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ABSTRACT 

 

DNA structure can be greatly affected by UV light exposure. The cyclobutane 

prymidine dimer (CPD) and 6-4 lesion formations along with the specific breaks on strands 

are the most common type of DNA damage caused by UV irradiation. Specific to UV-

damaged DNA, CPD photolyase I and II construct two subfamilies of flavoproteins, and 

they have recognition and repair capabilities of CPD sites on both single stranded (ssDNA) 

and double stranded (dsDNA) DNA with the aid of blue light energy. The other types of 

flavoprotein family consist of cryptochromes (CRY), and the most commonly known types 

act as photoreceptors in plants, or circadian rhythm regulators in animals, but lack 

photorepair activity. Recently, it has been found that a specific type of cryptochrome also 

has photorepair activity on ssDNA. This protein, called cryptochrome-DASH (CRY-

DASH), is yet to be studied for its binding to DNA with newly developed techniques. In 

this thesis, CRY-DASH-DNA interaction was investigated using Surface Plasmon 

Resonance (SPR) which is a common assay to characterize protein-DNA or protein-protein 

interactions. Next, interaction of UV damaged and undamaged DNA with CPD photolyase 

was then examined and compared with the interaction of damaged/undamaged DNA and 

CRY-DASH. SPR shows the immediate molecular binding of DNA to the surface and 

confirms the specific binding of photolyase and CRY-DASH with UV treated or UV 

untreated DNA by providing kinetic constants of binding. This study is significant for 

investigation of repair of lesions in the DNA structure using SPR. 
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ÖZET 

 

 

UV ışığına maruz kalan canlıların DNA yapısında büyük değişimler görülebilir. 

Siklobütan primidin dimerlerin (CPD) ve 6-4 lezyonlarının oluşumu bu değişimlerin en sık 

gözlemlenenleridir. Bir flavoprotein alt ailesine ait olan CPD I ve II fotoliaz enzimleri 

DNA üzerinde UV ışığı ile hasar görmüş bu bölgelere spesifik bağlanarak, hasarlı 

bölgelerin tamirini üstlenir. Mavi ışık enerjisini kullanarak tek zincrili ve çift zincirli 

DNA’ların UV-hasarlı bölgelerini tamir eden bu protein ailesine akraba olan kriptokromlar 

ise DNA tamirinden çok, bitkilerde ışık reseptörü, memelilerde ise sirkadiyan saatin önemli 

bir bileşeni olarak metabolizma içinde görev alır. Bu bilgiye rağmen, oldukça yeni 

keşfedilen bir kriptokrom çeşidinin de UV ışığı ile hasarlanmış tek zincirli DNA’yı fotoliaz 

enzimi gibi tamir edebildiği gözlemlenmiştir. CRY-DASH adı verilen bu protein henüz 

yeterli miktarda araştırmaya konu olmamıştır. Bu tezde, tek zincirli ve çift zincirli 

DNA’nın CRY-DASH ile etkileşimi, tamir süreci Yüzey Plazmon Rezonansı (SPR) adı 

verilen bir teknik yardımı ile incelenmiş olup, bu etkileşimin DNA-fotoliaz enzimi 

etkileşimi ile karılaştırması yapılarak CRY-DASH’in DNA’ya bağlanma etkinliği 

ölçülmüştür.SPR sayesinde CRY-DASH’in ve fotoliaz’ın DNA anlık bağlanması, bu 

bağlanmanın spesifikliği kinetik parametrelerin de hesaplanması ile görülmüştür. Bu 

çalışma DNA üzerindeki lezyonların tamirini SPR yöntemi ile göstermesi açısından 

önemlidir. 
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Chapter 1 

 

1. INTRODUCTION 

Flavins are ubiquitous redox-active catalysts in one- and two-electron transfer reactions, 

and flavoproteins are involved in a wide variety of redox transformations in bioenergetics, 

including photosynthesis and respiration [1]. In this thesis, a specific subclass of the DNA 

photolyase/cryptochrome family proteins of CRY-DASH is studied in order to investigate 

DNA repair via SPR. Although proteins from this family share a great portion of sequence, 

3D formation, and redox-active flavin adenine dinucleotide (FAD) cofactor, their function 

differs in a broad range of activities such as capability of DNA repair via blue light energy, 

being main components of the circadian clock and plant growth metabolism. The most 

basic difference between the functions of photolyases and cryptochromes is considered to 

be caused by the presence of C-terminal or N-terminal extensions in cryptochromes, which 

are responsible in mediating the signal transduction step [2]. 

