA – Dependent Pathway. 

The involvement of the PriA helicase in replication fork restart, and the 

significance of restart of the replication fork as a housekeeping function were exposed in 

large part by the phenotypes of null mutations for PriA functions32,34-36, 38,39. priA null 

mutants are viable, but grow very poorly38,39. These mutants also exhibit activated SOS 

response which results in filamentous morphology and rich medium sensitivity38-41. 

Another interesting phenotype is that priA null cells are highly sensitive to UV radiation 

and mitomycin C which block ongoing replication38,42,43. Further genetic analysis 

indicated that priB or priC null cells do not show any defects in growth on their own but 

priB null priC null double mutant is very sick43-46. In addition, priB null, priC null or priA 

null, Rep null double mutant is lethal43-46. These results indicated that the PriA - 

dependent pathway requires PriB or PriC and while PriA null mutants develop severe 

growth inhibitory phenotypes, it was suggested that the PriA - dependent pathway is a 

major replication fork restart pathway43-46. 
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Figure 2.1 Different organisms developed different mechanisms to remove 
different types of damages encountered by the replication machinery at the 
replication fork. In E. coli several different repair pathways have been proposed to be of 
crucial importance. These include PriA – dependent pathway, PriA – independent and 
suppressor pathways32,35,37. 

 

 

 

 

 
Figure 2.2 PriA is a SF2 superfamily, DEXH-type DNA helicase. The PriA 
helicase possesses seven conserved motifs. Presence of these motifs classifies this 
enzyme as a SF2 superfamily helicase where it defines its own subgroup32,35,52. 
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2.2.3 Properties of the PriA Helicase. 

The PriA helicase was originally discovered because of its requirement for the 

synthesis of the complementary strand of bacteriophage phiX174 single-stranded DNA in 

vitro34-36,47,48. The gene encoding PriA helicase was cloned and the open reading frame 

specified a protein of 732 amino acids having a calculated molecular mass of 81.7 

kDa35,49,50. Ground-breaking sequence analysis by Gorbalenya and co-workers and more 

up to date comparative structural and functional studies showed that helicases can be 

classified in several superfamilies (SFs)51-53. In this capacity, PriA has the seven amino 

acid motifs common to most DNA helicases and falls into the SF2 superfamily, where it 

defines its own subgroup (Figure 2.2)32,35,52. PriA is a DEXH-type DNA helicase, 

exhibits DNA dependent (d)ATP hydrolysis activity, possesses large, unique, zinc-finger 

motif, and is highly conserved in eubacteria suggesting its important role in bacterial 

physiology32,54,55. Quantitative thermodynamic analyses showed that, in the complex with 

the ssDNA, the total DNA-binding site of the PriA helicase occludes 20 ± 3 nucleotides 

of the nucleic acid27,56-58. Within the total DNA-binding site, the PriA helicase possesses 

a strong ssDNA-binding subsite, an area, which has a high ssDNA-affinity and engages 

in interactions with only ~ 5 - 8 nucleotides of the nucleic acid27,56-58. Nevertheless, the 

intrinsic affinity of the enzyme for the ssDNA is predominantly generated at the strong 

ssDNA-binding subsite, which is located in the central part of the enzyme molecule, on a 

structurally separated domain27,56-58. The functional organization of the PriA helicase - 

ssDNA complex is schematically depicted in Figure 2.3a27,56-58,92. 

Unlike most of the helicases, the PriA protein has a significant affinity for the 

ssDNA in the absence of the nucleotide cofactors27,56-58. It has been shown by the 

Bujalowski’s group that PriA possesses two, strong and weak, nucleotide-binding sites, 



 15 

 

 

 
 
Figure 2.3 Functional organization of the PriA helicase - ssDNA complex. a. Total 
DNA-binding site of the PriA helicase is heterogeneous56. b. PriA possesses two strong 
and weak nucleotide-binding sites61. Saturation of both nucleotide-binding sites with 
ADP induces the conformational change and engagement of an additional area of the 
protein in DNA interactions27,61. 
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which profoundly differ in their affinities for the cofactors and their effects on the 

intrinsic affinity of the protein for the ssDNA (Figure 2.3a)27,59-61. Furthermore, 

cooperative interactions between the two nucleotide-binding sites indicate intricate 

communication between the sites27,59. Saturation of both nucleotide-binding sites with 

ADP induces the engagement of an additional area of the protein, possibly the N-terminal 

domain, in interactions with the ssDNA (Figure 2.3b)27,61. 

2.2.4 Rationale for Specific Aim 1 and Specific Gaps in Knowledge. 

Activities of the PriA helicase in vivo are associated with the ability of the 

enzyme to interact with both the ss and the dsDNA12,14,15,27. This includes the unwinding 

reaction of the dsDNA, fueled by the hydrolysis of nucleoside triphosphates 

(NTPs)14,17,27,57. During the dsDNA unwinding reaction, the PriA helicase performs a 

complex free energy transduction process, where the binding and/or hydrolysis of NTPs 

regulate the enzyme activity, including the affinity toward different conformations of the 

DNA14,17,27,57. Also, the PriA helicase plays a fundamental role in the initiation of 

recombination and repair processes in the E. coli cell, as a major factor that sets off the 

restart of the stalled replication fork at the damaged DNA sites11-13,16,27. In addition, PriA 

has been indicated to play a fundamental role assembly of the primosome12,14,15,17,27,34. 

Both of these processes, presumably, occur through the recognition of the specific DNA 

structures, ssDNA gap of the damaged DNA or primosome assembly site, although the 

nature of this recognition reactions is unknown11-13,16,27. 

Interactions of the PriA helicase with the ssDNA have been intensively studied 

but quantitative analyses of the enzyme interactions with the gapped DNA structure has 

never been addressed27,56-58,61. Nothing is known about the stoichiometries, intrinsic 

energetics, cooperativity, and the role of the nucleotide cofactors in the process of 
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enzyme binding to the gapped DNA27. The role of two nucleotide-binding sites in the 

recognition process and the effect of structure of the phosphate group of the nucleotides 

on the ssDNA gap recognition had never been addressed27,59-61. In order to understand, at 

the molecular level, the mechanism of the of stalled replication fork restart and the 

assembly process of the primosome, the information on how PriA interacts with gapped 

DNA structures is indispensable14,17,27. In addition, understanding the role of nucleotide 

cofactors in these recognition reactions is important for grasping the enzyme mechanisms 

in both replication and recombination processes11-13,27. 

In this Chapter, quantitative studies of the ssDNA gap recognition by the PriA 

helicase and the effect of the nucleotide cofactors on the recognition reaction have been 

described27. The total site-size of the enzyme in the gap complex is ~ 7 nucleotides or 

base pairs (bps)27. This indicates that the PriA helicase, in the complex with the gap, 

exclusively engages the strong DNA-binding subsite and assumes a different orientation 

as compared to the complex with the ssDNA27. The PriA helicase binds the ssDNA gaps 

with 4 - 5 nucleotides with the highest affinity without engaging in cooperative 

interactions with the enzyme molecules associated with the surrounding dsDNA27. 

Binding of ADP to strong and weak nucleotide-binding sites of the enzyme profoundly 

affects the affinity and stoichiometry of the helicase - gapped DNA complex27.  

2.3 MATERIALS AND METHODS 

2.3.1 Buffers and Chemicals 

All solutions used in experiments described in this Chapter were made with 

distilled and deionized > 18 MΩ (Milli-Q Plus) water. The standard buffer, C1005, 

consists of 10 mM sodium cacodylate adjusted to pH 7.0 with HCl at 10°C, 1 mM DTT, 
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100 mM NaCl, 5 mM MgCl2, and 25% glycerol w/v27. The standard temperature in all 

the experiments described herein was 10°C. All experiments described herein were 

carried out in the standard buffer C1005 unless otherwise specified in the text. All 

chemicals were reagent grade. 

2.3.2 Water Activity of Buffering Solution  

Water activity “error term” of the standard buffer, C1005, used in this Chapter, 

had been calculated according to the values in the literature132,133. Due to the presence of 

glycerol and salt in the buffer used here, the water activity “error term” is less than 5%, 

and is contained within the experimental error in all the experiments presented 

here27,132,133. 

2.3.3 Nucleotides and Nucleic Acids 

ATPγS and ADP were from Sigma (Saint Louis, MI). ATPγS and ADP were of 

high purity as judged by thin layer chromatography (TLC)27. Unmodified nucleic acid 

oligomers, etheno-derivatives, and fluorescein-labeled ssDNA oligomers were purchased 

from Midland Certified Reagents (Midland, TX)27. All nucleic acids were HPLC purified 

and at least > 95% pure as judged by electrophoresis on polyacrylamide gel27. 

To monitor binging, gapped DNA substrates containing etheno-derivative of the 

adenosine oligomers were used27. The concentrations of unlabeled nucleic acids and 

etheno-derivative of the nucleic acids were determined spectrophotometrically using 

following the extinction coefficients: ε257 = 3700 cm-1M-1 (nucleotide) for εA, ε260 = 

10000 cm-1M-1 (nucleotide) for A, ε260 = 8500 cm-1M-1 (nucleotide) for G,C and T27,62. 

Gapped substrates were obtained by mixing the labeled ssDNA oligomers of general 

primary structure, CGCACGTCAG(εA)NGCAGGCTCGT, with N being a gap size (in 

red) ranging from 1 to 10 nucleotides, with complementary unmodified oligomers at 
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given concentrations (Figure 2.4)27,62. After mixing, in order to obtain the gap structure, 

the solution was warmed for 5 minutes at 95°C, and then slowly cooled for a period of ~ 

4 - 5 hours to assure appropriate annealing of complementary strands27,62,63. 

The fluorescein-modified ssDNA oligomer used for sedimentation equilibrium 

experiments were, 5’-Fl-CGCACGTCAGAAAAAAAAAAGCAGGCTCGT, 5’-Fl-

CGCACGTCAGAAAAAGCAGGCTCGT, containing fluorescein (Fl) moiety attached 

to the 5’ through phosphoramidate chemistry27. The concentrations of the nucleic acids 

were determined spectrophotometrically using the extinction coefficients: ε494 = 76000 

cm-1M-1 for fluorescein27,62,63. 5’-Fl-labeled gapped substrates were obtained by mixing 

labeled ssDNA oligomers with complementary unmodified oligomers at appropriate 

concentration. The mixture was then warmed for 5 minutes at 95°C, and slowly cooled 

for a period of ~ 4 - 5 hours27,62,63. 

The integrities of the gapped DNA substrates have been checked by UV melting 

and analytical ultracentrifugation techniques27,62,63. The melting temperature of the 

examined gapped DNA substrates was ~ 50°C or higher in all studied solution 

conditions27,62,63. 

2.3.4 The PriA Protein Purification. 

The E. coli priA gene was placed in pET30a plasmid (Novagen)27,56-61,92,99. The 

PriA helicase was purified using the protocol previously described by Jezewska et al. 

(Figure 2.5)56. 

2.3.5 Determination of Extinction Coefficient of PriA. 

The concentration of the protein was spectrophotometrically determined, with an 

extinction coefficient ε280 = 1.06 x 105 cm-1M-1 obtained using an approach based on the 

Edelhoch’s method27,56-61,64,65. 
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Figure 2.4 Gapped DNA substrates used to examine interactions of the PriA 
helicase with gapped DNAs. The DNA substrates have two dsDNA parts, which are 
identical in all substrates27. The dsDNA parts are separated by the ssDNA of the gap 
containing 1–10 nucleotides, which are fluorescent, ethenoadenosine residues27. 
 
 
 

 

 

 
Figure 2.5 10% SDS polyacrylamide gel of the final step of PriA helicase 
purification. Serial dilution clearly shows that employed purification protocol yields ~ 
82 kDa PriA protein of high purity27. 
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2.3.6 Fluorescence Measurements. 

All steady-state fluorescence titrations, described in this Chapter, were performed 

using the Fluorolog F-11 spectrofluorometer (Jobin Yvon) as previously described27,56-63. 

The temperature of the cuvette holder was regulated by circulating water at 10.0 ± 0.1 °C. 

The PriA protein binding to the gapped DNA substrates was followed by monitoring the 

etheno-derivative fluorescence of the nucleic acids (λex = 325 nm, λem = 410 nm)27. The 

relative fluorescence increase, ΔFobs, of the DNA emission upon protein binding is 

defined as, ΔFobs = (Fi – Fo)/Fo, where Fi is the fluorescence of the sample at a given 

titration point “i” and Fo is the initial fluorescence of the same solution27,56-63. 

2.3.7 General Approach to Quantitative Analysis of the Fluorescence 

Titration Curves of the PriA – Gapped DNA Interactions. 

Binding of the PriA helicase to the gapped DNAs, has been monitored by the 

fluorescence increase, ΔFobs, of the etheno-derivatives of the nucleic acid27,56-63. 

Quantitative estimates of the total average degree of binding, ΣΘi (average number of 

bound PriA molecules per gapped DNA) and the free protein concentration, PF, 

independent of any assumption about the relationship between the observed spectroscopic 

signal, ΔFobs, and ΣΘi was accomplished using an approach previously described1,7-9,27,56-

63. Briefly, each different possible "i" complex of the PriA protein with the gapped DNA 

contributes to the experimentally observed relative fluorescence increase, ΔFobs. Thus, 

ΔFobs is functionally related to ΣΘi by1,7-9,27,56-63 

 

ΔF
obs

= ΣΘ
i
ΔF

i
          (2.1) 
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where ΔFi is the maximum relative fluorescence increase of the gapped DNA with the 

PriA bound in complex "i"1,7-9,27,56-63. The same value of ΔFobs, obtained at two different 

total DNA substrate concentrations, MT1 and MT2, indicates the same physical state of the 

nucleic acid, i.e., the total average degree of binding, ΣΘi, and the free helicase 

concentration, PF, must be the same1,7-9,27,56-63. The values of ΣΘi and PF are then related 

to the known total protein concentrations, PT1 and PT2, and the known, corresponding 

total nucleic acid concentrations, MT1 and M T2, at the same value of ΔFobs, by1,7-9,27,56-63 

 

ΣΘi =
(PT2 − PT1)

(MT2 − MT1)
         (2.2) 

 

and 

 

PF = PTx − (ΣΘi)MTx         (2.3) 

 

where x = 1 or 21,7-9,27,56-63. The strategy described above is used in all fluorescence 

titration experiments described here. 

Computer fits were performed using Mathematica (Wolfram, IL) and 

KaleidaGraph (Synergy Software, PA). 

2.3.8 Analytical Ultracentrifugation. 

Analytical ultracentrifugation experiments were performed with an Optima XL-A 

analytical ultracentrifuge (Beckman Inc., Palo Alto, CA), equipped with absorbance 

optics and An60Ti rotor27. All experiments described here are at 10°C in the standard 

buffer C unless otherwise specified in the text (section 2.3.1)27. 
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a) Sedimentation equilibrium  

Sedimentation equilibrium scans were collected using double-sector 

charcoalfilled 12-mm centerpieces at the absorption band of the PriA protein (280 nm) or 

fluorescein of the labeled gapped DNA substrate (495 nm)27.The sedimentation was 

considered to be at equilibrium when consecutive scans, separated by time intervals of 8 

hrs, were identical27. For the n-component system, the total concentration at radial 

position r, cr, is defined by27,66. 

 

cr = cb i

i=1

n

∑ exp [
(1− −νi ρ)ω2 Mi (r2 − rb

2)

2R T
] + b        (2.4) 

 

where cbi, −νi , and Mi are the concentration at the bottom of the cell, partial specific 

volume and molecular weight of "i" component, respectively, ρ is the density of the 

solution, ω is the angular velocity, and b is the base-line error term27,66. Equilibrium 

sedimentation profiles were fitted to eqation 2.4 with Mi and b as fitting parameters27,66,67. 

The speeds of the rotor are indicated in the text27. 

b) Sedimentation Velocity 

Sedimentation velocity experiments were performed using double-sector 

charcoal-filled 12-mm centerpieces66-69,72. For the PriA protein alone, sedimentation 

velocity scans were collected at the absorption band of the protein (280 nm)66-69,72. The 

PriA-nucleotide complexes were scanned at 290 nm, where the cofactor absorbance is 

minimal and the absorbance of the sample is dominated by the signal from the PriA 

protein66-69,72. In addition, in this case the reference cell contains the same concentration 

of the nucleotide cofactor, allowing to exclusively monitor the absorbance of the 

protein72,76. Time derivative analyses of sedimentation scans were performed with the 
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software supplied by the manufacturer using averages of 10 - 15 scans for each 

concentration66-69,72,76. In addition, the c(s) distribution as a function of s20,w was 

calculated from the analysis of the velocity profiles using SedFit program27,68. The values 

of the apparent average sedimentation coefficients were corrected to s20,w for solvent 

viscosity and temperature to standard conditions27,66,67,69. The speeds of the rotor are 

indicated in the text27. 

2.3.9 Determination of PriA Partial Specific Volume. 

Partial specific volume of the PriA protein (υ) was calculated from the amino acid 

composition of the protein according to Lee and Timasheff and was 0.741 mL/g27,70. 

2.4 RESULTS 

2.4.1. The PriA Helicase. 

The enzyme was > 99% pure as judged by polyacrylamide electrophoresis with 

Coomassie Brilliant Blue staining. (Figure 2.5) 

2.4.2. The Hydrodynamic Properties of PriA. 

The results of thermodynamics and kintetics of PriA – ssDNA and PriA – 

nucleotide cofactors interactions indicate that the PriA helicase exists in solution as a 

stable monomer and binds ssDNA and nucleotide cofactors as a monomer1,27,56-61. In 

order to be able to study interactions of PriA helicase with intricate gapped DNA 

structures, containing both ss and ds DNA parts, oligomeric states and global 

conformational states of PriA, in different solution conditions, were examined using 

independent hydrodynamic techniques27. The size and the shape of the macromolecule 

affect its ability to move in the fluid solution and hydrodynamic techniques66,69,74,75.  
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Figure 2.6 PriA in solution sediments as a single homogenous species. a. Typical 
analytical sedimentation velocity profiles recorded at 280 nm and 60000 rpm for [7.55 x 
10-5M] of PriA. b. The dependence of the sedimentation coefficient (s20,w) upon the PriA 
concentration. 

a 

b 
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Sedimentation equilibrium and sedimentation velocity, take advantage of this fact and 

yield useful information about the molecular weights and shapes of the 

macromolecule66,69,72,74,75. 

An example of sedimentation velocity profiles performed at 60000 rpm, 

monitored at 280 nm, of the PriA protein in the standard buffer C1005 (section 2.3.1) are 

shown in Figure 2.6a72. The concentration of the PriA protein is 7.55 x 10-5M. Inspection 

of the profiles clearly shows that there is a single moving boundary72. Similar 

experiments have been performed in the presence of ADP and ATP (data not shown)72. 

The sedimentation coefficient of the PriA protein has been obtained using the time-

derivative approach and corrected for solvent viscosity and temperature to standard 

conditions27,66,67,69. The dependence of the sedimentation coefficient (s20,w) upon the 

protein concentration is shown in Figure 2.6b. Within experimental accuracy values of 

s20,w are similar and show a little dependence upon in the examined protein concentration 

range27,72,76. The extrapolation of the plots to [PriA] = 0 provides s°20,w = 5.58 ± 0.19 S in 

all examined solution conditions (Figure 2.6b)27,72,76. 

The results of PriA equilibrium analytical ultracentrifugation experiments in the 

standard buffer C1005 performed at 14000 rpm, monitored at 280 nm (section 2.3.1) are 

shown in Figure 2.7. The continuous red line is the nonlinear least-squares fit, using the 

single exponential function defined by equation 2.4 (section 2.3.8). Adding extra 

exponents does not improve the statistics of the fits (data not shown)66,67,69. Similar 

experiments were performed at different PriA concentrations and different rotor speeds 

and the results obtained are, within experimental error, identical (data not shown). The 

fit, in Figure 2.7, provides an excellent description of the experimental curve, indicating 

the presence of a single species with a molecular mass of 82000±8000 Da. Therefore, the 

data show that PriA is a monomer in examined solution conditions27,56. 
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Figure 2.7 The PriA helicase is a monomer in solution. Example of sedimentation 
equilibrium profile recorded at 14000 rpm and monitored at 280 nm. The concentration 
of PriA was 9.43 x 10-7 M. The solid red line is the nonlinear least-squares fit, using the 
single exponential function, defined by equation 2.4, with the molecular mass of 80193 
Da. 
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2.4.3. Binding of the PriA Helicase to the Gapped DNA Substrates. 

The effect of the structure of the DNA substrate on the energetics of the ssDNA 

gap recognition by the PriA helicase was revealed by examining the interactions of the 

enzyme with the DNA substrates containing the ssDNA gap substrates depicted in Figure 

2.427. All DNA substrates contain two dsDNA parts, each having 10 bps and the primary 

structure of the dsDNA parts is identical in all gapped DNAs27. The dsDNA parts are 

separated by the ssDNA gap having 1, 2, 3, 4, 5, 6, 8, and 10 nucleotides (Figure 2.4)27. 

Binding of the PriA protein to the fluorescent etheno-derivative of homo-adenosine 

oligomers is accompanied by the very strong increase of the nucleic acid fluorescence, 

therefore, the bases in the ssDNA gap are all etheno-adenines (εA), which provide the 

fluorescence signal to monitor the binding process27,56-61. 

Fluorescence titrations of the gapped DNA substrate, having the ssDNA gap of 4 

nucleotides with the PriA helicase at three different nucleic acid concentrations, in the 

standard buffer C1005 are shown in Figure 2.8a27. The shift of the titration curve at 

higher nucleic acid concentrations results from the fact, that more protein is required to 

induce the same fluorescence change of the DNA1,7-9,27,56-63. To quantitatively obtain the 

total average degree of binding, ΣΘi, independent of any assumption about the 

relationship between the observed signal and the degree of binding, the titration curves in 

Figure 2.8a have been analyzed, using the approach described in section 2.3.6 and 2.3.7 

in this Chapter1,7-9,27,56-63. Figure 2.8b shows the dependence of the observed relative 

fluorescence increase as a function of ΣΘi
27. The plot is nonlinear indicating the presence 

of at least two binding phases1,7-9,27,56-63. Separation of the titration curves allowed 

determining ΣΘi up to ~2.6. In the high affinity phase, the total average degree of binding 

reaches the value of 1 ± 0.2 coresponding to binding of a single molecule of the PriA 
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Figure 2.8 At saturation, three PriA molecules bind to the examined gapped 
DNA substrates. a. Fluorescence titrations of the gapped DNA substrate with the ssDNA 
gap having 4 nucleotides at three different concentrations of the nucleic acid: 1 x 10-7 M 
(■), 3 x 10-7 M (□), and 6 x 10-7 M (●)27. b. The dependence of the relative fluorescence 
increase, ΔF, upon the degree of binding, ΣΘi, of the PriA DNA complex27. c. 
Fluorescence titrations of the gapped DNA substrate with 10 nucleotides in the ssDNA 
gap with the PriA helicase at three different concentrations of the nucleic acid: 1 x 10-7 M 
(■), 3 x 10-7 M (□), and 6 x 10-7 M (●)27. d. The dependence of the relative fluorescence 
increase, ΔF, upon the degree of binding, ΣΘi, of the PriA DNA complex27. The solid 
straight line is the limiting slope of the low affinity binding phase. The dashed line is an 
extrapolation of the total average degree of binding to the maximum value of the 
observed fluorescence increase27. 
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helicase27. Extrapolation of the low affinity phase to the maximum fluorescence increase, 

ΔFmax = 1.8 ± 0.1, provides ΣΘi = 3.0 ± 0.2, therefore, at saturation, three PriA molecules 

bind to the examined gapped DNA substrate27.  

No change in the maximum stoichiometry of the PriA - gapped DNA substrate 

was observed for the nucleic acid containing ssDNA gap with 10 nucleotides27. 

Fluorescence titrations of the gapped DNA with the ssDNA of 10 nucleotides with the 

PriA protein at three different nucleic acid concentrations are shown in Figure 2.8c 27. 

Separation of the titration curves allows determining the total average degree of binding, 

ΣΘi, up to ~ 2.3 27. The plot of the dependence of the relative fluorescence increase of the 

nucleic acid as a function of ΣΘi is also nonlinear indicating the presence of at least two 

binding phases (Figure 2.8d)27. Extrapolation of the weak affinity phase to the maximum 

fluorescence increase ΔFmax = 1.7 ± 0.1 provides ΣΘi = 2.8 ± 0.2 and, surprisingly, the 

gapped DNA substrate with the ssDNA gap of 10 nucleotides can also accommodate 

three PriA molecules27. 

2.4.4 Maximum Stoichiometry of the PriA Helicase - Gapped DNA Complex. 

Analytical Sedimentation Equilibrium Studies. 

Unexpectedly large number of the PriA molecules binding to the gapped DNA 

substrates has been further addressed using the independent sedimentation equilibrium 

technique27,67,76-80. In these studies we utilize the gapped DNA substrate, which contains 

fluorescein at its 5’ end27. The structure of the substrate is analogous to the DNA 

substrate used in the binding experiments (section 2.2.3)27. In this approach, the 

sedimentation equilibrium profile of the nucleic acid can be exclusively monitored at the 

fluorescein absorption band, without any interference of the protein absorbance27,76-81.  
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Figure 2.9 Sedimentation equilibrium concentration profile of gapped DNA 
substrate – PriA Helicase complex. 5’-Fl-Gapped DNA substrate containing 5 
nucleotides in the ssDNA gap, in the presence of the PriA helicase recorded at 495 nm 
and at 8000 rpm27. Concentrations of the nucleic acid and the protein are 1 x 10-6 M and 2 
x 10-5 M, respectively27. The red line is the nonlinear least squares fit to single 
exponential function, with a single species having a molecular mass of 242 ± 15 kDa27.  
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In addition, the experiments have been performed at the large excess of the PriA protein 

to assure complete saturation of the nucleic acid over the entire equilibrium profile27,76-81. 

Because the molecular weight of the gapped DNA substrate with 5 nucleotides and 10 

nucleotides in the ssDNA gap is ~ 15 kDa, the formation of the complex between the 

gapped DNA substrate and the PriA protein (~ 82 kDa) will result in a large increase of 

the apparent molecular weight of the nucleic acid27,76-81. 

Sedimentation equilibrium profiles of the gapped DNA substrates in the presence 

of the PriA protein and recorded at the fluorescein absorption band (495 nm) in the 

standard buffer C1005 are shown in Figure 2.9 27. The concentrations of the protein and 

nucleic acid are 2.0 x 10-5M and 1.0 x 10-6M, respectively27. The solid line is the 

nonlinear least squares fits, using the single exponential function defined eq. 2.4 (section 

2.3.8)27. Adding additional exponents does not improve the statistics of the fits (data not 

shown) which provide excellent description of the experimental curves indicating the 

presence of a single species with the molecular weight of 242 ± 15 kDa, for the gapped 

DNA substrates with 5 nucleotides. In case of the gapped substrate with 10 nucleotides in 

the ssDNA gap, the molecular weight of the complex was determined to be and 255 ± 15 

kDa (data not shown)27. As a result, the equilibrium sedimentation data confirm that three 

PriA molecules associate with selected gapped DNA substrate, which is in excellent 

agreement with the fluorescence titration results (section 2.4.3)27. 

2.4.5 Statistical Thermodynamic Model of the PriA Helicase Binding to the 

Gapped DNA Substrates. 

Selected gapped DNA substrates comprise of three structural regions, which may 

serve as specific binding sites, the ssDNA gap with the ssDNA/dsDNA junctions, and 

two dsDNA parts on both sides of the gap Figure 2.427. Since a single PriA molecule 
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binds to the gapped structure in high-affinity phase, it must correspond to the formation 

of a complex with the ssDNA gap1,27,67,82. The low affinity phase must then correspond to 

the association of the remaining two PriA molecules with two dsDNA parts of the 

substrate1,27,67,82. The simplest model of the association of the PriA helicase with the 

gapped DNA can be described as ligand binding to two different classes of binding 

sites27. One class containing a single binding site and the other one containing two 

equivalent binding sites including potential cooperative interactions between the protein 

associated with the ssDNA gap and the enzyme molecules bound to the dsDNA 

parts1,27,67,82. The partition function, ZG, of the system is then defined as, 
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where KG and KDS are the equilibrium binding constants describing the association with 

the ssDNA gap and the dsDNA parts of the DNA substrate, respectively, and σ is the 

cooperativity parameter1,27,67,82. The total average degree of binding, ΣΘi, is then  
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The observed relative fluorescence increase, ΔFobs, is described by 
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A formidable number of independent parameters, in equations 2.5 – 2.7, namely, KG, 

KDS, σ, ΔF1, ΔF2, and ΔF3, in equations 2.5 – 2.7; precludes their accurate determination 
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in a single, fitting procedure1,27,67,82. In order to extract the information on some of those 

parameters the following strategy was applied1,27,67,82. The value of ΔFG is the slope, ΔFG 

= ∂ΔF/∂(ΣΘi), of the initial part of the plots in Figures 2.8b and 2.8d which provide ΔFG 

= 0.46 ± 0.05 and ΔFG = 0.62 ± 0.05, for the gapped DNA substrate with 4 and 10 

nucleotides in the gap, respectively1,27,67,82. The value of ΔF3 is know from the titration 

curves, (Figure 2.8a and Figure 2.8c), which provide ΔF3 = 1.8 ± 0.1 and ΔF3 = 1.7 ± 0.1 

for the corresponding gapped DNA substrates1,27,67,82. Knowing ΔF1, the value of KG can 

be estimated from the analysis of the dependence of ΣΘi, as a function of the protein 

concentration which provides KG = (4 ± 1) x 107 M-1 and KG = (2.5 ± 0.6) x 106 M-1 for 

the considered gapped DNA substrates1,27,67,82. As a result, there are three outstanding 

parameters that have to be determined, KDS, σ, and ΔF2
1,27,67,82. The solid lines in Figure 

2.8a and Figure 2.8c are nonlinear least squares fits of the experimental titration curves 

using equations 2.5 – 2.7, and provide an excellent description of the experimental 

titration curves with KDS = (1.6 ± 0.4) x 106 M-1, σ = 1 ± 0.3, ΔF2 = 1.8 ± 0.1, and KDS = 

(1.7 ± 0.4) x 106 M-1, σ = 1 ± 0.3, and ΔF2 = 1.7 ± 0.1, for the gapped substrates with 4 

and 10 nucleotides in the gap, respectively1,27,67,82. 

2.4.6 Intrinsic Affinity of the PriA Helicase For the ssDNA Gap as a Function 

of the Gap Size. 

Analogous thermodynamic analyses have been performed for the entire series of 

the gapped DNA substrates differing in the size of the ssDNA gap respectively1,27,67,82. 

The obtained binding and spectroscopic parameters are included in Table 2.127. All 

examined gapped DNA substrates bind three PriA molecules, including the DNA 

substrate with a single nucleotide in the gap27. Formation of the gap complex induces 

only a moderate change of the etheno-adenosines in the gap but binding of the next 
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enzyme molecule to the dsDNA part of the substrates induces the major fluorescence 

increase of the nucleic acids, indicating significant rearrangement of the structure of the 

complex affecting the ssDNA gap27. Nonetheless, the values of σ ≈ 1, is independent of 

the size of the ssDNA gap, indicating the absence of cooperative interactions between the 

PriA molecule bound in the gap complex and the enzyme molecules associated with the 

dsDNA part of the gapped DNA substrates27. Association of the third PriA molecule does 

not cause any change of the nucleic acid fluorescence resulting in ΔF2 = ΔF3 and 

indicates that the structure of the substrate is unaffected, as compared to the complex 

with the two PriA molecules bound (Table 2.1)27. 

The dependence of the logarithm of the binding constant, KG, describing the 

formation of the gap complex as well as the binding constant, KDS, characterizing the 

association of the enzyme to the dsDNA parts of the gapped DNA substrates, upon the 

length of the ssDNA gap is shown in Figure 2.1027. For the gapped DNA substrate with 1 

nucleotide in the ssDNA gap, the value of KG is practically the same as the value of KDS, 

which characterizes the binding of the enzyme to the dsDNA of the gapped DNA 

substrates27. The value of KG steadily and strongly increases with the size of the gap up to 

5 nucleotides, where it is ~2 orders of magnitude higher than KDS
27. Thus, in the absence 

of the nucleotide cofactors the PriA helicase specifically recognizes the ssDNA gaps of 4 

- 5 nucleotides27. With the size of the gap 6 nucleotides, KG sharply decreases and for the 

gap with 10 nucleotides reaches the value similar to the value of the KDS (Figure 2.10)27. 

Surprisingly, the values of KDS are not affected by the size of the ssDNA gap and are, 

within the experimental accuracy, the same for all examined gapped DNA substrates27. 
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Figure 2.10 The dependence of the logarithm of the binding constant KG (■) and 
the logarithm of the binding constant KDS (□), characterizing the PriA-gapped DNA 
complex and the association of the PriA helicase with the dsDNA of the gapped DNA 
substrates, respectively, upon the length of the ssDNA gap27. 
 



 37 

2.4.7 Interactions of the PriA Helicase With the Gapped DNA Substrates In 

the Presence of Nucleotide Cofactors. 

The PriA helicase possesses two, strong and weak nucleotide-binding sites, which 

dramatically affect the enzyme interactions with the ssDNA (Figure 2.3, section 

2.2.3)27,59-61. In the next set of experiments, we address the effect of ADP and ATP 

nonhydrolyzable analog, ATPγS, on the recognition of the ssDNA gap substrates by the 

PriA helicase27. Fluorescence titrations of the gapped DNA substrate with the ssDNA gap 

of 5 nucleotides, with the PriA helicase at two different nucleic acid concentrations, in 

the standard buffer C1005, containing 1 x 10-5 M ADP, are shown in Figure 2.11a27. At 

this concentration of ADP, only the strong nucleotide-binding site of the enzyme 

saturated with the cofactor27,59-61. The quantitative analysis of the titration curves has 

been performed as described above, in the section 2.4.5, for the studies in the absence of 

the cofactors and show that, again, even in the presence of ADP, three PriA molecules 

associate with the gapped DNA27. The solid lines in Figures 2.11a are nonlinear least 

squares fits of the experimental titration curves using equations 2.5 – 2.7. It is evident 

that the presence ADP in the strong nucleotide-binding site does not affect the maximum 

stoichiometry of the complex and has little effect on the relative fluorescence increases 

with ΔF1 ≈ 0.33 and ΔF2 = ΔF3 ≈ 1.67, indicating that the structure of the gap complex is 

similar to the structure of the corresponding complex formed in the absence of the 

cofactor (Figure 2.11a and Table 2.1)27. Interestingly, the values of both KG ≈ 2 x 107 M-1 

and KDS ≈ 4.8 x 105 M-1 are diminished by a factor of ~ 5, as compared to the affinities 

observed in the absence of the cofactor27. Nevertheless, ADP does not affect the 

cooperativity of the PriA helicase binding to the gapped DNA, which remains the same 

as in the absence of nucleotide cofactors27. 
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Figure 2.11 Fluorescence titrations of the gapped DNA substrate with the ssDNA 
gap of 5 nucleotides, with the PriA helicase in the presence of different nucleotide 
cofactors. a. Containing 1 x 10-5 M ADP, at two different concentrations of the nucleic 
acid: 1 x 10-7 M (■) and 3 x 10-7 M (□). b. Containing 3 x 10-3 M ADP, at two different 
concentrations of the nucleic acid: 1 x 10-7 M (■) and 3 x 10-7 M (□). c. Containing 1 x 
10-5 M ATPγS, at two different concentrations of the nucleic acid: 1 x 10-7 M (■) and 3 x 
10-7 M (□). d. Containing 3 x 10-3 M ATPγS, at two different concentrations of the 
nucleic acid: 1 x 10-7 M (■) and 3 x 10-7 M (□).The solid lines in all panels are nonlinear 
least squares fits of the fluorescence titration curves according to the three-site binding 
model described in section 2.4.5 27. 
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When both nucleotide-binding sites are saturated with the cofactor, in the 

presence of high ADP concentration, PriA recognizes the same gapped DNA substrate in 

a very different way27,59-61. Fluorescence titrations of the gapped DNA substrate, which 

has the ssDNA gap of 5 nucleotides, with the PriA helicase at two different nucleic acid 

concentrations, in the standard buffer C1005, containing 3 x 10-3 M ADP, are shown in 

Figure 2.11b 27. The presence of ADP in both nucleotide-binding sites dramatically 

affects the enzyme interactions with the gapped DNA, however, the maximum 

stoichiometry is not changed and three PriA molecules associate with the gapped DNA27. 

The solid lines in Figure 2.11b are nonlinear least squares fits of the experimental 

titration curves using equations 2.5 – 2.7. The presence ADP in both nucleotide-binding 

sites is strongly manifested in the change in the relative fluorescence increase with ΔF1 ≈ 

0.8 and ΔF2 = ΔF3 ≈ 2.85, indicating a significant change in the structure of the complex 

as compared to the structure of the complex formed in the absence of the cofactor, or the 

in the presence of the low ADP concentrations (Figure 2.11a, Figure 2.11b, and Table 

2.1).27. Moreover, the value of KG is strongly increased to ~5 x 108 M-1 with KDS ≈ 2.5 x 

106 M-1 and σ ≈ 1 is the same, as observed in the absence of the cofactor27. 

Fluorescence titrations of the gapped DNA substrate, containing 5 nucleotides in 

the ssDNA gap, with the PriA helicase in the standard buffer C1005, with 1 x 10-4 M and 

3 x 10-3 M ATPγS, are shown in Figure 2.11c and Figure 2.11d27. There is a dramatic 

difference between the situations when the nucleotide-binding sites of the PriA helicase 

are engaged in interactions with ADP as compared to ATPγS27. Both low and the high 

ATPγS concentrations induce virtually the same relative increases of the nucleic acid 

fluorescence accompanying the formation of the gap complex27. The values of ΔF1 are 

very similar to the fluorescence changes accompanying the enzyme binding in the 

absence of cofactor, or in the presence of the low ADP concentration (Figure 2.11a)27.  
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Figure 2.12 The dependence of the logarithm of the binding constant KG (■) and 
the logarithm of the binding constant KDS (□), characterizing the gap complex and 
the association with the dsDNA, respectively, upon the length of the ssDNA gap in 
buffer C1005 containing: a. Containing 1 x 10-5 M ADP. b. Containing 3 x 10-3 M 
ADP. c. Containing 1 x 10-4 M ATPγS. d. Containing 3 x 10-3 M ATPγS. The solid lines 
in all panels connect the data points and do not have a theoretical basis27. 
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Saturation of both nucleotide-binding sites with ATPγS decreases the binding constant, 

KG, by a factor of ~ 5 to ~ 2 x 107 M-1, and KDS by a factor of ~ 4 to ~ 5 x 105 M-1. Thus, 

in the presence ATPγS, at the concentration saturating both nucleotide-binding sites, the 

PriA helicase has the lowest affinity in the gap complex and for the dsDNA parts of the 

nucleic acid of all examined states of the enzyme with or without the cofactors27. Again, 

as observed for the ADP, ATPγS does not affect the cooperativity of the binding 

process27.  

Analogous studies of the PriA helicase association with the gapped DNA 

substrates in the presence of ADP and ATPγS have been performed for the DNA 

substrates of different size of the ssDNA gaps (data not shown)27. The dependence of the 

logarithm of KG and KDS upon the length of the ssDNA gap in the presence of 1 x10-5 M 

ADP is shown in Figure 2.12a27. In this case, when ADP saturates only the strong 

nucleotide-binding site of the PriA helicase, the enzyme binds with a significant affinity 

to the gap over the dsDNA, although the affinity is independent of the length of the 

ssDNA gap27. The dependence of the logarithm of KG and KDS upon the length of the 

ssDNA gap in the presence of the high ADP concentration (3 x 10-3 M) is shown in 

Figure 2.12b27. In this state, where two nucleotide-binding sites are saturated with ADP, 

the enzyme shows significant preference for the ssDNA gap with 5 nucleotides in the gap 

over the gaps with different number of the nucleotides27. 

Corresponding dependences of the logarithm of KG and KDS upon the length of 

the ssDNA gap in the presence of the low (1 x 10-4 M) and high (3 x 10-3 M) ATPγS 

concentrations are shown in Figure 2.12c and Figure 2.12d, respectively27. Unlike the 

effect exerted by ADP in the strong or weak nucleotide-binding site, saturation of 

exclusively the strong or both nucleotide-binding sites with ATPγS does not distinguish 

any particular gapped DNA substrate27. In these two cases, all gap complexes are 
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characterized by KG ≈ 2 x 107 M-1 27. Yet, the enzyme binds with the preferential affinity 

to the ssDNA gaps, as compared to the dsDNA, independently of the length of the 

ssDNA gap and the affinity difference is amplified by the lower dsDNA affinity of the 

helicase in the presence of the ATP analog27. 

2.4.8 Salt Effect on PriA - Gapped DNA Interactions In the Absence of 

Nucleotide Cofactors. 

To gain further insight into how the PriA helicase recognizes the gapped DNA 

substrates, the salt effect on the enzyme binding to the gapped DNA containing the 

ssDNA gap with 5 nucleotides was examined27. Fluorescence titrations of the gapped 

DNA substrate with the PriA protein in the standard buffer C1005, containing different 

concentrations of NaCl are shown in Figure 2.13a27. As the concentrations of NaCl 

increases the titration curves shift toward higher total protein concentrations, a 

representative of a decrease in macroscopic affinity of the helicase - gapped DNA 

complex27. Correspondingly, maximum relative fluorescence change that goes along with 

the binding process decreases indicating the change in the structure of the complex27. The 

quantitative analysis of the titration curves have been performed as described above in 

section 2.4.5 and 2.4.7. The solid lines in Figure 2.13a are nonlinear least squares fits of 

the experimental titration curves using equations 2.5 – 2.7 27. The dependence of the 

logarithm of the binding constants, KG and KDS upon the logarithm of [NaCl] (log-log 

plot) is shown in Figure 2.13b27,83,84. The plots are clearly linear in examined salt 

concentration ranges, however, there is a major differences between the values of their 

slopes, with ∂logKG/∂log[NaCl] = - 6.1 ± 0.7, and ∂logKDS/∂log[NaCl] = - 3.8 ± 

0.527,83,84. These numbers indicate that the formation of the gap complex is accompanied 

by the net release of ~6 ions, while the binding of the dsDNA is accompanied by the net 
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Figure 2.13 The salt effect on PriA - gapped DNA interactions. a. Fluorescence 
titrations of the gapped DNA substrate [3 x 10-7 M] with the ssDNA gap having 5 
nucleotides with PriA containing different NaCl concentrations: 100 mM (■), 113.5 mM 
(□), 130 mM (●), 154 mM (○), and 172 mM (▲)27. The solid lines are nonlinear least 
squares fits of the titration curves, using the three-site binding model, with σ = 1, ΔF1, 
ΔFmax, KG, and KDS of 0.3, 1.5, 1 x 108 M-1, and 2 x 106 M-1 (■); 0.3, 1.33, 3 x 107 M-1, 
and 6 x 105 M-1 (□); 0.29, 0.95, 9 x 106 M-1, and 4 x 105 M-1 (●); 0.29, 0.77, 7 x 106 M-1, 
and 3 x 105 M-1 (○); and 0.26, 0.42, 3 x 106 M-1, and 2 x 105 M-1 (▲). b. The dependence 
of the logarithm of KG (■) and KDS (□) upon the logarithm of [NaCl]27. The solid lines 
are linear least squares fits, which provide the slope δlogKG/δlog[NaCl] = - 6.1 ± 0.7 and 
δlogKDS/δlog[NaCl] = - 3.8 ± 0.5, respectively27. c. Fluorescence titrations of the same 
gapped DNA substrate with PriA at different MgCl2 concentrations: 5 mM (■), 7.5 mM 
(□), 10 mM (●), 12.5 mM (○), and 15 mM (▲)27. Binding parameters are as follows: σ = 
1, ΔF1, ΔFmax, KG, and KDS of 0.3, 1.5, 1 x 108 M-1, and 2 x 106 M-1 (■); 0.23, 1.37, 2 x 
107 M-1, and 8 x 105 M-1 (□); 0.18, 1.33, 1 x 107 M-1, and 7 x 105 M-1 (●); 0.1, 1,11, 6 x 
106 M-1, and 5.1 x 105 M-1 (○); and 0.07, 0.86, 3 x 106 M-1, and 4.5 x 105 M-1 (▲). d. The 
dependence of the logarithm of KG (■) and KDS (□) upon the logarithm of [MgCl2]27. The 
solid lines are linear least squares fits, which provide the slope δlogKG/δlog[MgCl2] = - 
3.1 ± 0.7 and δlogKDS/δlog[MgCl2] = - 1.3 ± 0.5, respectively27. 
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release of only ~4 ions27,83,84. 

Fluorescence titrations of the same gapped DNA substrate with the PriA helicase 

in the standard buffer C1005, containing different MgCl2 concentrations, are shown in 

Figure 2.13c. As in the case of NaCl, increasing concentrations of MgCl2 strongly 

decreases the macroscopic affinity of the enzyme for the gapped DNA substrate and the 

observed relative fluorescence changes accompanying the formation of the complex27. 

The solid lines in Figures 2.13c are nonlinear least squares fits of the experimental 

titration curves using equations 2.5 – 2.7 described in section 2.4.527. The dependence of 

the logarithm of the binding constants, KG and KDS upon the logarithm of [MgCl2] is 

shown in Figure 2.13d27,83,84. Similar to the effect of NaCl, there is a significant 

difference between the values of the slope of the plots, with ∂logKG/∂log[MgCl2] = - 3.1 

± 0.5 and ∂logKDS/∂log[MgCl2] = - 1.3 ± 0.3, respectively27,83,84. Notice, that the values 

of the slopes are approximately half of the values of the slopes determined for NaCl 

Figure 2.13d27. This large discrepancy in the thermodynamic response of KG and KDS to 

the changes in NaCl or MgCl2 concentrations clearly shows that the helicase forms a very 

different complex with the ssDNA gap, as compared to the complex formed with the 

dsDNA27,83,84. In any case, increasing NaCl or MgCl2 concentrations does not affect the 

cooperativity of the PriA association with the gapped DNA as evident by the constant 

value of σ ≈ 127.  

2.4.9 Salt Effects on PriA - Gapped DNA Interactions With Both Nucleotide-

Binding Sites of the Enzyme Saturated With ADP. 

Fluorescence titrations of the gapped DNA substrate with 5 nucleotides in the 

ssDNA gap and the PriA helicase in the standard buffer C1005, containing 3 x 10-3 M 

ADP at different NaCl concentrations, are shown in Figure 2.14a27. The macroscopic 
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Figure 2.14 Salt effects on PriA - gapped DNA interactions containing 3 x 10-3 M 
ADP. a. Fluorescence titrations of the gapped DNA substrate [3 x 10-7 M] with the 
ssDNA gap having 5 nucleotides with the PriA helicase, containing 3 x 10-3 M ADP at 
different [NaCl]: 100 mM (■), 113.5 mM (□), 130 mM (●), 154 mM (○), and 172 mM 
(▲)27. The solid lines are nonlinear least squares fits of the titration curves, using the 
three-site binding model with σ = 1, ΔF1, ΔFmax, KG, and KDS: 0.8, 2.85, 5 x 108 M-1, and 
2.5 x 106 M-1 (■); 0.7, 2.55, 1 x 108 M-1, and 1.8 x 106 M-1 (□); 0.7, 2.25, 3 x 107 M-1, and 
1.5 x 106 M-1 (●); 0.3, 1.86, 8 x 106 M-1, and 1.1 x 106 M-1 (○); and 0.3, 1.8, 5 x 106 M-1, 
and 1 x 106 M-1 (▲)27. b. The dependence of the logarithm of KG (■) and KDS (□) upon 
the logarithm of NaCl27. The solid lines are linear least squares fits, with the slope 
δlogKG/δlog[NaCl] = - 8.5 ± 1.0 and δlogKDS/δlog[NaCl] = - 1.8 ± 0.4, respectively27. c. 
Fluorescence titrations of the same gapped DNA substrate with the PriA helicase 
containing 3 x 10-3 M ADP and at different [MgCl2]: 5 mM (■), 7.5 mM (□), 10 mM (●), 
12.5 mM (○), and 15 mM (▲). Binding parameters are as follows with σ = 1, ΔF1, ΔFmax, 
KG, and KDS of 0.8, 2.85, 5 x 108 M-1, and 2.5 x 106 M-1 (■); 0.65, 2.38, 3 x 108 M-1, and 
2.2 x 106 M-1 (□); 0.4, 1.87, 1.5 x 108 M-1, and 1.8 x 106 M-1 (●); 0.25, 1,67, 8 x 107 M-1, 
and 1.5 x 106 M-1 (○); and 0.1, 1.26, 5 x 107 M-1, and 1.1 x 106 M-1 (▲)27. d. The 
dependence of the logarithm of KG (■) and KDS (□) upon the logarithm of MgCl2. The 
solid lines are linear least squares fits with the slope δlogKG/δlog[MgCl2] = - 2.1 ± 0.5 
and δlogKDS/δlog[MgCl2] = - 0.7 ± 0.2, respectively27. 
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affinity of the helicase - gapped DNA complex and the maximum relative fluorescence 

change, accompanying the binding process, decrease with the increase of NaCl 

concentration, same as it was observed in the absence of the cofactor27. However, the 

relative fluorescence change is much higher as compared to the case in the absence of 

ADP (Figure 2.13a)27. The solid lines in Figures 2.14a are nonlinear least squares fits to 

the experimental titration curves using equations 2.5 – 2.7 (section 2.4.5)27. The 

dependence of the logarithm of the binding constants, KG and KDS upon the logarithm of 

NaCl concentration is shown in Figure 2.14b27,83,84. The slopes are: ∂logKG/∂log[NaCl] = 

-8.5 ± 1 and ∂logKDS/∂log[NaCl] = - 1.8 ± 0.4, respectively, therefore, the net number of 

ions released in the formation of the gap complex is increased to ~8 - 9, while the net 

number of ions released decreases to ~2 for the enzyme binding to the dsDNA, as 

compared to the complex formation in the absence of the cofactor (section 2.4.8)27,83,84. 