CRY-DASH is a relatively new member of the DNA photolyase/cryptochrome family. 

Although recent data indicates that the DASH cryptochromes are single-strand-specific 

cyclobutane prymidine dimer (CPD)-photolyases, there are relatively few studies focused 

on this function of the protein, which requires additional confirmation. To investigate the 

interaction between single-stranded DNA and CRY-DASH, Surface Plasmon Resonance 

(SPR) spectroscopy is employed in this study. 

 

In this thesis, Chapter 2 introduces our protein of interest, CRY-DASH, and briefly 

gives background information about cryptochrome/photolyase protein family while the 

emphasis is on CRY-DASH. 

 



Chapter 1: Introduction                                                                                                                    2 

 

2 

 

In Chapter 3, the theoretical background on SPR spectroscopy is provided, including 

basic principles of SPR, SPR sensor surface chemistry, general applications, and principles 

of kinetic and equilibrium analysis in SPR. 

 

The materials and procedures for DNA sample preparation, and experimental setup 

used for SPR instruments are given in three separate sections in Chapter 5. 

 

In Chapter 6, the kinetic data collected by SPR is reported.  The efficiency of the 

experimental procedure is also dicussed in this chapter. And finally, the general conclusion 

and future directions about this study are provided in Chapter 7. 
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Chapter 2 

 

2. DNA Damage and Repair 

Light is the absolute necessity for life on earth. Nearly all living organisms on earth 

benefit from sun light as an energy source. The ultraviolet (UV) range of sun light first 

contributed to the birth of life as the main energy source to produce organic molecules. 

Secondly, its ability also to damage DNA is especially important as a major reason for 

further evolution of the organisms [3]. 

The Earth had not have the ozone layer to absorb most of harmful UV light, before the 

first forms of life began to produce oxygen. It was not possible at that moment to survive 

without an appropriate protection mechanism against UV irradiation. For that purpose, 

living organisms acquired evolutionary repair abilities to prevent DNA damage caused by 

UV or other types of factors. One of the repair mechanisms that organisms gained and 

developed is “the photorepairing”. The enzyme family responsible for the photorepair is 

called DNA photolyases. They form more diverse protein family together with their 

evolutionarily relatives, Cryptochromes- the DNA photolyase/cryptochrome family. 

Cryptochromes are different than Photolyases in terms of function in the cell, in which they 

control hypocotyl growth and the transition to flowering in plants and are the main 

components of the circadian clock in animals [3, 4]. 

In the current work, the emphasis is going to be on the DASH type of protein of 

Cryptochrome family, which actually behaves like a DNA photolyase while repairing 

single stranded DNA as much as its former relative protein [5]. 
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2.1 DNA Repair 

The sources of damage to DNA vary between the endogeneous – caused by metabolic 

by-products or replication errors- or exogeneous –external factors such as some toxins and 

UV light. The endogeneous damage is usually caused by self dynamics of the metabolism 

of the cell, whereas the exogeneous damage factors have a wide range of examples 

including: mutagenic chemicals, chemotherapy and radiotherapy, some viruses, X-rays and 

UV irradiation, which can produce bulky adducts on DNA bases, or even break DNA 

phosphate-sugar backbone [6, 7]. DNA repair is the process of restoring DNA after 

damage. It consists of a multi-enzyme, multi-pathway system that keeps the genetic 

material in the cell intact and viable [8].  

2.2 Photoproducts 

UV light consists of three spectral regions that can cause mutagenic, or even lethal 

effects on living organisms: UV-A (320-400 nm), UV-B (280-320 nm), and UV-C (100-

280 nm). The effect of radiation at wavelengths approaching absorption maximum of DNA 

(at around 260 nm) is converting a pyrimidine base to an excited state. The excited base 

can react with other molecules to form unstable intermediates or stable photoproducts 

which results in cyclobutane pyrimidine dimer (CPD) and pyrimidine (6-4) photoproducts 

((6-4)PPs) due to the covalent link formation between adjacent pyrimidines within the 

same DNA strand. The irradiated DNA forms includes 70 - 80 % CPDs and 20-30% (6-

4)PPs (Figure 1). These four base-ring photoproducts can be lethal to cell metabolism 

because of the blockage of the DNA/RNA polymerases on the same DNA strand or halting 

polymerase progression during both DNA replication or transcription[9-11]. The most 

possible reason behind skin cancer are the formation of these photoproducts [8, 12]. It is 

thought to be caused by generation of mutations in tumor suppressor genes, such as p53, 

which are expresses in UV-induced skin tumors[13, 14]. 
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Figure 2.1 Formation of T-T byproducts through UV irradiation 

 

2.3 DNA Repair Proteins 

The DNA photolyase/ cryptochrome family is divided into several subclasses according 

to sequence similarity and function (Figure 2.1). DNA photolyases are enzymes that repair 

the DNA lesions induced by CPDs and (6-4) photoproducts by using light energy in the 

UV-A region[15]. 