As a result, PriA with both nucleotide-binding sites saturated with ADP, bound to the 

gapped DNA structure, shows dramatically different thermodynamic response to the 

changes of salt concentration in solution as compared to the response of the system in the 

absence of the cofactor (Figure 2.13, section 2.4.8)27,83,84. 

Fluorescence titrations of the corresponding gapped DNA substrate with the PriA 

helicase in the standard buffer C1005 containing 3 x 10-3 M ADP and different MgCl2 

concentrations, are shown in Figure 2.14c, and the dependences of the logarithm of the 

binding constants, KG and KDS upon the logarithm of [MgCl2] (log-log plots) are shown 

in Figure 2.14d27. The values of the slopes for the gap complex and the binding to the 

dsDNA in the presence of high ADP concentrations are ∂logKG/∂log[MgCl2] = - 2.1 ± 

0.5 and ∂logKDS/∂log[NaCl] = - 0.7 ± 0.227,83,84. Notice, the net number of ions released 

in the association with the dsDNA, is approximately half of the corresponding value 
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determined for NaCl27. On the other hand, the number ions released in the formation of 

the gap complex, ~2, is significantly lower than half of ~8 - 9 ions released in response to 

the increased NaCl concentration27,83,84. 

2.5 DISCUSSION 

2.5.1 The Site-Size of the PriA - Gapped DNA Substrate Complexes is 

Significantly Lower Than the Site-Size of the Enzyme - ssDNA Complex. 

A site-size of the protein - nucleic acid complex is a model-independent 

parameter and defines the total number of nucleotides occluded by the bound protein1,7-

9,27,56-58,62,81,85-89,84. Recall, that the PriA helicase occludes ~ 20 nucleotides when in the 

complex with the ssDNA (Figure 2.3)27,56-58. Therefore, the large number of PriA 

molecules associating with the examined gapped DNA structures, described above, is 

rather startling27. Three PriA molecules are bound to all gapped DNA structures with the 

ssDNA gap ranging from 1 to 10 nucleotides (Figure 2.4 and Table 2.1)27. The shortest 

and the longest gapped DNA substrates are 21- and 30-mer in length, therefore, the 

average site-size of the PriA helicase in the gap complex must correspond to ~7 - 10 

nucleotides27. Consequently, the site-size of PriA - dsDNA must be much shorter than ~ 

20 nucleotides, observed for the PriA helicase - ssDNA interactions, and fluctuating 

around 7 - 10 bps27,56-58. 

There are two, rather obvious but important aspects of these results27. First, to 

achieve such a small site-size, PriA in a complex with the gap structures must be bound 

in a different orientation than in the complex with the ssDNA27. This different orientation 

is indicated by different responses to the changes salt concentration in solution and very 

different relative fluorescence changes accompanying the formation of the gap complex 

as compared to the binding of PriA to the ssDNA (section 2.5.4)27,56-58. In the same way, 
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different responses to the changes salt concentration in solution and very different 

relative fluorescence changes accompanying the formation of the complex with ds parts 

of the gapped DNA structures indicate that orientation of the helicase in the gap complex 

is different from the orientation in the complex with the dsDNA(section 2.5.4)27,56-58. 

Second, as mentioned above, small maximum stoichiometry of PriA-gapped DNA 

complex, can only be understood in the context of the heterogeneous structure of the total 

DNA-binding site of the PriA helicase, previously demonstrated by the Bujalowski’s 

lab27,56-58. Within the total DNA-binding site, PriA contains the strong DNA-binding 

subsite that, in the complex with the ssDNA, occludes ~ 5-8 nucleotides (Figure 2.3)27,56-

58. The minimum sites-size of ~ 7 nucleotides of the gap complex described herein 

indicates that the helicase engages its strong DNA-binding binding site and binds the 

gapped substrates in the specific orientation27. The same should be true for the dsDNA 

(see Chapter 3)27. 

2.5.2 PriA Specifically Recognizes the ssDNA/dsDNA Junction (s) of the 

Gapped Structures. 

The value of the binding constant, KG, characterizing the PriA helicase affinity for 

the ssDNA gap with 5 nucleotides in the gap is ~ 1 x 10-8 M-1 and is ~ 3 and orders of 

magnitude higher than the enzyme’s affinity for the ssDNA (~ 8 x 10-4 M-1) in the same 

solution conditions27,56-58. In the case of dsDNA parts of the gapped DNA structures, the 

PriA helicase affinity is ~ 2 x 10-6 M-1, which is ~ 2 orders of magnitude higher than the 

enzymes affinity for the ssDNA, in the same solution conditions (Figure 2.10 and Table 

2.1)27,56-58. In addition, gapped substrates with 3, 4, and 6 nucleotides in the gap have 

affinities ~ 2 orders of magnitude higher than the corresponding affinity of the 

ssDNA(Figure 2.10 and Table 2.1)27,56-58. It is evident that the intrinsic affinity of enzyme 
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for the ssDNA in the gap does not play a significant role in the ssDNA gap recognition27. 

In addition, formation of the gap complex goes along with moderate changes of the 

etheno-adenosine fluorescence increase ranging from 0.3 to 0.8 (Table 2.1), whereas 

direct binding of PriA to the corresponding etheno-derivatives of the ssDNA adenosine 

homo-polymers induces much larger relative fluorescence increase of ~2.5 - 2.927,56-58. 

The fluorescence of εA is not very sensitive to the polarity of the environment and 

compared to the free εAMP, the emission of etheno-oligomers is quenched 8-10 fold, 

primarily, by the dynamic process of an intramolecular collision27,90,91. To wit, the 

fluorescence increase is caused by the conformational change of the nucleic acid and 

reflects the increased separation and restricted mobility of the nucleic acid bases27,81,90,91. 

It is evident that the formation of the PriA - gap complexes goes along with very modest 

values of the relative fluorescence increase, as a result the enzyme does not affect the 

structure of the ssDNA in the gap to the same extent as in the complex with the ssDNA 

alone, i.e., the interactions with the ssDNA are much less direct in the gap complex27,90,91. 

These results strongly indicate that, in the complex with the gapped DNA structures, PriA 

predominantly engages the ssDNA/dsDNA junction rather than the ssDNA of the gap27. 

Should the ssDNA play a dominant role in the recognition of the gapped DNA structure, 

the gaps with 8 and 10 nucleotides would have the highest affinities of the gap complex 

and the highest relative fluorescence changes accompanying the formation of the 

complex, but this is not experimentally observed27. 

2.5.3 The PriA Helicase Preferentially Recognizes the ssDNA Gap With 5 

Nucleotides In the Absence of Nucleotide Cofactors. 

In the absence of nucleotide cofactors, the binding constant, KG, progressively 

and strongly increases, from a gap containing 1 to the gap containing 5 nucleotides where 
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it is ~ 2 orders of magnitude higher that the value of KG describing interactions of PriA 

with gap of 1 (Figure 2.10 and Table 2.1)27,56-58. However, this dramatic increase of the 

affinity is not accompanied by increase of the fluorescence of the etheno-adenosines in 

the gap, comparable to the fluorescence increase observed in the complex with the 

ssDNA (section 2.5.1 and 2.5.2), indicating a little change of the structure of the ssDNA 

of the gap, i.e., weak engagement of the enzyme in interactions with the ssDNA of the 

gap (section 2.5.1 and 2.5.2 and Table 2.1)27,56-58. It stands to reason that PriA recognizes 

the spatial separation between two ss/dsDNA junctions of the gap, the size of the gap, 

with the ssDNA/dsDNA junctions being the “attachment points” of the enzyme (section 

2.5.2)27,56-58. Interestingly, the sharp decrease of the value of KG for the gapped DNA 

starting with 6 nucleotides in the ssDNA gap supports this conclusion27. It is likely that 

this behavior results from the fact that, in longer gaps, PriA loses one of the attachment 

points, which goes beyond the optimal size of the gap that can be accommodated by the 

strong DNA-binding subsite of the protein27,56-58. These results corroborate well with an 

idea that PriA binds gapped substrates with specific orientation and that there is a strict 

geometrical requirement for the optimal recognition of the size of the gap27. 

2.5.4 Intrinsic Interactions of the PriA Helicase - ssDNA Gap Indicate 

Involvement of the ssDNA/dsDNA Junction (s) of the Gapped Structures. The Salt 

Effect. 

The difference between the salt effect on the PriA - ssDNA interactions and in the 

PriA helicase - gap complex, with the ssDNA gap of 5 nucleotides, is staggering 27,56-58. 

While the slope of the log-log plot is ∂logKG/∂log[NaCl] = - 6.1 ± 0.7, the analogous 

slope, obtained in the same solution conditions, for the PriA - ssDNA 10-mer, which only 

engages the strong DNA-binding subsite of the helicase, is ∂logK10/∂log[NaCl] = -2.5 ± 
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0.427,57. Clearly, the net number of ions released, ~ 6, in the formation of the gap complex 

is larger than the number of the nucleotides in the ssDNA gap. Additionally, since in the 

interactions with the gapped DNA substrates the enzyme does not engage the ssDNA of 

the gap to the same extent as in the direct binding to the ss nucleic acid, the number of 

ions released from the ssDNA of the gaps should be much smaller than observed for the 

ssDNA binding but this is not experimentally observed27,57. These data provide strong 

evidence that both ssDNA/dsDNA junctions of the gap are involved in interactions with 

the strong-DNA binding site of the helicase27. The slope of the log-log plot obtained in 

the presence of different concentrations of MgCl2, is ∂logKG/∂log[MgCl2] = -3.1 ± 0.5, 

and is approximately half of what is observed for the effect of NaCl (Figure 2.13b and 

Figure 2.13d), strongly suggesting that magnesium and sodium cations compete for the 

same ionic interactions in the complex and the interactions are predominantly 

electrostatic in nature27,83,84. 

In the case of the PriA helicase – ssDNA interactions, the increase of the salt 

concentration in solution strongly increases the positive cooperative interactions, which 

at high concentrations of NaCl becomes an important part of the free energy of 

binding27,57. No cooperative interactions between PriA molecules bound in the gap 

complex were detected and the increase in NaCl or MgCl2 concentration in solution does 

not change σ, which within experimental error is 1 in all experiments described in this 

Chapter27. The lack of any effect in the salt concentration changes on the cooperative 

interactions reinforces the conclusion that the enzyme is bound in very different and 

specific orientation in the gap complex than in the complex with the ssDNA27,57. This 

different orientation eliminates favorable interacting contacts between bound protein 

molecules, which are stabilized by the ion binding to the PriA protein27. In contrast, 

∂logKDS/∂log[NaCl] = - 3.8 ± 0.5, and ∂logKDS/∂log[MgCl2] = -1.3 ± 0.3, are comparable 
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to the values of the corresponding slopes,~ - 3 and ~ - 1.7, respectively, determined for 

the direct interactions of the strong DNA-binding site of PriA with the ssDNA. This 

similar thermodynamic response of two systems to the salt concentration changes in 

solution suggests similar involvement of the nucleic acid in interactions with the PriA 

protein27,57,83,84. 

2.5.5 The Presence of the Nucleotide in the Strong Nucleotide-Binding Site 

Eliminates PriA’s Size Specific Selectivity for the Gap of 5 Nucleotides. 

When the nucleotide cofactor is exclusively bound to the strong-nucleotide-

binding site of the PriA helicase there is no significant effect on the enzyme interactions 

with the ssDNA27,57,59-61. Similarly, in the case of the gap complex, low ADP or ATPγS 

concentrations only slightly affect ΔF1, ΔF2, and ΔF3, as compared to the same 

parameters determined in absence of the cofactors, indicating similar structures of the 

formed complexes (Table 2.1 and Table 2.2)27. Notice, in the presence of the low 

nucleotide concentrations, the values of KG for the gaps with 4 and 5 nucleotides are 

significantly diminished, as compared to the corresponding affinities observed in the 

absence of cofactor27. Hence, PriA no longer specifically recognizes ssDNA gaps of 4 to 

5 nucleotides27. Interestingly, the values of KG are increased for the remaining examined 

gapped DNAs, as compared to the corresponding affinities observed in the absence of 

cofactor (Figure 2.12a and Figure 2.12c)27. The value of KDS is also diminished for all 

examined gapped substrates, as compared to the values observed in the absence of 

cofactor27. Because the efficiency of the gap recognition should be measured with respect 

to the surrounding dsDNA, the PriA enzyme with the strong nucleotide-binding site 

saturated with ADP or ATP analog, preserves and even augments its recognition 

efficiency for some gaps27. Nevertheless, all examined gapped DNA substrates are now 
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characterized by the same KG (Figure 2.12a and Figure 2.12c)27. In other words, as 

mentioned above, the preference of the enzyme for the gap with 4 - 5 nucleotides, seen in 

the state without nucleotide cofactors, is lost and the helicase binds equally well to the 

ssDNA gaps of different sizes (Figure 2.10, Figure 2.12a, and Figure 2.12c )27. 

2.5.6 Saturation of Both Nucleotide-Binging Sites of the PriA Helicase with 

ADP Restores Enzyme Selectivity for the ssDNA Gap with 5 Nucleotides. 

The effect of the saturation of the both nucleotide-binding sites with ATP 

nonhydrolyzable analog, ATPγS, is the same as observed for the nucleotide binding to 

the strong-nucleotide binding site (Figure 2.11c, Figure 2.11d, Figure 2.12c, and Figure 

2.12d)27. The preference of the enzyme for the gap with 4 - 5 nucleotides, seen in the 

state without nucleotide cofactors, is lost and the helicase binds equally well to the 

ssDNA gaps of different sizes (Figure 2.12d)27. Different behavior is observed when both 

the strong and the weak nucleotide-binding sites are saturated with ADP (Figure 2.11b 

and Figure 2.12b)27. At high concentration of ADP, the relative fluorescence changes, 

ΔF1, ΔF2, and ΔF3, are considerably increased, especially for the ssDNA gap with 5 

nucleotides, demonstrating more extensive engagement of the ssDNA of the gap in 

interactions with the enzyme27,56-60. In that state, the PriA helicase binds preferentially to 

the ssDNA gap with 5 nucleotides, as the value of KG is increased by a factor of ~ 5 27. In 

addition, the affinity is, within the experimental error, the same for all other gaps (Figure 

2.12b)27. Interestingly, the value of KDS remains the same as determined in the absence of 

any cofactor, and as a result, the enzyme has a preference for the gap with 5 nucleotides 

over the ssDNA gaps with different numbers of nucleotides than 5, and over the dsDNA 

(Figure 2.12)27. 
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2.5.7 Salt Effect on the Gap Complex Formation when Both Nucleotide-

Binding Sites are Saturated with ADP.  

When both nucleotide-binding sites of PriA are saturated with ADP, the slope of 

the log-log plot is ∂logKG/∂log[NaCl] = - 8.5 ± 1 (Figure 2.14a, Figure 2.14b, and Table 

2.2)27. Thus, the net number of ions released, ~ 8 - 9 a significantly larger than ~ 6 ions 

determined for the complex in the absence of the nucleotide cofactors and approximately 

two times larger than the number of the nucleotides in the ssDNA gap of the examined 

gapped DNA substrate (Figure 2.13a, Figure 2.13b, and Table 2.2)27,57,83,84. In spite of the 

fact that the value of ΔF1 is increased, it is still significantly lower than ΔFmax observed in 

the direct binding to the ssDNA, indicating less pronounced contact with the ssDNA in 

the gap27,56-59. Although additional ion release from the ssDNA gap cannot be excluded, 

such a large increase in the net number of ions released upon gap complex formation 

indicates that the enzyme engages additional area in interactions with the nucleic acid and 

additional fragment of the DNA outside the gap complex, presumably through the 

opening of the DNA-binding area at the N-terminus of the protein27,56-59. Notice, the 

slope of the log-log plot obtained in the presence of different MgCl2 concentrations 

∂logKG/∂log[MgCl2] = - 2.1 ± 0.5, is significantly lower than expected, if magnesium 

cations simply replace sodium ions in the ion exchange (Figure 2.14d and Table 

2.2)27,83,84. The diminished slope of ∂logKG/∂log[MgCl2] strongly suggests that a specific 

uptake of magnesium cations by the enzyme, associated with the presence nucleotide 

cofactor, compensates the observed net number of ion released27,83,84. The same uptake of 

magnesium cations should also diminish the slope of the ∂logKDS/∂log[MgCl2], which is 

also experimentally observed27. The value of ∂logKDS/∂log[MgCl2] = - 1.3 ± 0.3, 

observed in the absence of the nucleotide cofactor, is reduced to ∂logKDS/∂log[MgCl2] = 
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- 0.7 ± 0.2, for the enzyme with both nucleotide-binding site saturated with ADP (Figure 

2.13, Figure 2.14, and Table 2.2)27,83,84. 

2.5.8 Model of the PriA – Gapped DNA Complex with 5 Nucleotides in the 

ssDNA Gap.  

Based on the results described in this Chapter, the pictorial model of the PriA - 

gapped DNA substrate complex, containing 5 nucleotides in the ssDNA gap, in the 

absence of the nucleotide cofactors, is shown in Figure 2.15a27. The PriA helicase binds 

gapped DNA substrates using its strong DNA-binding subsite located on the protruding 

domain in a specific orientation, which allows for the enzyme unwinding of the dsDNA 

in 3’ -> 5’ direction27,56-59. Predominantly the ssDNA/dsDNA junctions are engaged in 

interactions with the helicase when in the complex27. Together these interactions match 

the geometry and structural flexibility of the strong DNA-binding subsite and lead to the 

amplified affinity for the gapped DNA substrate and different thermodynamic response to 

the changes of the salt concentrations in solution27. Another schematic model of the PriA 

complex with the gapped DNA substrate, containing the ssDNA gap with 5 nucleotides in 

the presence of high ADP concentration, which saturates both nucleotide-binding sites of 

PriA, is shown in Figure 2.15b27. Again, the enzyme predominantly engages the 

ssDNA/dsDNA junctions in interactions with the gapped DNA substrate, however, 

saturation of both nucleotide-binding sites with ADP induces conformational transition of 

the enzyme and opens additional interacting area, possibly, on the N-terminus domain, 

which engages additional fragment of the gapped DNA substrate, analogously to the 

complexes with the ssDNA27,56-59. As a result, the PriA helicase completely saturated 

with ADP has increased affinity for the gap DNA substrate with 5 nucleotides and the 

complex manifests a different thermodynamic response to the changes of the salt  
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Figure 2.15 Schematic model of the PriA complex with the gapped DNA substrate. 
a. In the absence of the nucleotide cofactors the enzyme binds the gapped DNA substrate 
using its strong DNA-binding subsite engaging the ssDNA/dsDNA junctions27. b. 
Saturation of both nucleotide-binding sites with ADP induces conformational transition 
of the enzyme and opens additional interacting area which engages further fragment of 
the gapped DNA substrate27. 
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concentration in solution, as compared to the gap complex formed in the absence of 

ADP27. 

2.5.9 Functional Implications. 

Biochemical studies indicated that in order to initiate the assembly of the 

primosome, the PriA helicase requires a small ssDNA gap of ~ 5 nucleotides14,17,27. 

About the same time, thermodynamic studies indicated that the total site-size of the PriA 

- ssDNA is ~ 20 nucleotides, which is much too large for the observed gap recognition 

process27,56-60. Nonetheless, these studies, as well as the findings described herein, 

provide the first indication on how PriA could adjusts to different sizes of the ssDNA and 

recognizes gapped DNA substrates27,56-60. Studies in this work show that the recognition 

of the short ssDNA gap is accomplished by PriA binding in a specific orientation, which 

allows the enzyme to engage only the strong DNA-binding subsite in the gap complex27. 

The selectivity for the ssDNA gap with 5 nucleotides is the consequence of matching the 

site-size of the strong DNA-binding subsite of the helicase to the size of the gapped DNA 

substrate27. Yet, the enzyme can recognize even shorter ssDNA gaps than 5 nucleotides, 

although with lower efficiency27. The lack of cooperative interactions between multiple 

PriA molecules bound in the gap complex and the enzyme molecules associated with the 

surrounding dsDNA strongly suggests that a single PriA molecule participates in the 

recognition of the ssDNA gap at the stalled replication fork27. On the other hand, for the 

gaps with 8 or 10 nucleotides in length, the PriA helicase has significantly lower, if any, 

gap-recognition capabilities27. It is likely that for these longer gaps a different pathway of 

the restart of the replication fork is activated27. In fact, it has been indicated that for the 

large ssDNA gaps, the PriC - Rep (PriA-independent) and not PriA - PriB (PriA-

dependent) pathway may be operational (Figure 2.1, section 2.2.1 and 2.2.2)11-14,27,35,43,45. 
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Out of five different states of the enzyme with respect to the engagement of its 

two nucleotide-binding sites in interactions with the cofactor, examined in this work, only 

two states, without nucleotide cofactors and with two nucleotide-binding sites saturated 

with ADP show dramatic preference for the ssDNA gap with 5 nucleotides27. Yet, there is 

a significant difference between these two states27. In the absence of the cofactors, the 

enzyme predominantly recognizes the size of the ssDNA gap, without extensively 

engaging the ssDNA of the gap or any additional fragments of the nucleic acid27. On the 

other hand, in the state with both nucleotide-binding sites saturated with ADP, the 

enzyme engages both the ssDNA/dsDNA junctions and an additional fragment of the 

surrounding DNA27. Recognition of the size of the gap seems to be a more efficient in 

finding the short ssDNA gap than a process which involves conformational 

rearrangements and engagement of an additional fragment of the nucleic acid27. Thus, it 

is probable that the state of the enzyme without bound nucleotide cofactors is the state 

which is used in the recognition of the ssDNA gap27. 

The states of the enzyme with bound nucleotide cofactors, to one or both 

nucleotide-binding sites, could be employed in the post-recognition stage27. Therefore, 

binding of the nucleotide cofactors to both nucleotide-binding sites would regulate the 

PriA affinity for the gap, in the state when the enzyme is already bound to the gapped 

DNA substrate27. Notice, saturation of the strong nucleotide-binding site with ADP or 

ATP eliminates the enzyme preference for the gap of 4 - 5 nucleotides27. Recall, the 

ssDNA affinity does not play a role in the gap recognition, thus, the saturation of the 

strong nucleotide-binding site seems to increase the affinity of the enzyme for the 

ssDNA/dsDNA junction27. Because the strong site is the major ATPase site of the PriA 

helicase, in this state, the enzyme, placed at the ssDNA/dsDNA junction, is ready to 

perform the dsDNA unwinding reaction in the post recognition stages27. Similar role can 
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be executed by the state where both nucleotide-binding sites are saturated with ATP27. 

The state with both nucleotide-binding sites saturated with ADP stabilizes the gap 

complex and allows the enzyme to engage additional binding area in interactions with the 

nucleic acid27. This activity would be necessary to achieve the recognition of the fork not 

just the ssDNA gap27. Exchange for ATP in both sites would diminish the stability of the 

gap complex, as the recognition is already achieved27. This would allow the enzyme to 

bind to the ssDNA/dsDNA junction in the 3’ -> 5’ direction and initiate the unwinding 

reaction in the presence of ATP in preparing for the entry of the DnaB - DnaC complex 

into the primosome11-14,27,35,43,45.  
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CHAPTER 3 

THE ESCHERICHIA COLI PRIA HELICASE - DOUBLE-
STRANDED DNA COMPLEX922 

3.1 ABSTRACT 

The E. coli PriA helicase complex with the double-stranded DNA, the location of 

the strong DNA-binding subsite, and the effect of the nucleotide cofactors, bound to the 

strong and weak nucleotide-binding site of the enzyme on affinity of the enzyme for 

dsDNA, have been examined using the fluorescence titration, analytical 

ultracentrifugation, and photo-cross-linking techniques92. The total site-size of the PriA - 

dsDNA complex is dramatically lower than the site-size of the enzyme - ssDNA 

complex, and is only 5 ± 1 bps92. PriA binds to dsDNA using its strong ssDNA-binding 

subsite but in an orientation very different from the complex with the ssDNA92. The 

strong DNA-binding subsite of the enzyme is located on the helicase domain of the PriA 

protein92. Surprisingly, intrinsic affinity for the dsDNA is considerably higher than the 

ssDNA affinity and the binding process is accompanied by a significant positive 

cooperativity92. Binding of nucleotide cofactors to the strong and weak nucleotide-

binding sites of the helicase profoundly affects the intrinsic affinity and the cooperativity, 

without affecting the stoichiometry92. Binding of ATP analog to either site diminishes the 

intrinsic affinity but preserves the cooperativity92. Binding of ADP to the strong site leads 

to a dramatic increase of the cooperativity and barely affects the affinity, while saturation 

                                                 
92

This research was originally published in Journal of Molecular Biology. Szymanski, M. R., Jezewska, M. 
J. & Bujalowski, W. (2010). The Escherichia coli PriA helicase-double-stranded DNA complex: location 
of the strong DNA-binding subsite on the helicase domain of the protein and the affinity control by the two 
nucleotide-binding sites of the enzyme. J Mol Biol 402, 344-62. Reproduced with permission. 
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of both sites with ADP strongly increases the affinity and eliminates the cooperativity92. 

As a result, the coordinated action of both nucleotide-binding sites on the PriA - dsDNA 

interactions depends on the structure of the phosphate group92. The results presented here 

are significant for the enzyme activities in recognizing primosome assembly site or the 

ssDNA gaps92. 

3.2 INTRODUCTION 

As it was shown in Chapter 1 and Chapter 2, the PriA helicase is a key enzyme in 

E. coli DNA replication and is involved in other major processes of the DNA 

metabolism, including recombination, and repair1,5,11-18,27,32-36,92. The enzyme plays a 

paramount role in the ordered assembly of the primosome, a large molecular machine 

engaged in  DNA priming5,11-17,27,92. In this capacity, PriA has also been proposed as the 

major factor that initiates the restart of the stalled replication fork by recognizing specific 

DNA structure at the damaged DNA sites5,11-17,27,92. 

The interactions of PriA with the ssDNA have been intensively studied and are 

described in the introduction to Chapter 2 (section 2.2.3)27. In addition, it was 

quantitatively revealed by Szymanski et al. that the PriA helicase can specifically 

recognize and bind to the small single stranded gaps in the DNA (Chapter 2)27. 

Interestingly, the results presented in Chapter 2 demonstrated that more than one PriA 

molecule was bound to the gapped DNA substrate, indicating that the site-size of the 

PriA – dsDNA complex is significantly lower, as compared to the site-size of the 

complex with the ssDNA27,92. Moreover, the binding process was affected by the 

presence of nucleotide cofactors27,92. This was a very interesting finding, as it is not 

generally expected that the helicase would bind to the dsDNA. The complexity of the 

gapped DNA structures, used in that studies, precluded quantitative characterization of 
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the enzyme - dsDNA association beyond macroscopic affinities27,92. Therefore, Chapter 3 

is a logical continuation of Chapter 2 where the recognition of the damaged DNA 

structures by the PriA helicase was examined (section 1.4.1 and section 2.2.4)27.  

Interactions of the PriA helicase with the dsDNA have never been suggested, nor 

quantitatively examined92. In fact, very little is known about the quantitative energetics 

and dynamics of interactions of other well-studied helicases with the dsDNA27,92. The 

interactions with the dsDNA are particularly important in the case of the PriA protein, 

where in the processes of the primosome formation and stalled replication fork restart, the 

enzyme encounters mostly dsDNA2,5,11,14,27,92. Therefore, direct quantitative examination 

of PriA - dsDNA interactions and the effect of the nucleotide cofactors on these 

interactions are of fundamental importance for understanding the recognition process of 

the stalled replication fork substrates by the PriA helicase27,92. In addition, elucidation of 

the mechanism of PriA - dsDNA interactions will add to our understanding of the 

intricate process of primosome assembly, and, in general, the mechanism of the helicase 

action in DNA metabolism27,92. Thus, in Chapter 3, direct quantitative studies of the PriA 

- dsDNA interactions and the effect of the nucleotide cofactors on these interactions have 

been described92. 

3.3 MATERIALS AND METHODS 

3.3.1 Buffers and Chemicals. 

All solutions used in experiments described in this Chapter were made with 

distilled and deionized >18 MΩ (Milli-Q Plus) water92. The standard buffer was buffer 

C505 with 10 mM sodium cacodylate adjusted to pH 7.0 with HCl at 10°C, 1 mM DTT, 

50 mM NaCl, 5 mM MgCl2, and 25% glycerol w/v92. The standard temperature in all the 

experiments described herein was 10°C. All experiments were carried out in the standard 
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buffer C505 unless otherwise specified in the text. Trypsin, and trypsin inhibitor were 

from Sigma (Saint Louis, MI). All chemicals were reagent grade. 

3.3.2 Water Activity of Buffering Solution.  

Water activity “error term” of the standard buffer C505, used throughout this 

Chapter, had been calculated according to the values described in the literature132,133. Due 

to the presence of the glycerol and salt, the water activity “error term” is less than 5%, 

and is contained within the experimental error of all the experiments presented 

here27,132,133,. 

3.3.3 Nucleotides and Nucleic Acids. 

ATPγS and ADP were from Sigma (Saint Louis, MI). ATPγS and ADP were of 

high purity as judged by thin layer chromatography (TLC). Unmodified nucleic acid 

oligomers, etheno-derivatives, and fluorescein-labeled ssDNA oligomers and were 

purchased from Midland Certified Reagents (Midland, TX)92. All nucleic acids were 

HPLC purified and at least >95% pure as judged by electrophoresis on polyacrylamide 

gel. 

To monitor binging, dsDNA substrates were build from modified ssDNA 

oligomers containing a fluorescent label, fluorescein (Fl), attached to the 5’ end of the 

DNA through phosphoramidate chemistry mixed with unmodified oligomers92. The 

sequences of the labeled oligomers were: Fl-CTGACGTGCG, Fl-

CTGACGTGCGGATGC, and Fl-CTGACGTGCGGATGCGGACG for 10-, 15-, and 20-

mer respectively92. The concentrations of the nucleic acids were determined 

spectrophotometrically using the extinction coefficients: ε260 = 10000 cm-1M-1 

(nucleotide) for A, ε260 = 8500 cm-1M-1 (nucleotide) for G,C and T27,62. The degree of 

labeling of fluorescent labeled nucleic acid was determined spectrophotometrically using 
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the extinction coefficients ε494 = 76000 cm-1M-1 for fluorescein27,62,63. 5’-Fl-labeled 

dsDNA substrates were obtained by mixing labeled ssDNA oligomers with 

complementary unmodified oligomers at appropriate concentration92. The mixture was 

then warmed for 5 minutes at 95°C, and slowly cooled for a period of ~ 4 - 5 

hours27,62,63,92. The etheno derivative of the ssDNA 18-mer, dεA(pεA)17, used for 

competition studies, was obtained by modification with chloroacetaldehyde90-92. The 

concentration of etheno-derivative of the nucleic acids was determined 

spectrophotometrically using following the extinction coefficients: ε257 = 3700 cm-1M-1 

(nucleotide) for εA56,57,81,87,90-92. 

The integrities of the dsDNA substrates have been checked by UV melting and 

analytical ultracentrifugation techniques27,62,63,92. The melting temperature of the 

examined dsDNA substrates was ~54°C or higher in the studied solution 

conditions27,62,63,92. 

3.3.4 The PriA Protein. 

The E. coli PriA protein has been purified using the protocol previously described 

by Jezewska et al. (section 2.3.4 and 2.4.1)27,56,57,92. 

3.3.5 Fluorescence Measurements. 

All steady-state fluorescence titrations, described in this Chapter, were performed 

using the Fluorolog F-11 spectrofluorometer (Jobin Yvon) as previously described27,56-

63,92. The temperature of the cuvette holder was regulated by circulating water at 10.0 ± 

0.1 °C. The PriA protein binding to the dsDNA substrates was followed by monitoring 

the emission of the fluorescein-labeled nucleic acid (λex = 485 nm, λem = 520 nm) or, in 

the case competition studies, etheno-derivative fluorescence of the nucleic acids (λex = 



 67 

325 nm, λem = 410 nm)27,81,92. The relative fluorescence increase, ΔFobs, of the DNA 

emission upon protein binding is defined as, ΔFobs = (Fi – Fo)/Fo, where Fi is the 

fluorescence of the sample at a given titration point “i” and Fo is the initial fluorescence 

of the same solution27,56-63,81,92. 

3.3.6 Determination of Quantitative Binding Isotherm of the PriA – dsDNA 

Complexes. 

In this Chapter, we followed the binding of the PriA helicase to the DNA 

oligomers by monitoring the fluorescence increase, ΔF, of the Fl-labeled DNA or etheno-

derivative of the nucleic acid92. To obtain quantitative estimates of the total average 

degree of binding, ΣΘi (average number of bound PriA molecules per DNA oligomer) 

and the free protein concentration, PF, independent of any assumption about the 

relationship between the observed spectroscopic signal and ΣΘi, we applied an approach 

previously described in section 2.3.71,56,57,82,87,92. Computer fits were performed using 

Mathematica (Wolfram, IL) and KaleidaGraph (Synergy Software, PA)92. 

3.3.7 Analytical Ultracentrifugation Measurements. 

All analytical ultracentrifugation experiments were performed with an Optima 

XL-A analytical ultracentrifuge (Beckman Inc., Palo Alto, CA), as we previously 

described in section 2.3.827,66-69,72,76,82,92. 

3.3.8 Trypsin Digestion Experiments. 

Trypsin stock solution in the concentration of 0.2 mg/ml, PriA stock solution in 

the concentration of 0.74 mg/ml, and trypsin inhibitor stock solution in the concentration 

of 10 mg/ml were all prepared on ice in the standard buffer C505 92. The PriA protein 

was mixed with trypsin on ice at the 37 : 1 PriA to trypsin molar ratio92. The reaction was 
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allowed to proceed and aliquots of 10 μL were taken at given time points92. The digestion 

reaction was stopped by adding 2 μL of trypsin inhibitor and SDS loading buffer92. The 

reaction mixture was then immersed in ~ 95 °C water bath for 4 minutes, allowed to cool 

down, centrifuged and loaded onto 10% SDS polyacrylamide gel92. The sample was run 

at constant voltage and the gel was stained with Coomassie Brilliant Blue92. Several 

different PriA protein - trypsin molar ratios were examined to obtain the optimal time 

dependence of the digestion reaction92. 

3.3.9 Photo-cross-linking Coupled Trypsin Digestion Experiments. 

Time-dependent digestion of the PriA helicase - ssDNA complex with trypsin has 

been performed in the standard buffer C505 92. The ssDNA oligomer, dT(pT)19 has been 

labeled at the 5’ end with [32P], using polynucleotide kinase40,92,93. The concentrations of 

PriA and nucleic acid are chosen to ensure saturation of the binding process92. The 

complex was mixed with the protease at the 37 : 1 PriA - trypsin molar ratio. Several 

different PriA protein - trypsin molar ratios were examined to obtain the optimal time 

dependence of the digestion reaction92. The samples (total volume 40 μl) were placed on 

Parafilm, at ~ 10°C, and irradiated for 20 minutes, at a distance of 11 cm, using a mineral 

lamp (model UVG-11) with a maximum output of 254 nm92. The reaction was stopped by 

adding trypsin inhibitor, subsequently, adding SDS loading buffer, and immersing the 

sample in ~ 95°C water bath for 4 minutes92. The samples collected at different time 

intervals of the protease reaction were loaded on 10% SDS polyacrylamide gel and 

electrophoresis was performed at a constant voltage92. The gels were stained with 

Coomassie Brilliant Blue and scanned, using the phosphorimager SI (Molecular 

Dynamics, PA)92. The controls were performed to determine the optimal time for photo-
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cross-linking and to avoid possible degradation of the protein by prolonged exposure to 

the UV light92.  

3.4 RESULTS 

3.4.1 The Site-Size of the PriA-dsDNA Complex in the Absence of Nucleotide 

Cofactors. 

Alike the interactions of the PriA helicase with the ssDNA, association of the 

enzyme with the dsDNA is not accompanied by sufficient changes of the protein 

tryptophan fluorescence suitable to examine the binding process27,56-58,92. However, the 

association of the PriA helicase with dsDNA oligomers, labeled at the 5’ of one of the 

ssDNA strands with fluorescein, is accompanied by a significant increase of the nucleic 

acid fluorescence, allowing us to perform high-resolution studies of the enzyme - dsDNA 

complex formation27,56-58,92. Selected dsDNA oligomers contain a random sequence of 

bases with 70% G-C base pairs content92. The length of the oligomers are 10, 15, and 20 

base pairs, similar to the site-size of the strong DNA-binding subsite (~ 5 - 7 nucleotides) 

and the total (~ 20 nucleotides) DNA-binding site of the PriA helicase - ssDNA complex 

(Figure 2.3)27,56-58,92. 

Fluorescence titrations of the 5’-Fl-dsDNA 10-mer with the PriA helicase at two 

different nucleic acid concentrations, in buffer C505 are shown in Figure 3.1a92. The 

maximum observed relative fluorescence increase, ΔFmax, is ~ 0.4. Titration curves, such 

as in Figure 3.1a, have been analyzed by using the quantitative approach outlined in 

sections 2.3.7 and section 3.3.51,56,57,82,87,92. The dependence of the observed relative 

fluorescence increase, ΔF, as a function of the total average degree of binding, ΣΘi, of the 

PriA protein on the dsDNA 10-mer is shown in Figure 3.1b92. The plot is clearly  
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Figure 3.1 Two PriA molecules bind to the dsDNA 10-mer at saturation. a. 
Fluorescence titrations of the 5’-Fl-dsDNA 10-mer with the PriA protein at two different 
nucleic acid concentrations: 1 × 10−8 M (■), 5 × 10−8 M (□) (oligomer)92. The continuous 
lines are nonlinear least-squares fits of the titration curves, using the statistical 
thermodynamic model described by equations 3.1 – 3.3 92. b. Dependence of the relative 
fluorescence increase of the dsDNA 10-mer, ΔF, upon the total average degree of 
binding, ΣΘi (■)92. The continuous lines indicate the limiting slopes of the plot at the low 
and high enzyme concentration range, respectively, and have no theoretical basis92. The 
broken line is the extrapolation of ΔF to the maximum value of ΔFmax

92. 
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nonlinear indicating the presence of two binding phases with a modest increase of ΔF to 

~0.12 describing the binding of the first PriA molecule to the oligomer92. Subsequently, 

the values of ΔF significantly increase in the second binding phase and extrapolation of 

the second phase to the maximum value of the fluorescence increase, ∆Fmax = 0.41 ± 

0.03, gives the maximum value of ΣΘi = 2.1 ± 0.2 92. Thus, at saturation, two PriA 

molecules bind to the dsDNA 10-mer92. 

Fluorescence titrations of the 5’-Fl-dsDNA 15-mer with the PriA helicase, at two 

different nucleic acid concentrations, are more complex and are shown in Figure 3.2a92. 

The titration curves clearly show at least two binding phases, however, in this case, the 

binding phases differ in the induced changes in the nucleic acid fluorescence92. In the 

high-affinity phase, PriA binding induces an increase of the DNA oligomer fluorescence, 

while in the low-affinity phase the fluorescence quenching process is observed92. Figure 

3.2b shows the dependence of the observed relative fluorescence increase, ΔF, as a 

function of ΣΘi of the PriA helicase on the 15-mer92. The selected DNA concentrations 

provide separation of titration curves up to ΔF ~0.2592. The total average degree of 

binding up to ΣΘi ~ 1.6, indicating that two PriA molecules bind the dsDNA 15-mer in 

the high-affinity phase (Figure 3.2b)92. However, the binding process continues into the 

low affinity phase (Figure 3.2a), indicating that additional PriA molecule(s) associate 

with the nucleic acid92. In addition, fluorescence titrations of the 5’-Fl-dsDNA 20-mer 

with PriA helices show similar behavior as the 5’-Fl-dsDNA 15-mer dsDNA substrate. 

However, in the case of 20-mer dsDNA, binding of four PriA molecules is observed (data 

not shown)92. 
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Figure 3.2 Three PriA molecules bind to the dsDNA 15-mer at saturation. a. 
Fluorescence titrations of the 5’-Fl-dsDNA 15-mer with the PriA protein at two different 
nucleic acid concentrations: 1 × 10−8 M (■), 5 × 10−8 M (□) (oligomer)92. The continuous 
lines are nonlinear least-squares fits of the titration curves, using the statistical 
thermodynamic model described by equations 3.4 – 3.7 92. b. Dependence of the relative 
fluorescence increase of the dsDNA 10-mer, ΔF, upon the total average degree of 
binding, ΣΘi (■)92. The continuous line indicates is a simulation of the relative 
fluorescence increase as a function of the total average degree of binding with K15 = 1 × 
107 M-1 and ω = 8 92. 
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3.4.2 Analytical Ultracentrifugation Studies. 

The maximum stoichiometry of the PriA - dsDNA complex, has been addressed 

using independent sedimentation equilibrium method27,81,92. The experiments were 

facilitated by the fact that the nucleic acid concentration, at the absorption band of 

fluorescein (495 nm), can be exclusively monitored in the presence of the high enzyme  

concentration without any interference from the protein absorbance27,81,92. Characteristic 

sedimentation equilibrium concentration profile of the dsDNA 10-mer, labeled at the 5’ 

end with fluorescein is shown in Figure 3.3 (section 3.3.3 and section 3.3.7)92. The 

enzyme is in a large molar excess over the nucleic acid, assuring complete saturation of 

the DNA across whole sedimentation equilibrium profile92. The solid line is a nonlinear 

least-square fit to a single exponential function in equation 2.4 (section 2.3.8)27,92. 

Including additional exponential terms does not cause significant improvement of the 

statistics of the fit (data not shown)27,81,92. The analysis of the concentration profiles 

provides a molecular weight of 156000 ± 1500092. Since the molecular weights of the 

PriA helicase and the nucleic acid oligomer are ~ 82000 and ~ 6300, respectively, the 

obtained data show that, at saturation, the PriA protein forms a 2:1 complex with the 

dsDNA 10-mer (section 2.3.8 and section 2.4.2)27,81,92. Analogous experiments with the 

5’-Fl-dsDNA 15-mer provided the molecular weight of the complex, ~250000, indicating 

the presence of three enzyme molecules in the complex (data not shown)92. 

There are two important facets of the thermodynamic and sedimentation 

equilibrium data presented above92. First, at saturation, two and three PriA molecules 

bind to the dsDNA 10- and 15-mer, demonstrating that the enzyme forms a single type of 

complex with the dsDNA and entail only 5 base pairs to engage the nucleic acid92. In 

other words, the site-size of the PriA - dsDNA complex is n = 5 ± 1 base pairs92. This  
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Figure 3.3 Typical sedimentation equilibrium concentration profile of the 5’-Fl-
dsDNA 10-mer in the presence of PriA helicase. The concentration of the nucleic acid 
and the helicase are 2.6 x 10-7 M and 8 x 10-6 M, respectively92. The profile has been 
recorded at 8000 rpm and monitored at 495 nm92. The continuous line is the nonlinear 
least-squares fit to single exponential function (equation 2.4) with a single species having 
a molecular weight of 156,000±15,00092. 
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behavior is dramatically different from PriA binding to the ssDNA where the site-size of 

the complex is ~20 nucleotides56-58. In addition, these results corroborate well with our 

data on PriA-gapped DNA interactions, where we postulated that the PriA helicase can 

bind to the dsDNA parts of the gaped DNA structures with a site-size much smaller than 

that predicted for the ssDNA interactions (Chapter 2)27,92. Second, the maximum total 

degree of binding of the PriA protein on the dsDNA 10-mer is not affected by a ~ 10-fold 

increase of the oligomer concentration (data not show)92. The independence of the 

enzyme - dsDNA stoichiometry upon the short oligomer concentrations provides a solid 

thermodynamic proof that only a single DNA-binding subsite of the protein engages in 

interactions with the nucleic acid1,27,56-58,92. The ~10-fold increase of the 10-mer 

concentration would easily detect a weak interactions with another DNA-binding site on 

the PriA helicase, characterized by the intrinsic binding constant lower by at least ~1 – 2 

orders of magnitude than the observed affinity1,27,92. This kind of behavior would be 

evident by a change in the stoichiometry of the complex, however, this is not 

experimentally observed1,27,92. In conclusion, the results strongly indicate that the PriA 

protein binds the dsDNA by using its strong DNA-binding subsite27,56-58,92. 

3.4.3 Statistical Thermodynamic Model of PriA Binding to the dsDNA. 

The simplest statistical thermodynamic model that describes the binding of two 

PriA molecules to the dsDNA 10-mer is defined by the partition function, Z10, as1,27,56-

58,81,84,92 

 
Z10 =1 + (N− n+1)K

10
[PF ]+ω (K

10
[PF ])2        (3.1) 
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where N is the total number of base pairs in the oligomer (N = 10), n is the site-size of the 

PriA- dsDNA complex (n = 5), and ω is the parameter characterizing the cooperative 

interactions between the bound protein molecules1,27,56-58,81,84,92. The total average degree 

of binding, ΣΘi, is expressed by simple statistical thermodynamic formula, 

∂lnZ10/∂ln[PF], as  

 

∑Θi =
(N−n+1)K

10
PF + 2 ω(K

10
PF)2[ ]

Z10
       (3.2) 

 

Therefore, the experimental relative fluorescence increase, ΔF, of the dsDNA 10-mer is 

 

ΔF = ΔF1
(N− n+1) K

10
PF

Z10

⎡ 

⎣ 
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⎦ 
⎥ + ΔFmax

ω (K
10

PF )2

Z10
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⎣ 
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⎦ 
⎥ 
⎥ 
      (3.3) 

 

where ΔF1 is the relative molar fluorescence increase associated with binding of the first 

PriA molecule to the dsDNA 10-mer, and ΔFmax is the relative fluorescence increase 

accompanying binding of two PriA molecules to the dsDNA substrate1,27,81,84,92. 

Because of the nonlinear dependence of the observed signal as a function of the 

total average degree of binding, quantitative analysis of PriA binding to the dsDNA 10-

mer, requires both the fluorescence titration curve (Figure 3.1a) and the dependence of 

the observed ΔF as a function of ΣΘi (Figure 3.1b)1,27,81,84,87,92,94,95. The value of ΔF1 can 

be determined from the initial part of the plot in Figure 3.1b, as, ΔF1 = ∂ΔF/∂ΣΘi, which 

provides ΔF1 = 0.12 ± 0.0392. The value of ΔFmax can be estimated from the plateau of the 

titration curves at high enzyme concentrations, which provides ΔFmax = 0.41 ± 0.0392. 

Having that information, there are only two remaining parameters that must be 
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determined, K10 and ω1,92,94,95. The solid lines in Figure 3.1a are the nonlinear least 

squares fits of the experimental titration curves to equations 3.1 – 3.3, with K10 and ω as 

the fitting parameters92. As seen in the Figure 3.1a, the model provides an excellent 

description of the binding process1,92. The values of the binding and spectroscopic 

parameters are included in Table 3.192. The intrinsic binding constant, K10 ~1.6 x 107 M-1, 

is significantly larger than the analogous parameter, previously obtained for the ssDNAs 

in similar solution conditions27,56-59,92. Surprisingly, the value of ω ≈10 indicates that, 

unlike the binding to the ssDNA, where ω ≈ 1 - 2, interactions of the PriA protein with 

the dsDNA are characterized by significant positive cooperativity27,56-59,92. 

Because three PriA molecules associate with dsDNA 15-mer estimation of the 

binding parameters is much more intricate92. The binding system can be directly treated 

by the exact combinatorial theory for large ligand binding to a finite linear, homogeneous 

lattice1,84,92. The partition function, Z15, is defined as 

 

( ) jk
F15

g

0=k

1k

0j
N PKj)(k,PZ15 ω∑ ∑

−

=
=        (3.4) 

 

where g is the maximum number of ligand molecules which may bind to the finite 

nucleic acid lattice (for the nucleic acid lattice N residues long, g = N/n), K15 is the 

intrinsic binding constant, ω is the cooperative interaction parameter, k is the number of 

ligand molecules bound, and j is the number of cooperative contacts between the k bound 

ligand molecules in a particular configuration on the lattice1,84,92. The combinatorial 

factor PN (k, j) is the number of distinct ways that k ligands bind to a lattice with j 

cooperative contacts and is defined by92 
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PN (k, j) =
[(N − nk +1)!(k −1)!]

[(N − nk + j +1)!(k − j)!(k − j −1)!]
       (3.5) 

 

The total average degree of binding, ΣΘi, is then92 

 

ΣΘi =

kPN
j=0

k−1

∑
k=1

g

∑ (k, j) K15 PF( )k ω j

PN
j=0

k−1

∑
k=0

g

∑ (k, j) K15 PF( )k ω j
        (3.6) 

 

The value of the relative fluorescence increase, ΔF, at any titration point, is defined as92 
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where ΔF1, ΔF2, and ΔF3 are the relative molar fluorescence increases accompanying the 

binding of one, two, and three PriA molecules to the 15-mer92. Notice, the value of ΔF1 

can be determined from the initial part of the plot in Figure 3.2b, as, ΔF1 = ∂ΔF/∂ΣΘi, 

which provides ΔF1 = 0.09 ± 0.0392. The value of ΔF3 = 0.19 ± 0.03 can also be estimated 

from the plots in Figure 3.2a, therefore, there are three independent parameters, ΔF2, K15, 

and ω, which must be determined92. The solid lines in Figure 3.2a are nonlinear least 

squares fits of the titration curves using equations 3.4 – 3.792.  