Cyclobutane Prymidine Dimer 
254 nm 

280 nm 

240 nm 

(6-4) photoproduct 
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Flavin adenine dinucleotide (FAD) is the catalytic cofactor of DNA photolyase when it 

is in its fully reduced form (FADH
-
). Catalysis happens through electron transfer from the 

excited catalytic cofactor to the UV-B photoproduct, splitting the cyclobutane or oxetane 

rings, and backtransfer electron to the semireduced FADH° [16].   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 Phylogenetic tree of representative members of the cryptochrome/ 

photolyase family, adapted from [17]. 

 

One way of excitation of FAD is through direct photon absorption. Despite 

cryptochromes and DNA photolyases share considerable sequence and structural 

composition, cryptochromes(cry) specialize in photoreceptor function, and photolyase 
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Drosophila 

melanogaster 

Escherichia coli 

Solfolobus 

tokodaii 

Anacystis 

nidulans 

Thermus 

thermophilus 
Synechocystis 

spp. 

Arabidopsis 

thaliana 

Arabidopsis 

thaliana 

No structures 

available 

ANIMAL CRYPTOCHROMES 

(6-4) PHOTOLYASES 

DASH-CRYPTOCHROMES 
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(PHR) specialize in repair. In plants, crptochromes are mainly responsible in hypocotyl 

growth and transition to flowering whereas they act as a main component of circadian 

clock in mammalians [18, 19]. 

The more recently discovered subclass of the cryptochrome/photolyse family, called 

CRY DASH, is found in cyanobacteria, eubacteria, and vertebrates [20, 21]. They lacked 

repair activity for CPDs in double-stranded DNA (dsDNA), so they were suggested as 

photoreceptors –controlling the circadian clock- despite their DNA-binding activity in 

single-stranded DNA(ssDNA)[18, 19]. The crystal structure of CRY-DASH is determined 

for Synechocystis CRY-DASH [22] and Arabidopsis thaliana (A. t.) cry3 [23], and the 

overall protein folds are found to be similar to class I CPD photolyases [24, 25]. The 

structural similarity is mostly based on an N-terminal α/β-domain and a C-terminal α-

domain with the FAD cofactor inside a U-shaped conformation. Similar to photolyases, 

FAD is fully reduced to FADH
- 
form(catalytically active form) during photoactivation[23, 

26]. The surface features around the FAD-binding pocket of cry3 and Synechocystis CRY-

DASH have been found to be essential for DNA binding as in DNA photolyase[27]. 

Despite the similarity, it has to be mentioned that CRY-DASH proteins lack the C-terminal 

extensions which are present in plant and animal cryptochromes and thought to give them 

the signaling activity. However, it was shown that DASH cryptochromes repair CPDs 

specifically in single-stranded DNA (ssDNA)[5], and therefore there has been emerging 

necessity of classification of DASH type cryptochromes as ssDNA-specific photolyases. It 

was hypothesized that the ssDNA repair activity is a relict of an evolutionary period when 

lateral gene transfer in the form of ssDNA viruses and free ssDNA played an important 

role.  

In this study, photolyase/cryptochrome genes of the Vibrio cholerae were particularly 

used. The three genes found in V. cholerae belong to this family according to the sequences 
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of VcEl Tor VcN16961. These three photolyase may be allowing V. cholerae to 

photorepair the CPDs and the (6-4) photoproducts [28].  
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Chapter 3 

 

3. SPR 

3.1 Theoretical Background on SPR  

During 1990s, the invention of the commercial SPR biosensor opened the way to 

quantitatively and qualitatively characterize the reversible interactions between molecules 

disregarding any contaminating methods involving labeling of the molecules. SPR 

biosensors measure the change in the refractive index to detect the specific, reversible 

binding of an analyte to an immobilized binding partner. This technique allows measuring 

the kinetic constants and binding affinities of macromolecular interactions. 

Several studies ongoing and using SPR include receptor-ligand interactions[29, 30], 

antibody-antigen interactions [31-33], virus research [34, 35] and etc. 

3.2 Principles of SPR 

Long before the physical phenomenon of surface plasmon resonance has advanced to 

the extent where it has been used for practical applications in sensitive detectors [36], it 

was first observed by Wood, in which he saw that the polarized light gave several light and 

dark bands when projected on a mirror with a grated surface. A complete understanding 

and some minimal use could be achieved in 1968 by Otto, and its use in biomolecular 

interactions was done in 1983 by Liedberg. In mid 1980s, SPR was started to be used in 

immunochemical assays. Today’s simple liquid handling system comes from the principle 

that light cannot pass to a lower refractive index medium, which is liquid, when it comes 

from a higher refractive index medium, which is a prism, and is therefore reflected at the 

thin metal layer on sensor surface (Figure 3). 
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3.2.1 Basic Principle of SPR  

A more basic explanation for working principle of SPR which is otherwise quite 

complex, covers the knowledge that an SPR instrument measures the refractive index 

change near a sensor surface (within ~300 nm) using an optical method. The sensor surface 

forms a flow cell with a solution running over continuously. It also contains the molecule 

(the ligand) that is to be immobilized on. The other molecule of interest, which is the 

binding partner, the analyte, is injected with the running solution over the flow cell. The 

binding of the analyte to its ligand and its accumulation on the surface increases the 

refractive index. The change in refractive index is recorded real-time by the instrument and, 

and the recorded data is plotted in response units (RU) versus time, whereas the RU means 

approximately 1 pg protein/mm
2 
[37].  

3.2.2 SPR Instrument 

 

Figure 3.1 A basic SPR instrumental setup. L: Light source, P: Glass prism, D: 

Photodiode array, S: Sample surface, F: Flow, t1: Data collected at time t1, t2: Data 

collected at time t2. 
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There are various specificities among instruments from different manufacturers; 

however most of the protocols outlined should be adaptable in most cases. The detection 

unit of a standard SPR instrument is shown in the Figure 3.1. A monochromatic, plane-

polarized light source is optically connected with a photo-detector through a glass prism 

(P). The glass prism contains a thin metal film positioned on (S), which is itself in contact 

with the sample solution. The incident light beam is on the back side of the metal film is 

totally reflected on to the diode-array detector. And at the time the wave function of the 

light incident on the metal film couples to oscillations of the conducting electrons – called 

plasmons - at the metal surface, surface plasmon resonance occurs. The electromagnetic 

field created by these oscillations is referred as the evanescent wave. This wave extends 

from the metal surface into the sample solution. At a precisely determined angle, the 

plasmon resonance decreases the intensity of the reflected light sharply. This new angle - 

called the SPR angle – depends on the refractive index change close to the metal surface. 

The shifts in SPR angle depend only on refractive index changes of a thin layer adjacent to 

the metal surface. The wavelength of the light source and the metal of the film are also 

important instrumental parameters. If the SPR angle shift is monitored over time, a gradual 

increase of material at the surface will cause a successive increase of the SPR angle, which 

is detected as a shift of the position of the light intensity minimum on the diode array. The 

SPR angle shifts obtained from different proteins in solution have been correlated to 

surface concentration determined from radio-labeling techniques and found to be linear 

within a wide range of surface concentration. The instrument output, the resonance signal, 

is given in resonance units (RU); 1,000 RU corresponds to a 0.1° shift in the SPR angle, 

and for an average protein this is equivalent to a surface concentration change of about 

1ng/mm
2
. It should be noted that, the relationship between RU change and surface 

concentration may be different for non-protein species. It has been reported that for DNA 
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780 RU = 0.1° shift [38, 39], but this has been disputed recently with a claim that nucleic 

acids and protein have similar dependencies [40].  

3.2.3 SPR Methods for Reversible Interactions 

Several studies on macromolecular interactions using SPR imaging has been published 

last decade. Most of these studies have been done in the field of T-cell antigen-receptor and 

major histo-compatibility complex (MHC)-encoded molecules [41, 42], antibody-antigen 

interactions [32, 33], protein-carbohydrate interactions [43], DNA-DNA and protein-DNA 

interactions [38, 44]. A typical biosensor experiment involves attaching one reactant to the 

sensor surface at first. Then, a second reactant is introduced at constant concentration into 

the buffer flow above, so that the association of the reactants takes place, and this complex 

formation on the sensor surface is monitored. The dissociation phase occurs subsequently 

when the buffer flow is passed with zero concentration of the free mobile reactant. As a 

final step, the sensor surface is regenerated to remove the remaining complex. The 

association, dissociation and regeneration processes are cycled for different concentrations 

of the mobile reactant. The principle of SPR is demonstrated in figure 4 which shows the 

interaction of DNA with a compound in solution buffer.  
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Figure 3.2 Representation of SPR principle 