The value of intrinsic binding constant, K15 = (1 ± 0.4) x 107 M-1 and the 

cooperativity parameter ω = 8 ± 4 are, within experimental error, the same as determined 
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for the 10-mer56-59,92. Such a similarity in intrinsic affinities and cooperativity values 

eliminates possible end effect in studied interactions1,56-59,92. Similar to the 10-mer, the 

largest increase of the nucleic acid fluorescence occurs for the complex with two PriA 

molecules, with ΔF2 = 0.43 ± 0.04, however, the value of ΔF3 ≈ 0.19, characterizing the 

complex with three PriA molecules, indicates that association of the third enzyme 

molecule induces a quenching of the nucleic acid fluorescence (Figures 3.2a)92. 

3.4.4 Binding of PriA to Unmodified dsDNA. Lattice Competition Titration 

Experiments. 

In order to make sure that the presence of the fluorescent marker has no effect on 

the binding process, quantitative analysis of the PriA helicase binding to unmodified 

dsDNA 10-mer has been performed using the Macromolecular Competition Titration 

method (MCT)1,81,87,92,95. In these studies, we use, as a reference fluorescent nucleic acid, 

the etheno derivative of the ssDNA 18-mer, dεA(pεA)17, whose interactions with the PriA 

helicase has been extensively studied by the Bujalowski’s group1,56-61,92. It was 

established that a single PriA molecule binds ssDNA 18-mer and the association process 

is accompanied by a large fluorescence increase originating from the oligomer1,56-61,92. 

Recall, that for the fluorescein labeled dsDNA 10-mer, the partition function, Z10, is 

described by equation 3.1 (section 3.4.3). The partition function for the reference ssDNA 

18-mer is: 

 

Z18 = 1 + KR PF          (3.8) 
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where KR is the macroscopic binding constant of the PriA helicase to the 18-mer92. The 

concentration of PriA, bound to the reference and unmodified nucleic acid, Pb, at total 

concentrations MTR and MTS, respectively, is then: 

 

Pb = ΣΘi( )R
MTR + ΣΘi( )S

MTS         (3.9) 

 

and 
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KR PF
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where (ΣΘi)R and (ΣΘi)S are the total average degree of binding of the protein on the 

reference 18-mer and unmodified dsDNA 10-mer, respectively92. K10S, and ωS are 

intrinsic binding constant and the cooperativity parameter for the unmodified dsDNA 10-

mer92. The observed relative fluorescence increase of the reference nucleic acid, ΔF, is 

then 

 

ΔF = ΔFmax
KR PF

1+ KR PF

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥       (3.11) 

 

where 

 

PF =  PT  –  Pb       (3.12) 

 

and PT is the total concentration of the PriA helicase92. Both, binding constant of PriA for 

the ssDNA 18-mer, KR = (1.6 ± 0.3) x 106 M-1, and, maximum relative fluorescence  
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Figure 3.4 Lattice Competition Titration. Fluorescence titrations of the fluorescent 
reference ssDNA 18-mer, dεA(pεA)17 [1 x 10−6 M] with the PriA protein in the absence 
(■) and presence of two different concentrations of the unmodified dsDNA 10-mer: 1.5 x 
10−7 M (□) and 5 x 10−7 M (●)92. The continuous lines are nonlinear least-squares fits of 
the titration curves using equations 3.8 – 3.11 (section 3.4.4) with the binding constant 
for dεA(pεA)17, K18=1.6 x 106 M−1 and ΔFmax = 1.67, and the intrinsic binding constant, 
K10S = 8 x 106 M−1 and ωS = 6, for the unmodified dsDNA 10-mer92. 
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increase associated with this process, ΔFmax = 1.7 ± 0.05, have been determined in 

independent fluorescence titrations in the absence of the unmodified oligomer1,56-61,92. 

Fluorescence titrations of dεA(pεA)17, with the PriA helicase, in the absence and 

presence of two different concentrations of the unmodified dsDNA 10-mer, are shown in 

Figure 3.492. A significant shift of the binding isotherm, in the presence of unmodified 

dsDNA 10-mer, indicates efficient competition with dεA(pεA)17 for the PriA 

helicase1,81,87,92,95. The solid lines in Figure 3.4 are nonlinear least squares fits of the 

experimental titrations with K10S and ωS as independent fitting parameters, using 

equations 3.8 – 3.12 92. The binding constant is K10S = (8 ± 1.5) x 106 M-1 and the 

cooperativity parameter, ωS = 6 ± 292. It is clear that binding of the enzyme to unmodified 

dsDNAs is characterized by parameters very similar to the parameters describing the 

enzyme binding to the fluorescein-labeled 10-mer (K10 = (1.6 ± 0.6) x 107 M-1 and ωS = 

10 ± 3 )92. In other words, the presence of the fluorescein marker has a very little effect 

on the enzyme interactions with dsDNA and can be proficiently used to monitor the 

binding process92. Notice, the strong competition of the dsDNA with the ssDNA 

oligomer clearly shows that both nucleic acids bind to the same DNA-binding site of the 

enzyme92. 

3.4.5 Salt Effect on the PriA – dsDNA 10-mer Complex Formation. 

To better understand the nature of PriA – dsDNA interactions the salt effect on 

the association process was examined92. Fluorescence titrations of the 5’-Fl-dsDNA 10-

mer with the PriA helicase, in buffer C505, containing different NaCl concentrations, are 

shown in Figure 3.5a92. Increasing salt concentration significantly decreases the affinity 

of the enzyme for the DNA92. The solid lines in Figure 3.5a are nonlinear least squares 

fits of the experimental titration curves to equations 3.1 – 3.3 (section 3.4.3)92. The 
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dependence of the logarithm of the intrinsic binding constant, K10, and cooperativity 

parameter, ω, upon the logarithm of the NaCl concentration (log-log plots), are shown in 

Figure 3.5b and Figure 3.5c, respectively1,27,81,83,84,92. The plots are linear, within 

experimental accuracy, giving the slopes ∂logK10/∂log[NaCl] = - 3.1 ± 0.5 and 

∂logω/∂log[NaCl] = - 1 ± 0.3, respectively92. Hence, the net release of ~3 and ~1 ions 

accompanies the intrinsic and cooperative interactions1,27,81,83,84,92. The salt effect on the 

intrinsic affinity observed here is very similar to analogous salt effect on the enzyme 

complex with the ssDNA56-58,92. Contrary to the complex with the ssDNA, where 

cooperativity increases with the increase of NaCl concentration, the cooperativity of PriA 

binding to the dsDNA decreases with the increase of NaCl concentration56-58,92. 

3.4.6 The Effect of Temperature on the Intrinsic and Cooperative PriA – 

dsDNA 10-mer Interactions. 

Further, the nature of the intrinsic and cooperative interactions in the PriA - 

dsDNA complex were studied by examining the temperature effect on the enzyme 

binding to the dsDNA 10-mer27,81,92. Fluorescence titrations representing 5’-Fl-dsDNA 

10-mer interaction with the PriA helicase, performed at different temperatures, are shown 

in Figure 3.6a92. The behavior of the system is very complex and in the range from 5°C to 

10°C, the values of ΔFmax slightly increase with the increase in temperature92. As the 

temperature increases from 10°C to 20°C, the relative fluorescence increase, decreases92. 

It should be mentioned that in examined temperature range (from 5°C to 20°C), the 

dsDNA fully preserves its duplex structure (section 3.3.3)92. Thus, the data representing 

temperature effect on the PriA – dsDNA interactions provide a strong indication that the 

structure of the PriA enzyme undergoes significant changes as the temperature of the 

sample increases92. The solid lines in Figure 3.6a are nonlinear least squares fits of the 
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Figure 3.5 Salt effect on the intrinsic and cooperative PriA – dsDNA 10-mer 
interactions. a. Fluorescence titrations of the 5’-Fl-dsDNA 10-mer with the PriA protein 
at different NaCl concentrations: 50 mM (■), 69 mM (□), 88 mM (●), 107 mM (○), 126 
mM (▲)92. The continuous lines are nonlinear least-squares fits of the titration curves to 
the model described by equations 3.1 – 3.3 with ΔF1 = 0.124 and ΔFmax = 0.4, and K10 
and ω as follows: 1.6 x 107 M−1 and 10 (■), 7.0 x 106 M−1 and 10 (□), 4.0 x 106 M−1 and 8 
(●), 2.0 x 106 M−1 and 6 (○), 8.0 x 105 M−1 and 5 (▲)92. b. The dependence of the 
logarithm of the intrinsic binding constant, K10, upon the logarithm of NaCl 
concentration. The continuous line is a linear least squares fit, which provides the slope 
∂logK10/∂log[NaCl] = − 3.1±0.6 92. c. The dependence of the logarithm of the 
cooperativity parameter, ω, upon the logarithm of NaCl concentration92. The continuous 
line is a linear least-squares fit, which provides the slope ∂logω/∂log[NaCl] = − 1±0.3 92.
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experimental titration curves using equations. 3.1 – 3.3 (section 3.4.3)92. 

Figure 3.6b shows the dependence of the natural logarithm of the intrinsic binding 

constant, K10, upon the reciprocal of temperature (Kelvin) (van’t Hoff plot)92,95. Even 

though the error in determining K10 is large, the plot is, without a doubt, nonlinear92,95. 

The value of K10 decreases as the temperature decreases and arrives at a minimum around 

~ 10 °C, from where it starts to increase as the temperature continues to drop92. As a 

result, the observed nonlinear van’t Hoff plot in Figure 3.6b indicates that there are two 

temperature-dependent binding processes in the enzyme association with dsDNA 10-

mer66,92,95. 

The simplest thermodynamic model, which could explain the experimentally 

determined nonlinear behavior of the van’t Hoff plot in Figure 3.6b, includes a transition 

of the PriA helicase between two conformations and the binding of the dsDNA 10-mer to 

each conformation with different intrinsic affinities, described as 

 

PL ↔ PH         (3.13) 

 

PL + NF ↔ C11 ↔ C12       (3.14) 

 

PH + NF ↔ C21 ↔ C22       (3.15) 

 

where PL is the conformation of the PriA in the low temperature range, PH is the 

corresponding conformation of the enzyme in the high temperature range66,92,95. C11, C12, 

C21, and C22 are complexes of the helicase with the 10-mer, containing one or two 

enzyme molecules, with the low-temperature and high-temperature conformation of the 

helicase, respectively66,92,95. KC, is the equilibrium constant characterizing the transition, 
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PL < - > PH, while the binding of the enzyme in the PL and PH conformation is described 

by the intrinsic binding constants, K10L and K10H, respectively. The overall intrinsic 

binding constant, Kov, is then defined by92,95 

 

Kov =
K10L + K10HKC

1+ KC
      (3.16) 

 

The temperature dependence of the equilibrium constants present in equation 3.16 are 

described by 
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K10L(TR) and K10H(TR), are the intrinsic binding constants of the helicase in the PL and PH 

conformations at a reference temperature, TR
92. KC(TR) is the equilibrium constant 

describing the enzyme conformational transition at TR
92. ΔH10L and H10H are the enthalpy 

changes characterizing the enzyme binding in the PL and PH conformation, respectively92. 

ΔHC is the enthalpy change representing the transition, PL < - > PH
92. The reference 

temperature, TR, is 10°C, for the low and 20°C for the high temperature conformation, 

respectively92. The reference temperature for the PL < - > PH transition is taken at 10°C92. 

The values of K10L(TR) and K10H(TR) are experimentally available, however, other 
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Figure 3.6 Temperature effect on the intrinsic and cooperative PriA – dsDNA 10-
mer interactions. a. Fluorescence titrations of the 5’-Fl-dsDNA 10-mer [1.5 x 10−8 M] 
with the PriA protein at different temperatures (°C): 5 ( ), 7.5 (○), 10 (■), 15 (□), and 20 
(●). The continuous lines are nonlinear least-squares fits of the titration curves, using the 
model described by equations 3.1 – 3.3 92. b. The dependence of the natural logarithm of 
the intrinsic binding constant, K10, upon the reciprocal of the temperature (van't Hoff 
plot)92. The continuous line is the nonlinear least squares fit of the experimental plot to 
the model of binding of two PriA molecules in two different conformations, defined by 
equations 3.16 – 3.1992. c. The dependence of the natural logarithm of the cooperativity 
parameter, ω, upon the reciprocal of temperature92. The continuous line is a linear least-
squares fit, which provides the slope ΔHω= − 28.9 kcal/mol92. 
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parameters, in equations 3.16 – 3.19, must be estimated from the plot in Figure 3.6b92. 

The slopes in the low and high temperature range supply the estimates of enthalpy 

changes characterizing the enzyme binding in the PL and PH conformation, ΔH10L = 14 ± 

6 kcal/mol and ΔH10H = - 27 ± 11 kcal/mol92. As a consequence, there are only two 

unknown parameters, KC(TR) and ΔHC
92. The solid line in Figure 3.6b is the nonlinear 

least squares fit of the plot to equations 3.16 – 3.19 providing KC (10°C) = 0.1 ± 0.05 and 

ΔHC = 60 ± 30 kcal/mol92. Even though there is a considerable error in these parameters, 

the value of ΔHC suggests that the PriA protein endures a significant structural transition, 

characterized by a large positive enthalpy change92. The value of KC (10°C) indicates that 

below ~ 10°C, the PriA helicase exists in the PL state92. On the other hand, introducing 

the value of ΔHC into equation 3.19, gives the value of KC ≈ 4 already at 20 °C, 

indicating that the enzyme is in the PH state in the high temperature range92. 

The dependence of the natural logarithm of the cooperativity parameter, ω, upon 

the reciprocal of temperature, in Figure 3.6c, looks dramatically different from the 

intrinsic affinity plot (Figure 3.6b)92. Within experimental accuracy, the plot is linear, and 

the values of ω decrease as the temperature increases92. The slope of the plot provides 

ΔHω = - 29 ± 10 kcal/mole92. The cooperative interactions strongly decrease with 

temperature; furthermore, the value of ΔHω indicates that at temperature higher than 

20°C, the enzyme binding to the dsDNA is characterized by negative cooperativity92. 

3.4.7 The Effect of Nucleotide Cofactors on the Intrinsic and Cooperative 

PriA – dsDNA 10-mer Interactions. 

As indicated above, the PriA helicase possesses two strong and weak nucleotide-

binding sites, which dramatically affect the enzyme interactions with the ssDNA, 

particularly in the presence of ADP (Figure 2.3)27,59-61,92. Therefore, in the next set of 
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experiments, we examined the effect of ADP and the ATP nonhydrolyzable analog, 

ATPγS, on the PriA – dsDNA interactions92. Fluorescence titrations of the 5’-Fl-dsDNA 

10-mer with the PriA helicase at two different nucleic acid concentrations, in buffer 

C505, containing 1 x 10-5 M ADP, are shown in Figure 3.7a92. Only the strong 

nucleotide-binding site of the PriA helicase is saturated with the cofactor at this ADP 

concentration27,59-61,92. The maximum relative fluorescence increase, ΔFmax, obtained in 

this experiment is ~ 0.3, which is lower than ~ 0.4 found in the absence of nucleotide 

cofactors (Figure 3.1 and Table 3.1)92. The dependence of the relative fluorescence 

increase, ΔF, as a function of the total average degree of binding, ΣΘi, of the PriA protein 

on the 5’-Fl-dsDNA 10-mer is shown in Figure 3.7b92. Within experimental accuracy, the 

plot is linear, a behavior which is also different from the one observed in the absence of 

the cofactors (Figure 3.1b)92. The value of ΣΘi, could be determined up to ~ 1.2, and 

extrapolation of the plot to the maximum value of the relative fluorescence increase, 

∆Fmax = 0.29 ± 0.03, gives the maximum value of ΣΘi = 2.2 ± 0.292. Thus, at saturation, 

two PriA molecules, with the strong nucleotide-binding site associated with ADP, bind to 

the 10-mer92. The spectroscopic titration curves in Figure 3.7a have been analyzed using 

the binding model described above (section 3.4.3)92. The solid lines in Figure 3.7a are the 

nonlinear least squares fits of the titration curves to equations 3.1 – 3.3 with K10 and ω as 

fitting parameters (section 3.4.2 and Table 3.1)92. Exclusive saturation of the strong 

nucleotide-binding site with ADP has a very modest effect on the value of the intrinsic 

binding constant, K10, which is diminished only by a factor of ~ 2 92. Notice, the dramatic 

effect observed in the case of the cooperativity parameter, which increases by a factor of 

~ 5 (Table 3.1)92. These results, as well as different values of ΔF1 and ΔFmax, point 

toward the fact that the orientation of the enzyme on the dsDNA is affected by the bound 

cofactor92. 
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Figure 3.7 The effect of saturation of the strong nucleotide binding site of PriA 
with ADP on the intrinsic and cooperative PriA – dsDNA 10-mer interactions. a. 
Fluorescence titrations of the 5’-Fl-dsDNA 10-mer with the PriA helicase in the presence 
of 1 x 10−5 M ADP, at two different nucleic acid concentrations: 1 x 10−8 M (□) and 2.5 x 
10−8 M (■) (oligomer). The continuous lines are nonlinear least-squares fits of the 
titration curves, using the statistical thermodynamic model described by equations 3.1 – 
3.3. b. Dependence of the relative fluorescence increase of the dsDNA 10-mer, ΔF, upon 
the total average degree of binding of PriA helicase on the nucleic acid (■). The 
continuous line follows the experimental points and has no theoretical basis. The 
broken line is the extrapolation of ΔF to ΔFmax = 0.29 92. 
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Radically different behavior is observed when both nucleotide-binding sites of the 

PriA helicase are saturated with ADP92. Fluorescence titrations of the 5’-Fl-dsDNA 10-

mer with the PriA helicase at two different nucleic acid concentrations, in buffer C505, 

containing 3 x 10-3 M ADP, are shown in Figure 3.8a92. At this ADP concentration, both 

the strong and the weak nucleotide-binding sites are saturated with the nucleotide27,59-

61,92. The maximum relative fluorescence increase, ΔFmax, is ~ 0.9, which is significantly 

higher than ~ 0.4 and ~ 0.3 obtained in the absence, or with only the strong nucleotide-

binding site saturated with ADP (Table 3.1)92. The dependence of the relative 

fluorescence increase, ΔF, as a function of the total average degree of binding, ΣΘi, of the 

PriA protein on the 5’-Fl-dsDNA 10-mer is shown in Figure 3.8b92. Again, the plot is 

nonlinear, as observed in the absence of the nucleotide cofactors, indicating the presence 

of two binding phases (Figure 3.1b)92. The value of ΣΘi, was determined up to ~ 1.6 with 

binding of the first PriA molecule characterized by ΔF1 of 0.21 ± 0.0392. In the second 

binding phase, ΔF strongly increases and extrapolation of the plot to ∆Fmax = 0.93 ± 0.03, 

gives the maximum value of ΣΘi = 2.0 ± 0.292. Hence, saturation of both nucleotide-

binding sites with ADP does not affect the stoichiometry of the PriA - dsDNA 

complex27,59-61,92. Analysis of the titration curves in Figure 3.8a has been performed as 

described above for the analogous studies in the absence of the cofactors (section 3.4.2)92. 

ΔF1 and ΔFmax are both known and the solid lines in Figure 3.8a are the nonlinear least 

squares fits of the experimental titration curves to equations 3.1 – 3.3, with K10 and ω as 

the fitting parameters (Table 3.1)92. It looks like the saturation of both the strong and the 

weak nucleotide-binding site with ADP dramatically increases the intrinsic binding 

constant, K10, from ~ 1.6 x 107 M-1 to ~ 1.3 x 108 M-1 (Table 3.1)92. Interestingly, when 

corrected for the difference in salt concentrations, the affinity for dsDNA is ~ 2 and ~ 1 

orders higher than the intrinsic affinities obtained for homo-purine and homo-pyrimidine 
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Figure 3.8 The effect of saturation of both nucleotide binding sites of PriA with 
ADP on the intrinsic and cooperative PriA – dsDNA 10 – mer interactions. a. 
Fluorescence titrations of the 5’-Fl-dsDNA 10-mer with the PriA helicase in the presence 
of 3 x 10−5 M ADP, at two different nucleic acid concentrations: 1 x 10−8 M (■) and 2.5 x 
10−8 M (□) (oligomer)92. The continuous lines are nonlinear least-squares fits of the 
titration curves, using the statistical thermodynamic model described by equations 3.1 – 
3.3 92. b. Dependence of the relative fluorescence increase of the dsDNA 10-mer, ΔF, 
upon the total average degree of binding of PriA helicase on the nucleic acid (■)92. The 
continuous line follows the experimental points and has no theoretical basis. The 
broken line is the extrapolation of ΔF to ΔFmax=0.93 92. 
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ssDNA, respectively1,27,56-59,92. On the other hand, the cooperativity parameter, ω ~ 2 is 

strongly diminished by a factor of ~ 23 as compared to ω ~ 45, in the situation when only 

the strong nucleotide-binding site is engaged in interactions with ADP92. In addition, the 

values of the spectroscopic parameters ΔF1 and ΔFmax are significantly higher than the 

values of the same parameters obtained in the absence of the nucleotide cofactors, or at 

the low ADP concentration, which is a good indication that the orientation of the enzyme 

on the dsDNA is affected when both nucleotide sites are saturated with ADP27,92. 

At the same time, different behavior is observed when the nucleotide-binding sites 

of PriA are engaged in interactions with ATPγS92. The use of this nonhydrolyzable 

analog of ATP is dictated by the fact that the PriA helicase does not hydrolyze it on the 

time scale of the binding experiments, both in the absence or the presence of the 

dsDNA27,56-61,92. Fluorescence titrations of the 5’-Fl-dsDNA 10-mer with the PriA 

helicase in buffer C505, containing 1 x 10-4 M and 3 x 10-3 M ATPγS, are shown in 

Figure 3.992. For comparison, titrations of the 5’-Fl-dsDNA 10-mer, at the same nucleic 

acid concentration, in the presence of low and high concentrations of ADP are included 

in Figure 3.9 as well92. Analysis of the titration curves in the presence of ATPγS has been 

performed as described above, using equations 3.1 – 3.3 (Table 3.1)92. The difference 

between the effects of the saturation of the two nucleotide-binding sites with the 

nucleoside di-phosphate or nucleoside tri-phosphate is stunning92. Both the low and high 

ATPγS concentrations stimulate, within experimental accuracy, the same maximum 

relative increases of the nucleic acid fluorescence with, ΔF1, virtually the same and 

similar to the emission changes accompanying the enzyme binding in the absence of any 

cofactor, or in the presence of low ADP concentration (Table 3.1)92. Exclusive saturation 

of the strong nucleotide-binding site with ATPγS lowers the intrinsic binding constant,  
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Figure 3.9 The effect of nucleotides on the intrinsic and cooperative PriA – 
dsDNA 10-mer interactions. Fluorescence titrations of the 5’-Fl-dsDNA 10-mer [2.5 x 
10−8 M (oligomer)] with the PriA helicase in the presence of 1 x 10−5 M (○) ATPγS, 3 x 
10−3 M (●) ATPγS, 1 x 10−5 M (□) and 3 x 10−3 M (■) ADP. The continuous lines are 
nonlinear least-squares fits of the titration curves, using the statistical thermodynamic 
model described by equations 3.1 – 3.3 92. 
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K10, by a factor of ~ 2.5, while saturation of both nucleotide-binding sites lowers the 

intrinsic affinity by a factor ~ 5 (Table 3.1)92. Therefore, in the presence ATPγS, the 

enzyme has the lowest intrinsic affinity of all examined enzyme states with or without the 

cofactors92. Interestingly, ATPγS does not affect the cooperativity of PriA binding to 

dsDNA, which, in this case, remains the same or slightly higher than in the absence of 

nucleotide cofactors (Table 3.1)92. 

3.4.9 Photo – Cross – Linking of the PriA Helicase to ssDNA.  

The involvement of PriA domains in the interactions with the ss and the dsDNA 

has been addressed using the UV irradiation40,81,92,93. UV irradiation produces covalent 

linkage between nucleic acid bases and amino acid residues, resulting in a "zero-length" 

cross-linking with minimal perturbation to the protein - nucleic acid complex40,81,92,93. 

Among the nucleic acid bases, thymine is by far the most reactive in the photo-cross-

linking reactions, therefore, parallel to the thermodynamic studies, we performed photo-

cross-linking experiments of the PriA protein complex with the radioactive [32P]-dT20 

(section 3.3.8)40,81,92,93. Recall, in the absence of cofactors, only a single PriA molecule, 

using its strong DNA-binding subsite, associates with the ssDNA 20-mer27,56-58,92. As 

shown by the Lattice Competition Titration in section 3.4.4 both the ssDNA and the 

dsDNA compete for the same binding site, that is, the dsDNA also binds to the strong 

DNA-binding subsite92. Since the X-ray structure of the PriA helicase is unknown, the 

location of strong DNA-binding subsite within the domain structure of the enzyme is 

unknown92. [32P]-dT20, photo-cross-links with the PriA protein more efficiently than the 

dsDNA, therefore, it was used in this experiment92. 

The following strategy was applied to address the domain-location of the strong 

DNA-binding subsite of the PriA enzyme92. Trypsin digestion of the PriA protein, in the  
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Figure 3.10 Trypsin digestion of the PriA helicase. 10% SDS polyacrylamide gel of 
the PriA protein subjected to the time-dependent trypsin digestion and stained with 
Coomassie Brilliant Blue92. Lanes in the gel are as follows: 1, molecular markers, 2, 
PriA, 3, PriA and trypsin inhibitor, 4 - 12 time-dependant trypsin digestion reaction. Lane 
4, 1 min; lane 5, 3 min; lane 6, 5 min; lane 7, 10 min; lane 8, 20 min; lane 9, 30 min; lane 
10, 45 min; lane 11, 60 min; lane 12, 90 min92.  
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Figure 3.11 Time dependent trypsin digestion coupled with photo – cross – linking 
experiments. a. 10% SDS polyacrylamide gel of the PriA protein – [32P]-dT20 complex 
subjected to the time-dependent trypsin digestion and stained with Coomassie Brilliant 
Blue92. The lannes in the gel are as follows: 0, contains the molecular markers; 1, 
contains 5’-[32P]-dT20 alone without irradiation; 2, contains 5’-[32P]-dT20 alone after 
irradiation; 3, contains the PriA protein–[32P]-dT20 complex in the absence of the protease 
prior to irradiation; 4, contains the PriA protein–[32P]-dT20 complex, in the absence of 
the protease after irradiation; 5 to 10 contain the PriA protein–[32P]-dT20 complex in the 
presence of the constant trypsin concentration, collected at different time intervals of the 
digestion reaction92. Lane 5, 1 min; lane 6, 3 min; lane 7, 5 min; lane 8, 10 min; lane 9, 
20 min; lane 10, 30 min. b. Autoradiogram of the same 10% SDS polyacrylamide gel of 
the PriA protein – [32P]-dT20 complex, as shown in panel a. 92. 
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presence and absence of the ssDNA (dT20), yields the large fragment of the protein 

(helicase domain of ~ 500 amino acids), and two smaller fragments, one of which was 

shown to correspond to ~ 210 amino acids of the N-terminal domain. The identity of the 

protein fragments were confirmed by mass spectrometry (Figure 3.10, section 

3.3.8)92,97,98. The digestion experiments have been performed using the UV photo-cross-

linked PriA - [32P]-dT20 complex, at PriA concentration, which completely saturates the 

nucleic acid27,56-61,92. Figure 3.11a illustrates SDS-PAGE, stained with Coomassie 

Brilliant Blue, of UV irradiated PriA protein - [32P]-dT20 sample, in the presence of 

trypsin, as a function of time92. The full length PriA protein band at ~ 82,000 diminishes 

with time as the band corresponding to the helicase domain (~ 53,000) and two fragments 

corresponding to the N-terminal domain (~ 26,000 and ~ 35,000) appear92. Figure 3.11b 

shows the autoradiogram of the same gel92. Two dominant radioactive bands appear on 

the gel, at the molecular weight of ~ 85,000, and ~ 55,000, corresponding to the PriA 

protein and the helicase domain complex with [32P]-dT20 
92. The nucleic acid only slightly 

affects PriA’s gel mobility in the cross-linked PriA protein - and helicase domain - DNA 

complex92. It is evident that the strong DNA-binding subsite, which is able to engage 

both the ss and the dsDNA, is located on the large helicase domain of the PriA protein92. 

This is in excellent agreement with the proposed location of the strong DNA-binding 

subsite, based on quantitative thermodynamic and kinetic studies27,56-61,92. 

3.5 DISCUSSION 

3.5.1 The Helicase Engages Only the Strong DNA-Binding Subsite in 

Interactions with the dsDNA. 

The strong DNA-binding subsite of the PriA helicase occludes only 5 - 7 

nucleotides, at the same time, the orientation of PriA molecule bound to the ssDNA is 
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such that the enzyme always occludes ~ 20 nucleotides. (Figure 2.3)27,56-61,92. 

Interestingly, the total site-size of the PriA - dsDNA complex determined in this work, is 

n = 5 ± 1 bps, and is dramatically lower than the total site-size of the PriA - ssDNA 

complex27,56-61,92. There are two significant aspect of this finding. First and foremost, the 

site-size of the complex is, within experimental accuracy, identical to the site-size of the 

strong DNA-binding subsite, pointing toward the fact that the helicase exclusively 

engages the strong DNA-binding subsite in interactions with the dsDNA27,56-61,92. It is 

also evident in the competition experiments where the PriA helicase efficiently 

commpeets for the dsDNA27,56-61,92. Second, in order to achieve such a small total site-

size, PriA must assume different orientation in the complex with dsDNA, as compared to 

the complex with the ssDNA27,92. As shown in Chapter 2, in studies of PriA – gapped 

DNA interactions, the average site-size of the PriA helicase in the gapped DNA complex 

and PriA – dsDNA complex, must correspond to ~7 - 10 nucleotides/bps27,92. The total 

site-size of the PriA - dsDNA complex directly examined here (n = 5 ± 1 bps) may seem 

smaller from the observed binding to the gapped DNA27,92. The difference results from 

the fact that the PriA molecule bound to the ssDNA of the gapped DNA structure also 

engages parts of the dsDNA adjacent to both sides of the ssDNA gap92. As a result, only 

a single PriA molecule is able to bind to each of the duplex DNA parts of the gapped 

DNA (Figure 2.15)27,92. 

Notice the nonlinear dependence of ΔF as a function of ΣΘi in the Figure 3.1b92. 

This behavior can be easily understood in the context of the statistical thermodynamic 

model, which provides an excellent description of the binding process (section 3.4.3)92. 

The first bound enzyme molecule experiences multiple potential binding sites and, on 

average, is at some distance from the fluorescence marker located at the 5’ end of the 

DNA92. Because of the fact that the strong DNA-binding subsite is engaged in the 
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interactions with the dsDNA, the second PriA molecule binds in a closer distance from 

the marker, inducing a further change of its emission intensity92. 

3.5.2 The Strong DNA – Binding Subsite Is Located on the Helicase Domain 

of the PriA Helicase. Photo-Cross-Linking Experiments. 

Earlier thermodynamic analysis hinted that the strong DNA-binding subsite is 

centrally located within the PriA molecule on a protruding domain and, in the absence of 

the high ADP concentration, exclusively engages the ssDNA (Figure 2.3)1,27,56-61,92. 

Photo-cross-linking data, describe here, unambiguously show that the strong DNA-

binding subsite is located on the large helicase domain of the PriA protein92. Moreover, 

the fact that there is no indication of any radioactive band corresponding size to the small 

N-terminal domain (Figure 3.11b) indicates that, in the absence of the high ADP 

concentration, the N-terminal domain does not engage the nucleic acid92. This is in 

accord with thermodynamic analysis, which shows that the DNA-binding subsite on the 

N-terminal domain of PriA can efficiently engage the DNA only when the weak 

nucleotide-binding site of the helicase is associated with ADP27,59-61,92. 

3.5.3 PriA Preferentially Binds to the dsDNA over the ssDNA. 

As it was indicated in Chapter 2, the PriA helicase may have a significant affinity 

for a dsDNA, however, the complex structure of the gapped DNA precluded quantitative 

determination of the intrinsic affinity of PriA for the dsDNA27,92. The results presented 

above (Chapter 3) indicate that this surprising prediction was correct and that, indeed, the 

PriA helicase has significantly higher intrinsic affinity for the dsDNA, as compared to its 

intrinsic affinity for the ssDNA27,56-59,92. The PriA protein shows a strong preference for 

the homo-pyrimidine ssDNAs, however, even in this case, the highest intrinsic binding 

constant for the homo-thymine nucleic acid is ~ 1.5 x 106 M-1, as compared to ~ 1.6 x 107 
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M-1 for the dsDNA (the difference in the salt conditions have been corrected with a use of 

a log - log plots so that the binding constants could be efficiently compared)92. This 

dramatic difference in the intrinsic binding constant is diminished in the presence of NTP 

analogs27,59-61,92. As a result, the strong DNA-binding subsite of the PriA protein seems to 

be better geared to accept the dsDNA than the ssDNA92. Importantly, when corrected for 

the difference in the salt concentrations in solution and the statistical effect, in the 

absence of the nucleotide cofactors, PriA - dsDNA affinity for the duplex determined 

here (~ 1.6 x 107 M-1) and the affinity of the enzyme for the dsDNA parts of the gapped 

DNA structures (~ 2.0 x 107 M-1), are very similar (Figure 2.13b)27,92. Moreover, in case 

of the direct interactions of PriA with dsDNA described here, the enzyme affinity for the 

dsDNA is additionally amplified by significant positive cooperative interactions92. Such a 

high affinity of the PriA helicase for dsDNA is rather unexpected92. Helicases, typically 

possess significantly higher intrinsic affinity for the ssDNA than for the dsDNA, 

particularly in the presence of NTPs22,27,61,92. However, in case of the PriA helicase, the 

high dsDNA affinity of the PriA protein may reflect complex role of the protein in the 

recognition of the damaged DNA and the primosome assembly site27,92. 

3.5.4 The PriA Helicase Binds dsDNA with Specific Orientation. 

A distinct feature the PriA - dsDNA interactions is the presence of significant 

positive cooperativity (Table 3.1)92. Interestingly, the interactions of the PriA helicase 

with the ssDNA, in the same solution conditions, are characterized by weak cooperative 

interactions56-59,92. This dramatic difference in the nature of enzyme interactions with ss 

and dsDNA indicates that PriA exists in a very different orientation when bound in each 

of these DNA complexes92. The intrinsic interactions and the cooperative interactions of 

the PriA - dsDNA complex are weakened by the increase of the salt concentration in 
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solution as shown in the Figure 3.5c92. The negative slope of the log - log plot, describing 

cooperativity parameter, ∂logω/∂log[NaCl] = - 1 ± 0.3, shows that a net release of a 

single ion goes along with the engagement of the interacting areas of the bound protein 

molecules83,84,92. Yet again, this behavior is very different from the salt effect on the 

cooperative interactions of PriA with the ssDNA, where the increase of the values of ω is 

observed at higher salt concentrations, indicating a net uptake of ~ 2.5 ions57,83,84,92. 

Different thermodynamic response of cooperativity parameters to changes in the salt 

concentration highlights the notion that interactions of PriA with ssDNA and dsDNA are 

of a very different nature92. In other words, the engagement of different areas of the 

protein enables different PriA orientations observed in the complex with the dsDNA 

versus the ssDNA92. 

3.5.5 The Effect of Temperature on the PriA – dsDNA Interactions Indicates 

Enzyme’s Conformational Flexibility.  

The simplest thermodynamic model that describes observed nonlinear character 

of the van’t Hoff plot, presented in Figure 3.6b, includes two conformations of the 

protein, PL and PH, with different temperature dependences of the intrinsic affinities for 

the dsDNA92. Above 15°C, the enzyme exists predominantly in the PH conformation, 

whose apparent enthalpy of intrinsic interactions with the nucleic acid is strongly 

negative with the ΔH10H ≈ - 27 kcal/mole, while below 10°C the helicase assumes the PL 

conformation and the intrinsic interactions are characterized by a positive ΔH10L ≈ 14 

kcal/mole92. The only explanation of such drastically different changes in the apparent 

enthalpy is a large conformational transition of the entire protein molecule92. This 

conclusion is also supported by the large and positive enthalpy of the PL < - > PH 

transition, ΔHC ~ 60 kcal/mol92. The strong temperature dependence of the dsDNA 
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affinities of two enzyme conformations indicates that the intrinsic PriA - dsDNA 

interaction is effectively enthalpy-driven process at temperatures above ~ 20°C and 

entropy-driven process below ~ 10°C92. This noteworthy behavior indicates that the PriA 

helicase is flexible and can exist in different conformations, which allow the protein to 

engage differently in the interactions with the dsDNA92. 

3.5.6 Binding of ADP to the Strong – Nucleotide Binding Site of PriA 

Increases the Positive Cooperativity of the Enzyme for dsDNA. 

Interestingly, saturation of the strong nucleotide-binding site with ADP causes 

fairly small change in the value of the intrinsic affinity of the PriA helicase for the 

dsDNA, but has a dramatic effect on the cooperativity parameter, ω, which increases 

from ~ 10 to ~ 45 (Table 3.1)92. This dramatic increase in the cooperativity parameter 

compensates for the diminished intrinsic affinity and, as a result, the enzyme preserves its 

overall high affinity for the dsDNA92. This high overall affinity is now achieved not 

through protein - nucleic acid but through protein - protein interactions, and it seems that 

the enzyme is able to form long clusters on the nucleic acid lattice81,92. The value of ΔF1 

remains similar to the value determined in the absence of ADP, indicating similar 

intrinsic interactions and similar orientation of a single enzyme molecule on the DNA 

(Table 3.1)92. However, ΔFmax is lower than observed in the absence of ADP, indicating a 

changed orientation of the enzyme now engaged in strong cooperative interactions92. 

3.5.7 Saturation of Both Nucleotide-Binding Sites with ADP Has a Dramatic 

Effect on Intrinsic Affinity and Cooperativity of PriA – dsDNA Interactions. 

When both, the strong and the weak, nucleotide binding sites of PriA are saturated 

with ADP, completely different situation is observed (Figure 3.7, Figure 3.8 and Table 

3.1,)92. In this case, the affinity of the PriA helicase for dsDNA increases dramatically92. 
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However, this high affinity is reached not through protein - protein but through the 

intrinsic protein - nucleic acid interactions92. Notice that the increased intrinsic affinity is 

reflected in the values of ΔF1 and ΔFmax, which are considerably higher than those 

determined in the case where only the strong nucleotide-binding site is saturated with 

ADP or in the case without nucleotides (Table 3.1)92. Interestingly, the dependence of ΔF 

upon the total average degree of binding value is biphasic, as observed in the absence of 

ADP indicating similar orientations of the bound enzyme molecules in the states 

characterized by weak cooperative interactions (Figure 3.1b and Figure 3.8b)92. 

It was previously suggested by the Bujalowski’s group that, when both 

nucleotide-binding sites are saturated with ADP, the PriA helicase engages in the 

interactions with additional fragment of the ssDNA27,59-61,92. Presumably, the engagement 

of the N-terminal domain of the PriA helicase in the interactions with the nucleic acid is a 

cause for this interesting discovery (Figure 2.3)27,59-61,92. The interactions of an isolated 

N-terminal domain of the PriA helicase with the nucleic acid, the effect of ADP on those 

interactions, as well as the change in the shoichiometry when saturated with ADP, 

directly demonstrating the engagement of an additional fragment of the PriA helicase in 

the interactions with ssDNA will be discussed, in detail, in Chapter 4. In the case of PriA 

– dsDNA interactions, the site-size of the PriA - dsDNA complex is not affected by the 

presence of ADP bound to both nucleotide - binding sites, strongly suggesting that 

different orientation of the enzyme on the dsDNA prevents the N-terminal domain of 

PriA engaging in the interactions with additional areas of DNA27,59-61,92. 

3.5.8 Only the Intrinsic Affinity, Not the Cooperativity of PriA – dsDNA 

Interactions is Controlled by ATP�S. 

Association of ATP analog, ATPγS, affects only the intrinsic affinity of the 
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enzyme92. This behavior is very different from what is observed for the effect of ADP 

binding to both nucleotide-binding sites of the PriA helicase, where both intrinsic affinity 

and cooperativity parameter are affected by the nucleotide92. The difference is 

particularly dramatic in the case when both, strong and weak, nucleotide-binding sites are 

bound with the ATPγS92. The intrinsic affinity is ~ 2 and ~ 1 orders of magnitude lower 

than that observed for the analogous state in the presence of ADP, or in the absence of 

any cofactor, respectively (Table 3.1)92. Notice, the cooperativity parameter is within 

experimental accuracy the constant in these ligation states (Table 3.1)92. 

3.5.9 Functional Implications.  

Surprisingly low site-size, mind-boggling strong affinity, and staggering changes 

cooperativity of the PriA helicase – dsDNA interactions described in this Chapter may be 

a very puzzling in the context of existing data on the PriA helicase, and the current 

thinking on the helicases, in general22,23,92. However, these interesting results can be 

understood in the context of the enzyme activities in the E. coli chromosomal DNA and 

plasmid replication5,11-17,27,54,92,99. It has been shown that PriA specifically recognizes the 

ssDNA gap in the process of restarting DNA replication at the damaged DNA sites5,11-

17,27,92. In addition, the enzyme specifically recognizes the structure of the primosome 

assembly sites (PAS) in the formation process of the primosome, originally described for 

phage phiX1745,26,48,54,92,99. In order to do so, the PriA helicase must be able to 

specifically recognize the ssDNA gap, as well as the PAS-like structures, which consist 

of abundant stretches of the dsDNA27,92,99. In addition, the recognition processes should 

be geared for high affinity and efficiency, without involving mechanical translocation of 

the enzyme27,92,99. This can be achieved through the exclusive engagement of the strong 

DNA-binding subsite with the site-size of only 5 ± 1 bps without affecting the site-size of 
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the complex, and through coordinated control of the intrinsic affinity and cooperativity 

by two nucleotide-binding sites of PriA without involving free energy transduction27,92,99. 

In the Figure 3.11a, proposed recognition process of PAS-like DNA structure by 

PriA is presented92. Short stretches of the dsDNA (~ 3 - 10 bps), incorporated among 

small ssDNA loops and bulges make up PriA binding sites or are components of the 

binding sites for PriA92,99. The recognition process could be initiated by binding of ADP 

to the strong nucleotide-binding site, or hydrolysis of the bound ATP and release of ADP 

from the weak nucleotide-binding site, which would allow PriA to engage in significant 

positive cooperative interactions, reinforcing the overall affinity92. When both nucleotide-

binding sites are saturated with ADP, the cooperativity is strongly diminished, but to 

compensate, the intrinsic affinity for the dsDNA is drastically increased, maintaining the 

specificity of the recognition of the PAS structures92. The size of the PAS-like DNA 

structure along with proposed dsDNA fragments as well as the data presented in this 

Chapter strongly suggest that more than one PriA molecule may participate in the initial 

recognition of the PAS, however, at the time this work was published, no clear-cut 

answer to the PriA – PAS stoichiometry could be found in literature (section 1.4)48,54,92. 

In Chapter 6, the initiation of the primosome formation on the primosome assembly site 

(PAS) is illustrated, providing the first quantitative study of the assembly process of this 

interesting macromolecular machine of DNA metabolism99. 

In the recognition process of the damaged DNA structures by the PriA helicase, 

the gap is embedded between two dsDNA parts, as shown in the ssDNA gap structures in 

Figure 3.11b27,92. It was revealed, in Chapter 2, that the recognition site includes both the 

dsDNA and the ds-ss DNA junctions, but not the ssDNA of the gap by itself27,92. The 

PriA helicase, with both nucleotide-binding sites saturated with ADP, seems to be 

involved in the recognition process of gapped DNA structures, although the enzyme  
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Figure 3.12 Schematic, functional models of the PAS-like structure and the ssDNA 
gap recognition processes by the PriA helicase – nucleotide cofactor complexes. a. In 
the case of the PAS-like structure recognition, binding of ADP to the strong nucleotide-
binding site, or hydrolysis of the bound ATP and the release of ADP from the weak 
nucleotide-binding site, induces a significant positive cooperativity, which reinforces the 
enzyme affinity for the dsDNA of the PAS structure92. As a result, more than one PriA 
molecule may participate in the initial PAS recognition process92. b. In the case of the 
ssDNA gap at the damaged DNA site, the complex with both nucleotide-binding sites of 
the PriA protein saturated with ADP is involved92. 
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without nucleotide cofactors may also participate in the recognition process27,92. In this 

case, low cooperativity of the binding process indicates that a single PriA molecule 

participates in the ssDNA gap recognition27,92.  

Notice that the recognition processes discussed above would not involve the PriA 

protein associated with ATP, as this cofactor only slightly affects the interactions with the 

dsDNA27,92. This results corroborate well with early biochemical studies which suggest 

that the initial steps of the primosome assembly don’t require ATP or ATP 

hydrolysis15,40,92. The data presented here suggest that, in the presence of ATP, the ATP 

hydrolysis is only necessary to provide ADP, which controls the intrinsic affinity and the 

cooperativity92. Once the ssDNA gap in a damaged DNA is recognized, the protein must 

change its mode of interactions and engage the single-stranded conformation of the 

nucleic acid27,92. This intriguing transition process, possibly involving translocation or 

unwinding, will be a subject of further studies in the Bujalowski’s laboratory (Chapter 7). 

The presence of two nucleotide-binding sites on the PriA helicase, revealed by the 

Bujalowski’s group, dramatically changed current thinking regarding the nature and the 

mechanism of interplay between the nucleotide cofactors and the conformation of the 

nucleic acid bound to the helicase59-61,92. In this Chapter, we presented yet another 

interesting discovery that will add our understanding of multiple roles of helicases in 

DNA methabolism, specifically in the assembly process of the primosome92,99. The PriA 

helicase binds the dsDNA with the affinity higher than the affinity of PriA for 

ssDNA27,92. The binding process in controlled by coordinated action of both nucleotide-

binding sites different from the nucleotide effect on the enzyme - ssDNA interactions27,92. 

The difference probably reflects the separation between recognition processes, 

predominantly occurring in complexes with the dsDNA and/or the ds-ssDNA junctions, 

and mechanical translocation occurring in complexes with the ssDNA27,92.
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CHAPTER 4 

THE ESCHERICHIA COLI PRIA HELICASE N-TERMINAL 
DOMAIN POSESES BOTH DNA AND NUCLEOTIDE BINDING 

SITE1003 

4.1 ABSRACT 

Functional energetics of interactions of the E. coli PriA helicase 181aa N-terminal 

domain with the DNA and nucleotide cofactors has been studied, using the quantitative 

fluorescence titration, photo-cross-linking, and analytical ultracentrifugation methods100. 

Isolated 181aa N-terminal domain forms a stable dimer in solution100. Only one monomer 

of the domain dimer binds the DNA, i.e., the dimer has one effective DNA-binding 

site100. Although the total site-size of the dimer - ssDNA complex is 13 ± 1 nucleotides, 

the DNA-binding subsite engages in direct interactions 5 ± 1 nucleotides100. Small 

number of directly interacting nucleotides indicates that the strong subsite on the helicase 

domain and the weak subsite on the 181aa N-terminal domain are spatially separated in 

the enzyme molecule100. The subsite located on 181aa N-terminal domain has only a 

slight preference for the 3’-end OH group of the DNA and lacks any significant base 

specificity, though it has a significant dsDNA affinity100. The 181aa N-terminal domain 

possesses a nucleotide-binding corresponding to the allosteric, weak nucleotide-binding 

site of the intact PriA100. The specific ADP effect on the domain DNA-binding subsite 
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Reprinted with permission from Szymanski, M.R., Bujalowski, P.J., Jezewska, M.J., Gmyrek, A.M., 
Bujalowski, W. (2011). The N-Terminal Domain of the Escherichia coli PriA Helicase Contains Both the 
DNA- and Nucleotide-Binding Sites. Energetics of Domain-DNA Interactions and Allosteric Effect of the 
Nucleotide Cofactors. Biochemistry 50(43), 9167-9183.Copyright 2011 American Chemical Society. 
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indicates that in the intact helicase, ADP not only opens the subsite but also increases its 

intrinsic DNA affinity100. 

4.2 INTRODUCTION 

The activities of helicases in vivo are related to the ability of the enzyme to 

interact with both the ss and the dsDNA, when during the dsDNA unwinding reaction, 

binding and/or hydrolysis of NTPs regulates the helicase activity and affinity toward 

different conformations of the DNA5,11,14-18,24-27,47,54,92,99,100,103. As it was presented 

earlier, in the in the introduction to Chapter 2, the quantitative thermodynamic analyses 

showed that in the complex with the ssDNA, the total DNA-binding site of the PriA 

helicase occludes ~ 20 nucleotides1,27,56-61,92,99,100. In addition, the total DNA-binding site 

is not homogenous and possesses a strong ssDNA-binding subsite, located on the helicase 

domain in the central part of the enzyme molecule, which engages in interactions with 

only ~ 6 nucleotides (Figure 2.3a)1,27,56-59,92,99,100. Further, it was shown, in Chapter 2 and 

Chapter 3, that in the process of ssDNA gap recognition of the damaged DNA structures 

as well as in the complex with dsDNA, the PriA helicase engages the nucleic acid using 

exclusively the strong DNA-binding subsite located on the helicase domain (Figure 

3.11)27,92,99,100. As a result, the enzyme preferentially recognizes the ssDNA gap 

containing 5 nucleotides while the total site-size of the PriA - dsDNA complex is only ~ 

5 base pairs27,92,100. 

The characteristic feature of the PriA protein, so far not found in other monomeric 

helicases, is that the enzyme possesses not one but two nucleotide-binding sites, strong 

and weak, which profoundly differ in their affinities for the type of the cofactors and 

effects on the intrinsic affinity of the protein - DNA complexes1,27,59-61,92,99,100. Moreover, 

cooperative interactions between the two nucleotide-binding sites indicate 
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communication between them27,59-61,92,100. Saturation of both nucleotide binding sites of 

PriA with ADP was proposed to induce the engagement of the N-terminal domain of the 

enzyme in the interactions with the DNA27,59-61,92,100. This conclusion was reinforced by 

the fact that the ssDNA-binding activity of the isolated 181aa N-terminal domain has 

been detected, however, no quantitative data to support this suggestion were 

presented97,100. As a result, the enzyme possesses two DNA-binding subsites, one located 

on the helicase domain and the other one on the N-terminal domain92,100. The intricate, 

structure-function organizations of the PriA helicase - ssDNA - nucleotide complexes, 

based on these studies, are schematically depicted in Figure 2.3 and Figure 4.1a27,56-

61,92,99,100. 

Understanding the PriA helicase interactions with the DNA requires the 

elucidation of the functional role of its DNA-binding subsites and the effect of the 

nucleotide cofactor on both subsites27,56-61,92,99,100. Although the strong subsite - DNA 

interactions have been intensively examined, analogous interactions of the subsite located 

on the N-terminal domain are much less understood27,92,97,100,104. To date, there is no 

crystal structure of the full-length PriA helicase available100. However, the crystal 

structures of the truncated N-terminal domain containing 105 amino acid residues (105aa 

N-terminal subdomain) have been solved at 2.5 Å resolution (Figure 4.1b)100,104. In the 

crystal the protein forms an intervening dimer, where two monomers interact through 

their N-terminal fragments (Figure 4.1b)100,104. The 105aa N-terminal subdomain retains 

its ssDNA-binding activity in solution; nevertheless, quantitative analyses of interactions 

of the 105aa N-terminal subdomain and the complete 181aa N-terminal domain with the 

ssDNA have not been addressed100,104. In addition, available qualitative analyses of the 

domains – ssDNA interactions provide some contradicting results100,104. Nothing is 

known about the stoichiometries and intrinsic energetics of the complete 181aa N- 
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Figure 4.1 Schematic model of the PriA helicase in the complex with the ssDNA 
and ADP. a. The enzyme has two functional domains, two nucleic acid binding subsites, 
and two nucleotide-binding sites27,56-61,92,99,100.The yellow ovals symbolize the strong and 
weak nucleotide-binding sites of the helicase, although their location with respect to 
protein domains prior to this work was arbitrary assigned59-61,100. In the absence of 
nucleotide cofactors, only the strong subsite on the helicase domain engages the nucleic 
acid. Upon binding of ADP to both nucleotide-binding sites, the DNA-binding subsite of 
the helicase on the N-terminal domain opens and engages in interactions with the 
ssDNA27,59-61,92,99,100. b. Structure of the 105aa N-terminal subdomain dimer of the PriA 
helicase, based on crystallographic studies (PDB code 2D7E) using PyMOL. Each 
monomer of the dimer is marked with different color100,104. 
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terminal domain - ssDNA/dsDNA complexes100. Whether or not one of the PriA 

nucleotide-binding sites is located on the N-terminal domain is also unknown100. The role 

of the cofactors and the structure of their phosphate groups in the process of N-terminal 

domain - nucleic acid association, if any, have never been addressed100. 

In this Chapter, quantitative studies of the interactions of the 181aa N-terminal 

domain of the PriA helicase with the ss and dsDNA, and the effect of the nucleotide 

cofactors on the recognition process are described100. The domain forms a dimer in 

solution100. Only one monomer of the dimer binds the ssDNA, engaging in direct 

interactions 5 ± 1 nucleotides100. The DNA-binding subsite of isolated domain is in open 

conformation and has only a modest preference for the 3’ end of the nucleic acid100. The 

discovery that the 181aa N-terminal domain possesses a nucleotide-binding site, which 

corresponds to the weak nucleotide-binding site of the intact PriA helicase, is also 

described100. 

4.3 MATERIALS AND METHODS 

4.3.1 Buffers and Chemicals. 

All solutions used in experiments described in this Chapter were made with 

distilled and deionized >18 MΩ (Milli-Q Plus) water. The standard buffer was buffer 

C205 with 10 mM sodium cacodylate adjusted to pH 7.0 with HCl at 10°C, 1 mM DTT, 

20 mM NaCl, 5 mM MgCl2, and 25% glycerol w/v100. The standard temperature in all the 

experiments described in this Chapter was 10°C. All experiments were carried out in the 

standard buffer C205 unless otherwise specified in the text. Polynucleotide Kinase was 

from Roche (Indianapolis, IN). Lysozyme, Phenylmethanesulfonylfluoride (PMSF), 

Sodium Deoxycholate, Polymin P, Ammonium sulfate, and Imidazole were from Sigma 

(Saint Louis, MI). All chemicals were reagent grade. 
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4.3.2 Water Activity of Buffering Solution. 

Water activity “error term” of the standard buffer C205, used in this Chapter, had 

been calculated according to the values in the literature132,133. Due to the presence of the 

glycerol and salt, the water activity “error term” is less than 5%, and is contained within 

the experimental error of all the experiments presented here27,132,133,. 

4.3.3 Nucleotides and Nucleic Acids. 

ATPγS and ADP, were from GE Healthcare (Piscataway, NJ). 2’(3’)-O-(2,4,6-

Trinitrophenyl)adenosine (TNP-ATP) and 2’(3’)-O-(2,4,6-trinitrophenyl)adenosine-5’-

diphosphate (TNP-ADP) were from Invitrogen (Eugene, OR)100. All nucleotides were of 

high purity as judged by thin layer chromatography (TLC). Unmodified nucleic acid 

oligomers were purchased from Midland Certified Reagents (Midland, TX)100. All 

nucleic acids were HPLC purified and at least >95% pure as judged by electrophoresis on 

polyacrylamide gel100.  

To monitor binging, different length etheno-derivatives of adenosine oligomers 

were obtained by modification with chloroacetaldehyde90-92,100. The concentration of 

etheno-derivative of the nucleic acids was determined spectrophotometrically using 

following the extinction coefficients: ε257 = 3700 cm-1M-1 (nucleotide) for εA81,87,90-92,100.  

The sequence of dsDNA substrate was ACGAGCCTGC. The concentration of 

unmodified oligomers were determined spectrophotometrically using the extinction 

coefficients: ε260 = 10000 cm-1M-1 (nucleotide) for A, ε260 = 8500 cm-1M-1 (nucleotide) for 

G,C and T27,62. dsDNA substrates were obtained by mixing ssDNA oligomers with 

complementary oligomers at appropriate concentration. The mixture was then warmed 

for 5 minutes at 95°C, and slowly cooled for a period of ~ 4 - 5 hours27,62,63,100. 
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The integrity of the dsDNA substrate have been checked by UV melting and 

analytical ultracentrifugation techniques27,62,63,92,100. The melting temperature of the 

examined dsDNA substrate was ~ 52°C in the studied solution conditions27,62,63,92,100. 

4.3.4 Pria 181aa N-terminal Domain Purification.  

The fragment of the E. coli PriA protein gene coding 181 amino acid residues 

from the N-terminus of the protein and the C-terminal His-Tag has been placed under T7 

promoter in plasmid Pet30a100. The cells were grown at 37ºC in Luria Broth (LB) induced 

by adding 1 mM IPTG and grown overnight at 18ºC. The cells were collected by 

centrifugation, flash frozen, and stored in -80°C. All purification procedures were 

performed in 4°C cold room unless otherwise specified. Typically, ~ 35g of frozen cell 

pallet was thawed on ice and suspended in 200 ml of buffer A (50 mM Tris-HCl pH 7.5, 

0.5 mM EDTA, 5 mM B-MeOH, 10% glycerol w/v) and stirred gently until the 

suspension was homogeneous. About 50 ml of buffer B (200 mM Tris-HCl pH 7.5, 1 M 

NaCl, 1.5M Ammonium sulfate, 100 mM Spermidyne-HCl) was added for the final 

volume of 250 ml. Freshly prepared phenylmethanesulfonylfluoride (PMSF) was added 

to the final concentration of 0.2 mM. At this time the pH was adjusted to ~ 8.5 with 2 M 

Tris-Base. Next, the lysozyme was added, dropwise, to the final concentration of 400 

μg/ml and the suspension was incubate with gentle stirring for 30 minutes on ice Next, 

sodium deoxycholate, to the final concentration of 0.04% was added and the suspension 

was stirred for additional for 30 minutes. After that the cell suspension was placed in 

centrifuge bottles and centrifuged for 30 min at 12000 rpm in Sorvall GSA rotor to 

collect soluble protein of interest. To the collected supernatant 0.8% of Polymin P, in 3 

portions, over a period of 30 min, with gentle stirring, was added to precipitate nucleic 

acid. Again, the suspension was centrifuged for 30 min in GSA rotor at 12000 rpm and 
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white precipitation was removed. The supernatant was collected and ammonium sulfate 

to the concentration of 0.35 g/ml was added, in portions, while stirring gently for 30 min. 

The suspension was incubated for extra 30 min with stirring after ammonium sulfate was 

added. The suspension was then centrifuged at 12000 rpm for 30 min in GSA rotor. The 

protein of interest was in the pallet and was dissolved in buffer C1 (50 mM Tris-HCl pH 

7.5, 5 mM B-MeOH, 300 mM NaCl, 10% glycerol w/v) and dialyzed against 1000 ml of 

buffer C1 for ~6 hours. The buffer was then exchanged and the sample was dialyzed 

overnight against 1000 ml of buffer C20 (50 mM Tris-HCl pH 7.5, 20 mM Imidazole, 5 

mM B-MeOH, 300 mM NaCl, 10% glycerol w/v). Precipitation formed in the dialysis 

bags was removed by centrifugation at 12000 rpm for 30 min in GSA rotor and the 

supernatant was loaded onto the standard, hand packed, nickel column (GE Healthcare, 

Piscataway, NJ). The 181aa N-terminal domain of PriA was eluted with buffer C125 (50 

mM Tris-HCl pH 7.5, 125 mM Imidazole, 5 mM B-MeOH, 300 mM NaCl, 10% glycerol 

w/v) and a large volume of the sample was ammonium sulfate precipitated (0.35 g/ml of 

ammonium sulfate was added in portions while stirring gently for 30 min). Additionally, 

the suspension was incubated for extra 30 min with stirring after ammonium sulfate was 

added. The suspension was then centrifuged at 12000 rpm for 30 min in GSA rotor. 

Again, the protein of interest was in the pallet and was dissolved in buffer D150 (50 mM 

Tris-HCl pH 7.5, 5 mM B-MeOH, 150 mM NaCl, 10% glycerol w/v) and dialyzed 

overnight against 1000 ml of the same buffer. After dialysis was stopped the sample was 

centrifuged at 12000 rpm for 30 min in GSA rotor. In the next step, the Heparin 

Sepharose CL-6B Column (GE Healthcare, Piscataway, NJ) was used. Bound 181aa N-

terminal domain of PriA was eluted with buffer D300 (50 mM Tris-HCl pH 7.5, 5 mM B-

MeOH, 300 mM NaCl, 10% glycerol w/v) and a large volume of the sample was 

ammonium sulfate precipitated to the concentration of 0.35 g/ml. Ammonium sulfate was 
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added in portions while stirring gently for 30 min. Additionally, the suspension was 

incubated for extra 30 min with stirring after ammonium sulfate was added. The 

suspension was then centrifuged at 12000 rpm for 30 min in GSA rotor. The protein of 

interest was in the pallet which was then dissolved in buffer D150 (50 mM Tris-HCl pH 

7.5, 5 mM B-MeOH, 150 mM NaCl, 10% glycerol w/v) and dialyzed overnight against 

1000 ml of the same buffer. After dialysis was stopped the sample was centrifuged at 

12000 rpm for 30 min in GSA rotor. In the next step, the DEAE Sephacryl Column (GE 

Healthcare, Piscataway, NJ) was used. 181aa N-terminal domain of PriA doesn’t bind to 

that column and comes out in large volume of follow through. This fraction was then 

ammonium sulfate precipitated to the concentration of 0.35 g/ml. Ammonium sulfate was 

added in portions while stirring gently for 30 min. Additionally, the suspension was 

incubated for extra 30 min with stirring after ammonium sulfate was added. The 

suspension was then centrifuged at 12000 rpm for 30 min in GSA rotor. The protein of 

interest was in the pallet and was dissolved in buffer D150 (50 mM Tris-HCl pH 7.5, 5 

mM B-MeOH, 150 mM NaCl, 10% glycerol w/v) and dialyzed overnight against 1000 ml 

of the same buffer. Next, the pure protein sample was dialyzed overnight against 1000 ml 

of storage buffer (50 mM Tris-HCl pH 7.5, 5 mM B-MeOH, 150 mM NaCl, 50% 

glycerol w/v) and stored in -80°C. Typical yield of this purification protocol was ~ 

120mg of pure 181aa N-terminal domain form ~ 35g of frozen cell pallet100. 

Before each use, frozen 181aa N-teminal domain of PriA was allowed to thaw on 

ice, transferred to the dialysis bag, and dialyzed against ~ 150 ml of buffer C205 for 4-6 

hours. After that time the buffer was exchanged and the dialysis was allowed to go 

overnight. The protein sample was then centrifuged at 15000 rpm for 20 minutes and the 

absorption spectrum of the protein was taken. In these solution conditions, the maximum 

solubility of 181aa N-terminal domain was about 2.5 x 10-4 M100.  
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Untagged 181aa N-terminal domain was purified using the same protocol except 

of the nickel column step. The tagged domain has DNA-binding properties 

indistinguishable for the unmodified protein; therefore, in all experiments described here 

a tagged protein was used100. 

4.3.5 Determination of Extinction Coefficient of PriA 181 aa N-terminal 

Domain. 

The concentration of the protein was spectrophotometrically determined, with an 

extinction coefficient ε280 = 6.946 x 104 cm-1M-1 (dimer) obtained using an approach 

based on the Edelhoch’s method27,56-61,64,65,81,92,99,100. 

4.3.6 Fluorescence Measurements.  

All steady-state fluorescence titrations were performed using the ISS PC-1 

spectrofluorometer (Urbana, IL) as previously described27,56-63,81,92,99,100. The temperature 

of the cuvette holder was regulated by circulating water at 10.0 ± 0.1 °C100. The 181aa N-

terminal domain binding was followed by monitoring the etheno-derivative fluorescence 

of the nucleic acids (λex = 325 nm, λem = 410 nm)100. In order to avoid possible artifacts, 

due to the fluorescence anisotropy of the sample, polarizers were placed in excitation and 

emission channels and set at 90° and 55° (magic angle), respectively27,56-63,81,92,99,100. The 

relative fluorescence increase, ΔFobs, of the DNA emission upon protein binding is 

defined as, ΔFobs = (Fi – Fo)/Fo, where Fi is the fluorescence of the sample at a given 

titration point “i” and Fo is the initial fluorescence of the same solution1,27,56-63,81,92,100. 

Binding of TNP-ATP and TNP-ADP to the 181aa N-terminal domain of PriA was 

examined using the quenching of the protein fluorescence induced by the cofactor1,56-

63,92,100. Analogously, the relative fluorescence quenching is defined as, ΔF = (Fo – 

Fi)/Fo
1,27,56-63,81,92,100,101. In the case of titrations with nucleotide analog, TNP-ADP, the 
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fluorescence intensity of the sample, Fi, was corrected for the dilution and inner filter 

effect as1,59-61,92,100,101 

 

Fi = (Fie − Bi)
Vi

Vo

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 10

0.5b(Aiex +Aiem )        (4.1) 

 

where Fie is the experimentally measured fluorescence intensity, Bi is the background, Vi 

is the volume of the sample at a given titration point, Vo is the initial volume of the 

sample, b is the total length of the optical path in the cuvette expressed in cm, Aiλex and 

Aiλem are the absorbances of the sample at excitation and emission wavelengths, 

respectively1,59-61,92,100,101. 

4.3.7 Determination of Quantitative Binding Isotherm of the 181aa N-

terminal Domain - DNA Associations or the Nucleotide Binding to the Domain. 

In this Chapter, the binding of the 181aa N-terminal domain of PriA helicase to 

the DNA oligomers was followed by monitoring the fluorescence increase, ΔF, of 

etheno-derivative of the nucleic acid90-92,100. Quantitative estimates of the total average 

degree of binding, ΣΘi (average number of bound 181aa N-terminal domain of PriA 

helicase molecules per DNA oligomer) and the free protein concentration, PF, 

independent of any assumption about the relationship between the observed spectroscopic 

signal and ΣΘi, were determined using the approach previously described in section 

2.3.71,56,57,82,87,92,100. Computer fits were performed using Mathematica (Wolfram, IL) and 

KaleidaGraph (Synergy Software, PA). 
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4.3.8 Analytical Ultracentrifugation Measurements. 

All analytical ultracentrifugation experiments were performed with an Optima 

XL-A analytical ultracentrifuge (Beckman Inc., Palo Alto, CA), as we previously 

described in section 2.3.827,66-69,72,76,82,92,100. 

4.3.9 Determination of the Partial Specific Volume of PriA 181aa N-terminal 

Domain. 

Partial specific volume of the 181aa N-terminal domain of PriA protein (υ) was 

calculated from the amino acid composition of the protein according to Lee and 

Timasheff and was 0.744 mL/g27,70,100. 

4.3.10 Photo-Cross-Linking Experiments. 

Photo-cross-linking of the 181aa N-terminal domain - ssDNA complex has been 

performed in the same buffer as the binding experiments. The ssDNA oligomer, 

dT(pT)19, has been labeled at the 5’ end with [32P], using polynucleotide 

kinase81,92,93,100,102. The samples (total volume 60 μl) were placed on Parafilm, at ~ 10°C, 

and irradiated for 20 minutes, at a distance of 11 cm, using a mineral lamp (model UVG-

11) with a maximum output of 254 nm81,92,100. The controls were performed to determine 

the optimal time for cross-linking and to avoid possible degradation of the protein by 

prolonged exposure to UV light81,92,100. The samples collected at different protein 

concentrations were loaded on 15% SDS polyacrylamide gel and electrophoresis was 

performed at a constant voltage81,92,100. The gels were stained with Coomassie Brilliant 

Blue and scanned, using the phosphorimager SI (Molecular Dynamics, PA)81,92,93,100,102. 



 122 

4.4 RESULTS 

4.4.1 The 181aa N-Terminal Domain of the PriA Herlicase. 

The enzyme was > 99% pure as judged by polyacrylamide electrophoresis with 

Coomassie Brilliant Blue staining (Figure 4.2). The identity of the sample was confirmed 

by both mass spectrometry and N-terminal sequencing100. 

 

 

 

 

 

 

 
Figure 4.2 15% SDS polyacrylamide gel of the final step of 181aa N-terminal 
Domain of PriA helicase purification. Serial dilution clearly shows that employed 
purification protocol yields 181aa N-terminal Domain of PriA of high purity27,56-

61,92,99,100.  
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4.4.2 The Hydrodynamic properties of the 181aa N-Terminal Domain of PriA 

Helicase. 

Typical example of the sedimentation velocity profiles of the 181aa N-terminal 

domain of PriA performed at 60000 rpm, monitored at 280 nm, in the standard buffer 

C205 (section 4.3.1) are shown in Figure 4.3a72,76,78-80,100. The concentration of the PriA 

181aa N-terminal domain is 5.76 x 10-6M (dimer)100. The inspection of the profiles 

clearly shows that there is a single moving boundary72,76,78-80,100. The sedimentation 

coefficient of the PriA 181aa N-terminal domain has been obtained using the time-

derivative approach and corrected for solvent viscosity and temperature to standard 

conditions27,66,67,69,100. The dependence of the sedimentation coefficient (s20,w) upon the 

protein concentration, is shown in Figure 4.3b72,100. Within experimental accuracy values 

of s20,w are similar and show a very little dependence upon the examined protein 

concentration range27,72,76,100. The extrapolation of the plots to [PriA] = 0 provides s°20,w 

= 3.28 ± 0.13 S in examined solution conditions (Figure 4.3b)27,72,76,100. 

The primary structure of the 181aa N-terminal domain of the PriA helicase 

indicates that the molecular weight of the monomer is ~ 21,00054,55,92,97,100. The 

oligomeric state of the protein in solution has been addressed using the analytical 

ultracentrifugation method67,76,81,99,100. An example of the sedimentation equilibrium 

profile of the 181aa N-terminal domain recorded at the protein absorption band (280 nm) 

is shown in Figure 4.4 67,76,81,100. The protein concentration is 5.76 x 10-6M (dimer)100. 

The solid line is the nonlinear least-squares fit, using the single exponential function 

defined by equation 2.4 (section 2.3.8)66,67,64,76,100. The fit provides an excellent 

description of the experimental curve indicating the presence of a single species with the  
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Figure 4.3 181aa N-terminal domain of PriA in solution sediments as a single 
homogenous species. a. Example of analytical sedimentation velocity profiles recorded 
at 280 nm and 60000 rpm for [5.76 x 10-6M (dimer)] of 181aa N-terminal domain of 
PriA100. b. The dependence of the sedimentation coefficient (s20,w) upon the 181aa N-
terminal domain of PriA concentration100. 
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molecular weight of 41,000 ± 300066,67,64,76,100. Adding additional exponents does not 

improve the statistics of the fit (data not shown)66,67,64,76,100. 

The equilibrium sedimentation experiments have been performed at different 

protein concentrations and different rotational speeds, providing the molecular weight 

ranging from 38,000 to 43,000 (data not shown)100. These results indicate that, similar to 

the crystal structure of truncated 105aa N-terminal subdomain, the 181N-terminal domain 

exists, in solution, as a dimer in the protein concentration range studied in this 

work67,76,100,104. 

4.4.3 Maximum Stoichiometry of the 181aa N-terminal Domain – ssDNA 

Complexes. 

The studies described in this Chapter were facilitated by the fact that the 

formation of the 181aa N-terminal domain complex with the etheno-derivatives of the 

homo-adenosine oligomers causes a strong increase of the nucleic acid fluorescence, 

providing an excellent signal to perform high-resolution measurements of the protein - 

ssDNA complex formation (section 4.3.3 and section 4.3.6)1,56-59,81,87,94,95,100. The 

fundamental problem of the stoichiometry of the domain - ssDNA complex, as well as 

the functional structure of the nucleic acid binding site has been addressed using a series 

of ssDNA oligomers with different numbers of nucleotides1,27,56,57,81,100. 

Fluorescence titrations of the ssDNA 12-mer, dεA(pεA)11, with the 181aa N-

terminal domain at three different nucleic acid concentrations, in buffer C205 (section 

4.3.1), are shown in Figure 4.5a1,56,81,100. The concentration of the domain is expressed as 

a dimer. The shift of the titration curve at a higher nucleic acid concentration, results 

from the fact that more protein is required to obtain the same total average degree of 

binding, ΣΘi
1,27,56,57,81,85,87,94,95,100. The selected nucleic acid concentrations provide  
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Figure 4.4 Sedimentation equilibrium concentration profile of 181aa N-terminal 
domain of PriA helicase. Example of a typical sedimentation equilibrium profile 
recorded at 24000 rpm and monitored at 280 nm72,76,100. The concentration of 181aa N-
terminal domain of PriA was 5.76 x 10-6 M (dimer)100. The solid red line is the nonlinear 
least-squares fit, using the single exponential function defined by equation 2.4 with the 
molecular mass of 42103 Da72,76,100. 
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separation of the titration curves up to the relative fluorescence increase of 

~1.51,27,56,57,81,85,8794,95,100. The values of ΣΘi have been obtained using the quantitative 

approach outlined in section 2.3.6, section 4.3.6, and section 4.3.71,81,85,87,94,95,100. Figure 

4.5b shows the dependence of the relative fluorescence increase of the nucleic acid, ΔF, 

as a function of ΣΘi of the domain1,81,85,87,94,95,100. Extrapolation to the maximum 

fluorescence change, ΔFmax = 2.55 ± 0.11, provides the stoichiometry of the complex 

0.98 ± 0.09. Thus, a single 181aa N-terminal domain dimer binds to the ssDNA 12-

mer100.  

Analogous fluorescence titrations of the 24-mer, dεA(pεA)23, at three different 

nucleic acid concentrations, are shown in Figure 4.5c1,81,100. The maximum increase of 

the nucleic acid fluorescence at saturation is significantly lower than observed for the 12-

mer, reaching the value of ~ 1.4. The dependence of the relative fluorescence increase of 

the nucleic acid, ΔF, as a function of ΣΘi is shown in Figure 4.5d1,81,85,87,94,95,100. 

Extrapolation to the maximum fluorescence change, ΔFmax = 1.41 ± 0.08, provides the 

stoichiometry of the complex 0.91 ± 0.09100. In spite of the fact that the oligomer is twice 

as long as the 12-mer, only a single 181aa N-terminal domain dimer binds to the ssDNA 

24-mer1,81,95,100. 

On the other hand, increasing the length of the ssDNA oligomer only by further 2 

nucleotides changes the maximum stoichiometry of the 181aa N-terminal domain - 

ssDNA complex1,81,100. Fluorescence titrations of the 26-mer, dεA(pεA)25, with the 

domain at three different oligomer concentrations, are shown in Figure 4.6a1,81,95,100. The 

dependence of the relative fluorescence increase of the 26-mer, as a function of ΣΘi of 

the 181aa N-terminal domain on the oligomer, is shown in Figure 4.6b1,81,100. The plot is 

clearly nonlinear, indicating the presence of two binding phases1,27,56,57,81,85,87,94,95. 

Extrapolation of the second affinity phase to the maximum fluorescence increase ΔFmax =  
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Figure 4.5 Maximum Stoichiometry of the 181aa N-terminal Domain – ssDNA 
Complexes. a. Fluorescence of the ssDNA 12-mer, dεA(pεA)11, with the 181aa N-
terminal domain of the PriA helicase at three different concentrations of the nucleic acid: 
1.76 x 10-6 M (■), 8.78 x 10-6 M (□), and 1.76 x 10-5 M (●) (oligomer)1,81,95,100. The solid 
lines are nonlinear least-squares fits of the fluorescence titration curves according to the 
one-site binding model defined by equation 4.2. b. The dependence of the relative 
fluorescence increase, ΔF, upon the total average degree of binding, ΣΘi, of the 181aa N-
terminal domain dimer – 12-mer complex1,81,95,100. The solid straight line follows the data 
points and does not have theoretical basis1,81,92,100. The dashed straight line is an 
extrapolation of the total average degree of binding to the maximum value of the 
observed fluorescence increase ΔFmax = 2.54 ± 0.1. c. Fluorescence titrations of the 
dεA(pεA)23 substrate with the 181aa N-terminal domain of the PriA helicase at three 
different concentrations of the nucleic acid: 1.5 x 10-6 M (■), 7.5 x 10-6 M (□) and 1.5 x 
10-6 M (●) (oligomer)1,81,95,100. The solid lines are nonlinear least-squares fits of the 
fluorescence titration curves according to the one-site binding model defined by equation 
4.2. d. The dependence of the relative fluorescence increase, ΔF, upon ΣΘi of the 181aa 
N-terminal domain dimer - 24-mer complex1,81,95,100. 
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Figure 4.6 181aa N-terminal domain – ssDNA interactions. Maximum 
stoichiometry. a. Fluorescence titrations of the ssDNA 26-mer, dεA(pεA)25, with the 
181aa N-terminal domain of the PriA helicase at three different concentrations of the 
nucleic acid: 1.76 x 10-6 M (■), 8.78 x 10-6 M (□), and 1.76 x 10-5 M (●) 
(oligomer)1,100. The solid lines are nonlinear least-square fits of the fluorescence titration 
curves according to the two-sites binding model, defined by equations 4.5 – 4.8. b. The 
dependence of the relative fluorescence increase, ΔF, upon the total average degree of 
binding, ΣΘi, of the 181aa N-terminal domain dimer - 26-mer complex1,100,127. The solid 
straight lines are the limiting slopes of the high and low-affinity binding phases1,27,81,100. 
The dashed straight line is an extrapolation of the low affinity phase part of the plot to the 
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maximum value of the observed fluorescence increase ΔFmax = 1.6 ± 0.1 that provides the 
maximum stoichiometry of 2.2 ± 0.2 of the domain dimer - 26-mer complex1,81,92,100. 
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1.6 ± 0.08 provides ΣΘi = 2.2 ± 0.21,81,94,95,100. Thus, the 26-mer provides enough 

interaction space for the binding of two dimers of the 181aa N-terminal domain100. 

4.4.4 Number of Nucleotides Directly Engaged in the Interactions with the 

181aa N-terminal Domain Dimer. 

Analogous quantitative analysis of the maximum stoichiometry of 181aa N-

terminal - ssDNA complexes, as described above, has been performed for an entire series 

of ssDNA oligomers1,81,94,100,127. The dependence of the maximum number of the bound 

domain dimers per ssDNA oligomer upon the length of the oligomer is shown in Figure 

4.71,56,81,94,100,127. The selected ssDNA oligomers range from 8 to 33 nucleotides in 

length100. A single 181aa N-terminal dimer binds to the oligomers containing 8, 10, 12, 

14, 16, 18, 20, and 24 nucleotides100. Sharp transition from a single dimer bound per 

ssDNA oligomer to two dimers bound per oligomer occurs between 24- and 26-mers 

(Figure 4.7)1,56,81,94,100,127. However, a further increase in the length of the oligomer, up to 

33 nucleotides, does not lead to the increase of the number of the bound domain 

dimers1,27,56,81,85,87,100. These data indicate that a total site-size of the 181aa N-terminal 

domain dimer - ssDNA complex encompasses minimum 13 ± 1 nucleotides per protein 

dimer1,27,56,57,81,85,87,94,95,100. 

4.4.5 Intrinsic Affinities of 181aa N-Terminal Domain – ssDNA Interactions. 

Binding of a single 181aa N-terminal domain dimer to 8-, 10-, 12-, 14-, 16-, 18-, 

20-, and 24-mer can be analyzed using a single-site-binding isotherm described by  

 

ΔF=ΔFmax [
KN PF

1+KN PF
]        (4.2) 
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Figure 4.7 The maximum stoichiometry of the 181aa N-terminal domain dimer 
on the ssDNA oligomer as a function of the length of the oligomer (nucleotides). The 
solid horizontal lines connect the points with the same maximum 
stoichiometry1,56,81,100,127. The dashed line marks the transition of the maximum 
stoichiometry from one dimer molecule to two dimer molecules per the ssDNA 
oligomer1,56,81,100,127. 



 133 

where KN is the macroscopic binding constant characterizing the affinity for a given 

ssDNA oligomer, containing N nucleotides, and ΔFmax is the maximum relative 

fluorescence increase1,27,56,81,85,87,100. The solid lines in Figure 4.5a and Figure 4.5c are 

nonlinear least-squares fits of the experimental titration curves using equation 4.2, with a 

single set of binding and spectroscopic parameters for corresponding oligomers. The 

values of KN for all studied ssDNA oligomers, which can accept only a single domain 

dimer, are included in Table 4.1 1,56,81,100,127. 

Within experimental error, the value of KN increases with the length of the 

ssDNA oligomers (Table 4.1)1,56,81,100,127. This behavior indicates the presence of a 

statistical factor hidden in KN, resulting from the fact that the number of nucleotides 

engaged in direct interactions with the ssDNA-binding site of the domain dimer, p, must 

be less than the length of the examined ssDNA oligomers1,56,57,81,85,87,94,95,100. In other 

words, the 181aa N-terminal domain dimer experiences the presence of potential binding 

sites, with the direct intrinsic interactions characterized by the intrinsic binding constant, 

Ki. The determined macroscopic binding constant, KN, is then defined as1,56,57,81,85,87,94,95, 

100 

 

KN = (N− p + 1) Ki          (4.3) 

 

and 

 

KN = NKi − (p − 1) Ki         (4.4) 
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Thus, KN should be a linear function of N with the slope ∂KN/∂N = Ki. Moreover, for KN 

= 0, the plot of KN, as a function of the DNA length, will intercept the N axis at the value 

of N = p – 11,56,57,81,85,87,94,95,100. 

The dependence of the macroscopic equilibrium constant, KN, for the 181aa N-

terminal domain dimer binding to the ssDNA oligomers, which can accept only a single 

dimer, as functions of the ssDNA oligomer length, is shown in Figure 4.81,56,81,100,127. The 

plot is strictly linear, as predicted by equations 4.3 and 4.41,56,57,81,85,87,94,95,100. 

Extrapolation of the plot to zero value of KN intercepts the DNA length axis at N = p – 1 

= 4.2 ± 1. Thus the obtained data show that the 181aa N-terminal domain dimer engages 

in direct interactions only p = 5 ± 1 nucleotides of the nucleic acid1,56,57,81,85,87,94,95,100. In 

the examined solution conditions, the slope of the plot in Figure 4.8 provides the intrinsic 

binding constant Ki = (1.6 ± 0.3) x 104 M-1 (Table 4.1)100.  

4.4.6 Intrinsic Affinities and Cooperativities of the 181aa N-terminal Domain 

Binding to the ssDNA Oligomers Which Can Accept Two Dimer Molecules. 

For the ssDNA oligomers, 26-, 30-, and 33-mer, which can accept two 181aa N-

terminal domain dimers the partition function, ZN, must account for the potential overlap 

of the binding sites and the possible cooperative interactions between the bound dimer 

molecules1,56,57,81,85,8794,95,100. Such a binding system can be directly treated by the exact 

combinatorial theory for large ligand binding to a finite linear, homogeneous 

lattice1,56,57,81,85,87-89,94,95,100. The partition function, ZN, is defined as 

 

( ) jk
Fi

g

0=k

1k

0j
PKj)(k,PZ NN ω∑ ∑

−

=
=         (4.5) 

 

where g is the maximum number of ligand molecules which may bind to the finite 
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Figure 4.8 The dependence of the macroscopic, equilibrium binding constant, 
KN, characterizing the binding of the 181aa N-terminal domain dimer to different 
etheno-derivatives of the ssDNA oligomers, which accept only a single domain 
dimer, upon the length of the ssDNA oligomer (nucleotides)1,56,81,100,127. The solid line 
is the linear least-squares fit of the plot according to equations 4.3 and 4.4. The dashed 
line is the extrapolation of the plot to the zero value of the macroscopic equilibrium 
binding constant1,56,81,100,127. 
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nucleic acid lattice (for the nucleic acid lattice N residues long, g = N/n), ω is the 

cooperative interactions parameter, k is the number of ligand molecules bound, and j is 

the number of cooperative contacts between the k bound ligand molecules in a particular 

configuration on the lattice1,56,57,81,85,87-89,94,95,100. The combinatorial factor PN (k, j) is the 

number of distinct ways that k ligands bind to a lattice, with j cooperative contacts, and is 

defined by1,56,57,81,85,87-89,94,95,100 

 

PN (k, j) =
[(N − nk +1)!(k −1)!]

[(N − nk + j +1)!(k − j)!(k − j −1)!]
       (4.6) 

 

The total average degree of binding, ΣΘi, is then 

 

ΣΘi =

kPN
j=0

k−1

∑
k=1

g

∑ (k, j) Ki PF( )k ω j

PN
j=0

k−1

∑
k=0

g

∑ (k, j) Ki PF( )k ω j
       (4.7) 

 

The value of the relative fluorescence increase, F, at any titration point, is defined as 

 

( )
( )

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

Δ+⎥
⎦

⎤
⎢
⎣

⎡ +−
Δ=Δ

∑
−

=

N

jk
Fi

1k

0j
N

max
N

Fi
1 Z

PKj)(k,P
F

Z
PK1nN

FF
ω

      (4.8) 

 

where ΔF1 and ΔFmax are the relative molar fluorescence increases accompanying the 

binding of one and two domain dimers1,56,57,81,85,87-89,94,95,100. The values of the total site-

size of the 181aa N-terminal domain - ssDNA complex, n = 13, is known. The value of 
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ΔF1 can be estimated for each particular ssDNA oligomer as ΔF1 = ∂ΔF/∂ΣΘi, from the 

initial part of the plot of ΔF as a function of ΣΘi, as shown in Figure 4.6b for the 26-

mer1,56,81,100,127. The value of ΔFmax is the maximum observed relative fluorescence 

increase and can be estimated from the parental fluorescence titration curves, as shown in 

Figure 4.6a1,56,81,100,127. Thus, two independent parameters, Ki, and ω must be determined. 

The solid lines in Figure 4.6a are nonlinear least-squares fits of the titration curves using 

equations 4.5 – 4.8 1,56,81,100,127. The obtained spectroscopic and binding parameters for all 

examined ssDNA oligomers, which can accommodate two domain dimers, are included 

in Table 4.11,56,57,81,85,87-89,94,95,100.  

The values of the intrinsic binding constants for the 26-, 30-, and 33-mer are 

similar to each other and to the values of Ki, obtained for the oligomers accommodating 

only a single dimer molecule1,56,81,100,127. Such similarity indicates that the same intrinsic 

binding process is observed, i.e., the cooperative interactions do not affect the intrinsic 

affinity1,56,81,94,100,127. The value of the cooperativity parameter, ω ≈ 20 - 27 is large, 

indicating the 181aa N domain dimer binds the ssDNA with significant positive 

cooperative interactions1,56,57,81,85,87-89,94,95,100. Interestingly, the value of ΔF1, which 

characterizes the binding of the first dimer, is lower than those observed for most of the 

ssDNA oligomers, which accept only a single dimer and it decreases with the length of 

the oligomer (Table 4.1)1,56,57,81,85,87-89,94,95,100. 

4.4.7 Only One Monomer of the 181aa N-Terminal Domain Dimer Can 

Effectively Engage in the Interactions with ssDNA. Photo-Cross-Linking 

Experiments. 

In the next step, we addressed the involvement of the monomers of the 181aa N-

terminal domain dimer in interactions with the single-stranded nucleic acid using the UV 
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irradiation method81,92,100,102. UV irradiation produces covalent linkage between nucleic 

acid bases and amino acid residues, resulting in a "zero-length" cross-linking with 

minimal perturbation to the protein - nucleic acid complex81,92,100,102. Among the nucleic 

acid bases, thymine is the most reactive in the photo-crosslinking reactions81,92,100,102. 

Thus, parallel to the thermodynamic studies, we performed photo-cross-linking studies of 

the 181aa N-terminal domain complex with the radioactive [32P]-dT20 (section 

4.3.10)81,92,100,102. Recall, only a single 181N-terminal domain dimer can associate with 

the ssDNA 20-mer (Table 4.1)100.  

Figure 4.9a shows the SDS polyacrylamide gel of the 181aa N-terminal domain 

alone (lane 6) and the 181N-terminal domain - 5’-[32P]-dT20 complex, after irradiation, at 

different protein concentrations, stained with Coomassie Brilliant Blue (section 

4.3.10)81,92,100,102. In the case of the protein - nucleic acid complex, at the highest protein 

concentration applied, the nucleic acid is completely saturated with the protein (data not 

shown)100. A single protein band at ~ 21,000 indicates the location of the 181aa N-

terminal domain monomer81,92,100,102. Figure 4.9b shows the autoradiogram of the same 

SDS polyacrylamide gel of the 181aa N-terminal domain - 5’-[32P]-dT20 complex100. A 

single predominant radioactive band appears on the gel, at the molecular weight of 

~26,000, corresponding to the 181aa N-terminal monomer - 20-mer complex100. This 

band is undetectable on the Coomassie Brilliant Blue stained gel because of the very low 

efficiency of the photo-cross-linking reaction100. It is evident that only one monomer of 

the 181aa N-terminal domain dimer principally engages the ssDNA in interactions in the 

complex100. Nevertheless, a very slight radioactive band at the molecular weight of ~ 

46,000, corresponding to the 181aa N- domain dimer, indicates that the DNA-binding 

subsite of the other monomer may engage the DNA, although at much lower 

efficiency81,92,100,102. 
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4.4.8 Base Specificity of 181aa N-terminal Domain – ssDNA Interactions. 

Lattice Competition Titrations Using the MCT. 

Quantitative determination of affinities of the 181N-terminal domain for 

unmodified ssDNAs, differing by the type of base, has been performed, using the 

macromolecular competition titration (MCT) method1,56,57,81,87,92,95,100. The approach is 

based on the same thermodynamic arguments as applied to quantitative titrations (see 

section 3.4.4)1,57,81,87,92,95,100,126,127. Shortly, in the presence of the competing unmodified 

ssDNA, the protein binds to two different nucleic acids that are present in the solution, 

while the observed signal originates only from the fluorescent "reference" nucleic 

acid1,57,81,87,92,95,100,126,127. In this work, as a reference lattice, the 20-mer, dεA(pεA)19, was 

used and the base specificity of the 181aa N-terminal domain has been examined using 

different 20-mers, dN(pN)19
100. At a given titration point, “i”, the total concentration of 

the bound protein, Pb, is defined as 

 
( ) ( ) TSSb MMP iTSRi ΣΘ+ΣΘ=         (4.9) 

 

were (ΣΘi)R and (ΣΘi)S are the total average degree of binding of the domain on the 

reference dεA(pεA)19 and the examined oligomer, dN(pN)19, respectively, MTR and MTS 

are the total concentrations of the reference and the unmodified 20-mer, 

respectively1,56,57,81,87,92,95,100,127. Using the corresponding macroscopic binding constant, 

KNR and KNS, the above expression is defined as 
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Figure 4.9 Photo-cross-linking of PriA 181aa N-terminal domain to ssDNA 20-
mer. a. 15% SDS polyacrylamide gel of the 181aa N-terminal domain - 5’[32P]-dT20 
complex after UV-mediated cross-linking at different concentration of the domain dimer 
stained with Coomassie Brilliant Blue81,92,100,102. The concentration of the 5’-[32P]-dT20 is 
[3 x 10-7 M] (oligomer)100. Lane 1 contains protein markers. Lane 2 contains 5’-[32P]-
dT20 alone100. Lanes 3 to 5 contain the constant concentration of the ssDNA 20-mer and 
the increasing concentration of the domain (dimer): lane 3, 3 x 10-6 M; lane 4, 6 x 10-6 M; 
and lane 5, 9.0 x 10-6 M100. Lane 6 contains only the 181aa N-terminal domain (3 x 10-6 
M (dimer)) in the absence of the 5’-[32P]-dT20100. b. The autoradiogram of the same SDS 
polyacrylamide gel, as shown in panel a100. c. Schematic model of the 181aa N-terminal 
domain dimer - ssDNA complex100.  
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The concentration of the free protein, PF, is then 

 

PF =  PT –  Pb        (4.11) 

 

where PT is the known total concentration of the 181aa N-terminal domain dimer. The 

observed relative fluorescence increase, ΔF, is then defined by equation 

4.21,56,57,81,87,92,95,100. 

Fluorescence titrations of dεA(pεA)19 with the 181N-terminal domain in buffer 

C205 in the presence of two different dA(pA)19 concentrations, are shown in Figure 

4.10a1,57,81,100,127. For comparison, the titration curve of dεA(pεA)19 in the absence of the 

competing oligomer is also included1,57,81,100,127. The titration curve shifts, with increasing 

dA(pA)19 concentration, indicating a significant competition between dεA(pεA)19 and the 

unmodified 20-mer for the domain1,57,81,100,127. Because KNR = 2.5 x 105 M-1 and ΔFmax = 

1.15 are known from independent titration experiments (Table 4.1), the solid lines in 

Figure 4.10a are nonlinear least-squares fits of the experimental titration curves, with a 

single fitting parameter, KNS, using equations 4.9- 4.11100. The binding constants for all 

examined 20-mers, differing by the type of base, are included in Table 

4.21,56,57,81,87,92,95,100. The obtained value of KNS are similar for dA(pA)19 and dT(pT)19, 

respectively. Nevertheless, the domain show modest preference for dC(pC)19, with the 

intrinsic binding constant being higher by a factor of ~3 than the analogous parameter 

determined for the dA(pA)19 and dT(pT)19
1,56,57,81,87,92,95,100. 

4.4.9 Conformational and 3’ End Specificity of 181aa N-Terminal Domain – 

ssDNA Interactions. 

The specific binding to the 3’-OH end group of deoxyribose by the PriA N- 
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terminal domain, during the damaged DNA site recognition, has been invoked as the 

major feature, which allows the helicase to position itself on the nucleic 

substrate97,98,100,104. Therefore, the effect of the presence of the phosphate group at the 3’-

OH group, which blocks the access to the 3’ OH group of the terminal deoxyribose, on 

the 181aa N-terminal domain association with the ssDNA 20-mer, dC(pC)18pCp, has 

been addressed using the MCT method (see section 4.4.7)1,56,57,81,87,92,95,100. The homo-

cytidine oligomer has been selected because of its highest affinity for the domain (Table 

4.2)100. Fluorescence titrations of dεA(pεA)19 with the 181aa N-terminal domain, in the 

absence of presence of two different concentrations of dC(pC)18pCp, are shown in Figure 

4.10b57,81,100,127. As observed for dA(pA)19 (Figure 4.10a), the titration curves 

significantly shift in the presence of dC(pC)18pCp, indicating efficient competition for the 

domain by the oligomer57,81,100,127. The solid lines in Figure 4.10b are nonlinear least-

squares fits of the experimental titration curves, with a single fitting parameter, KNS, 

using equations 4.9 – 4.11 57,81,100,127. It is clear that the obtained value of KNS = (1.6 ± 

0.3) x 106 M-1 is only by a factor of ~ 3 lower than determined for the analogous 

dC(pC)19 (Table 4.2)1,56,57,81,87,92,95,100. Thus, the presence of the phosphate group, which 

blocks access to the 3’-OH terminal group of the ssDNA oligomer, has rather a modest 

effect on the 181aa N-terminal domain association57,81,100,127. Finally, fluorescence 

titrations of dεA(pεA)19 with the 181aa N-terminal domain, in the absence of presence of 

two different concentrations of the dsDNA 10-mer are shown in Figure 4.10c57,81,100,127. 

The solid lines in Figure 4.10c are nonlinear least-squares fits of the experimental 

titration curves, with a single fitting parameter, KNS, using equations 4.9 - 4.11. 

Surprisingly, the obtained value of KNS = (3.0 ± 1.0) x 107 M-1 is higher by a factor of ~6 

than KNS obtained for dC(pC)19, and more than an order of magnitude higher than the 

macroscopic affinity of dA(pA)19, and dT(pT)19 (Table 4.2)1,56,57,81,87,92,95,100. 
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Figure 4.10 Lattice Competition Titrations. a. Fluorescence titrations of the ssDNA 
20-mer, dεA(pεA)19 [1.43 x 10-6 M (oligomer) in all panels] with the 181aa N-terminal 
domain in the absence (■) and presence of two different concentrations of dT(pT)19, 1.74 
x 10-6 M (□) and 4.16 x 10-6 M (●) (oligomer), respectively57,81,100,127. b. Fluorescence 
titrations of the ssDNA 20-mer, dεA(pεA)19, with the 181aa N-terminal domain in the 
absence (■) and presence of two different concentrations of dC(pC)18pCp, 1.71 x 10-6 M 
(□) and 3.73 x 10-6 M (●) (oligomer)57,81,100,127. c. Fluorescence titrations of the ssDNA 
20-mer, dεA(pεA)19, with the 181aa N-terminal domain in the absence (■) and presence 
of two different concentrations of dsDNA 10-mer100. The concentrations of the dsDNA 
10-mer are: 5.0 x 10-7 M (□) and 1.0 x 10-6 M (●) (oligomer), respectively57,81,100,127. The 
solid lines in all panels are nonlinear least-squares fits of the titration curves using 
equations 4.9 – 4.11, with the binding KN = 1.7 x 106 M-1 and ΔFmax = 1.18 for 
dεA(pεA)19. The binding constants for the examined nucleic acids are included in Table 
4.2 57,81,100,127. 
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4.4.10 The Salt Effect on the 181aa N-Terminal Domain of PriA – ssDNA 

Interactions. 

Fluorescence titrations of dεA(pεA)17 with the 181aa N-terminal domain, in 

buffer C205 containing different NaCl concentrations, are shown in Figure 4.11a100. 

Increasing the salt concentration in solution clearly decreases the macroscopic affinity of 

the domain for the nucleic acid, as the titration curves shift toward higher protein 

concentrations range1,27,56,57,81,83,84,92,100. Also, there is a decline of the maximum 

fluorescence increase at saturation, ΔFmax, from ~ 1.9 at 20 mM to ~ 1.2 at 88.6 mM 

NaCl, indicating the changing structure of the nucleic acid in the 

complex1,27,56,57,81,83,84,92,100. The solid lines in Figures 4.11a are nonlinear least-squares 

fits to a single-site binding model with two fitting parameters, KN, and the maximum 

relative fluorescence increase, ΔFmax (equation 4.2)100. Figure 4.11b shows the 

dependence of the logarithm of KN upon the logarithm of NaCl concentration (log-log 

plots)1,27,56,57,81,83,84,92,100. Within experimental accuracy, the plot is linear in the examined 

salt concentration range and characterized by the slopes ∂logKN/∂log[NaCl] = - 1.2 ± 

0.3100. The value of the slope indicates that there is a net release of ~ 1 ion upon the 

complex formation1,56,57,81,83,84,92,100. 

4.4.11 The 181aa N-terminal Domain of PriA Helicase Binds Nucleotide 

Cofactors.  

As mentioned above, the intact PriA helicase has two nucleotide binding sites 

dramatically differing in their affinities, the strong and weak nucleotide binding sites27,59-

61,92,99,100. However, the location of these sites with respect to the domain structure of the 

protein is unknown100. Surprisingly and similarly to the intact PriA molecule, the ADP 

analog, TNP-ADP, binds to the 181aa N-terminal domain of PriA59-61,100. Moreover, the 
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Figure 4.11 The salt effect on the 181aa N-terminal domain – ssDNA interactions. 
a. Fluorescence titrations of the ssDNA 18-mer, dεA(pεA)17 [2.43 x 10-6 M (oligomer)] 
with the 181aa N-terminal domain containing different NaCl concentrations: 20 mM (■); 
34.7 mM (□); 49.4 mM (●); 69 mM (○), and 89 mM (▲)1,57,81,83,84,92,100. The solid lines 
are nonlinear least-squares fits of the titration curves, using equation 2.4, with ΔFmax and 
KN: 1.85, 2.2 x 105 M-1 (■); 1.85, 1 x 105 M-1 (□); 1.75, 6.3 x 104 M-1 (●); 1.55, 5 x 104 
M-1 (○); 1.17, 3.7 x 104 M-1 (▲)100. b. The dependence of the logarithm of the binding 
constant, KN upon the logarithm of [NaCl]1,57,81,83,84,92,100. The solid line is the linear 
least-squares fit, which provides the slope, ∂LogKN/∂Log[NaCl] = − 1.2 ± 0.3100. 
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association is accompanied by a very strong quenching of the protein fluorescence, 

providing an excellent signal to monitor the association process59-61,100. Fluorescence 

titrations of the 181aa N-terminal domain with TNP-ADP, at three different protein 

concentrations, in buffer C205, are shown in Figure 4.12a59-61,100,101,123. The maximum 

quenching of the protein fluorescence at saturation is 1.0 ± 0.05100. The selected protein 

concentrations provide separation of the titration curves up to a quenching value of ~ 

0.6559-61,100. 

Quantitative analysis of the titration data has been performed using the 

quantitative method, analogous to the approach applied in the nucleic acid binding 

studies and outlined in section 2.3.7, section 4.3.6, and section 4.3.71,56-61,85-

89,92,95,100,101,123. The dependence of the observed relative fluorescence quenching, ΔF, 

upon the total average degree of binding, ΣΘi, of TNP-ADP on the 181aa N-terminal 

domain dimer is shown in Figure 4.12b59-61,100,101,123. The separation of the titration 

curves allows us to obtain the values of ΣΘi up to ~ 1.5 TNP-ADP molecules per 

dimer100. The plot is, within experimental accuracy, linear100. Extrapolation to the 

maximum value of the quenching provides the stoichiometry of the complex as 2.2 ± 

0.2100. Therefore, the data show that the 181N-terminal domain dimer binds two 

molecules of TNP-ADP, indicating that each monomer binds a single nucleotide cofactor 

molecule1,59-61,81,92,95,100,101. 

4.4.12 The Statistical Thermodynamic Model for the Nucleotide Cofactor 

Binding to the 181N-Terminal Domain Dimer. 

Because of the 181aa N-terminal domain dimer is built of two identical 

monomers, the two nucleotide-binding sites must be structurally identical, although they 

may be energetically different1,59,100,101,123. Therefore, the simplest statistical 
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thermodynamic model, i.e., the model containing the fewest number of parameters, that 

can account for the observed binding process includes two nucleotide-binding sites, 

characterized by two different intrinsic affinities described by intrinsic binding constant, 

KC1 and KC2, respectively, and possible cooperative interactions between the sites, 

accounted for by the cooperative interaction parameter, σ1,59,100,101,123. The partition 

function, Z, of the system is then defined as 

 
2
FLσC2C1C2 KKL)K(K1Z FC1 +++=      (4.12) 

 

where LF is the free nucleotide cofactor concentration1,59,100,101,123. The total average 

degree of binding, ΣΘi, is defined as 

 

ΣΘi =
(KC1 + KC2)LF + 2KC1KC2 σLF

2

Z
     (4.13) 

 

The linear character of the plot in Figure 4.12b indicates that binding of the first and 

second cofactor molecules is characterized by the same, relative partial quenching of the 

protein tryptophans1,85,94,95,100,101. Therefore, experimentally observed fluorescence 

quenching, ΔF, expressed in terms of the binding parameters, KC and σ, is then  

 

ΔF = ΔFmax
(KC1 + KC2)LF + KC1KC2 σLF
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There are three unknown parameters, KC1, KC2, and σ in equations. 4.12 – 

4.141,85,94,95,100,101. The solid lines in Figure 4.12a are the nonlinear least-squares fits of 

the titration curves using equations 4.12 – 4.14, with a single set of the spectroscopic and 
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binding parameters1,95,100,101. The fit provides excellent description of the binding process. 

The obtained intrinsic binding constants and cooperativity parameter are: KC1 = KC2 = 

(4.1 ± 0.6) x 104 M-1 and σ = 1 ± 0.2, respectively100. The same values of both intrinsic 

binding constants indicate that the nucleotide cofactor sites are not only structurally but 

also energetically identical100. Moreover, the value of σ ≈ 1 indicates that binding of the 

cofactor to two nucleotide-binding sites of the 181aa N-terminal dimer is not 

characterized by any cooperative interactions1,81,85,94,95,100,101.  

It was shown by Lucius et al., that the same solution conditions, TNP-ADP binds 

to the strong and weak nucleotide-binding sites of the intact PriA helicase with the 

intrinsic binding constants: KS = (1.5 ± 0.5) x 106 M-1, KW = (1.9 ± 0.6) x 104 M-1, 

respectively, and the cooperativity parameter, σ = 1 ± 0.359-61,100. Thus, the intrinsic 

binding constants of the two sites of the intact enzyme differs by ~ 2 orders of 

magnitude59-61,100. Such a dramatic difference between the affinities of the two 

nucleotide-binding sites of the intact PriA protein facilitates the assignment of the 

nucleotide-binding site of the 181aa N-terminal domain. Figure 4.12c shows the 

dependence of ΣΘi of the TNP-ADP on the intact PriA helicase and the isolated 181aa N-

terminal domain dimer as function of the free cofactor concentration59-61,100. The plots 

have been generated using the binding parameters for the intact enzyme and the 181aa N 

domain dimer as provided above59-61,100. The isotherm for the 181aa N-terminal domain is 

strongly shifted toward the higher nucleotide concentration range100. In other words, it 

reflects the cofactor association with the weak nucleotide-binding site of the intact PriA 

protein, as expressed by the value of KC ≈ 4.1 x 104 M-1, being very close to the intrinsic 

binding constant KS ≈ 1.9 x 104 M-1, of the weak nucleotide-binding site59-61,100. 

Therefore, obtained data indicate that the nucleotide-binding site located on the N- 
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Figure 4.12 The 181aa N-terminal Domain of the PriA helicase binds nucleotide 
cofactors. a. Fluorescence titrations of the 181aa N-terminal domain with TNP-ADP at 
different protein concentrations (dimer): 9.85 x 10-6 M (■), 2.0 x 10-5 M (□), 3.5x 10-5 M 
(●)1,59,95,100,101. The solid lines are nonlinear least-squares fits of the titration curves, 
according to the model described by equations 4.12 – 4.14, using a single set of binding 
parameters: KC1 = KC2 = 4.1 x 104 M-1, σ = 1, and ΔFmax = 1.0100. b. Dependence of the 
relative fluorescence quenching, ΔF, upon the average degree of binding of TNP-ADP on 
the 181aa N-terminal domain dimer, ΣΘi, (■)1,59,100,101,123. The solid line follows the 
experimental points and does not have a theoretical basis100. The dashed line is an 
extrapolation of ΣΘi to the maximum value of the fluorescence quenching, ΔFmax

100. c. 
The dependence of the total average degree of binding of TNP-ADP on the intact PriA 
helicase (solid line) and on the 181aa N-terminal domain dimer as a function of the free 
cofactor concentration1,59,95,100,101. The plots were generated using the binding parameters 
for the intact enzyme and the for the domain dimer, respectively59-61,100. d. Schematic 
representation of the nucleotide cofactor binding to the 181N-terminal domain dimer100. 
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terminal domain of PriA corresponds to the weak nucleotide-binding site of the intact 

PriA helicase100. 

4.4.13 The 181aa N-Terminal Domain – ssDNA Interactions in the Presence 

of ADP or ATPγS. 

Characteristic feature of the nucleotide effect on the intact PriA helicase 

association with the ssDNA is that saturation of the weak nucleotide-binding site with 

ADP but not ATP analog, ATPγS, dramatically increases the enzyme affinity for the 

nucleic acid27,59-61,92,99,100. On the other hand, saturation of only the strong nucleotide-

binding site with ADP or ATPγS has no effect on the enzyme ssDNA-affinity27,59-

61,92,99,100. Fluorescence titrations of the ssDNA 18-mer, dεA(pεA)17, with the 181aa N-

termninal domain in buffer C205, in the absence and presence of two different 

concentrations of ADP, are shown in Figure 4.13a100. The solid lines in Figure 4.13a are 

nonlinear least-squares fits of the titration curves, using the single-site binding isotherm 

(equation 4.2)59-61,100. The presence of [ADP] = 1 x 10-5 M, which would fill the strong 

nucleotide-binding site of the intact enzyme slightly diminishes the 181aa N-terminal 

domain affinity for the ssDNA with KN = (1.9 ± 0.4) x 105 M-1 as compared to KN = (2.2 

± 0.4) x 105 M-1, determined in absence of the cofactor59-61,100. However, at [ADP] = 3 x 

10-3 M, which saturates the 181aa N-terminal nucleotide binding site, as well as the weak 

nucleotide-binding site of the intact PriA, the affinity of the domain for the nucleic acid is 

increased by a factor of ~ 5 with a concomitant increase of ΔFmax
59-61,100. 

Analogous fluorescence titrations of the ssDNA 18-mer, dεA(pεA)17, with the 

181aa N-terminal domain in the absence and presence of ATPγS, at two different 

concentrations of the nucleotide cofactor, are shown in Figure 4.13b100. The effect of the 

nucleoside tri-phosphate is very different from the effect of ADP (Figure 4.13a)59-61,100. 
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At low concentration of ATPγS (1 x 10-4 M), which would saturate the strong nucleotide-

binding site of the intact PriA protein, the ssDNA affinity of the domain detectably 

decreases to KN = (1.4 ± 0.3) x 105 M-1 with no effect on the observed ΔFmax
59-61,100. 

Similarly, at [ATPγS] = 3 x 10-3 M, which saturates both the strong and weak nucleotide-

binding site of the intact enzyme and the nucleotide-binding sites of the 181aa N-terminal 

domain, the value of KN is hardly affected by the cofactor (KN = (1.8 ± 0.4) x 105 M-1), as 

compared to the affinity obtained in the absence of ATPγS, although the value of the 

observed ΔFmax is slightly decreased59-61,100. 

4.5 DISCUSSION 

4.5.1 The 181aa N-Terminal Domain Dimer Has Only One Effective ssDNA 

Binding Site. 

The crystallographic analyses of the 105aa N-terminal subdomain dimer 

suggested that the dimer has two DNA-binding sites, though not necessarily energetically 

equivalent ones100,104. Similarly, 181aa N-terminal domain dimer should also be built of 

two identical monomers and posses two structurally identical and potential DNA-binding 

sites, each located on a different monomer100,104. On the contrary, thermodynamic and 

photo-cross-linking data show that, in solution, only a single monomer of the 181aa N-

terminal domain predominantly engages the ssDNA (Figure 4.5, Figure 4.9, and Table 

4.1)100. Notice, only a single domain dimer bind to the 20- or 24-mer, although the length 

of these oligomers is large enough to fully access to the DNA-binding site on the second 

monomer (Figure 4.8, Table 4.1)100. In fact, the photo-cross-linking data indicate that the 

second monomer of the 181aa N-terminal domain may very weakly engage the nucleic 

acid (Figure 4.9b)100. Nevertheless, the local concentration of these longer oligomers in 

the complex with the domain dimer is very high. Thus, the affinity of the second binding  
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Figure 4.13 The 181aa N-Terminal Domain – ssDNA Interactions in the Presence 
of ADP or ATPγS. a. Fluorescence titrations of the ssDNA 18-mer, dεA(pεA)17 [2.43 x 
10-6 M(oligomer)] with the 181aa N-terminal domain in the absence (□) and presence of 
different ADP concentrations: 1 x 10-5 M (●); 3 x 10-3 M (■)100. The concentration of the 
ssDNA 18-mer is 2.43 x10-6 M (oligomer)100. The solid lines are nonlinear least-squares 
fits of the titration curves, using equation 4.2 with ΔFmax and KN: 1.85, 2.2 x 105 M-1 (□); 
1.68, 1.9 x 105 M-1 (●); 2.15, 1.2 x 106 M-1 (■)59-61,100. b. Fluorescence titrations of the 
ssDNA 18-mer, dεA(pεA)17, with the 181aa N-terminal domain in the absence (●) and 
presence of different ATPγS concentrations: 1 x 10-4 M (�) and 3 x 10-3 M (■), 
respectively100. The solid lines are nonlinear least-squares fits of the titration curves, 
using equation 4.2, with ΔFmax and KN: 1.85, 2.2 x 105 M-1 (□); 1.84, 1.4 x 105 M-1 (●); 
1.65, 1.8 x 106 M-1 (■)59-61,100. Inserts schematically show the final tertiary complexes of 
the examined association processes in the presence of saturating concentration of the 
corresponding nucleotide cofactor100. 
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site must be very low, or otherwise it would be easily accessed by the long oligomers and 

manifested in a large change in the total site-size of the complex, and the intrinsic 

affinity81,100. However, this is not experimentally observed (Figure 4.7 and Figure 4.8)100. 

The total site-size of the 181aa N-terminal dimer complexes with the longer oligomers is 

13 ± 1 nucleotides and the intrinsic affinity is, within experimental accuracy, the same as 

the corresponding affinity of the shorter oligomers (Table 4.1)100. The lack of any 

significant DNA-binding activity of the second monomer of the 181aa N-terminal 

domain dimer with ssDNA oligomer, which encompasses the site-size of ~ 5 nucleotides 

of the DNA-binding subsite, most probably results from a steric hindrance induced by the 

active, binding competent, monomer (Figure 4.9)100. 

4.5.2 The Small Number of Nucleotides Engaged in Direct Interactions with 

the ssDNA Indicates That the DNA-Binding Subsites of Intact PriA Helicase are 

Spatially Separated. 

The binding site of the 181aa N-terminal domain engages in direct interactions 

only ~ 5 nucleotides of the ssDNA (Figure 4.8). Such a small site-size provides indication 

that only one monomer of the dimer interacts with the nucleic acid81,100. Notice, the 

maximum relative fluorescence increase of the etheno-adenosine ssDNA oligomers, 

ΔFmax, induced upon the domain binding, gradually decreases with the length of the 

oligomer (Table 4.1)100. This behavior can be explained by the fact that as the number of 

the nucleotides in the nucleic acid increases, the number of the nucleotides directly 

engaged in interactions with the protein (~ 5) remains unchanged100. Recall, the total site-

size of the DNA-binding site of the intact PriA helicase is ~ 20 nucleotides, while the 

site-size of the strong DNA-binding subsite on the helicase domain is only ~ 6 

nucleotides1,27,56-61,92,100. Thus, when both subsites interact with the nucleic acid, e.g., 
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when both nucleotide-binding sites are saturated with ADP, the intact enzyme engages in 

direct interactions only ~ 10 - 11 nucleotides of the DNA1,27,56-61,92,100. These data suggest 

that the strong DNA-binding subsite on the helicase domain and the subsite on the N-

terminal domain are spatially separated in the intact enzyme molecule by a distance 

corresponding to at least ~ 3 - 5 nucleotides of the ssDNA, i.e., they do not form a 

structurally continuous entity1,27,56-61,81,92,100. 

4.5.3 The Ability of 181aa N-Terminal Domain to Bind to the ssDNA in the 

Absence of Nucleotide Cofactors Indicates the Presence of Allosteric Domain – 

Domain Motions in the Intact Enzyme. 

In the case of the intact PriA helicase, the DNA-binding subsite of the N-terminal 

domain becomes involved in interactions with the ssDNA only in the presence of ADP 

concentration, which is high enough to saturate the weak nucleotide-binding site27,59-

61,92,100. As we previously proposed, the subsite on the N-terminal domain must be in 

“closed” conformation in the intact enzyme and transforms to the “open” conformation in 

the presence of high [ADP]27,56-61,92,100. On the other hand, the isolated domain is able to 

efficiently bind the nucleic acid in the absence of the cofactor, although with lower 

affinity (Table 4.1)100. If the DNA-binding subsite in the intact enzyme was in open 

conformation, the intrinsic ssDNA-affinity of the isolated 181aa N-terminal domain 

subsite, even in the absence of ADP, would be too high to prevent the subsite form 

engaging in the interactions with the ssDNA (Tables 4.1 and 4.2)100. The fact that the 

isolated domain associates with the nucleic acid even in the absence of ADP indicates the 

presence of a significant transition from the closed to open conformations in the intact 

PriA molecule27,56-61,92,100. This inter-domain movement, induced by ADP binding to the 
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week nucleotide binding site of PriA would allow the N-terminal domain to engage in the 

interactions with additional fragments of ssDNA27,56-61,92,100. 

4.5.4 The 181aa N-Terminal Domain DNA-Binding Subsite Has Only a Slight 

Preference for the 3’ End of the Nucleic Acid. 

The specific binding of the N-terminal domain subsite of PriA helicase to the 

deoxyribose OH group at the 3’ end of the nucleic acid has been proposed as important 

factor in the recognition of the damaged replication fork by PriA, even in the absence of 

the nucleotide cofactors97,100,104. However, quantitative thermodynamic and kinetic 

analyses of the enzyme binding to the ssDNA oligomers, previously reported by the 

Bujalowski’s group, did not indicate the presence of any significant and specific affinity 

of the intact enzyme for the 3’ end of the nucleic acid56-61,100. However, it was shown that 

the enzyme predominantly binds the ssDNA, gapped DNA substrates, and dsDNA using 

its strong DNA-binding subsite located on the helicase domain, not the weak subsite, 

which was proposed to be sited on the 181aa N-terminal domain of the protein (Chapter 2 

and Chapter 3)27,56,92,100. In the case of the isolated 181aa N-terminal domain, blocking 

the 3’end OH group of the ssDNA by the phosphate group only slightly decreases, by a 

factor of ~ 3, the intrinsic affinity for examined oligomer (Table 4.2)100. To what extent 

this modest affinity difference plays a role in specific enzyme binding to the damaged 

DNA substrate, particularly, in the presence of large local concentrations of different 

DNA conformations, if any, is at present not clear100. The answer to that question could 

be provided by examining the effect of blocking the 3’end OH group of the ssDNA by 

the phosphate group in the presence of ADP100. Examining the effect ADP has on the 

intrinsic affinity of intact PriA – ssDNA-3’-OH interactions would give further insight to 

that interesting possibility (see Chapter 7)100. 
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4.5.5 The 181aa N-Terminal Domain of PriA Helicase Has a Significant 

Affinity for dsDNA. 

A very surprising result is presented in the Figure 4.10c where PriA 181aa N-

terminal domain exhibits very high affinity for the dsDNA (Table 4.2)100. If the site-size 

of the domain – dsDNA interactions is the same as determined for the ssDNA (~5 

nucleotides or correspondingly ~5 base pairs), then the intrinsic affinity is by a factor of 

~20 - 50 higher than determined for the ssDNA oligomers, including, dC(pC)18pCp and 

dC(pC)18 (Table 4.2)100. It is possible that the dsDNA affinity, not the 3’end-OH group 

affinity, plays a role in the recognition of the damaged DNA by the N-terminal domain in 

the stalled replication fork100. Further quantitative studies are necessary to assess the role 

of the 3’end-OH group and the dsDNA affinity of the N-terminal domain, in specific 

recognition of the damaged replication fork by the PriA helicase100. 

4.5.6 The DNA-Binding Subsite of the 181aa N-Terminal Domain Lacks 

Significant Base Specificity in the Interactions with the ssDNA. 

The strong DNA-binding subsite of the intact PriA helicase shows a significant 

preference for the pyrimidine homo-oligomers, with the intrinsic binding constant being 

~ 1 order of magnitude higher for the dT(pT)19 and dC(pC)19 than observed for dA(pA)19 

or dεA(pεA)19
57,100. On the other hand, the DNA-binding subsite located of the N-

terminal domain has only a small preference for dC(pC)19, as compared to other 

unmodified oligomers (Figure 4.10, and Table 4.2)100. Interestingly, unlike the strong 

subsite on the helicase domain, the 181aa N-terminal domain subsite has pronouncedly 

lower affinity for the etheno-modified oligomers than for all other examined nucleic acids 

(Table 4.2)56,57,100. Moreover, in similar solution conditions, the 181aa N-terminal domain 

subsite has the intrinsic ssDNA-affinity lower by a factor of ~ 6 - 7 than the intrinsic 
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DNA affinity of the strong subsite56,57,100. These data indicates that these two DNA-

binding subsites of the PriA helicase differ significantly in their nature of interactions 

with the ssDNA100. This difference is further indicated by the salt effect on the 

corresponding interactions100. While the DNA binding to the strong subsite is 

accompanied by the net release of ~ 3 - 4 ions, binding to the 181aa N-terminal domain 

subsite induces the net release of only ~ 1 ion (Figure 4.11)57,100. 

4.5.7 The Week Nucleotide-Binding Site of the Intact PriA Helicase Is 

Located on the 181aa N-terminal Domain. 

As mentioned above, what differs the PriA protein from other well-studied 

monomeric helicases is the fact that the protein possesses two nucleotide-binding sites, 

strong and weak binding sites27,59-61,92,99,100. First, the discovery that the isolated 181aa N-

terminal domain possesses a nucleotide-binding site firmly places one of these sites on 

the N-terminal domain of the intact PriA protein100. Moreover, the low intrinsic affinity, 

very similar to the affinity of the weak nucleotide-binding site of the intact enzyme, 

provides a clear indication that the site located on the N-terminal domain corresponds to 

the weak nucleotide-binding site of the intact PriA helicase (section 4.4.10 and section 

4.4.11)100. As a result, the strong nucleotide-binding site must be located on the helicase 

domain of the enzyme57,59-61,92,99,100. 

Another indication that the nucleotide-binding site on the N-terminal domain 

corresponds to the weak site of the intact enzyme comes from the effect of the cofactors 

on the binding process of the nucleic acid59-61,100. Only when the nucleotide-binding site 

is saturated with ADP, the ssDNA affinity of the DNA-binding subsite of the domain 

strongly increases (Figure 4.13a), while saturation of the site with the ATP 

nonhydrolyzable analog, ATPγS, leads to slightly diminished affinity for the nucleic acid 
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(Figure 4.13b)59-61,100. This is exactly the behavior, which is observed in the case of the 

weak nucleotide-binding site of the intact PriA helicase27,59-61,92,99,100. The weak 

nucleotide-binding site acts as an allosteric site, which controls the engagement of the N-

terminal domain into the interactions with the DNA27,59-61,92,99,100. 

The presence of two nucleotide-binding sites on the domain dimer indicates that 

each monomer of the dimer binds a single cofactor molecule100. Thus, unlike the ssDNA-

binding subsites, both nucleotide-binding sites are accessible on the domain dimer and 

the binding process is independent100. Notice, binding of TNP-ADP induces ~ 100% 

quenching of the 181aa N-terminal tryptophan fluorescence (Figure 4.12a)100,101,123. 

Moreover, the quenching is the same for each binding site100. Although TNP moiety is an 

excellent fluorescence energy transfer acceptor from tryptophans, it is rather unlikely that 

the cofactor would bind at close proximity to all 5 tryptophan residues of each monomer 

of the dimer100,101. Such a large quenching must result from a significant conformational 

transition of the domain induced by the cofactor binding, leading to an additional 

quenching of the protein tryptophans100,101. 

4.5.8 ADP Increases the Intrinsic Affinity of the 181aa N-Terminal Domain - 

ssDNA Interactions. 

The finding that saturation of the nucleotide-binding site of the 181aa N-terminal 

domain of PriA with ADP increases the affinity of the DNA-binding subsite corroborates 

the conclusion that the nucleotide cofactor induces a major conformational transition of 

the domain27,59-61,92,99,100. Nevertheless, the process is different from the analogous effect 

in the case of the intact enzyme, where the DNA-binding subsite is in closed 

conformation in the absence of high [ADP] and does not manifest any DNA-binding 

activity27,59-61,92,99,100. In the isolated domain, the DNA-binding subsite is already open 
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and has a substantial DNA affinity in the absence of ADP100. These data indicate that the 

allosteric effect of ADP in the weak nucleotide-binding site of the intact enzyme, on the 

DNA-binding subsite of the N-terminal domain, not only opens the subsite and enables 

the nucleic acid to enter, but also affects the intrinsic DNA affinity of the subsite27,59-

61,92,99,100. 

4.5.9 Comparison with Other Works. 

The crystallographic data on the truncated 105aa N-terminal subdomain dimer of 

PriA indicate that the DNA-binding subsite of the complete 181aa N-terminal domain is 

located on the 105aa N-terminal subdomain, i.e., further away from the helicase domain 

and corroborating our conclusion that the DNA subsites of the intact enzyme are spatially 

separated27,59-61,92,99,100,104. However, the same data also indicate that the 105aa N-

terminal subdomain dimer can bind two nucleic acid molecules, while thermodynamic 

data and photo-cross-linking experiments discussed in this Chapter show the presence of 

only one effective DNA-binding subsite100,104. However, the examined crystallographic 

complexes of the 105aa N-terminal subdomain had a very high concentrations of short di- 

and tri-nucleotides, which may not reflect the interactions with the longer nucleic 

acids97,100,104. The truncated subdomain may have a different conformation causing the 

difference in the access of the DNA to the binding site100. It should be pointed out that the 

conserved motif (W83, Y87, Y88), previously proposed to be involved in the DNA 

binding to the N-terminal domain is not present in the proximity of the determined DNA-

binding site in the crystal structure97,100,104. 

Another puzzling result, previously published by Sasaki et al., showed that the 

105N-terminal subdomain dimer showed the highest macroscopic affinity for the short 

oligomers (~ 4 nucleotides) and its macroscopic DNA-affinity decreases with the length 
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of the nucleic acid100,104. As it was discussed above, unlike the intrinsic affinity, the 

macroscopic affinity is affected by the length of the ssDNA, because of the presence of 

the statistical factor, which increases with the length of the nucleic acid and positively 

contributes to the determined free energy of binding (equations 4.3 and 4.4)1,56,81,95,100. In 

other words, macroscopic affinity is not a parameter, which provides clear estimate of the 

preferential association1,56,81,95,100,127. Moreover, a factor of ~ 6 lower affinity of the 105aa 

N-terminal subdomain, for oligomers with the 3’end-OH group blocked by the phosphate 

group was also reported, as compared to the factor of ~ 3 found in this work100,104. We 

cannot to explain all the differences100. Nevertheless, in these previous studies, neither 

the intrinsic affinity nor the stoichiometries have been determined100,104. The reported 

titration curves do not have plateaus, which prevents any quantitative analyses1,100,104,127. 

The macroscopic affinity estimates were based on qualitative comparisons of apparent 

translational diffusion coefficients of the complexes, with large inherent error of the 

applied method, and with the values of the diffusion parameter being, within 

experimental accuracy, the same for the ssDNAs containing from 2 to 7 nucleotides100,104. 

Moreover, the reported lower value of the diffusion parameter for the wild-type protein at 

higher protein concentration in different sets of data is inconsistent, as a higher value of 

the parameter at a higher protein concentration should be observed100,104. 

4.5.10 Further Functional Implications. 

The large differences between the two DNA-binding subsites of the E. coli PriA 

helicase in their affinities, base specificities, and nucleotide effects must reflect the 

differences in functional roles of both sites in the PriA activities27,59-61,92,99,100. A 

significant preference of the strong DNA-binding subsite on the helicase domain for 

homo-pyrimidine oligomers coincides with overwhelming preference of the PriB protein 



 161 

for homo-thymine ssDNAs81,100. The PriA - PriB complex is an initial complex of one of 

two major restart pathways, PriA-dependent pathway, of the chromosomal DNA 

replication in E. coli at the damaged DNA site (Figure 2.1, section 2.2.1)11-14,35,43,100. The 

preference for pyrimidine stretches of both proteins strongly suggests that the sequence of 

the nucleic acid around the damaged DNA site may play an important role in the damage 

DNA recognition process, and in selection of the pathway to restart the replication 

fork100. Moreover, stopped-flow kinetic data showed that the strong subsite on the PriA 

helicase domain is the area, which makes the first contact with the nucleic acid in the 

enzyme association reaction58,100. Furthermore, the strong subsite plays a major role in 

the recognition of the ss-ds junctions in the gapped DNA substrates, specifically 

matching the size of the ssDNA gap with 5 nucleotides27,100.  

In all these activities of the intact enzyme, the subsite on the N-terminal domain is 

absent, or its role is secondary27,59-61,92,99,100. Its decisive presence appears only when the 

weak nucleotide-binding site of the PriA protein is saturated with ADP27,59-61,92,99,100. The 

ssDNA affinity of the N-terminal domain subsite is dramatically controlled by the 

nucleotide cofactors, while the control of the DNA affinity of the strong subsite is, if any, 

very modest27,59-61,92,99,100. Moreover, the 181aa N-terminal domain DNA-binding subsite 

has very low base specificity (Table 4.2)100. These differences point out to the strong 

subsite as the major recognition site of the DNA structures and/or conformations, while 

the N-terminal subsite predominantly becomes involved during the mechanical 

translocation and the dsDNA unwinding, where the nucleotide control of the nucleic acid 

affinity is crucial and the base/sequence specificity is not necessary2,100. As a result, the 

subsite on the 181aa N-terminal domain would be the DNA-binding subsite of the PriA 

protein essential for efficient energy transduction process2,100. 
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CHAPTER 5 

INTERACTIONS OF THE ESCHERICHIA COLI 

PRIMOSOMAL PRIB PROTEIN WITH THE DNA814 

5.1 ABSTRACT 

Quantitative analysis of the interactions of the Escherichia coli primosomal PriB 

protein with a single-stranded DNA was accomplished using quantitative fluorescence 

titration, photo-cross-linking, and analytical ultracentrifugation techniques81. 

Stoichiometry studies were performed with a series of etheno-derivatives of single-

stranded (ss) DNA oligomers81. Interactions with the unmodified nucleic acids were 

studied, using the macromolecular competition titration (MCT) method81. The total site-

size of the PriB dimer - ssDNA complex, i.e., the maximum number of nucleotides 

occluded by the PriB dimer in the complex, is 12 ± 1 81. The protein has a single DNA 

binding site, which is located centrally within the dimer and has a functionally 

homogeneous structure81. The stoichiometry and photo-cross-linking data show that only 

a single monomer of the PriB dimer engages in interactions with the nucleic acid81. The 

analysis of the PriB binding to long oligomers was done using a statistical 

thermodynamic model that takes into account the overlap of potential binding sites and 

cooperative interactions81. The PriB dimer binds the ssDNA with strong positive 

cooperativity81. Both the intrinsic affinity and cooperative interactions are accompanied 

by a net ion release, with anions participating in the ion exchange process81. The intrinsic 
                                                 
81

This research was originally published in Journal of Molecular Biology. Szymanski, M. R., Jezewska, 
M.J. & Bujalowski, W. (2010). Interactions of the Escherichia coli primosomal PriB protein with the 
single-stranded DNA. Stoichiometries, intrinsic affinities, cooperativities, and base specificities. J Mol Biol 
398, 8-25. Reproduced with permission. 
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binding process is an entropy-driven reaction, suggesting strongly that the DNA 

association induces a large conformational change in the protein81. The PriB protein 

shows a dramatically strong preference for the homo-pyrimidine oligomers with an 

intrinsic affinity higher by about three orders of magnitude, as compared to the homo-

purine oligomers81. 

5.2 INTRODUCTION  

As mentioned in Chapter 1 and section 2.2.1, the priming of the DNA strand 

during the replication process is catalyzed by a multiple-protein complex called the 

primosome11-18,24,25,47,48,81,99,105-109. This macromolecular machine synthesizes short 

oligoribonucleotide primers, which are used to initiate synthesis of the complementary 

DNA strand11-18,24,25,47,48,105-109. Current data show that the assembly of the primosome is 

a fundamental step in the restart of the stalled replication fork at the damaged DNA sites 

and that the PriB protein is an essential replication protein in Escherichia coli that plays a 

fundamental role in the ordered formation of the primosome11-18,24,81,99,109. The assembly 

process of the primosome is initiated by recognition of the PAS sequence or damaged 

DNA site by the PriA protein11-18,24,81,99,109. The next step includes the association of the 

PriB protein with the PriA - DNA complex, followed by binding of the DnaT and the 

PriC protein11-18,24,81,99,109. This complex constitutes a scaffold recognized by the DnaB 

helicase - DnaC protein complex and, subsequently, by the primase resulting in a 

functional primosome11-18,24,81,99,109. The PriB protein was originally discovered to be an 

essential factor during synthesis of the complementary DNA strand of phage phiX174 

DNA47,81,105. The gene encoding the PriB protein with the molecular weight of ~ 11.4 

kDa has been coloned, and the native protein is a homo-dimer in solution25,81,106-108. 

Multiple crystal structures of the apo PriB dimer and its complex with the ssDNA 
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oligomer have been solved to a resolution of 2 - 2.7 Å16,81,110-113. The structure of the PriB 

dimer alone is depicted in Figure 5.1a81,110-112. The structure of the PriB dimer - ssDNA 

complex, with the proposed engagement of the nucleic acid in interactions with the 

protein, based on crystallographic analyses, is shown in Figure 5.1b81,113. 

In the last two decades it has been shown, by different groups, that the PriB 

protein displays multiple activities15,16,24,81,106,114. It was proposed that PriB specifically 

interacts with the PriA protein as well as the PriA - ssDNA complex15,16,24,81,106,114. This 

interaction is considered the major biological function of the PriB protein and crucial in 

the PriA-dependent pathway of the assembly process of the primosome15,16,24,81,106,114. It 

was also indicated that PriB can specifically interact with the DnaT protein, which in turn 

is considered to be a next key step in the primosome assembly process allowing 

subsequent recruitment of the DnaB – DnaC complex to the primosome15,16,18,24,81,114. 

Also, nonspecific binding to the ssDNA, which is proposed to be crucial for recognition 

of the PriA - ssDNA complex and recruiting the DnaT protein to the primosome has been 

indicated15,16,18,24,81. In addition, it was demonstrated that PriB can bind to SSB protein 

and, in addition, strongly interact with ssDNA coated with the SSB protein15,16,18,24,81.  

It is evident that most of the functions of the PriB protein reflect the ability of the 

protein to interact with the ssDNA and ssDNA-protein complexes15,16,18,24,81,112,113. In the 

crystal structure, the ssDNA-binding pocket of each monomer of PriB dimer bears a 

resemblance to that of the E. coli single-stranded binding protein (SSB), suggesting a 

similar mode of engaging the DNA by both proteins81,110-113. Although the importance of 

understanding the PriB protein - ssDNA interactions has been recognized, quantitative 

aspects of these interactions remain obscure15,16,18,24,81,112,113. Fundamental quantities as 

the stoichiometry (site-size) of the PriB - ssDNA complex, i.e., the number of nucleotides  
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Figure 5.1 The PriB protein structures. a. Structure of the PriB protein dimer (PDB 
1V1Q) based on crystallographic studies81,110. Two monomers in the PriB dimer are 
marked with different colors. b. Proposed structure of the PriB dimer complex with a 
single ssDNA 15-mer, dT15 (blue), obtained in crystallographic studies (PDB 
2CCZ)81,113. Two different monomers of PriB dimer make contacts with the nucleic acid, 
as marked with different colors81,113. The structures have been generated using PyMOL. 
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occluded by the protein in the complex, the number of the ssDNA-binding sites on the 

PriB dimer, are unknown81. Computer modeling of the crystal structure inferred that both 

monomers of the dimer can engage in interactions with the ssDNA, i.e., the presence of 

two ssDNA-binding sites on the PriB dimer, as depicted in Figure 5.1b81,113. However, 

this has never been experimentally established in solution81. Little is known about the 

energetics of the PriB protein - DNA complexes16,81,110,113. No quantitative data is 

available on the intrinsic affinities and cooperativities of the PriB protein - ssDNA 

interactions, and the effects of solution conditions, salt and type of salt on the complex 

formation16,81,110,113. 

Knowledge of the energetics and mechanisms of the PriB - ssDNA complex 

formation is important for understanding the activities of this essential protein in DNA 

metabolism, especially in the primosome formation11-18,24,25,47,48,81,99,105-113. In order to be 

able to quantitatively assemble the primosome complex, which is a long term goal of this 

project, the interactions of PriB with different conformations of DNA, in solution, must 

be elucidated81. Therefore, in this Chapter, the quantitative analyses of the PriB 

interactions with the ssDNA were described81. It was establish that, in solution, the PriB 

dimer occludes 12 ± 1 nucleotides in the complex using a single, functionally 

homogeneous, ssDNA-binding site81. Moreover, only one monomer of the dimer engages 

in interactions with the nucleic acid81. The PriB dimer binds the ssDNA with strong 

positive cooperativity81. The protein shows a very strong preference for the homo-

pyrimidine oligomers, as compared to the homo-purine ssDNA81. 

5.3 MATERIALS AND METHODS 

5.3.1 Buffers and Chemicals. 

All solutions used in experiments described in this chapter were made with 
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distilled and deionized >18 MΩ (Milli-Q Plus) water. The standard buffer was buffer 

C100 with 10 mM sodium cacodylate adjusted to pH 7.0 with HCl at 10°C, 1 mM DTT, 

100 mM NaCl, and 25% glycerol w/v81. The standard temperature in all the experiments 

described herein was 10°C. All experiments were carried out in the standard buffer C100 

unless otherwise specified in the text. Polynucleotide Kinase was from Roche 

(Indianapolis, IN). Lysozyme, Phenylmethanesulfonylfluoride (PMSF), Sodium 

Deoxycholate, Polymin P, Ammonium sulfate, Imidazole were from Sigma (Saint Louis, 

MI). All chemicals were reagent grade. 

5.3.2 Water Activity of Buffering Solution. 

Water activity “error term” of the standard buffer C100, used in this Chapter, had 

been calculated according to the values in the literature132,133. Due to the presence of the 

glycerol and salt, the water activity “error term” is less than 5%, and is contained within 

the experimental error of all the experiments presented here27,132,133,. 

5.3.3 Nucleic Acids. 

Unmodified nucleic acid oligomers, dA(pA)13, dA(pA)15, dA(pA)17, dA(pA)19, 

dA(pA)23, dA(pA)30, dA(pA)34, dC(pC)19, dT(pT)19, and fluorescein-labeled ssDNA 

oligomers were purchased from Midland Certified Reagents (Midland, TX)81. The 

modified ssDNA oligomers contain a fluorescent label, fluorescein (Fl), attached to the 5’ 

through phosphoramidate chemistry and are referred to as 21-mer, 5’Fl-dT(pT)19 and 27-

mer, 5’Fl-dT(pT)25, respectively81. All nucleic acids were HPLC purified and at least 

>95% pure as judged by electrophoresis on polyacrylamide gel. 

To monitor binging, different length etheno-derivatives of adenosine oligomers 

were obtained by modification with chloroacetaldehyde81,90-92. The concentration of 
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etheno-derivative of the nucleic acids was determined spectrophotometrically using 

following the extinction coefficients: ε257 = 3700 cm-1M-1 (nucleotide) for εA56,57,81,87,90-92.  

The concentration of dC(pC)19, dT(pT)19, and dA(pA)19 were determined using 

extinction coefficients: ε270  = 7200 cm-1M-1(nucleotide), ε260 = 8100 cm-1M-1(nucleotide), 

and ε260  = 10000 cm-1M-1(nucleotide)27,62,81,115,116. Concentrations of the fluorescein-

labeled ssDNA oligomers have been spectrophotometrically determined as previously 

described27,81,99,116. 

5.3.4 The PriB Protein Purification.  

The gene of the E. coli PriB protein has been directly isolated from the E. coli 

K12 strain81. The isolated gene of the PriB protein with and without in-frame C-terminal 

histidine-tag has been placed in pET30a plasmid (Novagen)81. The cells were grown at 

37ºC in Luria Broth (LB) induced by adding 1 mM IPTG and grown overnight at 18ºC. 

The cells were collected by centrifugation, flash frozen, and stored in -80°C. All 

purification procedures were at performed in 4°C cold room unless otherwise specified. 

Typically, ~20g of frozen cell pallet was thawed on ice and suspended in 125 ml of 

buffer A (50 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 5 mM B-MeOH, 10% glycerol w/v) 

and stirred gently until the suspension was homogeneous. About 25ml of buffer B (200 

mM Tris-HCl pH 7.5, 1 M NaCl, 1.5 M ammonium sulfate, 100 mM Spermidyne-HCl) 

was added for the final volume of ~ 150 ml. Freshly prepared 

phenylmethanesulfonylfluoride (PMSF) was added to the final concentration of 0.2 mM 

and the pH was adjusted to ~ 8.5 with 2 M Tris-Base. Next, the lysozyme was added to 

the final concentration of 400 μg/ml and the suspension was incubate with gentle stirring 

for 30 minutes on ice Next, sodium deoxycholate, to the final concentration of 0.04% was 

added, and the suspension was stirred for additional for 30 minutes. After that the cell 



 171 

suspension was placed in centrifuge bottles and centrifuge, for 30 min, at 12000 rpm in 

Sorvall GSA rotor to collect soluble protein of interest in the supernatant. 0.5% of 

Polymin P, in 3 portions, over a period of 30 min, with gentle stirring, was added to the 

supernatant in order to precipitate the nucleic acid. Again, the suspension was centrifuged 

for 30 min in GSA rotor at 12000 rpm to remove white precipitation and the supernatant 

was collected. To the supernatant ammonium sulfate to the concentration of 0.30 g/ml 

was added, in portions, while stirring gently for 30 min. Additionally, the suspension was 

incubated for extra 30 min with stirring after ammonium sulfate was added. The 

suspension was centrifuged at 12000 rpm, for 30 min, in GSA rotor. The protein of 

interest was in the pallet which was then dissolved in ~ 75 ml of buffer B1 (50 mM Tris-

HCl pH 7.1, 1 mM DTT, 300 mM NaCl, 10% glycerol w/v) and dialyzed against 1000 ml 

of buffer B1 overnight. Precipitation formed in the dialysis bags was removed by 

centrifugation at 12000 rpm, for 30 min, in GSA rotor and the supernatant was loaded 

onto the standard, hand packed, nickel column (GE Healthcare, Piscataway, NJ). PriB 

was eluted with buffer C200 (50 mM Tris-HCl pH 7.1, 200 mM Imidazole, 1 mM DTT, 

300 mM NaCl, 10% glycerol w/v) and a large volume of the sample was ammonium 

sulfate precipitated to the concentration of 0.30 g/ml. Ammonium sulfate was added in 

portions, while stirring for 30 min. Additionally, the suspension was incubated for extra 

30 min, with stirring, after ammonium sulfate was added. The suspension was 

centrifuged at 12000 rpm, for 30 min, in GSA rotor. The protein of interest was in the 

pallet which was dissolved in buffer CC300 (50 mM Tris-HCl pH 7.1, 1 mM DTT, 300 

mM NaCl, 10% glycerol w/v) and dialyzed overnight against 1000 ml of the same buffer. 

After dialysis was stopped the sample was centrifuged at 12000 rpm for 30 min in GSA 

rotor. Next, the pure protein sample was dialyzed overnight against 1000 ml of storage 

buffer (50 mM Tris-HCl pH 7.1, 1 mM DTT, 300 mM NaCl, 50% glycerol w/v) and 
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stored in -80°C. Typical yield of this purification protocol for His-Tagged PriB protein 

was ~ 160 mg of pure protein form ~ 20 g of frozen cell pallet. 

Untagged PriB purification protocol was also developed. Heparin Sepharose CL-

6B Column (GE Healthcare, Piscataway, NJ) and DEAE Sephacryl Column (GE 

Healthcare, Piscataway, NJ) were used to purify the PriB protein without the Histag. 

Typically, ~ 35 g of frozen cell pallet was thawed on ice and suspended in 200 ml of 

buffer A (50 mM Tris-HCl pH 7.5, 0.5 mM EDTA, 5 mM B-MeOH, 10% glycerol w/v) 

and stirred gently until the suspension was homogeneous. About 50 ml of buffer B (200 

mM Tris-HCl pH 7.5, 1 M NaCl, 1.5M ammonium sulfate, 100 mM Spermidyne-HCl) 

was added for the final volume of ~ 250 ml. Freshly prepared 

phenylmethanesulfonylfluoride (PMSF) was added to the final concentration of 0.2 mM 

and the pH was adjusted to ~ 8.5 with 2 M Tris-Base. Next, the lysozyme was added to 

the final concentration of 400 μg/ml and the suspension was incubate with gentle stirring 

for 30 minutes on ice Next, sodium deoxycholate to the final concentration of 0.04% was 

added and the suspension was stirred for additional for 30 minutes. After that the cell 

suspension was placed in centrifuge bottles and centrifuge, for 30 min, at 12000 rpm in 

Sorvall GSA rotor to collect soluble protein of interest in the supernatant. 0.5% of 

Polymin P, in 3 portions, over a period of 30 min, with gentle stirring, was added to 

precipitate the nucleic acid. Again, the supernatant was centrifuged to remove white 

precipitation for 30 min in GSA rotor at 12000 rpm and the supernatant was collected. To 

the supernatant ammonium sulfate was added, in portions, while stirring gently for 30 

min, to the concentration of 0.30 g/ml. Additionally, the suspension was incubated for 

extra 30 min with stirring after ammonium sulfate was added. The suspension was 

centrifuged at 12000 rpm, for 30 min, in GSA rotor. The protein of interest was in the 

pallet which was then dissolved in ~50 ml of buffer B1 (50 mM Tris-HCl pH 7.1, 1 mM 
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DTT, 100 mM NaCl, 20% glycerol w/v) and dialyzed against 1000 ml of buffer B1 

overnight. Precipitation formed in the dialysis bags and was removed by centrifugation at 

12000 rpm, for 30 min, in GSA rotor and the supernatant was loaded onto the standard, 

Heparin Sepharose CL-6B Column. Bound PriB was eluted with buffer B500 (50 mM 

Tris-HCl pH 7.1, 1 mM DTT, 500 mM NaCl, 20% glycerol w/v) and a large volume of 

the sample was ammonium sulfate precipitated to the concentration of 0.3 g/ml. 

Ammonium sulfate was added in portions while stirring gently for 30 min. Additionally, 

the suspension was incubated for extra 30 min with stirring after ammonium sulfate was 

added. The suspension was centrifuged at 12000 rpm, for 30 min, in GSA rotor. The 

protein of interest was in the pallet which was then dissolved in buffer B1 (50 mM Tris-

HCl pH 7.1, 1 mM DTT, 100 mM NaCl, 20% glycerol w/v) and dialyzed overnight 

against 1000 ml of the same buffer. After dialysis was stopped the sample was 

centrifuged at 12000 rpm, for 30 min, in GSA rotor. In the next step the DEAE Sephacryl 

Column was used. PriB doesn’t bind to that column and comes out in large volume of 

follow through which was then ammonium sulfate precipitated to the concentration of 

0.30 g/ml. Ammonium sulfate was added in portions, while stirring gently for 30 min. 

Additionally, the suspension was incubated for extra 30 min with stirring after 

ammonium sulfate was added. The suspension was centrifuged at 12000 rpm, for 30 min, 

in GSA rotor. The protein of interest was in the pallet which was then dissolved in buffer 

B1 (50 mM Tris-HCl pH 7.1, 1 mM DTT, 100 mM NaCl, 20% glycerol w/v) and 

dialyzed overnight against 1000 ml of the same buffer. Next, the pure protein sample is 

dialyzed overnight against 1000 ml of storage buffer (50 mM Tris-HCl pH 7.1, 1 mM 

DTT, 300 mM NaCl, 50% glycerol w/v) and stored in -80°C. Typical yield of this 

purification protocol for untagged PriB was ~ 90 mg of pure protein form ~ 35 g of 

frozen cell pallet. 
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The tagged PriB has DNA-binding properties indistinguishable for the 

unmodified protein; therefore, in all experiments described in this Chapter a tagged PriB 

protein was used. 

Before each use frozen PriB sample was allowed to thaw on ice, transferred to the 

dialysis bag, and dialyzed against ~ 150 ml of buffer C100 for 4-6 hours. After that time, 

the buffer was exchanged and the dialysis was allowed to go overnight. The protein 

sample was then centrifuged at 15000 rpm for 20 minutes and the absorption spectrum of 

the PriB protein was taken. In these solution conditions, the maximum solubility of the 

PriB protein was about 1.1 x 10-4 M. 

5.3.5 Determination of Extinction Coefficient of the PriB Protein. 

The concentration of the protein was spectrophotometrically determined, with an 

extinction coefficient ε280 = 1.0776 x 104 cm-1M-1 (dimer) obtained using an approach 

based on the Edelhoch’s method27,56-61,64,65,81,92,99. 

5.3.6 Fluorescence Measurements.  

All steady-state fluorescence titrations were performed using the ISS PC-1 

spectrofluorometer (Urbana, IL) as previously described27,56-63,81,92,99. The temperature of 

the cuvette holder was regulated by circulating water at 10.0 ± 0.1 °C. The PriB protein - 

ssDNA binding was followed by monitoring the etheno-derivative fluorescence of the 

nucleic acids (λex = 325 nm, λem = 410 nm). In order to avoid possible artifacts, due to the 

fluorescence anisotropy of the sample, polarizers were placed in excitation and emission 

channels and set at 90° and 55° (magic angle), respectively27,56-63,81,92,99. The relative 

fluorescence increase, ΔFobs, of the DNA emission upon protein binding is defined as, 

ΔFobs = (Fi – Fo)/Fo, where Fi is the fluorescence of the sample at a given titration point 

“i” and Fo is the initial fluorescence of the same solution1,27,56-63,81,92.  
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5.3.7 Determination of Thermodynamically Quantitative Binding Isotherms 

of the PriB Protein - ssDNA Complexes. 

In this Chapter, the binding of PriB protein to the DNA oligomers was followed 

by monitoring the fluorescence increase, ΔF, of etheno-derivative of the nucleic acid90-92. 

Quantitative estimates of the total average degree of binding, ΣΘi (average number of 

bound PriB dimers per DNA oligomer) and the free protein concentration, PF, 

independent of any assumption about the relationship between the observed spectroscopic 

signal and ΣΘi, were determined using the approach previously described in section 

2.3.71,56,57,82,87,92. Computer fits were performed using Mathematica (Wolfram, IL) and 

KaleidaGraph (Synergy Software, PA). 

5.3.8 Analytical Ultracentrifugation Measurements. 

All analytical ultracentrifugation experiments were performed with an Optima 

XL-A analytical ultracentrifuge (Beckman Inc., Palo Alto, CA), as was previously 

described in section 2.3.827,66-69,72,76,81,82,92. 

5.3.9 Determination of PriB Partial Specific Volume. 

Partial specific volume of the PriB protein (υ) was calculated from the amino acid 

composition of the protein according to Lee and Timasheff and was 0.733 mL/g27,70,81. 

5.3.10 Photo-Cross-Linking Experiments. 

Photo-cross-linking of the PriB - ssDNA complex has been performed in the same 

buffer as the binding experiments81. The ssDNA oligomer, dT(pT)19, has been labeled at 

the 5’ end with [32P], using polynucleotide kinase81,92,93,102. The samples (total volume 

100 μl) were placed on Parafilm, in ~ 10°C water bath, and irradiated for 20 minutes, at a 
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distance of 11 cm, using a mineral lamp (model UVG-11) with a maximum output of 254 

nm81,92. The controls were performed to determine the optimal time for cross-linking and 

to avoid possible degradation of the protein by prolonged exposure to UV light81,92. The 

samples collected at different protein concentrations were loaded on 15% SDS 

polyacrylamide gel and electrophoresis was performed at a constant voltage81,92. The gels 

were stained with Coomassie Brilliant Blue and scanned, using the phosphorimager SI 

(Molecular Dynamics, PA)81,92,93,102. 

5.4 RESULTS 

5.4.1 The PriB Protein. 

The enzyme was > 98% pure as judged by polyacrylamide electrophoresis with 

Coomassie Brilliant Blue staining (Figure 5.2). The identity of the sample was confirmed 

by both mass spectrometry and N-terminal sequencing. 

5.4.2 The Hydrodynamic Properties of the PriB Protein. 

Typical sedimentation velocity profiles of the PriB protein performed at 60000 

rpm, monitored at 280 nm, in the standard buffer C100 are shown in Figure 5.3a. The 

concentration of the PriB protein is 6.03 x 10-5M (dimer)72,76,78-81. Inspection of the 

profiles clearly shows that there is a single moving boundary72,74,76. The sedimentation 

coefficient of the PriB protein has been obtained using the time-derivative approach and 

corrected for solvent viscosity and temperature to standard conditions66,67,69,72,76. The 

dependence of the sedimentation coefficient (s20,w) upon the protein concentration, is 

shown in Figure 5.3b72,76. Within experimental accuracy values of s20,w are similar and 

show a very little dependence upon the examined protein concentration range72,74,76. The  



 177 

 

 

 

 

 

 

 

 

 
Figure 5.2 15% SDS polyacrylamide gel of the final step of the PriB protein 
purification. Serial dilution clearly shows that employed purification protocol yields the 
PriB protein of high purity 27,56-61,92,99.  

 

 



 178 

 

 

 

 

 
Figure 5.3 PriB in solution sediments as a single homogenous species. a. Example 
of typical analytical sedimentation velocity profiles recorded at 280 nm and 60000 rpm 
for [6.03 x 10-5M (dimer)] of PriB72,74,76. b. The dependence of the sedimentation 
coefficient (s20,w) upon the PriB concentration72,74,76,81. 
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Figure 5.4 Sedimentation equilibrium concentration profile of PriB. Example of a 
typical sedimentation equilibrium profile recorded at 26000 rpm and monitored at 280 
nm66-69,81. The concentration of PriB was 5.76 x 10-6 M (dimer). The solid red line is the 
nonlinear least-squares fit, using the single exponential function defined by equation 2.4 
with the molecular mass of 24001 Da66-69,81. 
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extrapolation of the plots to [PriB] = 0 provides s°20,w = 2.48 ± 0.1 S in examined solution 

conditions (Figure 5.3b)66,68,72,76. 

The primary structure of the PriB protein indicates that the molecular weight of 

the monomer is ~ 11,400 kDa. The oligomeric state of the protein in solution has been 

addressed using the analytical ultracentrifugation method66-69,76,81. An example of the 

sedimentation equilibrium profile of PriB [8.89 x 10-6M (dimer)] recorded at the protein 

absorption band (280 nm) is shown in Figure 5.466-69,76,81. The solid line is the nonlinear 

least-squares fit, using the single exponential function defined by equation 2.4 (section 

2.3.8)66-69,76,81. The fit provides an excellent description of the experimental curve 

indicating the presence of a single species with the molecular weight of 23,000 ± 300066-

69,76,81. Adding additional exponents does not improve the statistics of the fit (data not 

shown)66-69,76,81. The equilibrium sedimentation experiments have been performed at 

different protein concentrations and different rotational speeds, providing the molecular 

weight ranging from 20,000 to 26,000 (data not shown)66-69,76,81. These results indicate 

that PriB exists in solution as a stable dimer in the protein concentration range studied in 

this work81. 

5.4.3 The Total Site-Size of the PriB – ssDNA Complex. 

It was shown that the PriB protein binding to the ssDNA homopolymers is 

accompanied by a very modest change in the protein fluorescence emission (data not 

shown)81,111. This small change in the protein tryptophan’s fluorescence could limit the 

quality of the quantitative studies. The resolution of the binding studies described in this 

Chapter was significantly increased by the finding that the binding of PriB dimer to the 

etheno-derivative of the adenosine oligomers causes a strong nucleic acid fluorescence 

increase1,7,8,27,56,81. This excellent signal was used to perform the high-resolution 
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measurements of the stoichiometry and elucidation of the mechanism of the protein - 

ssDNA complex formation81. To address the fundamental problem of the stoichiometry 

of the PriB - ssDNA complex, we performed a series of quantitative studies using several 

ssDNA oligomers with different numbers of nucleotides1,7,27,56-58,81,92,99,117. 

Fluorescence titrations of the 20-mer, dεA(pεA)19, with the PriB protein at two 

different nucleic acid concentrations, in buffer C100, are shown in Figure 5.5a81. The 

shift of the titration curve at a higher nucleic acid concentration, results from the fact that 

more protein is required to obtain the same total average degree of binding, 

ΣΘi
1,27,56,57,81,92,99. The selected nucleic acid concentrations provide separation of the 

binding isotherms up to the relative fluorescence increase of ~ 0.881. To obtain 

thermodynamic binding parameters, independent of any assumption about the 

relationship between the observed signal and the total average degree of binding, ΣΘi the 

fluorescence titration curves, shown in Figure 5.5a, have been analyzed, using the 

quantitative approach outlined in section 2.3.6, section 5.3.6, and section 

5.3.71,81,85,87,94,95. Figure 5.5b shows the dependence of the relative fluorescence increase 

of the 20-mer, ΔF, as a function of the total average degree of binding, ΣΘi of the PriB 

protein81. Extrapolation to the maximum fluorescence change, ΔFmax = 1.18 ± 0.03, 

provides the stoichiometry of the complex 0.93 ± 0.15; as a result, a single PriB dimer 

binds to the ssDNA 20-mer81.  

The maximum stoichiometry of the PriB - ssDNA oligomer dramatically changes 

for the 26-mer, dεA(pεA)25, even though this oligomer is only 6 nucleotides longer than 

the 20-mer81. Fluorescence titrations of the dεA(pεA)25 with the PriB protein at two 

different oligomer concentrations, in buffer C100, are shown in Figure 5.5c81. Separation 

of the titration curves allowed us to determine the total average degree of binding, ΣΘi,  
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Figure 5.5 Total site-size of the PriB – ssDNA complex. a. Fluorescence titrations 
of the ssDNA 20-mer, dεA(pεA)19, with the PriB protein at two different nucleic acid 
concentrations: 4.8 x 10-7 M (■) and 4.8 x 10-6 M (□) (oligomer)1,56,81,94. The continuous 
lines are nonlinear least-squares fits of the titration curves, using the single-site binding 
isotherm described by equation 5.11,56,81,94. b. Dependence of the relative fluorescence 
increase, ΔF, of dεA(pεA)19, upon the total average degree of binding of the PriB dimer, 
ΣΘi (■)1,56,81,94. The continuous line follows the experimental points and has no 
theoretical basis. The broken line is the extrapolation of ΔF to its maximum value, ΔFmax. 
1,56,81,94. c. Fluorescence titrations of the ssDNA 26-mer, dεA(pεA)25, with the PriB 
protein at two different nucleic acid concentrations: 6.0 x 10-7 M (■) and 2.75 x 10-6 M 
(□) (oligomer)1,56,81,94. The continuous lines are nonlinear least-squares fits of the titration 
curves, using the statistical thermodynamic model, described by equations 5.4 – 5.7 
1,56,81,94. d. Dependence of ΔF, of dεA(pεA)25, upon the total average degree of binding of 
the PriB dimer, ΣΘi (■)1,56,81,94. The continuous lines indicate the slopes of the high and 
low-affinity phases of the plot. The broken line is the extrapolation of ΔF to its maximum 
value, ΔFmax

1,56,81,94. The continuous line is the computer simulation of the dependence of 
ΔF upon ΣΘi using equations 5.4 – 5.7 and the binding parameters obtained1,56,81,94. 
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up to ~1.481. The dependence of the relative fluorescence increase of the 26-mer, as a 

function of ΣΘi of the PriB protein on the oligomer, is shown in Figure 5.5d81. The plot is 

nonlinear, indicating the presence of two, high and low affinity binding 

phases1,81,85,87,94,95. Extrapolation of the weak affinity phase to the maximum fluorescence 

increase ΔFmax = 1.32 ± 0.03 provides ΣΘi = 1.9 ± 0.281. Consequently, the 26-mer 

provides enough interaction space for the binding of two PriB dimers81. 

Interestingly, additional increase of the nucleic acid length by as much as 9 

nucleotides does not influence the maximum stoichiometry and throughout two PriB 

dimers bound per ssDNA oligomer81. For example, fluorescence titrations of the 35-mer, 

dεA(pεA)34, with the PriB protein at two different nucleic acid concentrations, in buffer 

C100 are shown in Figure 5.6a81. The dependence of the relative fluorescence increase of 

the 35-mer, as a function of the total average degree of binding of the PriB protein on the 

oligomer, is shown in Figure 5.6b81. Extrapolation of the plot to the maximum 

fluorescence increase ΔFmax = 2.0 ± 0.05 provides ΣΘi = 2.1 ± 0.281. Notice, maximum 

increase of the nucleic acid fluorescence is significantly higher than that observed for the 

20- and 26-mer and the plot is, within experimental accuracy, linear81.  

5.4.4 Maximum Stoichiometry of the PriB Dimer – ssDNA Complex 

Determined by Sedimentation Equilibrium Method. 

Further studies of the PriB - ssDNA stoichiometry has been performed using the 

independent sedimentation equilibrium technique27,67,72,76-81,92. In this approach, we 

utilize the 21- and 27-mer containing fluorescein at its 5’ end, 5’-Fl-dT(pT)19 and 5’-Fl-

dT(pT)25 and the fact that the sedimentation equilibrium profile of the ssDNA oligomer 

can be exclusively monitored at the fluorescein absorption band, without any interference 

of the protein absorbance (section, 2.3.8 and section 5.3.3)27,67,72,76-81,92. The experiments,  
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Figure 5.6 Interactions of PriB – 35-mer ssDNA. a. Fluorescence titrations of the 
ssDNA 35-mer, dεA(pεA)34, with the PriB protein at two different nucleic acid 
concentrations: 4.0 x 10-7 M (■) and 2.0 x 10-6 M (□) (oligomer)81. The continuous lines 
are nonlinear least-squares fits of the titration curves, using the statistical thermodynamic 
model described by equations 5.4 – 5.781. b. Dependence of the relative fluorescence 
increase ΔF, of dεA(pεA)34, upon the total average degree of binding of the PriB dimer, 
ΣΘi (■)81. The continuous line follows the experimental points and has no theoretical 
basis81. The broken line is the extrapolation of ΔF to its maximum value, ΔFmax=2.0 81. 
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described here, have been performed at the large excess of the PriB protein to assure full 

saturation of the nucleic acid over the entire equilibrium profile27,67,72,76-81,92. Because the 

molecular weights of the 21- or 27-mer are relatively small, ~ 6700 and ~ 8600, 

respectively, the formation of the complex between the oligomer and the PriB dimer, 

with a molecular weight of ~ 23,000, will be manifested by a large increase of the 

molecular weight of the nucleic acid (section 2.3.8 and section 5.4.2)27,67,72,76-81,92. 

Sedimentation equilibrium profiles of the ssDNA 21-mer, 5’-Fl-dT(pT)19, in the 

presence of the PriB dimer, recorded at the fluorescein absorption band (495 nm) is 

shown in Figure 5.7a81. PriB and the nucleic acid concentrations are 1.86 x 10-5 M 

(dimer) and 1.56 x 10-6 M (oligomer), respectively81. The solid line is the nonlinear least 

squares fit, using the single exponential function defined equation 2.4 (section 2.3.8) 

27,67,72,76-81,92. Adding additional exponents does not improve the statistics of the fit (data 

not shown)81. The fit provides an excellent description of the experimental curve 

indicating the presence of a single species with the molecular weight of 27200 ± 2900; 

therefore, the data show that a single PriB dimer binds to the ssDNA 21-mer81. 

Analogous sedimentation equilibrium profiles of the ssDNA 27-mer, 5’-Fl-

dT(pT)25, in the presence of the PriB dimer, is shown in Figure 5.7b81. The protein and 

the nucleic acid concentrations are 1 x 10-5 M (dimer) and 1.58 x 10-6 M (oligomer), 

respectively81. The solid line is the nonlinear least squares fit, using the single 

exponential function defined by equation 2.4, which indicates the presence of a single 

species with the molecular weight of 51300 ± 5100 (section 2.3.8)27,67,72,76-81,92. 

Therefore, the results of the sedimentation equilibrium experiments unambiguously show 

that two PriB dimers bind to the 27-mer, which is in accord with the fluorescence titration 

data (Figure 5.6 and Figure 5.7)81. 
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Figure 5.7 Sedimentation equilibrium studies of PriB – ssDNA complexes. a. 
Sedimentation equilibrium concentration profile of the ssDNA 21-mer, 5’-Fl-dT(pT)19 
[1.56 x 10-6 M (oligomer)] in the presence of PriB protein [1.86 x 10-5 M (dimer)]81. The 
profile has been recorded at 495 nm and at 28,000 rpm81. The continuous line is the 
nonlinear least squares fit to a single exponential function (equation 2.4) with single 
species having a molecular mass of 27,200 ± 2900 Da 81. b. Sedimentation equilibrium 
concentration profile of the ssDNA 27-mer, 5’-Fl-dT(pT)25 [1.58 x 10-6 M (oligomer)] in 
the presence of the PriB protein [1 x 10-5 M] 81. The profile has been recorded at 495 nm 
and at 18,000 rpm81. The continuous line is the nonlinear least-squares fit to a single 
exponential function (equation 2.4) with a single species having a molecular mass of 
51,300 ± 5000 Da 81. 
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5.4.5 Determination of the Site-Size of the PriB Dimer – ssDNA Interactions. 

Analogous quantitative analysis of the maximum stoichiometry of PriB – ssDNA 

complexes, as described for 20- and 26 - mer in section 5.4.3 and section 5.4.4, have been 

performed for a series of ssDNA oligomers ranging from 14 to 35 nucleotides in 

length1,7,27,56-59,81,117. The dependence of the maximum number of bound PriB dimers per 

ssDNA oligomer upon the length of the oligomer is shown in Figure 5.881. It is evident 

that a single PriB dimer binds to the oligomers containing 14, 16, 18, and 20 

nucleotides81. A sharp transition from a single PriB dimer bound per ssDNA oligomer to 

two PriB dimers bound per oligomer occurs between 20- and 24-mers (Figure 5.8)81. 

Further increase in the length of the oligomer up to 35 nucleotides, does not lead to the 

increase in the number of bound PriB dimers81. As a result, the total site-size of the PriB - 

ssDNA complex must contain at least 11 but less than 18 nucleotides per protein dimer81. 

5.4.6 Intrinsic Affinity of the PriB protein – ssDNA Interactions.  

Binding of a single PriB dimer to 14-, 16-, 18-, and 20-mer can be analyzed using 

a single-site-binding isotherm described by  

 

ΔF=ΔFmax [
KN PF

1+KN PF
]        (5.1) 

 

where KN is the macroscopic binding constant characterizing the affinity for a given 

ssDNA oligomer, containing N nucleotides, and ΔFmax is the maximum relative 

fluorescence increase1,7,56,81,85,87. The solid lines in Figures 5.5a are nonlinear least 

squares fits of the experimental titration curve for the PriB - 20-mer complex using 

equation 5.1, and a single set of binding and spectroscopic parameters1,56,81. The values of  



 188 

 

 

 

 
 
 
 
Figure 5.8 The site-size of the PriB dimer – ssDNA interactions a. The maximum 
number of the PriB protein dimers bound per ssDNA oligomer, as a function of the length 
of the nucleic acid81. The continuous lines follow the experimental points and have no 
theoretical basis81. The number of the bound PriB protein dimers has been determined 
using the quantitative approach described in section 5.4.6 and section 5.4.7 81. 
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KN, for all studied ssDNA oligomers described in this Chapter, which can accept only a 

single PriB dimer, are included in Table 5.181. 

Notice that the value of KN, within experimental error, increases as the length of 

the ssDNA oligomers increases1,56,81. This behavior is an indication that there is a 

statistical factor hidden in KN
81. This is a consequence of the fact that the number of 

nucleotides engaged in direct interactions with the ssDNA-binding site of the PriB dimer 

must be less than the length of the examined ssDNA oligomers1,56,81,86,88,89. These direct 

intrinsic interactions can be characterized by the intrinsic binding constant, Ki
1,56,81,86,88,89. 

Using Ki, the expression describing the binding of the PriB dimer to the ssDNA 

oligomers, which can accommodate only a single dimer molecule, is defined as  

 

ΔF=ΔFmax
(N - n +1)Ki PF

1 + (N - n +1) Ki PF

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟        (5.2) 

 

where n is the number of nucleotides engaged in direct interactions with the DNA-

binding site of the protein1,56,81,86,88,89. Thus, expression 5.2 takes into account the overlap 

of the potential binding sites1,56,81,86,88,89. The determined macroscopic binding constant, 

KN, may be then defined as 

 

KN = (N− n + 1) Ki        (5.3a) 

 

and 

 

KN = NKi − (n − 1) Ki       (5.3b) 
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Figure 5.9 The site - size of PriB – ssDNA is 12 ± 1 nucleotides. The dependence of 
the macroscopic equilibrium binding constant, KN, characterizing the binding of the PriB 
protein dimer to different etheno-derivatives of the ssDNA oligomers, upon the length of 
the ssDNA oligomer (nucleotides)81. The continuous line is the linear least-squares fit of 
the plot according to equations 5.3a and 5.3b81. The broken line is the extrapolation of the 
plot to the zero value of the equilibrium binding constant81. 
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As a result, KN should be a linear function of N with the slope ∂KN/∂N = Ki and, if this is 

the case, for KN = 0, the plot of KN, as a function of the nucleic acid length, will intercept 

the N axis at the value of N = n – 11,56,81,86,88,89. The dependence of the macroscopic 

equilibrium constant, KN, for the PriB dimer binding to the ssDNA oligomers, big enough 

to accept only a single dimer, as functions of the ssDNA oligomer length, is shown in 

Figure 5.981. As evident from the figure, the plot is strictly linear81. Such behavior of KN 

is a very strong indication of the existence of several potential binding sites on the 

ssDNA oligomers1,56,81,86,88,89. Extrapolation of the plot to zero value of the macroscopic 

equilibrium constant intercepts the DNA length axis at N = n – 1 = 11.3 ± 1 and provides 

the site-size of the PriB dimer - ssDNA complex of n = 12 ± 1 nucleotides (Figure 

5.9)1,56,81,86,88,89. 

5.4.7 Intrinsic Affinities and Cooperativities of the PriB protein – ssDNA 

Interactions.  

Since the quantitative analysis of the PriB dimer binding to the 24-, 26-, 30-, and 

35-mer is much more complex, the partition function, ZN, for these systems must account 

for the potential overlap of the binding sites and the possible cooperative interactions 

between the bound protein molecules1,56,81,86,88,89. Such a binding system can be directly 

treated by the exact combinatorial theory for large ligand binding to a finite linear, 

homogeneous lattice1,56,81,88. The partition function, ZN, of the system is defined as 

 

( ) jk
Fi

g

0=k

1k

0j
PKj)(k,PZ NN ω∑ ∑

−

=
=         (5.4) 
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where g is the maximum number of ligand molecules which may bind to the finite 

nucleic acid lattice (for the nucleic acid lattice N residues long, g = N/n), ω is the 

cooperative interactions parameter, k is the number of ligand molecules bound, and j is 

the number of cooperative contacts between the k bound ligand molecules in a particular 

configuration on the lattice1,56,81,86,88,89. The combinatorial factor PN (k, j) is the number of 

distinct ways that k ligands bind to a lattice, with j cooperative contacts, and is defined 

by1,56,81,86,88,89 

 

PN (k, j) =
[(N − nk +1)!(k −1)!]

[(N − nk + j +1)!(k − j)!(k − j −1)!]
       (5.5) 

 

The total average degree of binding, ΣΘi, is then1,56,81,86,88,89 

 

ΣΘi =

kPN
j=0

k−1

∑
k=1

g

∑ (k, j) Ki PF( )k ω j

PN
j=0

k−1

∑
k=0

g

∑ (k, j) Ki PF( )k ω j
       (5.6) 

 

The value of the relative fluorescence increase, ΔF, at any titration point, is defined 

as1,56,81,86,88,89 

 

ΔF = ΔF1
N− n+1( )KiPF

ZN

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ + ΔFmax

PN
j=0

k−1

∑ (k, j) KiPF( )k ω j

ZN

⎡ 

⎣ 

⎢ 
⎢ 
⎢ 
⎢ 
⎢ 

⎤ 

⎦ 

⎥ 
⎥ 
⎥ 
⎥ 
⎥ 

     (5.7) 
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where ΔF1 and ΔFmax are the relative molar fluorescence increases accompanying the 

binding of one and two PriB dimers81. Since the values of the total site-size of the PriB - 

ssDNA complex, n = 12, was just determined above, in section 5.4.6, the value of ΔF1 

can be estimated for each ssDNA oligomer as ΔF1 = ∂ΔF/∂ΣΘi, from the initial part of the 

plot of ΔF as a function of ΣΘi, as shown in Figure 5.5d and Figure 5.6b, and the value of 

the maximum observed relative fluorescence increase (ΔFmax) can be estimated from the 

parental fluorescence titration curves, as shown in Figure 5.5c and Figure 5.6a, only two 

independent parameters, Ki, and ω must be determined1,56,81,88. The solid lines in Figure 

5.5c and Figure 5.6a are nonlinear least squares fits of the titration curves using equations 

5.4 – 5.7, which provide an excellent description of the experimental data providing 

spectroscopic and binding parameters for all etheno-derivatives of the ssDNA oligomers, 

which can accommodate two PriB dimers (Table 5.1)1,56,81,86,88,89.  

Inspection of the values of the intrinsic binding constants for the 24, 26-, 30-, and 

35-mer shows that they are very similar to each other and to the values of Ki, obtained for 

the oligomers, which can accommodate only a single dimer molecule (Table 5.1)1,56,81. 

Such similarity indicates that the same intrinsic binding process is observed1,56,81. The 

value of the cooperativity parameter is very large, ω ≈ 45 – 50, indicating the PriB dimer 

binds the ssDNA with strong positive cooperative interactions could form long clusters 

on the nucleic acid lattice1,56,81,88,92. Yet again, within experimental accuracy, ω for the 

24-, 26-, 30-, and 35-mer is the same indicating that the nature of the cooperative 

interactions in complex with different oligomers is similar1,56,81,88,92. Interestingly, the 

value of ΔF1, describing binding of the first PriB dimer to the ssDNA is lower than the 

value observed for the ssDNA oligomers which accept only a single PriB dimer (Table 

5.1)1,56,81. This behavior may reflects the fact that a single PriB dimer exerts less 

pronounced effect on the nucleic acid structure in the case of the longer oligomer, where 
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large part of the nucleic acid is not engaged in interactions with the protein1,56,81. 

Nevertheless, with the exception of the 35-mer, the value of ΔFmax is similar to the 

analogous parameter obtained for shorter oligomers, indicating similar nucleic acid 

structure in the examined complexes (Table 5.1)1,56,81.  

5.4.8 The Effect of Salt on the Intrinsic PriB – ssDNA Interactions.  

Fluorescence titrations of dεA(pεA)19 with the PriB protein, in buffer C100 

containing different NaCl concentrations, are shown in Figure 5.10a81. Parallel studies 

have been performed in the presence of NaBr (data not shown)81. As the salt 

concentration increases, there is a modest decrease of the maximum fluorescence increase 

at saturation, ΔFmax, from ~ 1.2 at 100 mM to ~ 1.0 at 154 mM NaCl, indicating the 

similar structure of the nucleic acid in the complex1,56,81. The solid lines in Figures 5.10a 

are nonlinear least squares fits to a single-site binding model with two fitting parameters, 

K20, and the maximum relative fluorescence increase, ΔFmax as described above in section 

5.4.6 (equation 5.1)1,56,81. Figure 5.10b shows the dependence of the logarithm of K20 

upon the logarithm of NaCl and NaBr concentrations (log-log plots)1,27,56,57,81,83,84,92. The 

plots are linear in the examined salt concentration range and are characterized by the 

slopes ∂logK20/∂log[NaCl] = - 5.7 ± 0.5 and ∂logK20/∂log[NaBr] = - 5.4 ± 0.5, 

respectively1,27,56,57,81,83,84,92. The values of the slopes indicate that there is a net release of 

~ 5 - 6 ions upon the complex formation, with an indication of a clear anion effect on the 

interactions reflected in the value of the binding constant, which is lower in the presence 

of NaBr, as compared to K20 in the analogous NaCl concentrations1,27,56,57,81,83,84,92.  
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5.4.9 The Effect of Magnesium on the Intrinsic Interactions of PriB – ssDNA.  

A series of fluorescence titrations of dεA(pεA)19 with the PriB protein, in buffer 

C100, containing different MgCl2 concentrations, are shown in Figure 5.10c1,27,56,81,83. 

Again, both macroscopic affinity and ΔFmax decrease as a result of the magnesium  
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Figure 5.10 The salt effect on the intrinsic PriB – ssDNA interactions. a. 
Fluorescence titrations of the ssDNA 20-mer, dεA(pεA)19 [4.8 x 10-7 M (oligomer)] with 
the PriB protein at different NaCl concentrations: 100 mM (■); 113.5 mM (□); 127 mM 
(●); 136 mM (○); 154 mM (▲)81. The continuous lines are nonlinear least-squares fits of 
the titration curves, using the single-site binding isotherm described by equation 5.1 with 
ΔFmax, K20: 1.18, 1.7 x 106 M-1 (■); 1.17, 7.5 x 105 M-1 (□); 1.15, 4.5 x 105 M-1 (●); 1.07, 
2.7 x 105 M-1 (○); 0.99, 1.4 x 105 M-1 (▲)81. b. The dependence of the logarithm of K20 
upon the logarithm of the concentration of NaCl (■) and NaBr (□), respectively81. The 
continuous lines are linear least-squares fits, which provide the slope 
∂logK20/∂log[NaCl]= - 5.7 ± 0.6 and ∂logK20/∂log[NaBr] = - 5.4±0.681. c. Fluorescence 
titrations of the ssDNA 20-mer, dεA(pεA)19, with the PriB protein containing 0.1 mM 
EDTA and different concentrations of MgCl2: 0 mM (■); 1.9 mM (□); 2.9 mM (●); 4.9 
mM (○); 5.9 mM (▲)81. The continuous lines are nonlinear least-squares fits of the 
titration curves, using the single-site isotherm described by equation 5.1 with ΔFmax, K20: 
1.17, 1.45 x 106 M−1 (■); 1.16, 1.0 x 106 M−1 (□); 1.13, 7.0 x 105 M−1 (●); 1.09, 2.9 x 
105M−1 (○); 1.0, 2.0 x 105M−1 (▲)81. d. The dependence of the logarithm of K20 upon the 
logarithm of [MgCl2] (■)81. The continuous line is the linear least-squares fit of the plot 
in the high [MgCl2] range, which provides the slope ∂logK20/∂log [MgCl2]=−1.8±0.4 81. 
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concentration increase1,56,81. As described above, the solid lines in Figure 5.10c are 

nonlinear least squares fits to a single-site-binding model, with two fitting parameters, 

intrinsic binding constant, K20, and ΔFmax (equation 5.1)1,56,81. Figure 5.10d shows the 

dependence of the logarithm of K20 upon the logarithm of [MgCl2] (log-log 

plot)1,27,56,81,83,84. Contrary to the behavior depicted in the presence of different 

concentrations of NaCl or NaBr, the plot is evidently nonlinear1,56,81. At low magnesium 

concentrations, the slope, ∂logK20/∂log[MgCl2] = ~ 0 ± 0.2. Beyond ~ 1 mM MgCl2 the 

affinity dramatically decreases, indicating that the intrinsic binding process is 

accompanied by a net ion release with ∂logK20/∂log[MgCl2] = –1.8 ± 0.41,27,56,81,83,84,92. 

5.4.10 The Effect of Salt on the Intrinsic Affinity and Cooperativity of PriB 

Dimer – ssDNA Interactions.  

To address the effect salt on the intrinsic affinity and cooperativity of the PriB 

protein binding to the ssDNA, 26-mer was used, which can accept two PriB dimer 

molecules (Table 5.1)81. Fluorescence titrations of dεA(pεA)25, with the PriB protein in 

buffer C100, containing different NaCl concentrations, are shown in Figure 5.11a81. 

Analysis of the titration curves has been performed, as described above in section 5.4.7, 

and the solid lines in Figure 5.11a are nonlinear least squares fits using equations 5.4 – 

5.71,27,56,81,83,84,92. The dependence of the logarithm of the intrinsic binding constant, Ki, 

upon the logarithm of NaCl concentration is shown in Figure 5.11b1,81,83,84. The plot is 

linear in the studied salt concentration range and is characterized by the slope ∂logKi/∂log 

[NaCl] = - 5.3 ± 0.6, which is very interesting1,27,56,81,83,84. The value of this slope is 

within experimental accuracy the same as observed for the 20-mer, which can 

accommodate only one PriB dimer81. As a result, the intrinsic interactions between the 

PriB dimer and the 26-mer are accompanied by the release of ~ 5 - 6 ions1,56,81,83,84. The  
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Figure 5.11 The salt effect on the intrinsic affinity and cooperativity of PriB – 
ssDNA interactions. a. Fluorescence titrations of the ssDNA 26-mer, dεA(pεA)25 [6 x 
10-7 M (oligomer)] with the PriB protein at different NaCl concentrations: 100 mM (■); 
127 mM (□); 154 mM (●); 172 mM (○)81. The continuous lines are nonlinear least-
squares fits of the titration curves, using the statistical thermodynamic model described 
by equations 5.4 – 5.7 with ΔF1, ΔFmax, Ki, ω: 0.8, 1.08, 2.8 x 105 M-1, 45 (■); 0.8, 1.02, 8 
x 104 M-1, 28 (□); 0.8, 0.91, 3.5 x 104 M-1, 15 (●); 0.77, 0.78, 1.4 x 104 M-1, 10 (○)81. b. 
The dependence of the logarithm of the intrinsic binding constant Ki upon the logarithm 
of [NaCl]81. The continuous line is the linear least-squares fit, which provides the slope 
∂logKi/∂log[NaCl]= - 5.3 ± 0.6 81. c. The dependence of the logarithm of the 
cooperativity parameter, ω, upon the logarithm of [NaCl]81. The continuous line is the 
linear least-squares fit, which provides the slope ∂logω/∂log[NaCl]= - 2.8 ± 0.6 81. 
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dependence of the logarithm of the cooperative interactions parameter, ω, upon the 

logarithm of [NaCl], is shown in Figure 5.11c56,81,83,84. The value of ω strongly decreases 

with increasing NaCl concentration, indicating that positive cooperative interactions are 

weakened by high salt concentrations1,56,81,83,84,92. The salt effect on the free energy of 

cooperative interactions between the two bound PriB molecules is characterized by the 

negative slope, ∂logω/∂log[NaCl] = - 2.8 ± 0.6, therefore, cooperative interactions 

between the bound protein molecules are accompanied by the net release of ~ 3 

ions56,81,83,84. 

5.4.11 The Effect of Temperature on the Intrinsic PriB – ssDNA Interactions.  

In a next step, the nature of the intrinsic interactions in the PriB - ssDNA complex 

was addressed by examining the temperature effect on the protein binding to the ssDNA 

20-mer, dεA(pεA)19
81. Figure 5.12 shows a very unusual results of fluorescence titrations 

of dεA(pεA)19 with the PriB protein performed at different temperatures81. It is clear that 

in the range from 5°C to 20°C, neither the intrinsic affinity nor the values of ΔFmax are 

affected by temperature81. The solid line in Figure 5.12 is the nonlinear least squares fit 

of the experimental titration curve, obtained at 10°C, using Ki = 1.9 x 105 M-1 and ΔFmax 

= 1.18 (Table 5.1)81. Within experimental accuracy, the fit provides remarkably adequate 

description for titration curves obtained at all examined temperatures81. As a result, the 

PriB - ssDNA interactions must be characterized by the apparent enthalpy change of ΔH° 

≈ 081. In other words, the intrinsic interactions are completely driven by the apparent 

entropy change, ΔS°81. Using the standard thermodynamic formulas, ΔG° = -RTLnKi, 

and ΔS° = ( - ΔG° + ΔH°)/T, one obtains the free energy of binding at 10°C, ΔG° ≈ - 6.8 

kcal/mole, which provides ΔS° ≈ 24 cal/mol deg81.  
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Figure 5.12 The temperature effect on the PriB - ssDNA interactions. Fluorescence 
titrations of the ssDNA 20-mer, dεA(pεA)19 [4.8 x 10-7 M (oligomer)] with the PriB 
protein at different temperatures: 5°C (■), 10°C (□), 15°C (●), 20°C (▲)81.The 
continuous line is the nonlinear least-squares fit of the titration curve, obtained at 10 °C, 
using the single-site binding isotherm defined by equation 5.1 with K20 = 1.7 x 106 M-1 
and ΔFmax = 1.18, respectively81. 
 



 201 

5.4.12 The Base Specificity of PriB – ssDNA Interactions. 

Quantitative determination of affinities of the PriB protein for unmodified 

ssDNAs, differing by the type of base, has been performed using the macromolecular 

competition titration (MCT) as described in Chapter 4, section 4.4.71,57,81,87,116. In accord 

with the base specificity studies described for 181aa N-terminal domain of PriA, in 

experiments described in this Chapter, the 20-mer, dεA(pεA)19 was used as a reference 

lattice, and the base specificity of the PriB protein has been examined using different 20-

mers, dN(pN)19
1,57,81. 

Fluorescence titrations of dεA(pεA)19 with the PriB protein in buffer C100 in the 

absence and presence of two different dT(pT)19 concentrations, are shown in Figure 

5.13a81. The titration curve dramatically shifts, with increasing dT(pT)19 concentration, 

indicating a strong competition between dεA(pεA)19 and dT(pT)19 for the PriB 

protein1,57,81,87,116. K20R = 1.7 x 106 M-1 and ΔFmax = 1.18 are known from independent 

titration experiments (Figure 5.5a)81. Parallel fluorescence titrations of dεA(pεA)19 with 

the PriB protein alone and in the presence of dA(pA)19 and dC(pC)19, at the same 

concentration of both ssDNA oligomers, are shown in Figure 5.13b. As observed for 

dT(pT)19, the titration curve significantly shifts in the presence of dC(pC)19, while it is 

barely affected by the same concentration of dA(pA)19
1,57,81. The solid lines in Figure 

5.13a and Figure 5.13b are nonlinear least squares fits of the experimental titration 

curves, with a single fitting parameter, K20S, using equations 4.9 and 4.10 in section 

4.4.71,57,81,116. The values of the binding constants, K20S, obtained for pyrimidine 

oligomers dT(pT)19 and dC(pC)19 are ~ 3 and ~ 2 of magnitude higher than the analogous 

parameter determined for the homo-purine oligomer, dA(pA)19 (Table 5.2)81. 
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Figure 5.13 The base specificity of PriB – ssDNA interactions. a. Fluorescence 
titrations of the ssDNA 20-mer, dεA(pεA)19 [4.8 x 10-7 M (oligomer)] with the PriB 
protein in the absence (■) and in the presence of two different concentrations of dT(pT)19: 
1.5 x 10-7 M (○) and 5 x 10-7 M (▲)81. The continuous lines are nonlinear least-squares 
fits of the binding titration curves, using equations 4.9 and 4.10, with the binding constant 
for dεA(pεA)19, K20 = 1.7 x 106 M-1 and ΔFmax = 1.18, and the intrinsic binding constant 
K20S = 3 x 108 M-1 for dT(pT)19

81. b. Fluorescence titrations of the ssDNA 20-mer, 
dεA(pεA)19 [4.8 x 10-7 M (oligomer)] with the PriB protein in the absence (■) and in the 
presence of dA(pA)19 (□) and dC(pC)19 (●)81. The concentration of dA(pA)19 and 
dC(pC)19 is 5 x 10-7 M (oligomer) 81. The continuous lines are nonlinear least-squares fits 
of the binding titration curves using equations 4.9 and 4.10, with the binding constant K20 
= 1.7 x 106 M-1, ΔFmax=1.18 for dεA(pεA)19 and the binding constant K20S = 3.5 x 105 
M−1 for dA(pA)19 and K20S = 2.5 x 107 M-1 for dC(pC)19

81. 
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5.4.13 Photo-Cross-Linking of the PriB Dimer To the ssDNA. 

The involvement of the monomers of the PriB dimer in the interactions with the 

ssDNA, has been addressed using the UV irradiation81,92,102,116. UV irradiation generates 

covalent linkage between nucleic acid bases and amino acid residues through free-radical 

mechanisms between photo-excited nucleic acid bases and the amino acid residues in 

very close proximity, resulting in a "zero-length" cross-linking with minimal perturbation 

to the protein - nucleic acid complex81,92,102,116. Thymine is the most reactive base, 

therefore, it was used here in the photo-cross-linking reaction81,92,102,116. Thus, parallel to 

our thermodynamic binding studies, we performed photo-cross-linking experiments of 

the PriB dimer - dT(pT)19 complex81,92,102,116. The nucleic acid has been labeled at the 5' 

end with [32P], using polynucleotide kinase81,92,93,102,116. Figure 5.14a shows the 

autoradiogram of the SDS polyacrylamide gel of the PriB - dT(pT)20 complex, after 

irradiation, at different protein concentrations81. At the highest protein concentration 

applied, the nucleic acid is completely saturated with the protein and only a single 

radioactive band appears on the gel, at the molecular weight of ~ 17,000, corresponding 

to the PriB monomer - 20-mer complex81. The same gel but stained with Coomassie 

Brilliant Blue is shown in Figure 5.14b where a single protein band at ~ 12,000 indicates 

the location of the PriB monomer81. The same location of the PriB monomer band is 

observed for the non-irradiated complex and the PriB protein alone (Figure 5.14b). As a 

result, only one monomer of the PriB dimer is engaged in interactions with ssDNA in the 

complex, independent of the protein concentration81. 
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Figure 5.14 Photo-cross-linking of PriB to ssDNA. a. An autoradiogram of the 15% 
SDS polyacrylamide gel of the PriB – 5’-[32P]dT20 complex, after UV-mediated cross-
linking of the protein to the DNA, formed at different concentrations of the PriB dimer81. 
The concentration of the 5’-[32P]dT20 is 5 x 10-6 M (oligomer). Lane 0 contains protein 
molecular markers. Lane 1 contains the control sample, which is the PriB – dT20 complex 
not subjected to UV irradiation. Lanes 2 – 4, a constant concentration of the ssDNA 20-
mer and increasing concentrations of the PriB protein (dimer): lane 2, 5 x 10-6 M; 3, 8 x 
10-6 M; and 4, 1.3 x 10-5 M. Lane 5 contains only the PriB protein (5 x 10-6 M (dimer) in 
the absence of the 5’-[32P]dT20. Lane 6 contains the 5’-[32P]dT20 alone. (b) The same gel 
as shown in panel a, but stained with Coomassie Brilliant Blue81. 
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5.5 DISCUSSION 

5.5.1 The Total Site-Size of the PriB Dimer – ssDNA Complex Is 12 ± 1 

Nucleotides.  

The total site-size of a large protein ligand - DNA complex corresponds to the 

portion of the DNA occluded by a bound protein and, in addition, includes nucleotides 

prevented from interacting with another protein molecules by the protruding protein 

matrix of the bound protein1,81,86,88,89,95,116. This elementary quantity has to be determined 

in any quantitative analysis of the energetics and dynamics of the protein - DNA 

complex, and is vital if any conclusions about the physiological activities of the protein 

are proposed1,81,86,88,89,95,116. The strategy applied in this Chapter relies on the examination 

of the maximum stoichiometry and macroscopic affinity of the PriB - ssDNA complexes 

with the ssDNA oligomers, which can accommodate one or two PriB 

dimers1,7,56,57,81,95,116,117. The strictly linear dependence of the macroscopic binding 

constant for the oligomers, which can accommodate only a single PriB dimer, upon the 

length of the ssDNA oligomer (Figure 5.10) indicates that the minimum length of the 

nucleic acid, which forms all necessary contacts with the binding site on the protein, is 12 

± 1 nucleotides81. 

The change of the maximum stoichiometry from one to two bound PriB dimers 

takes place between the 20 and 24 mer, indicating that a stretch of 24 nucleotides is long 

enough for the second PriB dimer to associate with the ssDNA (Figure 5.9)81. In addition, 

only two PriB dimers bind to the 35-mer, which is only possible if the total site-size is 12 

nucleotides81. Moreover, these data indicate that the ssDNA-binding site must be 

centrally located, with respect to the dimer molecule81. As pointed out above, very similar 



 206 

intrinsic affinities determined for the all oligomers, which can accept one PriB dimer or 

two dimers, indicate that the same intrinsic binding process, that is, the association with 

the same number of 12 nucleotides is observed (Table 5.1)81.  

5.5.2 PriB Possesses Only One DNA-Binding Site Located on a Single 

Monomer of the PriB Dimer.  

Depicted in Figure 5.1b is the model of the PriB dimer – ssDNA interactions, 

based on crystallographic studies81,113. According to that model, both protein monomers 

are able to engage the ssDNA 15-mer using assumed DNA-binding pockets, although 

located on two different dimers (Figure 5.1b)81,113. In other words, one PriB dimer has 

two possible DNA-binding sites, and two PriB dimers can bind to the ssDNA 15-

mer81,113. However, this is not experimentally observed in solution81. First, as shown in 

section 5.4.6, the total site-size of the protein – ssDNA interactions is only 12 ± 1 

nucleotides81. This is just enough to fill a single DNA-binding pocket of one monomer 

but not long enough to wrap the nucleic acid around the protein dimer81. Second, it is 

evident from Figure 5.5 that even 10 fold increase in the oligomer concentration does not 

change 1:1 stoichiometry of the PriB – 20mer complex81. The same is true for binding of 

the PriB protein to 14-, 16-, 18-mer81. These results provide strong thermodynamic 

evidence that the dimer has a single ssDNA-binding site, and if there was another binding 

site, its affinity must be ~ 2 orders of magnitude lower than the affinity of the strong 

site81. Third, the oligomers large enough to fully access the presumed second DNA-

binding site on another monomer, i.e., 26-, 30-, and 35-mers, still bind only two PriB 

dimmers (Figure 5.5d and Figure 5.6b)81. Notice that the local concentration of these 

longer oligomers in the complex with the PriB dimer is very high and if there was a 

second binding site, with detectable affinity, it would be accessed by the long oligomers 
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and manifested in the large change of the total site-size of the complex, and the intrinsic 

affinity81. This is not experimentally observed81. Lastly, the results of photo-cross-linking 

experiment clearly show that only a single monomer engages the ssDNA in the complex, 

independent of the protein concentration (Figures 5.14)81. It stands to reason that the 

model of the PriB dimers – ssDNA interactions, proposed on the basis of crystallographic 

studies, is a result of the crystal packing forces, rather than reflecting functional 

interactions of the PriB dimer with the ssDNA in solution81.  

In addition, the data presented in this Chapter indicate that the PriB dimer behaves 

like a protein with half-site reactivity, where only one monomer of the dimer can engage 

in interactions with the nucleic acid81,118. This is a well-known phenomenon in 

enzymology, where only half of protomers of the multi-subunit enzyme engages in its 

activity81,118. Nevertheless, the functional significance of such a behavior, in the case of 

the PriB dimer, is not known81. Also, it is unknown whether or not the PriB dimer exists 

in solution in a pre-equilibrium between two conformational states81. If so, only one state 

could be selected by the nucleic acid. It is also possible that upon ssDNA binding the 

PriB dimer structure changes such that the other, free monomer of the dimer, is unable to 

bind anymore81. All these possibilities are very interesting not only in the context of PriB 

– ssDNA interactions but also in the context of the formation of the primosome and 

possible role of PriB in the assembly process81. 

5.5.3 The PriB Dimer ssDNA-Binding Site Has Functionally Homogenous 

Structure.  

Even though the total site-size of the protein - DNA complex includes nucleotides 

inaccessible for the binding of another protein molecule, it may have a heterogeneous 

structure and contain an area, which is directly involved in interactions with the nucleic 
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acid, like the strong DNA-binding subsite, as well as the nucleotides not engaged in 

direct interactions, but occluded by the protruding protein matrix1,56,81. Such a 

pronounced heterogeneous structure of the total DNA-binding site plays a significant 

functional role in activities of different enzymes and has been found for the E. coli PriA 

and DnaB helicases, plasmid RSF1010 Rep helicase, rat and human pol β, as well as 

polymerase X of the African Swine Fever virus1,7,8,56-59,81,117. In the case of PriB, the 

transition from a single PriB dimer bound per ssDNA oligomer to two bound dimers 

occurs between 20- and 24-mers, indicating that the DNA-binding site, which occludes 

the total site-size of ~ 12 nucleotides, is fully engaged in the protein - nucleic acid 

interactions1,81. In other words, the DNA-binding site of the PriB dimer is, in its entirety, 

the functional DNA-binding site, or it has a functionally homogeneous structure1,81. 

5.5.4 The PriB Dimer Binds the ssDNA With Significant Positive 

Cooperativity. 

The cooperative binding of the PriB dimer to ssDNA has been previously inferred 

on the basis of the Hill coefficient1,81,113. In these studies, the values of the Hill 

coefficient significantly higher than 1, have been determined for the ssDNA oligomers 

containing 15 nucleotides, which bind only a single PriB dimer, and as a result, the 

cooperative interactions cannot transpire1,81,113. In addition, the search of PriB related 

literature shows that the apparent affinities of the PriB protein for the ssDNA oligomers 

have also been obtained assuming a noncooperative binding process1,16,81. On the 

contrary, the statistical thermodynamic approach, applied in the studies described here, 

allows to quantitatively extract both the intrinsic affinities and the cooperative 

interactions parameter, ω, characterizing the interactions between the bound PriB 

dimers1,81,86,88,89. The obtained value of ω ~ 45 - 50 indicates that PriB dimer engages in 
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strong positive cooperative interactions when associated with the ssDNA and the protein 

could form long clusters on the nucleic acid lattice (Table 5.1)81. Interestingly, the 

number of PriB dimers participating in the primosome assembly is still not completely 

clear with some reports indicated the presence of at least two PriB dimers in the 

primosome15,81,99. The finding of strong positive cooperativity in the PriB protein binding 

to the ssDNA indicates that, indeed, multiple PriB dimers may participate in the initial 

stages of the primosome assembly15,81,99. This interesting possibility will be examined in 

Chapter 6 99. 

5.5.5 The Salt Effect on the Intrinsic Affinity of the PriB Dimer –DNA 

Interactions Indicates Engagement of the Entire Total Binding Site of the Protein. 

The results presented above clearly show that the entire total DNA-binding site of 

the PriB dimer engages in direct interactions with the nucleic acid81. The salt effect on the 

intrinsic affinity of the protein strongly supports that conclusion81. The slopes, 

∂logK20/∂log[NaCl] = - 5.7 ± 0.5 and ∂logK20/∂log[NaBr] = - 5.4 ± 0.5 indicate a net 

release of 5 - 6 ions accompanied the engagement in intrinsic interactions (Figure 

5.10b)81. Notice, the protein affinity is lower in the presence of bromide than in the 

presence of the chloride ions81. It is well established, however, that bromide anions, Br-, 

have significantly higher affinity for protein amine groups than Cl-, thus, explaining 

observed difference in the affinity81,119. The apparent independence of the slope of the log 

- log plot upon the type of anion most probably results from the fact that in the studied 

salt concentration range (>100 mM) all anion-binding sites are fully saturated with Br-, or 

Cl-81,83,84,119.  

Crystallographic studies have identified the DNA-binding pocket of PriB dimer 

containing Arg13, Lys18, Arg34, Lys84, Lys88, and Lys89 residues in close contact with 
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the bound nucleic acid81,113. The number of possible ionic contacts in the DNA-binding 

site corroborates very well the net number of ions released at the protein - nucleic acid 

interface, determined in solution, and described in this Chapter81,113. Moreover, the 

arginine and lysine residues are spread over the entire DNA-binding site of the PriB 

protein providing another indication that the DNA binding site is homogenous81,113. In 

order to engage all these basic residues, as indicated from the log - log plots, the entire 

total DNA-binding site must participate in interactions with the nucleic acid81,83,84113. 

Contrary to monovalent salts, the log-log plot, in the presence MgCl2 in clearly nonlinear 

and the linear part at the high MgCl2 concentration range indicate that ~2 ions are 

released upon formation of the complex (Figure 5.10d). The lower absolute value of the 

slope of the linear part of the plot, as compared to NaCl or NaBr, is expected because of 

the lower value of the thermodynamic binding for magnesium cations to the nucleic 

acid83,84. Because the thermodynamic degree of Mg+2 binding on the 20-mer changes in 

the studied salt concentration ranges, the nonlinear behavior of the log-log plot suggests 

that the released ions may originate predominantly from the nucleic acid81. It should be 

mentioned that, due to the presence of multiple components in solution, the studied 

system is extremely complex81. Nevertheless, a strong decrease of the intrinsic binding 

constant of the PriB protein - 20-mer complex, occurs around 1 mM MgCl2 and suggests 

that the ions are released from the binding sites are characterized by the least 500 M-1 

affinity constant81. 

5.5.6 The PriB Dimer Shows a Very Strong Preference For the Homo-

Pyrimidine ssDNA.  

The difference in the intrinsic affinity of the PriB protein for the ssDNA, differing 

by the type of base is dramatic and is particularly pronounced for dT(pT)19 and dA(pA)19 
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with the intrinsic binding constant is ~3.3 x 107 M-1 and ~3.9 x 104 M-1, respectively 

(Table 5.2)81. The ~ 3 orders of magnitude difference in the intrinsic affinity between 

dT(pT)19 and dA(pA)19 indicates significant contribution of the base in ssDNA binding, 

which is not obvious in the crystal structure of the complex81,113. What is obvious from 

the crystal structure is, that in spite of the low sequence homology (only 11% identity and 

27% similarity), the structure of the DNA binding pocket of the PriB dimer is very 

similar to the structure of the DNA-binding site of the E. coli SSB protein, which shows 

exceptionally high affinity for thymine polymers81,113,120. In this context, the lack of 

temperature effect on the PriB dimer interactions with the ssDNA is perplexing (Figure 

5.12). Such a high intrinsic binding constant of PriB – dT20 interaction (~ 3.3 x 107 M-1) 

should involve a significant participation of nucleic acid bases in interactions with the 

protein81,113. This would, in turn, suggest a large enthalpy contribution to the free energy 

of binding but this is not what is observed experimentally81. Exclusively, apparent 

entropy-driven binding reaction strongly suggests large conformational change of the 

protein upon the association reaction, whose enthalpy change would compensate the 

enthalpy change of the intrinsic, DNA binding process81.  

Interestingly, estimated concentration of the PriB dimer in the E. coli cell is ~ 6 x 

10-8 M, which suggests that, at this concentration, the protein predominantly associates 

with the stretches of thymine nucleotides on the DNA81,106. It should be mentioned that 

the E. coli PriA helicase also shows significantly higher intrinsic affinity for homo-

pyrimidine over homo-purine oligomers (~ 1 order of magnitude in similar solution 

conditions)57,81. The physiological significance of the strong preference of both proteins 

for the homo-pyrimidine ssDNA is still unknown; however, it may be important the 

context of the stalled replication fork recognition, and primosome assembly process11-

17,25,27,57,81,99. The PriA - PriB complex, is one of two major pathways of the restart of the 
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chromosomal DNA replication in E. coli at the damaged DNA site and the key pathway 

in formation of the primosome at the primosome assembly site11-17,25,27,57,81,99. The details 

the molecular mechanism of recognition, assembly and repair are still unclear22,27,81,99. 

Nevertheless, it invokes the recognition of the specific structure of the ssDNA gap of the 

damaged DNA at the stalled replication fork, as proposed in Chapter 2. Similarly, in case 

of the primosome assembly, the specific hairpin structure of the primosome assembly site 

must be recognized (Chapter 6)81,99. The finding of a very strong preference of PriB for 

homo-thymine ssDNAs and a significant preference of the PriA for the same pyrimidine 

stretches strongly suggests that the sequence of the nucleic acid around the damaged site, 

as well as the primosome assembly site, may play an important role in the assembly 

process and the pathway selection during the restart of the replication fork81.  
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CHAPTER 6 

BINDING OF TWO PRIA - PRIB COMPLEXES TO THE 

PRIMOSOMAL ASSEMBLY SITE INITIATES THE PRIMOSOME 

FORMATION995 

6.1 ABSTRACT 

Direct quantitative analysis of the initial steps in the primosome assembly, 

involving the PriA and PriB proteins and the minimal primosome assembly site (PAS) of 

phage phiX174, has been performed using fluorescence intensity and anisotropy titration, 

and fluorescence resonance energy transfer techniques99. Two PriA molecules bind to the 

PAS, at both the strong and the weak binding sites on the DNA, respectively, without 

detectable cooperative interactions99. Binding of the PriB dimer to the PriA - PAS 

complex dramatically increases the PriA affinity for the strong site, but only slightly 

affects the affinity for the weak site99. Associations to the strong and the weak site are 

driven by apparent entropy changes with the binding to the strong site accompanied by a 

large unfavorable enthalpy change99. The PriA - PriB complex, formed independently of 

the DNA, is able to directly recognize the PAS, without the prior binding of PriA to the 

PAS99. Thus, the high affinity state of PriA for PAS is generated through PriA - PriB 

interactions99. The PriB effect is specific for the PriA - PAS binding but not for the PriA - 

dsDNA, or the PriA - ssDNA interactions99. Only complexes containing two PriA 

                                                 
99This research was originally published in Journal of Molecular Biology. Szymanski, M.R., Jezewska, 
M.J., Bujalowski, W. Binding of Two PriA-PriB Complexes to the Primosome Assembly Site Initiates the 
Primosome Formation. J Mol Biol 411(1), 123-42.Reproduced with permission. 
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molecules can generate profound change of the PAS structure, in the presence of ATP99. 

The obtained results provide a quantitative framework for elucidation of further steps in 

the primosome assembly and for quantitative analyses of other molecular machines of 

cellular metabolism99. 

6.2 INTRODUCTION 

The primosome is a multiple-protein-DNA complex, a prototype of a molecular 

machine involved in DNA metabolism, which can mechanically translocate along the 

DNA, while catalyzing synthesis of oligoribonucleotide primers5,11,14-18,24,48,54,99,103,121. It 

was originally discovered in the analysis of phage phiX174 DNA replication, where it 

assembles at the specific Primosome Assembly Site (PAS)5,24,48,99,103. The primosome 

formation is an essential step in recombination and repair processes in initiating the 

restart of the stalled replication fork at the damaged DNA sites but the molecular 

mechanism governing the assembly process is not well understood (section 1.3 in 

Chapter 1)11,14,33,99,122. As mentioned above the pre-primosome contains six proteins, 

PriA, PriB, DnaT, PriC, DnaB, and DnaC and is capable of mechanical translocation, due 

to the presence of two helicases, the PriA and the DnaB5,15,24-26,99. Transient association 

of the primase, the DnaG protein, with the pre-primosome results in the primosome 

capable of mechanical translocation and synthesis of RNA primers5,15,24-26,99. 

Several similar and a number of contradictory, models of the primosome 

assembly has been proposed up to date; none of them comprehensive5,14-18,24-26,99. 

Therefore, the fundamental information about the priomosome assembly process is 

remain elusive5,14-18,24-26,99. Currently accepted model of the initial steps of the 

primosome/pre-primosome formation is that the sequence/structure of the PAS, or the 

damaged-DNA site, are specifically recognized by the ~ 81.7 kDa monomeric PriA 
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protein, followed by binding of the PriB protein dimer of ~ 23 kDa to the PriA - DNA 

complex5,14-16,99. In further assembly steps, the DnaT, PriC and the DnaB - DnaC 

complex are proposed to associate in an orderly fashion with the formed PriA - PriB - 

DNA scaffold5,14-16,99. Nevertheless, in spite of intensive studies of the primosome 

structure and function over last two decades, many basic aspects of the primosome 

assembly process and its structure remain unclear5,15,24,99. The numbers of the individual 

protein components in the primosome are still uncertain with different and confusing 

results coming from different groups (Figure 1.2)5,15,24-26,99. For instance, it is not clear 

how many PriA monomers and PriB protein dimers participate in the initiation of the 

primosome assembly process5,15,24-26,99. Reported numbers range from 1 to ~ 3.5 for PriA 

and from 1 to ~ 2.4 for the PriB dimer, respectively5,15,24-26,99. The intrinsic affinities at 

different stages of the primosome assembly process are unknown beyond the qualitative 

or semi-qualitative data5,15,24-26,99. Quantitative analysis of possible cooperative 

interactions between the primosome components and mutual engagements among 

different primosome components has never been addressed5,15,24-26,99. 

Although the importance of physiological activities of the primosome are well 

recognized, the lack of rigorous quantitative analyses of the different steps of the 

primosome assembly hinders any mechanistic elucidation of this fundamental complex of 

DNA metabolism5,15,24-26,99. In this Chapter, the first quantitative studies of the initial 

steps of the primosome assembly process on the PAS substrate are described99. It will be 

shown that two PriA molecules bind to the PAS, at both the strong and the weak binding 

sites, respectively, without cooperative interactions99. The PriB protein dramatically 

increases the PriA affinity for the strong site, but only slightly affects the affinity for the 

weak site99. The PriA - PriB complex, formed independently of the DNA, is able to 
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directly recognize the PAS99. Only complexes containing two PriA molecules can 

generate profound unwinding of the PAS structure in the presence of ATP99. 

6.3 MATERIALS AND METHODS 

6.3.1 Buffers and Chemicals. 

All solutions used in experiments described in this chapter were made with 

distilled and deionized >18 MΩ (Milli-Q Plus) water. The standard buffer C1005 with 10 

mM sodium cacodylate adjusted to pH 7.0 with HCl at 10°C, 1 mM DTT, 100 mM NaCl, 

5 mM MgCl2, and 25% glycerol w/v99. The standard temperature in all the experiments 

described herein was 10°C. All experiments described herein were carried out in the 

standard buffer C1005 unless otherwise specified in the text. Fluorescein 5-maleimide 

and 7-diethylamino-3-(4′-maleimidyl-phenyl)-4-methylcoumarin (CPM) were from 

Molecular Probes (Eugene, OR) and all chemicals were reagent grade. 

6.3.2 Water Activity of Buffering Solution.  

Water activity “error term” of the standard buffer C1005, used in this Chapter, 

had been calculated according to the values in the literature132,133. Due to the presence of 

the glycerol and salt, the water activity “error term” is less than 5%, and is contained 

within the experimental error of all the experiments presented here27,132,133,. 

6.3.3 Nucleotides and Nucleic Acids. 

ATPγS and ADP were from GE Healthcare (Piscataway, NJ). ATPγS and ADP 

were of high purity as judged by thin layer chromatography (TLC).Unmodified nucleic 

acid oligomers, etheno-derivatives, and fluorescein-labeled ssDNA oligomers and were 
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purchased from Midland Certified Reagents (Midland, TX). All nucleic acids were HPLC 

purified and at least >95% pure as judged by electrophoresis on polyacrylamide gel99. 

To monitor binding, modified PAS substrate was used99. It contains a fluorescent 

label, fluorescein (Fl), attached through phosphoramidate chemistry99. In case of FRET 

studies the PAS substrate contains fluorescein (Fl) and/or the 7 – diethylaminocoumarin – 

3 - carboxylic acid, coumarin derivative (CP) attached through the six-carbon linker99. 

Concentrations of all ssDNA oligomers have been spectrophotometrically 

determined27,62,63,81,92,99. The degree of labeling was determined by absorbance, using the 

extinction coefficients: ε494 = 76000 cm-1M-1 for fluorescein and ε436 = 44000 cm-1M-1 for 

coumarin27,62,63,99. All PAS substrates were warmed for 5 minutes at 95°C, and fast 

cooled on ice99.  

To monitor binging, in competition experiments, etheno-derivative of the 

adenosine oligomers were used27,62,63,81,92,99. The etheno-derivative, of the ssDNA 20-

mer, dεA(pεA)19 was obtained by modification with chloroacetaldehyde90-92,99. The 

concentration of etheno-derivative of the nucleic acids was determined 

spectrophotometrically using following the extinction coefficients: ε257 = 3700 cm-1M-1 

(nucleotide) for εA56,57,81,87,90-92,99. 

The dsDNA 10 bp substrate was build from components of unmodified and 

modified ssDNA oligomers99. Modified component contained a fluorescent label, 

fluorescein (Fl), attached to the 5’ through phosphoramidate chemistry92,99. The sequence 

of the labeled oligomer was: Fl-CTGACGTGCG. The concentration labeled of the 

nucleic acids was determined spectrophotometrically27,62,63,81,92,99. The concentration of 

unmodified oligomers were determined spectrophotometrically using the extinction 

coefficients: ε260 = 10000 cm-1M-1 (nucleotide) for A, ε260 = 8500 cm-1M-1 (nucleotide) for 

G,C and T27,62,99. The degree of labeling was determined by absorbance, using the 
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extinction coefficients: ε494 = 76000 cm-1M-1 for fluorescein27,62,63,99. 5’-Fl labeled 

dsDNA substrates were obtained by mixing labeled ssDNA oligomers with 

complementary unmodified oligomers at appropriate concentration27,62,63,81,92,99. The 

mixture was then warmed for 5 minutes at 95°C, and slowly cooled for a period of ~4 – 

599. The integrity of the PAS substrates was checked by UV melting and analytical 

ultracentrifugation techniques (see section 6.4.2)27,62,63,92,99. 

6.3.4 The UV Melting of the PAS Structure. 

The experiments have been performed in the standard binding buffer C1005 using 

1 ml samples on Cary 5000 spectrophotometer (Varian), with the temperature probe 

inside the sample, equipped with specialized software to record the absorption as a 

function of the temperature99. The temperature increment was 0.1 deg/minute. 

6.3.5 The PriA and PriB Protein Purification. 

The PriA helicase and PriB protein purification was carried out as described in 

section 2.3.4, Chapter 2 and section 5.3.4, Chapter 5. Protein concentrations were 

spectrophotometrically determined with the extinction coefficient obtained using an 

approach based on the Edelhoch’s method as described in section 2.3.5 and section 5.3.5 

for PriA and PriB respectively27,56-61,64,65,81,92,99. 

6.3.6 Labeling of the PriA and PriB Protein with Fluorescent Markers. 

Labeling of the cysteine residues of the PriA helicase with coumarin derivative, 7-

diethylamino-3-(4′-maleimidyl-phenyl)-4-methylcoumarin (CPM) and the PriB protein 

with fluorescein 5-maleimide was performed in H buffer [50 mM Hepes-HCl (pH 8.1), 

100 mM NaCl, 5 mM MgCl2, 0.1 mM DTT and 10% glycerol w/v] at 4 °C8,99,123. The 

fluorescent label was added from the stock solution to a dye/protein molar ratio of ~ 25. 
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The mixture was incubated in dark for 4 h, with gentle mixing. After incubation, the PriA 

protein was precipitated with ammonium sulfate and dialyzed overnight against buffer 

D100 (50 mM Tris-HCl pH 8.1, 1 mM DTT, 100 mM NaCl, 25% glycerol w/v) in case of 

and buffer B1 (50 mM Tris-HCl pH 7.1, 1 mM DTT, 100 mM NaCl, 20% glycerol w/v) 

in case of PriB (section 5.3.4)81,99 Unbound dye was removed from the modified protein 

by applying the sample to a DEAE Sephacryl Column (GE Healthcare, Piscataway, 

NJ)81,99. The degree of labeling, q, was determined by the absorbance of a fluorescent 

marker using an extinction coefficient of ε394 = 2.7 x 104 M-1cm-1 for CPM – PriA and 

ε494 = 7.8 x 104 M-1cm-1 for Fl-PriB 8,99,123. 

6.3.7 Fluorescence Measurements.  

All steady-state fluorescence titrations were performed using the ISS PC-1 

spectrofluorometer (Urbana, IL) as previously described27,56-63,81,92,99. The temperature of 

the cuvette holder was regulated by circulating water at 10.0 ± 0.1 °C. In competition 

experiments the binding was followed by monitoring the etheno-derivative fluorescence 

of the nucleic acids (λex = 325 nm, λem = 410 nm)99. The PriA protein binding to PAS was 

followed by monitoring the emission of the fluorescein-labeled nucleic acid (λex = 480 

nm, λem = 520 nm)99 In order to avoid possible artifacts, due to the fluorescence 

anisotropy of the sample, polarizers were placed in excitation and emission channels and 

set at 90° and 55° (magic angle), respectively27,56-63,81,92,99. The relative fluorescence 

increase, ΔFobs, of the DNA emission upon protein binding is defined as, ΔFobs = (Fi – 

Fo)/Fo, where Fi is the fluorescence of the sample at a given titration point “i” and Fo is 

the initial fluorescence of the same solution1,27,56-63,81,92,99.  
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6.3.8 Quantitative Determination of Binding Isotherms and Stoichiometries 

of the PriA - PAS Complexes. 

In this Chapter, we followed the binding of the PriA helicase to the PAS structure 

DNA by monitoring the fluorescence increase, ΔF, of the Fl-labeled PAS99. In case of the 

competition experiments etheno-derivative fluorescence of the nucleic acid was 

monitored92,99. In case of PriA – PriB interactions fluorescence anisotropy of Fl-PriB was 

used to monitor the complex formation. To obtain quantitative estimates of the total 

average degree of binding, ΣΘi (average number of bound PriA molecules per DNA 

oligomer) and the free protein concentration, PF, independent of any assumption about 

the relationship between the observed spectroscopic signal and ΣΘi, we applied an 

approach previously described in section 2.3.71,56,57,82,87,92,99. Computer fits were 

performed using Mathematica (Wolfram, IL) and KaleidaGraph (Synergy Software, 

PA)92,99. 

6.3.9 Fluorescence Resonance Energy Transfer (FRET) Measurements. 

The apparent fluorescence energy transfer efficiency, ED, obtained from the 

quenching of the donor fluorescence is defined as8,63,99,123-125 

 

ED =
1

νD

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟ 

FD −FDA

FD

⎛ 

⎝ 
⎜ 

⎞ 

⎠ 
⎟         (6.1) 

 

where FD and FDA are the fluorescence of the donor in the absence and presence of the 

acceptor, respectively, νD is the fraction of the donor in the complex with the 

acceptor8,63,99,123-125. 
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The apparent fluorescence transfer efficiency, EA, has been determined, using the 

sensitized acceptor fluorescence, by measuring the fluorescence intensity of the acceptor 

excited at a wavelength where the donor predominantly absorbs, in the absence and 

presence of the donor. The fluorescence intensities of the acceptor in the absence, FA, and 

presence, FAD, of the donor are defined as8,63,99,123-125 

 
FA =I

o
εACAT φ

F
A

        (6.2a) 

 

and 

 

FAD =(1− νA)FA + IoεAνACAT φB
A + IoεDCDT νDφB

A EA     (6.2b) 

 

where Io is the intensity of incident light, CAT and CDT are the total concentrations of the 

acceptor and the donor, νA is the fraction of acceptors in the complex with donors, εA and 

εD are the molar absorption coefficients of the acceptor and the donor at the excitation 

wavelength, respectively, φF
A and φB

A are the quantum yields of the free and bound 

acceptor8,63,99,123-125. All quantities in equations 6.2a and 6.2b can be experimentally 

determined. Dividing equation 6.2a by equation 6.2b and rearranging provides EA, 

as8,63,99,123-125  
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The Förster energy transfer efficiency, E, is related to ED and EA, by8,63,99,123-125 
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E =
EA

(1− ED +EA)
         (6.4) 

 

The Förster FRET efficiency between the donor and the acceptor dipoles, E, is related to 

the average distance, R, separating the acceptor and donor dipoles by8,63,99,123-125 

 

R = Ro
(1− E)

E

⎡ 
⎣ ⎢ 

⎤ 
⎦ ⎥ 

1

6          (6.5) 

 

where, Ro= 9790(κ2n-4φdJ)1/6 is the so called Förster critical distance (in angstroms), the 

distance at which the transfer efficiency is 50%, κ2 is the orientation factor, φd is the 

donor quantum yield in the absence of the acceptor, and n is the refractive index of the 

medium (n = 1.4), the overlap integral, J, characterizes the resonance between the donor 

and acceptor dipoles8,63,99,123-125. The Förster critical distances, Ro = 52 Å and Ro = 54 Å, 

for fluorescein and coumarin derivatives (Fl and CPM, respectively) have been 

previously determined by the Bujalowski’s group8,63,99,123-125. 

6.4 RESULTS 

6.4.1 The Modified PriA and PriB protein. 

The modified enzymes were > 99% pure as judged by polyacrylamide 

electrophoresis with Coomassie Brilliant Blue staining (Figure 6.1)99. Both enzymes 

behaved similarly, within experimental error, to unlabeled enzymes as shown by 

analytical ultracentrifugation and binding studies99.  

The degree of labeling q of the PriA protein with CPM has been determined by 

the absorbance of the fluorescent probe and mass spectrometry analysis and was 0.36 ±  
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a.         b. 

 
 
Figure 6.1 Modified enzymes were > 99% pure as judged by polyacrylamide 
electrophoresis with Coomassie Brilliant Blue staining. a. 10% SDS polyacrylamide 
gel of the serial dilution after the final step of modification of the PriA protein with 
Coumarin (CPM)99. b. 15% SDS polyacrylamide gel of the serial dilution after the final 
step of modification of the PriB protein with Fluorescein (Fl)99. 
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0.1 (section 6.3.6)7,63,99,123. The PriA protein has 11 cysteine residues, 8 of which are 

proposed to be involved in the zinc finger structure, therefore, three “free” cystines are 

available for modification49,50,99. Since, the degree of labeling is q = 0.36 ± 0.1, CPM 

labeled PriA protein population must be dominated by the species with a single modified 

cysteine residue99. 

The degree of labeling q of the PriB protein with fluorescein maleimide has been 

determined using the absorbance of the fluorescent probe and mass spectrometry 

analysis7,63,99,123. The PriB protein dimer has 8 cysteine residues, 4 of which are involved 

in disulfide bond formation leaving 4 free cysteine residues available for modification 

with the fluorescent marker81,99,106-108. While the degree of labeling is q = 1.5 ± 0.1, 

indicating that on average only ~1 - 2 cysteine residues of the PriB dimer efficiently react 

with the fluorescein derivative99. 

6.4.2 The UV Melting of the PAS Substrate.  

Based on thermodynamic calculations, selected phiX174 PAS substrate, 

containing 55 nucleotides, folds to form the structure shown in Figure 6.2a99,103. This 

hairpin structure, contains a small four-nucleotide loop, two dsDNA stretches, with six 

A-T base pairs, and five predominantly G-C base pairs, followed by two bulges separated 

by two and three base pairs fragments99,103. The UV melting curve of the PAS substrate is 

included in Figure 6.2a99. The concentration of the nucleic acid is 2.37 x 10-7 M (PAS). 

There are two transition regions in the plot strongly differing in their melting stabilities 

and induced hyperchromism99. The plot has been analyzed using the two-step, 

conformational-transition model as defined by 

 

D1 ↔ D2 ↔ D3          (6.6) 
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The observed absorbance of the sample as a function of the temperature is defined by 

 

Aobs = [AD1 + CD1(T − TR )]
1
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    (6.7) 

 

where, TR is the reference temperature (20°C), AD1, AD2, and AD3 are the absorbance of 

the states, D1, D2, and D3, at the reference temperature (20°C), CD1, CD2, CD3 are the 

optical constants characterizing the dependence of the absorbance of the states D1, D2, 

and D3 upon the temperature, ΔH1, ΔH2, ΔS1, and ΔS2 are enthalpies and entropies 

characterizing  transitions, D1 <-> D2, and D2 <-> D3, respectively99. The partition 

function, ZN, of the system is defined as 

 

ZN =1+ exp[
(−ΔH1 + TΔS1)

RT
] + exp[

(−ΔH1 + TΔS1)
RT

] exp[
(−ΔH2 + TΔS2)

RT
]
     (6.8) 

 

Parameters, AD1, AD3, CD1, and CD3 can be estimated from the experimental melting 

curve99. The well-defined melting temperature, Tm, of the final transition provides the 

relationship, Tm = ΔH2/ΔS2
99. The solid black line is the nonlinear least-squares fit of the 

experimental curve to equation 6.7 with ΔH1, ΔS1, ΔH2, AD2, and CD2 as fitting 

parameters99. The obtained values of the enthalpy and entropy of the transitions are: ΔH1 

= 6.5 ± 0.7 kcal/mol, ΔS1 = 190 ± 5 cal/mol deg, ΔH2 = 8.8 ± 1.1 kcal/mol, and ΔS2 = 

248 ± 10 cal/mol deg99. The fit for the model, which includes a single transition,  
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Figure 6.2 The UV melting studies. a. Proposed structure of phiX174 PAS 
substrate and a UV melting curve of the same substrate [2.37 x 10-7 M (PAS)]99. The 
solid black line is the nonlinear least-squares fit of the experimental curve to equation 6.7 
with ΔH1, ΔS1, ΔH2, AD2, and CD2 as fitting parameters99. Dashed blue line is a fit for the 
model, which includes only a single transition, D1 <-> D2 99. b. 5’-Fluorescein labeled 
phiX174 PAS substrate and a UV melting curve of that substrate [4.12 x 10-7 M (PAS)]99. 
The solid line is the nonlinear least-squares fit of the experimental curve to equation 6.7 
with ΔH1, ΔS1, ΔH2, AD2, and CD2 as fitting parameters99 
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D1 <-> D2, is also shown in supplementary Figure 6.2 (dashed blue line). It is evident that 

it does not provide an adequate description of the observed melting curve99. 

Figure 6.2b shows the phiX174 PAS substrate labeled with the fluorescent marker 

(fluorescein) at its 5’ end (5’-Fl-PAS)99. The UV melting curve of the 5’-Fl-PAS is 

included in Figure 6.2b and analysis of the melting curve was performed as for 

unmodified PAS (Figure 6.2a)99. The concentration of the nucleic acid is 4.12 x 10-7 M 

(PAS)99. Observed two transition regions in the plot are visibly more pronounced than 

that shown for the unmodified PAS, in Figure 6.2a, indicating that the presence of the 

marker affects the hypochromism of the PAS to a greater extend, especially in the low-

temperature melting transition99. The solid line is the nonlinear least-squares fit of the 

experimental curve to equation 6.7 with ΔH1, ΔS1, ΔH2, AD2, and CD2 as fitting 

parameters99. The obtained values of the enthalpy and entropy of the transitions are: ΔH1 

= 6.45 ± 0.70 kcal/mol, ΔS1 = 190 ± 5 cal/mol deg, ΔH2 = 8.8 ± 1.1 kcal/mol, and ΔS2 = 

245 ± 10 cal/mol deg99. These parameters are, within experimental accuracy, identical to 

the corresponding parameters obtained for the unmodified PAS indicating that, although 

the marker affects the hypochromism, it does not change the stability of the nucleic 

acid99.  

6.4.3 Binding of the PriA Helicase to the Fluorescein Labeled PAS Substrate. 

To address the initiation of the primosome formation, we examined the 

recognition process of the minimal PAS sequence of 55 nucleotides of the phage 

phiX174 DNA by the PriA protein, in the absence and presence of the PriB 

protein24,99,103. The nucleic acid contains the fluorescent marker (fluorescein) at the 5’ 

end, which provides an excellent signal to monitor the binding process (Figure 6.2b and 

Figure 6.3)99.  
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Fluorescence titrations of the PAS, labeled at its 5’ end with fluorescein (5’-Fl-

PAS), with the PriA protein at three different nucleic acid concentrations, are shown in 

Figure 6.3a99. The dependence of the relative fluorescence quenching, ΔFobs, as a 

function of the total average degree of binding, ΣΘi of the PriA protein on the PAS, is 

shown in Figure 6.3b1,85,87,92,94,99. The plot is clearly nonlinear and characterized by two 

binding phases, not immediately obvious in the original titration curves, with a single 

PriA molecule binding in the high-affinity phase (Figure 6.3b)1,27,81,99,126,127. Short 

extrapolation of the low-affinity phase of the plot to the maximum value of ΔFobs (ΔFmax) 

gives the maximum stoichiometry of the complex of 2.1 ± 0.2, showing that two PriA 

molecules associate with the examined PAS1,27,81,99,126,127.  

6.4.4 Statistical Thermodynamic Model of the PriA Helicase Binding to the 

PAS Structure.  

The most probable structure of the PAS is shown in the Figure 6.2a and indicates 

the presence of the hairpin loop and fragments of the duplex conformation separated by 

the unpaired ssDNA regions99,103,122,. The results of PAS structure UV melting in section 

6.4.2 are in accord with predicted structure of PAS indicating the presence of at least two 

dsDNA regions. In the context of structurally irregular PAS structure, it should be 

pointed out that the PriA helicase has very different stoichiometries and affinities for the 

ss and dsDNA conformations1,27,56-59,81,99. While the site-size of the protein on the ssDNA 

is ~ 20 nucleotides, the site-size of the PriA - dsDNA complex is only ~ 5 base pairs 

(Chapter 2 and Chapter 3)27,56,92,99. Moreover, the affinity of PriA for the dsDNA is ~ 1 - 

2 orders of magnitude higher than the affinity for the ss DNAs27,56,92,99.  

Therefore, the simplest statistical thermodynamic model, which describes the 

binding of two PriA molecules to the PAS, containing mixed ss and duplex 
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conformations, includes two different binding sites characterized by intrinsic binding 

constants, K1 and K2, respectively, and possible cooperative interactions between the 

bound protein molecules, described by the cooperativity parameter, ω1,27,85,89,99,115. The 

partition function, ZPAS, for the system is 

 

ZPAS = 1 + K1 PF + K2 PF + K1K2 ωPF
2       (6.9) 

 

The total average degree of binding, ΣΘi, is then1,27,85,89,99,115 

 

ΣΘi =
K1 PF + K2 PF + 2K1K2 ωPF

2

ZPAS
     (6.10) 

 

The observed relative fluorescence quenching, ΔFobs, is defined as1,27,85,89,99,115 

 

ΔFobs =ΔF1
K1 PF + K2 PF

ZPAS
+ΔFmax

K1K2 ωPF
2

ZPAS
    (6.11) 

 

where ΔF1 and ΔFmax are the relative molar fluorescence increases accompanying the 

binding of one and two PriA molecules1,27,85,89,99,115. In the case where there are no 

cooperative interactions, ω = 1, and equation 6.11 reduces to  

 

ΔFobs =ΔF1
K1 PF + K2 PF

ZPAS
+ΔFmax

K1K2 PF
2

ZPAS
    (6.12) 

 

The value of ΔF1 can be estimated as ΔF1 = ∂ΔF/∂ΣΘi, from the initial part of the plot of 

ΔF as a function of ΣΘi, as shown in Figure 6.3b, which provides ΔF1 = 0.3 ± 0.03 99. The 

value of ΔFmax is the maximum observed relative fluorescence increase and can be  
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Figure 6.3 Two molecules of the PriA helicase bind to the fluorescein labeled 
PAS substrate. a. Fluorescence titrations of 5’-Fl-PAS substrate with PriA at three 
different concentrations of the nucleic acid: 1.25 x 10-8 M (■), 6.36 x 10-8 M (■), and 
2.56 x 10-7 M (■)99. The continuous lines represent nonlinear least-squares fits, using the 
binding model of two discrete binding sites, with the binding constants K1 and K2 and 
with the cooperative interaction parameter ω as independent fitting parameters described 
by equations 6.9 – 6.12 99. b. The dependence of the relative fluorescence quenching 
ΔFobs on the total average degree of binding ΣΘi of PriA on the PAS99. The continuous 
red lines mark the slopes of the two binding phases and have no theoretical basis99. The 
broken line indicates extrapolation of the maximum value of ΔFobs (ΔFmax) marked by the 
horizontal line99. The value of ΔFobs, induced by the binding of the first PriA molecule 
ΔF1, is included in the panel99. 
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estimated from the parental fluorescence titration curves, as shown in Figures 6.3a (ΔFmax 

= 0.39 ± 0.03)1,27,85,89,99,115. Thus, three independent parameters, K1, K2, and ω must be 

determined1,27,85,89,99,115. The solid lines in Figures 6.3a are nonlinear least-squares fits of 

the titration curves using equations 6.9 – 6.12, which provide K1 = (2.0 ± 0.7) x 107 M-1, 

K2 = (4.5 ± 0.8) x 106 M-1, and the cooperativity parameter, ω = 1 ± 0.299. As a result, in 

the examined solution conditions, the affinity of the PriA protein for the strong site is by 

a factor of ~ 4.5 higher than the protein affinity for the weak site99. Furthermore, there is 

no detectable cooperativity between the bound PriA molecules; hence, the value of ω is 

195,99,127. 

6.4.5 Fluorescence Resonance Energy Transfer (FRET) Results Yield the 

Location of the Strong PriA Binding Site On the PAS Structure. 

To determine where the strong PriA-binding site on the PAS substrate is located, 

i.e., the position where the first PriA molecule binds to PAS structure, the fluorescence 

resonance energy transfer method was applied7,63,99,123-125. In this approach, the 

fluorescence donor (coumarin derivative, CPM) has been placed on the PriA protein 

(CPM-PriA) (section 6.4.1)99. The fluorescein moiety located at the 5’ end of the PAS 

structure serves as the fluorescence acceptor (Figure 6.2b and Figure 6.4a)99.  

Figure 6.4a shows the emission spectrum (λex = 390 nm) of the CPM-PriA (green) 

in the presence of the unmodified PAS structure, the spectrum of the 5’-Fl-PAS (orange) 

in the presence of the unmodified PriA, the spectrum of the CPM-PriA - 5’-Fl-PAS 

complex (red), and the spectrum of the CPM-PriA normalized to the maximum of the 

CPM emission in the CPM-PriA - 5’-Fl-PAS complex (magenta)99. The sensitized 

emission spectrum of the 5’-Fl-PAS has been obtain by subtracting the normalized 

spectrum of the CPM-PriA from the spectrum of the CPM-PriA - 5’-Fl-PAS complex  
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Figure 6.4 The location of the strong PriA binding site on the PAS structure. a. 
The emission spectrum (λex = 390 nm) of CPM-PriA (green) in the presence of the 
unmodified PAS, the spectrum of 5’-Fl-PAS (orange) in the presence of unmodified 
PriA, the spectrum of the CPM-PriA – 5’-Fl-PAS complex (red), the spectrum of the 
CPM-PriA normalized to the maximum of the CPM emission in the CPM-PriA -5’-Fl-
PAS complex (magenta), and the sensitized emission spectrum of 5’-Fl-PAS (blue)99. 
The concentrations of the PriA protein and the PAS are 6.6 x 10-8 M and 1.27 x 10-8 M 
(oligomer), respectively99. The figure shows the schematic representation of the average 
distance between the fluorescence donor (CPM), located on the PriA protein, and the 
fluorescence acceptor (Fl), located at the 5’ end of the PAS99. b. Complete binding of the 
PriA protein to the examined PAS substrate, with intrinsic affinities and locations of both 
the strong and the weak binding sites included in the figure99. 
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(blue)99. At these selected concentrations of the protein and the DNA, only the strong 

binding site is saturated with the PriA protein99. The intensities of the donor and the 

acceptor have been obtained by integrating the corresponding areas under the spectra 

(Figure 6.4a)99. The obtained values of the apparent fluorescence energy transfer 

efficiencies are: ED = 0.26 ± 0.03, EA = 0.025 ± 0.005, and the Förster FRET efficiency, 

E = 0.033 ± 0.005 (section 6.3.9)7,99,123. Because limiting anisotropies of all labeled 

components of the examined system are below ~0.23 (data not shown), the orientation 

factor, κ2, does not affect the discussed FRET measurements7,99,123. The value of E 

indicates that the average distance between CPM-PriA and the fluorescein moiety at the 

5’ end of the PAS is R = 91 ± 5 Å7,99,123. It should be noted that although the exact 

location of the coumarin donor on the PriA protein is unknown, rather large distance of 

~91 Å excludes the possibility that PriA is bound in the vicinity of the 5’ end of the 

PAS99. Therefore, the strong binding site for PriA on PAS must be located near the 

hairpin loop of the PAS structure (Figure 6.2b and Figure 6.4a)99. Moreover, because of 

the lack of any cooperative interactions between bound PriA molecules, one could argue 

that the weak site should be located at a significant distance from the strong site, most 

probably near the 3’ end of the examined PAS molecule (Figure 6.4b)99.  

6.4.6 Fluorescent Marker on the PAS Structure Does Not Affect the PriA – 

5’-Fl-PAS Interactions. Lattice Competition Titrations. 

Quantitative analysis of the PriA helicase binding to the unmodified PAS has 

been performed using the Macromolecular Competition Titration method (MCT) 

described in details in section 4.4.7 of Chapter 41,81,87,92,99,126. As a reference fluorescent 

nucleic acid, the etheno derivative of the ssDNA 20-mer, dεA(pεA)19, whose interactions 

with the PriA helicase have been extensively studied by the Bujalowski’s group, was 
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used1,27,56-61,87,92,99,126. For the unmodified PAS, the partition function, ZPAS, is described 

by equation 6.9 in section 6.4.499. The partition function for the reference ssDNA 20-mer 

is 

 

Z20 = 1 + KR PF       (6.13) 

 

where KR is the macroscopic binding constant of the PriA protein - dεA(pεA)19 

complex1,27,56-61,87,92,99,126. The concentration of the PriA protein, bound to the reference 

nucleic acid and the unmodified PAS, Pb, at their total concentrations, MTR and MTS, 

respectively, is then 

 
Pb = ΣΘi( )R

MTR + ΣΘi( )S
MTS    (6.14) 

 

and 

 

Pb =
KR PF
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where (ΣΘi)R and (ΣΘi)S are the total average degree of binding of the protein on the 

reference 20-mer and the examined unmodified PAS, respectively1,81,92,99,126. The 

observed relative fluorescence increase of the reference nucleic acid, ΔFobs, is then 

 

ΔFobs = ΔFmax
KR PF

1+ KR PF

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥       (6.16) 

 

where 
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PF =  PT  –  Pb       (6.17) 

 

and PT is the total concentration of the PriA protein. Both, KR = (1.6 ± 0.3) x 106 M-1 and 

ΔFmax = 1.5 ± 0.05, are known from the independent fluorescence titrations of 

dεA(pεA)19, in the absence of the unmodified PAS27,56,81,92,99. 

Fluorescence titrations of dεA(pεA)19 with the PriA protein, in buffer C505 in the 

absence and presence of three different concentrations of the unmodified PAS, are shown 

in Figure 6.5a. The lower salt concentration was applied to obtain a complete titration 

curve for the ssDNA 20-mer in the protein concentration range, which avoids the 

precipitation of the sample56,81,92,99. A significant shift of the binding isotherm, in the 

presence of the PAS, indicates efficient competition of the PAS with dεA(pεA)19 for the 

PriA protein56,81,92,99. The solid lines in Figure 6.5a are nonlinear least-squares fits of the 

experimental titrations with K1, K2, and ω, as independent fitting parameters, using 

equations 6.14 – 6.1756,81,92,99. The obtained binding parameters K1 = (2.5 ± 0.7) x 107 M-

1, K2 = (4.5 ± 0.8) x 106 M-1, and ω = 1 ± 0.256,92,99. Obtained parameters are very similar 

to the parameters describing the PriA binding to the fluorescein-labeled PAS, in the same 

solution conditions (data not shown)99. In other words, the presence of the fluorescein 

marker does not affect the PriA protein interactions with the Fl-labeled PAS99.  

6.4.7 Binding of the PriA Helicase to PAS in the Presence of ADP and 

ATPγS.  

As mentioned above, in section 2.2.3, the PriA protein has two nucleotide-binding 

sites, which dramatically increase the protein affinity for the ssDNA and, to a lesser  
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Figure 6.5 Binding of PriA to unmodified PAS substrate. a. Fluorescence titrations 
of dεA(pεA)19 [1.34 x 10-6 M (oligomer)] with the PriA protein in the absence (■) and in 
the presence of three different concentrations of the unmodified PAS: 1.48 x 10-7 M (■), 
3.69 x 10-7 M (■), and 6.65 x 10-7 M (■) (PAS)99. b. Fluorescence titrations of 
dεA(pεA)19 [1.34 x 10-6 M (oligomer)] with the PriA protein, containing 1 mM ADP, in 
the absence (■) and in the presence of two different concentrations of the unmodified 
PAS: 7.39×10−8 M (■) and 1.85×10−7 M (■) (PAS)99. c. Analogous fluorescence 
titrations of dεA(pεA)19 [1.34 x 10-6 M (oligomer)] with the PriA protein, in the absence 
(■) and in the presence of two different concentrations of the unmodified PAS: 1.85 x 10-

7 M (■) and 3.33 x 10-7 M (■) (PAS)99. The continuous lines in all three panels represent 
nonlinear least-squares fits of the experimental titrations, with K1, K2, and ω as 
independent fitting parameters, using equations 6.13 – 6.17 99. 
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extent, the affinity for the dsDNA (Figure 2.3)27,59-61,92,99. This specific nucleotide effect 

is particularly pronounced when the weak nucleotide-binding site is saturated with 

ADP27,59-61,92,99. Here, the Macromolecular Competition Titration method (MCT) has 

been used to examine the PriA protein binding to the unmodified PAS in the presence of 

the nucleotide cofactors27,59-61,92,99. As discussed above, in these studies we use, as a 

reference fluorescent nucleic acid, the etheno-derivative of the ssDNA 20-mer, 

deA(peA)19
27,59-61,92,99. In examined solution conditions, the values of KR = (4.3 ± 0.5) x 

105 M-1 and ΔFmax = 1.45 ± 0.05, for the solution containing ATPγS and KR = (1.6 ± 0.3) 

x 106 M-1 and ΔFmax = 1.6 ± 0.05, in the presence of ADP have been obtained in 

independent titration experiments81,99.  

Fluorescence titrations of dεA(pεA)19 with the PriA protein, in buffer C505 and 1 

mM ADP, and in the absence and presence of two different concentrations of the 

unmodified PAS, are shown in Figure 6.5b99. Due to the precipitation of the system at 

higher PriA concentrations, only part of the titration curve at the higher PAS 

concentration is included99. The solid lines in Figure 6.5b are nonlinear least-squares fits 

of the experimental titrations with K1, K2, and ω, as independent fitting parameters, using 

equations 6.14 – 6.1799. The obtained binding parameters are: K1 = (6 ± 1.1) x 107 M-1, 

K2 = (6.0 ± 1.1) x 107 M-1, and ω = 1 ± 0.299. Analogous fluorescence titrations of 

dεA(pεA)19 with the PriA protein, in buffer C505 and 1 mM ATPγS, in the absence and 

presence of two different concentrations of the unmodified PAS, are shown in Figure 

6.5c99. The obtained binding parameters: K1 = (6 ± 1.1) x 107 M-1, K2 = (6.0 ± 1.1) x 107 

M-1, and ω = 1 ± 0.2, are virtually the same as obtained for the solution containing ADP 

(Figure 6.5b)99. The data indicate that the presence of the nucleotide cofactors has only a 

moderate effect on the PriA affinity for the strong site on sthe PAS, while the affinity for 

the weak site increases by ~ 1 order of magnitude99. It should be mentioned that the 
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affinities determined for both binding sites on PAS structure are very similar to the PriA 

affinity for the dsDNA in the same solution conditions27,92,99. 

6.4.8 The PriA Helicase Interacts with PriB Independent of PAS. 

It has been reported that the PriA helicase and PriB can interact with one another 

only in the presence of the nucleic acid and the hand-off mechanism of PriA-PriB-DNA 

interactions was proposed16,99. Although this possibility is conceptually sound the 

experiments performed to arrive to this conclusion were somewhat inconsistent16,99. 

Therefore, the ability of PriA-PriB complex formation in solution was examined in the 

absence of the PAS99. The association of the PriB protein with PriA has been addressed 

using the fluorescence anisotropy titration using the fluorescein-labeled PriB protein (Fl-

PriB) and the complex formation has been monitored by the increase of the anisotropy of 

the Fl-PriB protein99. The signal form the Fl-PriB protein was used because PriB is much 

smaller than PriA and one can expect a significantly larger change of its fluorescence 

anisotropy, as a result of the complex formation, than in the case of the labeled PriA99. 

Fluorescence anisotropy titration (λex = 480 nm, λem = 520 nm) of the Fl-PriB 

with the PriA protein, in buffer C1005 is shown in Figure 6.699. The system has a 

tendency to precipitate at higher concentrations of both proteins, which preclude titrations 

at a higher concentration of Fl-PriB. The solid lines in Figure 6.6 are the nonlinear least-

squares fit of the experimental titration curve to a single-site isotherm  

 

ΔA =ΔAPriB + ΔAmax
KPP [PriA]Free

1+ KPP PriA]Free

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥      (6.18) 
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Figure 6.6 The PriA helicase interacts with PriB in solution independent of PAS. 
Fluorescence anisotropy titration of Fl-PriB [1.16 x 10-8 M (dimer)] with the PriA 
protein99. The continuous line represents the nonlinear least-squares fit of the 
experimental titration curve, with KPP and ΔAmax as independent fitting parameters, using 
equation 6.18 99. 
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where ΔAPriB, ΔAmax, and KPP are the initial anisotropy of the free PriB protein, the 

maximum increase of the observed anisotropy, and the association constant of the PriA - 

PriB complex99. The value of ΔAPriB for the free PriB protein is obtained experimentally 

in the absence of PriA and is 0.124 ± 0.00199. The fit provides an excellent description of 

the experimental titration curve, indicating that a single PriB molecule associates with the 

PriA protein99. The obtained values of the binding constant, KPP and the maximum 

increase of the fluorescence anisotropy of the PriB protein, ΔAmax, in the examined 

solution conditions, are: (3.5 ± 0.8) x 106 M-1 and 0.041 ± 0.001, respectively99.  

6.4.9 The PriB Protein Binding to PAS is Negligible.  

Although the PriB protein has a significant affinity for the ssDNA, its affinity for 

the dsDNA, which constitutes the major part of the PAS structure, is very low81,99. 

Nevertheless, to address the possibility that, in examined solution conditions, the PriB 

protein may associate with the PAS sequence/structure prior to the binding of the PriA 

protein, binding of PriB to the PAS was examined using the fluorescence titration 

method99. The process of PriB-PAS complex formation has been monitored by the 

fluorescence intensity of the 5’-Fl-PAS, analogously to studies with the PriA protein 

described in section 6.4.3 and 6.4.499. Fluorescence titration (λex = 480 nm, λem = 520 

nm) of 5 x 10-7 M 5’-Fl-PAS with the PriB protein, in buffer C1005 is shown in Figure 

6.799. The inspection of the titration curve shows that the association becomes detectable 

only when PriB concentration exceeds ~ 3 x 10-7 M (dimer)99. In addition, it looks like 

the association process is cooperative, as shown by the span of less than 2 orders of 

magnitude between 10% and 90% of the titration curve99. The simplest partition function 

that could describe examined behavior of the system is 
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Figure 6.7 The PriB protein binds to PAS structure with low affinity. 
Fluorescence titration of 5’-Fl-PAS substrate [5 x 10-7 M] with the PriB protein99. The 
solid line is the nonlinear least-squares fit of the experimental titration to equation 6.20 
with KB1 = KB1 (2.3 ± 0.8) x 105 M-1, ΔF1 = 0.05 ± 0.01, ΔFmax = 0.43 ± 0.03, and ω = 40 
± 8 99. 
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2
FB PKKPKPK1Z 2B1BFB2FB1 ω+++=     (6.19) 

 

The observed relative fluorescence quenching, ΔFobs, is then 

 

ΔFobs =ΔF1
KB1 PF + KB2 PF

ZB
+ΔFmax

K1BK2B ωPF
2

ZB     (6.20) 

 

where and KB1 and KB2 are the binding constants for the association of the one and two 

PriB molecules with the PAS, respectively, the parameter, ω, characterizes cooperative 

interactions, ΔF1 is the relative fluorescence quenching accompanying the binding of the 

single PriB molecule to the PAS, and ΔFmax is the maximum observed fluorescence 

quenching99. The solid line in Figure 6.7 is the nonlinear least-squares fit of the 

experimental titration to equation 6.20, which provides KB1 = KB1 (2.3 ± 0.8) x 105 M-1, 

ΔF1 = 0.05 ± 0.01, ΔFmax = 0.43 ± 0.03, and ω = 40 ± 899. Clearly, the PriB protein 

affinity for the PAS is at least ~2 orders of magnitude lower than the corresponding 

affinity of the PriA protein and, as a result, in the examined concentration range of the 

PriB protein (< 1.3 x 10-7 M (dimer)), the association of the protein with the PAS is 

negligible99. 

6.4.10 The Effect of PriB in Solution on the Binding of PriA to PAS.  

Fluorescence titrations of the 5’-Fl-PAS with the PriA protein, in the presence of 

1.15 x 10-7 M-1 (dimer) of the PriB protein at three different nucleic acid concentrations, 

are shown in Figure 6.8a99. As shown above, in section 6.4.9, at the selected 

concentration, the PriB protein alone does not detectably bind to the PAS81,99. In addition, 

the value of KPP characterizing the PriA – PriB interactions, independent of the DNA, 
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indicates that the PriA – PriB complex formation is also minimal at the applied protein 

concentrations (section 6.4.8)81,99. The biphasic character of the PriA binding to the PAS 

is now strongly pronounced, particularly at the low PAS concentration, where the free 

PriA protein concentration approaches its total concentration1,81,89,95,99,126. The 

dependence of relative fluorescence quenching, ΔFobs, as a function of ΣΘi of the PriA 

protein on the PAS, is shown in Figure 6.8b1,81,89,95,99,126.  

Surprisingly, the plot shows only slightly pronounced nonlinearity, due to the 

similar values of the induced fluorescence quenching, which accompanies the binding of 

the first and second PriA molecule1,27,81,92,99,127. Extrapolation of the plot to the maximum 

value of ΔFobs gives the maximum stoichiometry of 2.2 ± 0.2, showing that, still, two 

PriA molecules associate with the PAS structure and the presence of PriB protein does 

not change the maximum stoichiometry of the PriA - PAS complex99. The analysis of the 

titration curves in Figure 6.8a has been performed as described above for Figure 6.3a99. 

The solid lines in Figures 6.8a are nonlinear least-squares fits to equations 6.9 – 6.12 

where K1 and K2 have been replaced by K1ov and K2ov, respectively, providing the overall 

binding constants of PriA for the PAS in the presence of PriB, K1ov = (6 ± 0.3) x 108 M-1 

and K2ov = (7.0 ± 1.1) x 106 M-1, respectively99. Thus, in the presence of the selected PriB 

concentration, the affinity of PriA for the strong site is increased by a factor of ~ 30, 

while the affinity for the weak site is only increased by a factor of ~2 (section 6.4.4)99.  

Fluorescence titrations of the 5’-Fl-PAS with PriA, in the presence of several 

selected PriB concentrations, are shown in Figure 6.9a99. Even at the lowest PriB 

concentration (1.27 x 10-9 M (dimer)) pronounced effect of PriB on the PriA affinity for 

the strong binding site is evident99. The solid lines in Figures 6.9a are nonlinear least-

squares fits of the titration curves to equations 6.9 - 6.12 with K1ov and K2ov as the fitting 

parameters99. Because the value of the PriA - PriB association constant in the absence of  
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Figure 6.8 The presence of PriB in solution has a dramatic effect on the binding 
of PriA to the PAS structure. a. Fluorescence titrations of 5’-Fl-PAS with PriA at three 
different concentrations of the nucleic acid 1.25 x 10-8 M (■), 6.36 x 10-8 M (■), and 2.56 
x 10-7 M (■) in the presence of the PriB protein at the concentration of 1.15 10-7 M 
(dimer). The continuous lines represent nonlinear least-squares fits, using the binding 
model of the two discrete sites, with K1, K2, and ω as independent fitting parameters 
equations 6.9 -6.12. b. The dependence of the relative fluorescence quenching ΔFobs on 
the total average degree of binding ΣΘi of PriA on the PAS in the presence of the PriB 
protein. The continuous red lines mark the slopes of the two binding phases and have no 
theoretical basis. The broken line indicates extrapolation of the maximum value of ΔFobs 
(ΔFmax) marked by the horizontal line99. 



 247 

the DNA, KPP, is known the concentration of free PriB ([PriB]Free,) could be estimated99. 

The dependence of K1ov upon [PriB]Free is shown in Figure 6.9b99. It is obvious that the 

plot is hyperbolic, indicating that the PriB effect on K1ov saturates at higher protein 

concentrations99. The linear character of the initial part of the plot indicates that a single 

PriB binds to the PriA - strong binding site complex99. Analogous dependence of K2ov 

upon [PriB]Free is shown in Figure 6.9c99.  

6.4.11 The Model of the PriB Effect On the PriA – PAS Interactions.  

The fact that the PriB protein binds to the PriA protein in the absence of the DNA 

and the characteristic dependence of K1ov and K2ov upon the PriB protein concentration 

indicate that the PriB protein binds to the PriA protein associated with the strong and 

weak binding sites on the PAS, with a single PriB molecule engaging in interactions at 

each site99. First, consider the PriB effect on the PriA-PAS complex at the strong site, 

PASS
99. The simplest binding model, which describes the examined system, is  

 
K1

PriA + PASS ↔S1

KB1

S1 + PriB↔ S2

KPP

PriA + PriB ↔ PP

KP1

PP + PASS ↔ S2

       (6.21) 

 

where S1 is the strong site associated with PriA alone, S2 is the strong site associated with 
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the PriA-PriB complex, PP is the PriA-PriB complex formed in solution independent of 

the DNA, KB1 is the PriB binding constant for the PriA-strong binding site complex, and 

KP1 is the binding constant of the PriA-PriB complex to the strong site99. The values of 

K1 and Kpp have been determined experimentally99 Thus, the overall binding constant, for 

the PriA binding to the strong site, in the presence of the PriB protein, K1ov, expressed 

using the binding constant for the PriB protein to the PriA-strong site complex, is99 

 

K1ov =
[S1]Free + [S2]Free

([PriA]Free +[PP])[PAS]Free
     (6.22) 

 

and 

 

K1ov =
K1 + K1KB1[PriB]Free

1 +KPP[PriB]Free
     (6.23) 

 

Thus, K1ov includes binding of the PriA protein alone to the PAS and in the complex with 

the PriB protein dimer99. Analogous model for the weak binding site, PASW, is 

 
K2

PriA + PASW ↔ W1

KB2

W1 + PriB↔ W2

KPP

PriA + PriB↔ PP

KP2

PP + PASW ↔ W2

       (6.24) 
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Figure 6.9 The effect of PriB on PriA - PAS structure interactions. The plausible 
model. a. Fluorescence titrations of 5’-Fl-PAS [1.25 x 10-8 M (PAS)] with PriA at 
different concentrations of the PriB protein (dimer): 0 (■), 1.27×10-9 M (■), 1.27×10-8 M 
(■), and 1.15×10-7 M (■)99. The continuous lines represent nonlinear least-squares fits, 
using the binding model of the two discrete sites, with K1, K2, and ω as independent 
fitting parameters using equations 6.9 - 6.12 99. b. The dependence of the overall binding 
constant K1ov on [PriB]Free. The continuous line represents the nonlinear least-squares fit 
of K1ov to the thermodynamic model, where the PriA protein or the PriA – PriB complex 
binds to the strong site on the PAS (equation 6.23)99. c. The dependence of the overall 
binding constant K2ov on [PriB]Free. The continuous line represents the nonlinear least-
squares fit of K2ov to the thermodynamic model, where the PriA protein or the PriA–PriB 
complex binds to the weak site on the PAS (equation 6.24)99. 
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and the expression for the overall binding constant, for the PriA binding to the weak site 

in the presence of the PriB protein, K2ov, is99  

 

K2ov =
K2 + K2KB2[PriB]Free

1 +KPP[PriB]Free
     (6.25) 

 

The solid line in Figure 6.9b is the nonlinear least-squares fit of the data to the proposed 

model, equation 6.23, which provides the association constant of the PriB protein with 

the PriA - strong site complex, KB1 = (3.1 ± 0.8) x 108 M-1 99. Analogously, the solid line 

in Figure 6.9c is the nonlinear least-squares fit of the data to the corresponding 

expression for K2ov, equation 6.25, which provides the association constant of the PriB 

protein with the PriA - weak binding site complex, KB2 = (2.7 ± 1.1) x 107 M-1 99. This 

large difference in the affinities indicates that PriB forms a very different complex with 

the PriA protein at the strong site, as compared to the weak site99.  

6.4.12 The Effect of PriB Protein on the PriA – ssDNA and PriA - dsDNA 

Interactions.  

To examine whether or not the effect of the PriB protein on PriA – PAS 

interactions is specific, the effect of PriB on the PriA interactions with the dsDNA was 

evaluated99. The binding of the PriA protein to the dsDNA 10-mer in the presence of 

PriB, was followed using the fluorescein label at the 5’ end of one of ssDNA strands 

(section 6.3.3)92,99. PriA – 5’Fl-dsDNA interactions have been described in Chapter 392,99. 

Recall, the dsDNA 10-mer accommodates two PriA molecules with the site-size n = 5 ± 1 

base pairs and the binding process is characterized by a single intrinsic binding constant, 

KDS, and positive cooperativity, characterized by the cooperativity parameter, ω (section 

3.4.3)92,99. The partition function, Z10, of the PriA - dsDNA 10-mer system is92,99 
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Z10 =1 +6K

DS
[PF ]+ω (K

DS
[PF ])2     (6.26) 

 

The observed relative change of the nucleic acid fluorescence is defined by92,99 

 

ΔF = ΔF1
6K

DS
PF

Z10

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥ + ΔFmax

ω (K
DS

PF )2

Z10

⎡ 

⎣ 
⎢ 
⎢ 

⎤ 

⎦ 
⎥ 
⎥ 
    (6.27) 

 

Fluorescence titrations (λex = 480 nm, λem = 520 nm) of the 5’-Fl-dsDNA 10-mer with the 

PriA protein, in the absence and presence of the PriB protein (1.145 x 10-7 M (dimer)) are 

shown in Figure 6.10a99. The effect of PriB is very small as the addition of the protein 

only slightly shifts the titration curve. In the absence of the PriB protein, ΔF1 = 0.12, 

ΔFmax = 0.41, KDS = (7.3 ± 0.9) x 106 M-1, and ω = 1.5 ± 0.31,92,99,126,127. The solid lines in 

Figure 6.10a are nonlinear least-squares fits of the experimental titrations with KDS and 

ω, in the presence of the PriB protein, as independent fitting parameters and provide KDS 

= (9.3 ± 1.5) x 106 M-1 and the cooperativity parameter, ω = 1.5 ± 0.31,92,99,126,127. 

Analogously, the effect of PriB on the PriA – ssDNA interactions has been 

examined56,92,99. The binding of the PriA protein to the ssDNA 20-mer, was followed 

using the signal from etheno-derivative of the 20-mer, dεA(pεA)19
1,57,92,99,127. The 

fluorescence titrations (λex = 325 nm, λem = 410 nm) of the dεA(pεA)19, with the PriA 

protein, in the absence and presence of two PriB protein concentrations, [7.39 x 10-8 M 

(dimer)] and [1.145 x 10-7 M (dimer)], respectively, are shown in Figure 6.10b99. The 

solid lines in Figure 6.10b are nonlinear least-squares fits of the experimental titrations to 

a single-site isotherm: 



 252 

 

 

 

 

 

 

 
 
 
 
 
 
Figure 6.10 The PriB protein has virtually no effect on the PriA – ssDNA and 
dsDNA interactions. a. Fluorescence titrations of the dsDNA 10-mer [1.0 x 10-8 M 
(oligomer)] with the PriA protein, in the absence (■) and in the presence of the PriB 
protein [1.145 x 10-7 M (dimer)] (■)99. The continuous lines represent nonlinear least-
squares fits of the experimental titrations in the presence of the PriB protein, with KDS 
and ω as independent fitting parameters (equations 6.26 and 6.27)99. b. Analogous 
fluorescence titrations of the ssDNA 20-mer dεA(pεA)19 [1.34 x 10-6 M (oligomer)] with 
the PriA protein, in the absence (■) and in the presence of two PriB protein 
concentrations: 7.39 x 10-8 M (dimer) (■) and 1.145 x 10-7 M (dimer) (■), respectively99. 
The continuous lines represent nonlinear least-squares fits of the experimental titrations 
to a single-site isotherm (equation 6.28)99. 
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ΔF = ΔFmax
K20 PF

1+ K20 PF

⎡ 

⎣ 
⎢ 

⎤ 

⎦ 
⎥       (6.28) 

 

with K20, and ΔFmax as independent fitting parameters99. In the absence of the PriB 

protein, K20 = (1.4 ± 1.5) x 105 M-1 and ΔFmax = 1.08 ± 0.051,57,92,99. Corresponding 

values are: K20 = (1.9 ± 1.5) x 105 M-1, ΔFmax = 1.10 ± 0.05 and K20 = (2.4 ± 1.5) x 105 

M-1, ΔFmax = 1.14 ± 0.05, in the presence of 7.39 x 10-8 M and 1.145 x 10-7 M 

concentrations of the PriB protein (dimer), respectively99. It is obvious that the presence 

of the PriB protein, at the concentrations which dramatically influence the PriA 

interactions with the strong PAS binding site, has hardly noticeable effect on the enzyme 

binding to the dsDNA or the ssDNA99. 

6.4.13 The PriA and PriA - PriB – PAS Interactions. The Thermodynamic 

Cycle. 

Having determined the thermodynamic characteristics of the PriA binding to the 

strong and weak binding sites on the PAS, the association constant characterizing the 

PriA and PriB complex formation, as well as the association constants for the PriB 

binding to the PriA-PAS complexes, the affinities of the PriA-PriB complex, formed in 

solution independent of the PAS, for both the strong and the weak binding sites can be 

adressed99. Figure 6.11a and Figure 6.11b show the thermodynamic cycles for binding of 

PriA and PriB to the strong- and weak-binding sites, including alternative pathway, 

where the PriA - PriB complex, formed independent of the DNA, binds to the PAS99. 

Using the cycle in Figure 6.11a, the binding constant for the PriA - PriB complex 

formation at the strong binding site on the PAS, KP1, is determined to be (1.7 ± 0.5) x 109 

M-1 99. The corresponding value of the binding constant for the weak binding site is, 
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Figure 6.11 Thermodynamic cycles of PriA – PAS, PriA – PAS – PriB, PriA – 
PriB and PriA – PriB - PAS interactions proposed in the recognition of the strong 
and weak binding sites on the PAS. The affinity of the PriA – PriB complex for the 
strong, KP1, and weak binding sites, KP2, has been obtained from the relationships KP1 = 
(K1KB1)/KPP and KP2 = (K2KB2)/KPP, respectively99. 
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KP2 = (4.0 ± 1.5) x 107 M-1 (Figure 6.11b)99. 

6.4.14 The Effect of Temperature on the PriA-PAS or PriA-PriB-PAS 

Complex Formation.  

In order to further address the nature of complexes formed at the strong and weak 

binding sites of the PAS, the temperature effect on the energetics of the association 

reactions was examined99. Fluorescence titrations of the 5’-Fl-PAS with PriA alone, or in 

the presence of the PriB protein (1.15 x 10-7 M, dimer), have been performed at several 

different temperatures (data not shown) and Figure 6.12a shows the dependence of the 

natural logarithm of the binding constants, K1 and K2, upon the reciprocal of the 

temperature (Kelvin)81,92,99. Corresponding plots for the overall binding constants, K1ov 

and K2ov, obtained in the presence of PriB, are shown in Figure 6.12b99. Within 

experimental accuracy, both plots are linear in the examined temperature range99. The 

temperature dependence of the given binding constant, Ki, is described by van’t Hoff’s 

equation81,92,96,99 

 

∂lnKi

∂(
1
T

)
= −

ΔH
i
o

R
      (6.29) 

 

where ΔHi is the enthalpy change accompanying a given intrinsic binding process99. 

Binding of the PriA protein alone to the strong and weak sites is characterized by the 

apparent enthalpy changes, ΔH1° = 22.9 ± 3 kcal/mol and ΔH2° = 0 ± 3 kcal/mol, 

respectively99. Such a large difference between the values of the thermodynamic 

functions indicates that very different binding processes occur at the strong and the weak  
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Figure 6.12 Temperature effect on the PriA – PAS and PriA – PriB – PAS 
interactions. a. The dependence of the natural logarithm of the binding constants K1 (■) 
and K2 (□), determined for the binding of the PriA protein alone to the strong and weak 
binding sites on the PAS, on the reciprocal of the temperature (in Kelvin) (van't Hoff 
plots)81,96,99. (b) The dependence of the natural logarithm of the overall binding constants 
K1ov (■) and K2ov (□), obtained for the binding of PriA to the strong and weak binding 
sites on the PAS in the presence of the PriB protein [1.15 x 10-7 M (dimer)]99. The 
continuous lines in both panels represent linear least-squares fits to equation 6.2999. 
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binding sites99. Using the thermodynamic relationship, ΔG° = - RTLnKi, the 

corresponding apparent entropy changes of the binding as, ΔS1° = 114 ± 25 cal/mol deg 

and ΔS2° = 30 ± 6 cal/mol deg, can be obtained81,92,99. In the presence of the PriB protein, 

ΔH1° = 0 ± 3 kcal/mol and ΔH2° = 0 ± 3 kcal/mol, respectively, and the corresponding 

apparent entropy changes are: ΔS1° = 40 ± 9 cal/mol deg and ΔS2° = 31 ± 6 cal/mol 

deg99. Thus, the PriB protein dramatically changes the thermodynamic characteristics of 

the PriA binding to the strong site, while it has no effect on the PriA protein binding to 

the weak site99. 

6.4.15 Changes to the PAS Structure Exerted by the PriA and PriA – PriB 

Binding in the Presence of ATP. FRET Experiments. 

In the final set of experiments, we examined the effect of the PriA helicase and 

PriA-PriB complex on the structure of the PAS substrate using the FRET method (section 

6.3.9)8,63,99,123-125. Figure 6.13a shows used PAS substrate with the locations of the 

fluorescence acceptor (fluorescein) at the 5’ end of the DNA (5’-Fl-PAS) and the 

fluorescence donor, coumarin derivative (CP), at the 3’ end of the nucleic acid (5’-Fl-

PAS-3’-CP)8,63,99,123-125. In the approach used in this experiments the nucleic acid is 

labeled with only the acceptor, 5’-Fl-PAS, or only with the donor, PAS-3’-CP, or with 

both the acceptor and the donor, 5’-Fl-PAS-3’-CP8,63,99,123-125. The Förster efficiency of 

the fluorescence energy transfer, E, from the acceptor to the donor and the average 

distance between the acceptor and the donor, R, have been determined using two 

apparent fluorescence energy transfer efficiencies. ED, and EA (section 6.3.9)8,63,99,123-125. 

Since PriA is a helicase, in the presence of ATP, the change of the PAS structure, most 

probably due to unwinding of its dsDNA parts, should lead to the spatial separation of the  
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Figure 6.13 The structural effect of the PriA helicase binding to the PAS. a. The 
structure of the 5’-Fl-PAS-3’-CP substrate. The fluorescence acceptor, A, Fluorescein, is 
located at the 5’ end side of the DNA and with the fluorescence donor, D, coumarin 
derivative, CP, is located at the 3′ end of the DNA99. b. The emission spectrum (λex = 425 
nm) of PAS-3’-CP (green), the spectrum of 5’-Fl-PAS (orange), the spectrum of 5’-Fl-
PAS-3’-CP (red), the spectrum of PAS-3’-CP normalized to the maximum of the 
coumarin emission in 5’-Fl-PAS-3’-CP (magenta), and the sensitized emission spectrum 
of 5’-Fl-PAS (blue). The concentration of the PAS substrate is 1.25 x 10-8 M 
(oligomer)99. c. The emission spectrum (λex = 425 nm) of PAS-3’-CP (green), the 
spectrum of 5’-Fl-PAS (orange), the spectrum of 5’-Fl-PAS-3’-CP (red), the spectrum of 
PAS-3’-CP normalized to the maximum of the coumarin emission in 5’-Fl-PAS-3’-CP 
(magenta), and the sensitized emission spectrum of 5’-Fl-PAS (blue), in the presence of 
PriA and PriB. The concentrations of the PriA and PriB proteins are 8 x 10-7 M and 1.15 
x 10-7 M (oligomer)99. d. The emission spectrum (λex = 425 nm) of PAS-3’-CP (green), 
the spectrum of 5’-Fl-PAS (orange), the spectrum of 5’-Fl-PAS-3’-CP (red), the spectrum 
of PAS-3’-CP normalized to the maximum of the coumarin emission in 5’-Fl-PAS-3’-CP 
(magenta), and the sensitized emission spectrum of 5’-Fl-PAS (blue), in the presence of 
PriA helicase and PriB protein, and 1 mM ATP. The concentrations of the PriA and PriB 
proteins are 8.0 x 10-7 M and 1.15 x 10-7 M (oligomer)99. 
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acceptor and the donor and to the decrease of the values of E, and, in turn, to the 

increased average distances between the donor and the acceptor8,55-57,63,99,123-125.  

Figure 6.13b shows the emission spectrum (λex = 425 nm) of the PAS-3’-CP 

(green), the spectrum of the 5’-Fl-PAS (orange), the spectrum of the 5’-Fl-PAS-3’-CP 

(red), the spectrum of the PAS-3’-CP normalized to the maximum of the coumarin 

emission in the 5’-Fl-PAS-3’-CP, (magenta), and the sensitized emission spectrum of the 

5’-Fl-PAS (blue)99,123-125. The intensities of the donor and the acceptor have been 

obtained by integrating the corresponding areas under the spectra and obtained values of 

the FRET efficiencies are: ED = 0.53 ± 0.03, EA = 0.23 ± 0.03, and E = 0.32 ± 

0.038,63,99,123-125. The value of E ≈ 0.32 indicates that the average distance between 

coumarin and fluorescein on the PAS in the absence of the PriA and/or PriB protein, is R 

= 58.5 ± 3.0 Å (Table 6.1)99. 

Corresponding emission spectrum (λex = 425 nm) of the PAS-3’-CP (green), the 

spectrum of the 5’-Fl-PAS (orange), the spectrum of the 5’-Fl-PAS-3’-CP (red), the 

spectrum of the PAS-3’-CP normalized to the maximum of the coumarin emission in the 

5’-Fl-PAS-3’-CP, (magenta), and the sensitized emission spectrum of the 5’-Fl-PAS 

(blue), in the presence of the PriA helicase and the PriB protein, in the absence of ATP, 

are shown in Figure 6.13c99. Concentrations of the PriA protein and the PriB protein are: 

8.0 x 10-7 M and 1.15 x 10-7 M (oligomer), respectively. In these conditions two PriA 

molecules, with associated PriB proteins, are bound to the PAS99. The spectra are similar 

to the corresponding spectra recorded for the PAS substrate alone as expressed by very 

similar values of energy transfer efficiencies and the average distance between the 

acceptor and the donor (Table 6.1)99. It is evident that the presence of the PriA molecules, 

associated with the PriB protein, at the strong and weak binding sites on the PAS, does 

not affect that structure of the nucleic acid99. A similar lack of the effect of the PriA 



 260 

protein, in the presence or absence of PriB on the PAS structure, is observed for the 

single enzyme molecule associated only with the strong binding site (Table 6.1)99.  

The situation is different in the presence of ATP99. The protein - DNA complex 

has been mixed and incubated for 10 minutes99. Subsequently ATP was added, and the 

system was allowed to equilibrate for another 10 minutes, and the spectra were 

recorded99. Interestingly, the PriA protein alone, or of the PriA - PriB complex, 

associated only with the strong binding site, is capable of inducing a moderate change in 

the PAS structure, with R increasing from ~58.5 Å to ~66 - 68 Å (Table 6.1)99. This 

newly established complex could not be reached in the presence of ADP alone, where the 

average distance R ≈ 60 Å (data not shown)99. Thus, it is safe to say that the observed 

complex must be a result of the helicase activity of the enzyme accompanied by the ATP 

hydrolysis99.  

The most dramatic difference is observed for the complex involving two PriA 

molecules bound to the strong and weak binding sites, alone, or associated with the PriB 

protein99. Figure 6.13d shows the emission spectrum (λex = 425 nm) of the PAS-3’-CP 

(green), the spectrum of the 5’-Fl-PAS (orange), the spectrum of the 5’-Fl-PAS-3’-CP 

(red), the spectrum of the PAS-3’-CP normalized to the maximum of the coumarin 

emission in the 5’-Fl-PAS-3’-CP, (magenta), and the sensitized emission spectrum of the 

5’-Fl-PAS (blue), in the presence of the PriA helicase, the PriB protein, and ATP99. 

Concentrations of the PriA and PriB proteins are the same as in Figure 6.13c, i.e., two 

PriA molecules, with associated PriB proteins, are bound to the PAS99. The spectra are 

very different from the corresponding spectra recorded for the PAS substrate alone 

(Figure 6.13b), or for the same system in the absence of ATP (Figure 6.13c)99. The 

emission intensity of the donor is only slightly diminished and the sensitized emission 

intensity is only very moderately larger than the emission of the acceptor alone99. The 
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obtained values of the FRET efficiencies are: ED = 0.05 ± 0.01 and EA = 0.09 ± 0.02, and 

E = 0.08 ± 0.02 indicates that the average distance between CP and fluorescein on the 

PAS is R = 77.4 ± 4.1 Å (Table 6.1)99. Thus, the spatial separation of the acceptor and the 

donor is ~19 Å much larger than observed for the PAS alone99. Comparable, but lower 

separation of the acceptor and the donor is observed in the case of the two PriA bound to 

the PAS in the absence of the PriB protein, with R ≈ 75.5 Å (Table 6.1)99. 

6.5 DISCUSSION 

6.5.1 Binding of Two PriA Molecules to Two Discrete Binding Sites on the 

PAS Structure Initiates the Primosome Formation.  

For almost two decades the exact numbers of components of the primosome 

complex, participating at each stage of the assembly process, remained 

elusive5,15,16,25,26,99. Application of the quantitative fluorescence titration method 

described in this Chapter allowed, for the first time, to unambiguously determine the 

stoichiometries of the initial steps of the primosome formation, involving the PriA and 

PriB proteins1,95,99,126,127. Presented data clearly show that the minimal phiX174 PAS 

substrate possesses two discrete binding sites to which two PriA molecules bind99. 

Moreover, the binding sites dramatically differ in their thermodynamic properties, the 

effect of the nucleotide cofactors, and the effect of the PriB protein99.  

Taking into account the size of PriA ( ~ 82 kDa) it is rather surprising that 55 

nucleotides PAS substrate can accommodate up to two PriA monomers27,49,50,56,92,99. 

However, the stoichiometry of the PriA-PAS complex can be understood in the context of 

known properties of the PriA helicase and its ability to binding the ss and 

dsDNAs1,27,56,92,99. The PriA protein possesses a DNA-binding site, located on the 
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helicase domain, which protrudes from the rest of the protein matrix1,27,56,92,99. This 

unique structure enables the enzyme to associate with small fragments of the DNA, as 

clearly seen in the kinetics studies, and adjust its site-size to the conformation of the 

nucleic acid1,27,56,59,92,99. Thus, the site-size of the PriA-ssDNA complex is ~ 20 

nucleotides, while the site-size of the protein dsDNA is only ~ 5 base pairs 

long1,27,56,59,92,99. Even so, such a large difference between the site-sizes of the PriA - 

ssDNA and the PriA - dsDNA complexes is confounding27,56,59,92,99. Moreover, while the 

binding of the enzyme to the ssDNA lacks any cooperativity, the association with the 

dsDNA is characterized by positive cooperativity27,56,92,99. This means that the PriA 

protein must be able to assume very different orientations in complexes with different 

DNA conformations27,56,59,92,99. PriA seems to take advantage of this ability when binding 

to the PAS structure containing dsDNA segments separated by loops and ssDNA bulges 

(Figure 6.2a)99,103,122. In the absence of the PriB protein, the affinity of the strong binding 

site is similar to the PriA protein affinity for the dsDNA92,99. These data indicate that the 

strong binding site includes one of the dsDNA fragments of the PAS and the protein 

binds in an orientation similar to the orientation in the complex with the duplex DNA, 

i.e., without engaging the N-terminal domain in interactions with the nucleic acid92,99. 

Moreover, the separation of the protein bound at the strong site by ~9 1 Å from the 5’ end 

of the nucleic acid places the strong binding site close to the ssDNA loop of the PAS 

structure (Figure 6.4a)99.  

On the other hand, the affinity of the weak site is close to the PriA protein affinity 

for the ssDNA19,22,24. Recall, the nucleotide cofactors, mostly ADP, profoundly affect 

only the PriA affinity for the ssDNA, leading to the engagement of the N-terminal 

domain in interactions with the DNA, while the same cofactors have only a modest effect 

on the protein dsDNA affinity27,59-61,92,99. The effect of the nucleotide cofactors on the 
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PriA binding to the strong and weak binding sites reflects similar behavior (Figure 6.5b 

and Figure 6.5c)92,99. These results, and the lack of any cooperative interactions between 

the PriA molecules associated with the strong site, indicate that the weak binding site 

must be located at the opening of the hairpin-like PAS structure and include ssDNA 

fragment of the PAS close to the 3’ end of the nucleic acid92,99. Furthermore, the lack of 

cooperative interactions in the complex with the PAS strongly suggest that the PriA 

protein is associated in a different orientation and/or structural state in the strong site, as 

compared to the orientation and/or structure of the bound protein in the weak binding 

site92,99.  

These conclusions are further corroborated by different thermodynamic 

characteristics of the PriA binding to the strong and weak binding sites on PAS99. While 

the association with both sites is driven by the apparent entropy changes, the association 

with the strong site is characterized by a very unfavorable apparent enthalpy change 

(ΔH1° ≈ 22 kcal/mol), as compared to ΔH2° ≈ 0 (Figure 6.12)99. Notice, this very peculiar 

thermodynamic response i.e., a large enthalpy change, indicates profound structural 

transformation as a result of the PriA protein binding to the strong binding site of the 

PAS99. Interestingly, such a change is absent in the association process of the protein with 

the weak site99.  

6.5.2 The PriB Protein Specifically Binds to the PriA Associated with the 

Strong Binding Site on the PAS Structure.  

As presented above, the difference between the effect of the PriB protein on the 

PriA association with the strong and weak binding sites is dramatic99. The overall binding 

constant of the PriA protein for the strong site increases by a factor of ~ 30, while the 

overall affinity of the weak site increases only by a factor of ~ 2 (Figure 6.8 and Figure 
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6.9)99. The data presented in Figure 6.9 as well as the thermodynamic cycles in Figure 

6.11 show that the PriB protein binds to the PriA protein at the strong site with the 

affinity more than an order of magnitude higher than to the PriA associated with the weak 

site99. This profound effect cannot be due to the PriB intrinsic affinity for the DNA81,99. 

First, as shown in the Figure 6.10, the PriB protein does not affect the PriA binding to the 

ssDNA or the dsDNA99. Second, the protein shows strong preference for the ssDNA and 

has very low intrinsic affinity for the PAS (Figure 6.7)81,99. These results clearly indicate 

that the PriB effect on PriA – PAS interaction is explicit and that the protein is able to 

specifically induce/recognize the conformational state of the PriA protein associated with 

the strong binding site on the PAS99.  

6.5.3 The PriB Protein Induces Conformational Changes in the PriA Protein 

In the Absence of the DNA Which Specifically Increase the PriA Affinity for the 

Strong Binding Site On the PAS.  

In the context of presented data and the discussion in section above, the 

thermodynamic cycles in Figure 6.11 show that the affinity of the PriA-PriB complex, 

formed in the absence of the PAS, for the strong binding site is by a factor of ~ 100 

higher than the affinity of the PriA protein alone for the site99. Parallel increase in the 

affinity of the PriA-PriB complex for the weak site is by a factor of ~1099. These results 

point out that the PriB effect, seen in the overall binding constant of the PriA association 

with the strong site on the PAS, is induced on the level of PriA - PriB interactions and is 

independent of whether or not the PriA protein is associated with the PAS99. Moreover, 

the effect is specific for strong binding site on the PAS not for the ssDNA or dsDNA99. 

This further supports the fact that the PriB protein forms a very different complex with 

the PriA protein at the strong site, as compared to the weak site99. Notice, although the 
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PriA protein alone, in the absence or presence of the nucleotide cofactors, will preferably 

bind to the PAS in the presence of the competing ssDNA, the protein alone is not able to 

efficiently distinguish the PAS from any surrounding dsDNA99. Only the engagement of 

the PriB protein leads to the specific and efficient recognition of the PAS by the PriA 

helicase99. 

6.5.4 The PriA-PriB Complex Can Recognize the PAS Without Prior Binding 

of PriA to the DNA.  

The current model of the primosome assembly process is that the PriA protein 

first associates with the nucleic acid prior to the engagement of the PriB protein in the 

complex5,16,24,25,99. However, the data presented in this Chapter indicate that the PriA-

PriB complex is formed independently of the PAS and is capable to recognize the PAS 

without the preceding PriA binding to the DNA (Figures 6.11)99. Even though the value 

of KPP, characterizing the PriA-PriB complex formation in solution, indicates that, at the 

physiological concentrations of both proteins (~ 5 x 10-8 M), the PriA-PriB complex may 

constitute only ~ 10% of the PriA population, the high affinity of the PriA-PriB complex 

could offset the low efficiency of its formation54,55,99,103. In this context, the temperature 

effect on the PriA and the PriA-PriB complex association with the PAS is very 

interesting99. The data indicate that at higher temperatures the PriA affinity for the strong 

site approaches the affinity of the PriA-PriB complex, while the affinity of the PriA-PriB 

complex remains unaffected by the temperature (Figure 6.12b)99. In the context of this 

results, the PriB protein seems to control the affinity of the PriA helicase for the strong 

site on the PAS by holding the corresponding binding constant at a specific value of ~5 x 

108 M-1 99.  
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6.5.5 Only Moderate Conformational Changes in the PAS Structure are 

Induced by PriA and PriA-PriB Complex in the Presence of ATP.  

The helicase activity of the PriA protein or the PriA-PriB complex, associated 

with the strong site, should disrupt the dsDNA fragments of the PAS structure99. This 

ATP fuelled process only moderately increases the acceptor - donor distance from R ≈ 58 

Å to R ≈ 66 - 68 Å (Table 6.1). Possible re-annealing of the PAS structure could be a 

reason for this small distance increase99. It should be noted, however, that such re-

annealing process would return R to the initial value of ~58 Å, which is not observed99. 

Thus, the data indicate that, as a consequence of the specific orientation and/or 

conformation in the strong binding site, the PriA helicase and the PriA-PriB complex 

have a strongly diminished capability to disrupt the duplex parts of the PAS substrate, 

resulting in a new protein-PAS complex with only partially affected nucleic acid 

structure99. This conclusion is further supported by the fact that the PriA protein, and 

particularly the PriA - PriB complex, retain the high-affinity state for the strong site in the 

presence of ADP99.  

Different situation is observed when the PriA helicase or its complex with the 

PriB protein is associated with the strong and weak binding sites99. In the presence of the 

ATP, the acceptor - donor distance increases from ~58 Å to ~ 77 Å, indicating that the 

PriA protein and the PriA - PriB complex associated with the weak site can stimulate a 

significantly more pronounced change in the PAS structure, than the corresponding 

complexes exclusively bound to the strong site (Figure 6.13d and Table 6.1)99. 

Nevertheless, the distance of ~ 77 Å is still shorter than the distance of ~ 140 Å between 

the acceptor and the donor expected for the completely unwound ssDNA oligomer 

(Figure 6.10a), indicating that, as result of the PriA binding and activity, a specific and 
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stable protein-nucleic acid complex is reached, which is different from the initial 

complex formed in the absence of ATP99. 

6.5.6 Further Functional Implications.  

The role of two binding sites on the PAS, so different in their properties, can be 

understood in the context of the physiological role of the PriA protein, which serves as 

the recognition beacon of the PAS and as an auxiliary helicase5,11,24,25,55,99,128. Due to its 

very high affinity, the PriA-PriB complex, in the strong site, should serve as the major 

recognition complex of the PAS, while both complexes in the strong and weak sites are 

necessary for any subsequent assembly steps99. The PriA helicase activity of the strong 

complex is suppressed by the very high affinity of the site, as the complex only modestly 

unwinds the PAS structure in the presence of ATP (Table 6.1)99. On the other hand, the 

weak PriA-PAS complex lacks the significant stabilizing effect of the PriB protein and is 

strongly affected by the nucleotide cofactors99. In this property, the PriA protein in the 

weak site should be able to engage in helicase activity, as indicated by the fact that a 

profound unwinding of the PAS structure in the presence of ATP is observed only with 

both binding sites engaged in interactions with the PriA protein (Figure 6.13d and Table 

6.1). Thus, the presence of two sites separates two different physiological roles of the 

same protein in a single molecular machine99. 

Based on the results described in this Chapter, Figure 6.14 shows the schematic 

representation of initial recognition of the PAS by the PriA and PriB proteins in the 

context of the pre-primosome assembly process5,17,24,25,99. Two PriA-PriB complexes 

initiate the recognition of the PAS99. In the absence of ATP, the nonproductive pre-

primosome assembles through the recognition of the specific PriA-PriB complex at the 

strong binding site. Notice that ATP is not necessary to initiate the primosome assembly  
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Figure 6.14 Pictorial representation of the initial recognition of the PAS by the 
PriA and PriB proteins in the context of the pre-primosome assembly process, based 
on the results obtained in this work. By binding to the PAS structure two PriA-PriB 
complexes commence the assembly process99. In the absence of ATP, the nonproductive 
pre-primosome is formed through the recognition of the specific PriA-PriB complex at 
the strong binding site99. In the presence of ATP, the two PriA-PriB complexes convert 
the initial complex due to helicase activity, mostly of the PriA molecule associated with 
the weak site99. As a result, this is the most optimal entity recognized in the subsequent 
steps of the productive pre-primosome assembly process, which can then move in the 
5′→3′ direction on the nucleic acid lattice99. 
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reaction, but the process is optimized in the presence of the cofactor18,25,99. Thus, in the 

presence of ATP, the two PriA-PriB complexes transform the initial complex due the 

helicase activity, mostly of the PriA molecule associated with the weak site99. The 

resulting protein-PAS complex, containing two PriA and two PriB proteins, would then 

be the most optimal entity recognized in subsequent steps of the assembly process of the 

primosome99. 
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CHAPTER 7 

CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 CONCLUSIONS 

DNA replication, recombination and repair are tightly synchronized, fundamental 

processes in the transmission of genetic information from one cell generation to the next3-

5,11-18,32. These essential processes are carried out by variety of multiple protein 

complexes including the primosome and the replisome2-5,11-18,32. Deregulation of one or 

more of these processes has been shown to be responsible for various diseases such as 

cancer and human genetic disorders19-21,32-77. In order to understand and cure these 

serious, often lethal diseases, the mechanistic details of the ordered assembly of these 

essential molecular machines of DNA and RNA metabolism must be understood19-21. 

Helicases are a class of ubiquitous enzymes identified in a variety of viruses, 

bacteriophages, prokaryotes, and eukaryotes, responsible for virtually all aspects of the 

DNA and RNA metabolism2-5,22,23. Numerous human genetic diseases such as Xeroderma 

pigmentosum, Cockayne’s syndrome, Bloom, and Werner syndromes as well as different 

types of cancer involve defects in proteins that engage in the helicase activity19-23. 

Nevertheless, the mechanistic details on how helicases accomplish their functions are still 

unknown2,22,23. 

Helicases are involved in the formation of the replisome, a multiple enzyme 

complex responsible for DNA replication, as well as in the assembly of the primosome, a 

large protein complex containing the primase, which catalyzes the DNA priming 

reaction2-5,11-25. The integrity of the replisome and primosome is constantly compromised 
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due to environmental factors and cellular metabolism that induce damages to the genomic 

DNA11-25. Different organisms employ elaborated pathways to restart DNA replication 

independent of oriC and it is now established that the restart of the replication fork, 

through the primosome assembly, occurs more often than previously thought11-25. It is 

believed that in E. Coli, in the PriA-dependent restart pathway, the PriA helicase 

specifically recognizes damaged DNA structures and thereby initiates the formation of 

the primosome which, in its final state, comprises of at least six other proteins: DnaB 

helicase, DnaC, DnaT, DnaG, PriC, and PriB11-17. Multiple and specific protein - protein, 

and protein - DNA interactions constitute integral part of these large molecular machines 

and dictate how those molecular motors assemble5,11-17,25. However, the mechanisms of 

these complex interactions are unknown (Figure 1.2)5-26. 

The research goal of the research project described here was to obtain the first, 

comprehensive, quantitative model of the initial steps of helicase-directed formation of 

the primosome by examining an essential role the PriA helicase in the assembly process. 

By utilizing recombinant, highly purified components of the primosome and a 

combination of biophysical and biochemical methods, we accomplished that goal. As a 

result, we present first quantitative description of the initial step of the assembly process 

of the primosome, paradigm of a large molecular machine of DNA replication. 

In order to understand, at the molecular level, how a multi-component system, 

like the primosome, assembles and functions, one has to identify how its components, 

interact between one another. In other words, it is crucial to identify under what 

circumstances the binary complexes of each protein with ssDNA, dsDNA, gapped DNA, 

and nucleotide cofactors, if any, form. Only when such information is available, tertiary 

complexes can be studied. In turn, different proteins and different nucleic acid 

conformations could be mixed, in ordered fashion, and relevant information on formed 



 273 

complexes could be extracted. Needless to say, finding suitable buffering solution which 

will make all the components of the system stable, in both high and low concentrations is 

of crucial importance. This has proven to be a challenge, but it can be dealt with when 

comprehensive buffering screening is applied. 

To this end, in Chapter 2, the recognition of damaged DNA structures by the PriA 

helicase was addressed27 The studies included energetics of the recognition of the gapped 

ssDNA substrates, and the allosteric role of ATP and ADP in the recognition process27. 

Using quantitative fluorescence titration techniques and hydrodynamic methods it was 

demonstrated that the PriA-gapped DNA complex has a surprisingly low total site-size 

corresponding to ~ 7 nucleotides, as compared to the site-size of ~ 20 nucleotides of the 

enzyme-ssDNA complex1,27,56,126. The strong DNA-binding subsite of the PriA helicase 

was indicated to be involved in these interactions27. It was revealed that the helicase has a 

strong preference for short ssDNA gaps with 4 - 5 nucleotides with the affinity, ~ 3 and ~ 

2 orders of magnitude larger than the affinities for the ss and dsDNAs, respectively27. 

Furthermore, it was discovered that binding of ATP to the strong and weak nucleotide-

binding sites of the helicase eliminates the selectivity of the enzyme for the size of the 

gap, while saturation of both sites with ADP leads to amplified affinity for the ssDNA 

gap containing 5 nucleotides and engagement of additional protein area in interactions 

with the nucleic acid27. One of the most interesting results, presented in Chapter 2, is that 

PriA helicase possesses the ability to bind to dsDNA27. This intriguing characteristic of 

the PriA helicase may be important in the formation of the primosome and was validated 

quantitatively in Chapter 3 and Chapter 6 27,81,99.  

Using the fluorescence titration, analytical ultracentrifugation, and photo-cross-

linking techniques it was shown in Chapter 3 that the E. coli PriA helicase, indeed, binds 

to dsDNA with high affinity92. The PriA protein binds the dsDNA using the strong DNA-
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binding subsite located on the helicase domain of the PriA protein, and the total site-size 

of the PriA-dsDNA complex is only 5 ± 1 bps92. PriA’s dsDNA intrinsic affinity is 

considerably higher than the affinity for ssDNA affinity and the binding process is 

accompanied by a significant positive cooperativity92. Association of cofactors with 

strong and weak nucleotide-binding sites of PriA profoundly affects the intrinsic affinity 

and cooperativity, without affecting the stoichiometry of PriA-dsDNA complex92. The 

coordinated action of both nucleotide-binding sites on the PriA - dsDNA interactions 

depends on the structure of the phosphate group which is interesting in the context of the 

PriA helicase function in recognizing primosome assembly site (PAS) (Chapter 6)92,99. 

Trypsin digestion experiments show that the PriA helicase is build out of two 

functional domains (Figure 3.10)92,97. The strong DNA-binding subsite located on the 

helicase domain of the PriA helicase has been implemented in the recognition of the 

ssDNA gap structures, dsDNA, and ssDNA interactions27,56,81. Chapter 4, in turn, is 

devoted to the functional energetics of interactions of the PriA helicase 181aa N-terminal 

domain with the DNA and nucleotide cofactors. Using the quantitative fluorescence 

titration, photo-cross-linking, and analytical ultracentrifugation methods, we have shown 

that isolated 181aa N-terminal domain of PriA forms a stable dimer in solution. Only one 

monomer of the domain dimer binds the DNA and the DNA-binding subsite engages in 

direct interactions with 5 ± 1 nucleotides. The results presented in Chapter 4 provide 

additional experimental evidence that the strong and weak DNA subsites of the intact 

PriA helicase molecule are spatially separated56,61. The subsite located on 181aa N-

terminal domain has a slight preference for the 3’-end OH group of the DNA and lacks 

any significant base specificity, though it has a significant dsDNA affinity. One of the 

most exciting findings, described in Chapter 4, has to do with the discovery of the 

nucleotide-binding site on the 181aa N-terminal domain of PriA. The specific ADP effect 
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on the domain DNA-binding subsite indicates that in the intact helicase, ADP not only 

opens the subsite but also increases its intrinsic affinity of PriA for the DNA. It stands to 

reason that the allosteric effect of the weak nucleotide-binding site has to do with the 

translocation or unwinding of the duplex DNA by the helicase. These findings are the 

first experimental results pointing to the mechanism of the PriA helicase translocation 

and/or hydrolysis and will be further evaluated by the Bujalowski’s group. 

The interactions of PriB with PriA-PAS complex are proposed to be a crucial step 

in the assembly process of the primosome. However, in order to be able to dissect, at the 

molecular level, the assembly of the primosome and the nature of multiple protein - 

protein and protein - nucleic acid interactions, it is essential to understand energetic of 

PriB - ssDNA, PriB – dsDNA complex formation. Therefore, in Chapter 5, quantitative 

analysis of the interactions of the Escherichia coli primosomal PriB protein with a single-

stranded DNA was carried out using quantitative fluorescence titration, photo-cross-

linking, and analytical ultracentrifugation techniques81. The total site-size of the PriB 

dimer-ssDNA complex is 12 ± 1 nucleotides81. The protein dimer has a single, 

functionally homogeneous, DNA binding site as shown by the photo-cross-linking 

experiments81. The intrinsic binding process is an entropy-driven reaction, suggesting 

strongly that the DNA association induces a large conformational change in the protein81. 

The PriB protein shows a dramatically strong preference for the homo-pyrimidine 

oligomers with an intrinsic affinity higher by about three orders of magnitude, as 

compared to the homo-purine oligomers81. This dramatic preference for the homo-

pyrimidine oligomers is very intriguing in the context of the physiological functions of 

PriA helicase. Since PriA is proposed to be involved in the recognition of the specific 

DNA structures, like the damaged DNA, and PAS, it is tempting to speculate that the 

recognition process may be facilitated by the base composition around the damaged DNA 
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site or PAS structure. This interesting possibility is being currently examined in the 

Bujalowski’s lab. 

Finally, knowing intricate nature of PriA - ssDNA / - dsDNA and PriB - ssDNA / 

- dsDNA interactions, in Chapter 6, thermodynamics of the binary PriA-PriB and tertiary 

PriA-PriB-ssDNA, PriA-PriB-dsDNA, PriA-PriB-PAS complexes was examined. As a 

result, direct quantitative analysis of the initial steps in the primosome assembly, 

involving the PriA and PriB proteins and the minimal primosome assembly site (PAS) of 

phage phiX174, has been performed using fluorescence intensity and anisotropy titration, 

and fluorescence resonance energy transfer techniques99. It was shown that the 

primosome assembly site has two descrete PriA binding sites99. Binding of the PriB 

dimer to the PriA-PAS complex, a next step in the formation of the primosome, 

dramatically increases the affinity of PriA for the strong binding site99. Moreover, it was 

shown that the PriA-PriB complex can form independently of the DNA and is able to 

directly recognize the PAS with the affinity much higher than PriA alone; therefore, the 

high affinity state of PriA is generated through PriA - PriB interactions99. These 

surprising results change a current thinking about the initial steps involved in the 

primosome formation, and establish the first quantitative framework to study, at the 

molecular level, the assembly mechanism of a large molecular machine involved in DNA 

replication. 

7.2 FUTURE DIRECTIONS 

By building on the framework established in this research project subsequent 

steps in the primosome assembly will be examined. In turn, comprehensive molecular 

model of the helicase-directed formation of the primosome will be established. 
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In order to be able to build a scaffold for the primosome assembly the association 

of the DnaT protein with the PriA-PAS-PriB complex will be addressed. The studies will 

include examination of energetics, topology and dynamics of the DnaT - ssDNA, DnaT - 

dsDNA, and the recognition of the PriA-PAS-PriB complex by DnaT, as well as the 

allosteric role of ATP and ADP in the recognition process. Although absolutely 

necessary, the specific role of DnaT in the primosome is still unknown15,25,130,131. Our 

hypothesis is that DnaT binds to the PriA-PAS-PriB complex and provide stopping signal 

for the PriA unwinding activity, and/or serves as a specific element in a subsequent step 

of the recognition by the DnaB-DnaC complex. However, the association process may be 

much more involved than that and several possible complexes can form. The stability of 

the DnaT trimer in solution has never been addressed and it could affect the interactions 

and the stoichiometry of the PriA-PAS-PriB complex15,25,130,131. Moreover, nothing is 

known about DnaT - ssDNA and DnaT - dsDNA interactions which may influence the 

assembly process of the primosome at the molecular level. Thus, it is crucial to address 

the DnaT interactions with different conformations of the DNA prior to any attempt to 

characterize interactions of DnaT with a PriA-PAS-PriB complex. 

The next step in the assembly of the primosome is the recognition of formed 

multi-protein scaffold PriA - PAS - PriB - DnaT by the DnaB - DnaC 

complex15,24,25,47,129,130. A fascinating aspect of the primosome assembly is the role of the 

DnaC protein. Because the DnaC protein is absolutely necessary for the DnaB helicase to 

enter the primosome complex it has been proposed that all the interactions between DnaB 

and primosome components are transmitted through the DnaC protein129,130. 

Nevertheless, how the DnaB-DnaC complex binds to the PriA-PAS-PriB-DnaT scaffold 

is unknown, even at the level of the stoichiometry of the components of the 

reaction15,25,47,130. Current thinking about this complex process is that a single DnaB - 
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DnaC complex, with six DnaC molecules bound to the hexametric DnaB helicase enter 

the pre-primosome, but subsequently all DnaC molecules are proposed to leave the 

complex, although firm experimental evidence for the complete release of all DnaC 

molecules from the pre-primosome are not available129. Galletto et. al., has shown that 

DnaB-DnaC complex may exist, in solution, with a different numbers of DnaC 

molecules, indicating that less than six DnaC molecules may be present in the mature 

primosome77.  
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