 

For quantitative characterization of chemical binding kinetics and equilibrium, the use 

of evanescent wave biosensors requires some techniques to be followed in order to 

successfully monitor pseudo-fist-order kinetics. The general rules to be satisfied are as 

follows: 
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1. The immobile reactant must attach to the surface in native conformation, and most 

importantly in a uniformly accessible and reactive orientation. The sensor surface 

must also be prepared to reduce non-specific binding to insignificant amounts. 

2. Most biological macromolecules create small refractive index increments which 

require high concentration of binding sites at the sensor surface (possibly between 

10-100 µM range). 

3. The efficient transport of the mobile reactant to the sensor surface is important to 

successfully measure the binding progress which is generally limited by the mass 

transport issues and the steric hindrance caused by neighboring binding sites at the 

sensor surface. The binding processes are also affected by the rebinding of the 

mobile reactants to other binding sites available during both association and 

dissociation phases. A typical biosensor experiment mostly includes the 

minimization of these problems and for development of more advanced 

experimental techniques. 

Despite the difficulties needed to overcome, the versatility of the SPR technique allows 

it to be used as a tool for the analysis of equilibrium and kinetic rate constants of reversible 

interactions of biomolecules. 

3.2.4 Sensor Surface and Immobilization 

The first step of the SPR technique requires one of the binding partners to be 

immobilized on the sensor surface. It is important to keep the non-specific binding at 

minimum so that the measure binding mainly reflects the native interaction of the binding 

partners. The requirement of uniform orientation of the immobilized reactant and 

unrestrained accessibility of the mobile reactant is fulfilled to successfully attach the 

macromolecule. Therefore the sensor surface and immobilization technique is very 

important and even the best choice of which binding partner to immobilize and which 
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immobilization technique is used depends on the particular set of the interacting 

macromolecules. 

The gold surface of the sensor chip used in this study is covered with oligoethylene 

oxides in order to prevent non-specific binding and to create a hydrophilic surface. This 

flexible, negatively charged molecule allows for preventing non-specific electrostatic 

adsorption which may interfere with the requirements for a kinetic analysis along with high 

immobilization densities. In this case, it is advantageous to use a planar sensor surface. The 

specific 2D planar chemistry of Sensiq Biosensors (Nomadics, Inc.) prevents possible 

artifacts. This also creates a biocompatible environment where the immobilized reactant 

remains soluble. 

In most of the biosensor applications, sensor surfaces are attached with 

carboxymethylated dextran matrix which can be further modified to allow for a variety of 

immobilization chemistries [45, 46]. The Sensiq Biosensors include planar carboxyl 

(COOH) chemistries for kinetic optimization methods; biotin and avidin modified gold 

surfaces for small reagent capture, histidine-capture surfaces for polyhistidine-tag ligand 

capture etc. The biotin and avidin modified sensor surfaces uses the method of indirect 

coupling while exploiting the high affinity of biotin-avidin interaction [47, 48].  This 

method is preferred for DNA or RNA immobilization onto the sensor surface [48, 49].  

3.3 Applications of SPR 

3.3.1 Evaluation of Macromolecules 

For recombinant protein technology, it is important to be able to show that the 

recombinant protein has the same structure as its native counterpart. With the possible 

exception of enzymes, confirmation of a protein binding with its natural ligand proves the 

structural similarity between the recombinant and the native protein. Because such 
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interactions involve multiple residues, which are usually far apart in the primary amino 

acid sequence, they require a correctly folded protein. In the absence of natural ligands 

monoclonal antibodies (mAbs) that are known to bind to the native protein are excellent 

means of assessing the structural integrity of the recombinant protein. The SPR 

instrument is particularly well suited to the evaluation of binding of recombinant proteins 

to natural ligands and mAbs. It is relatively fast to set up an assay for a particular protein 

and provide highly informative data. 

3.3.2 Equilibrium Measurements 

Equilibrium analysis requires a very time consuming, multiple sequential injections of 

analyte at different concentrations (and at different temperatures). The dissociation rate 

constant or k
d
 determines the time it takes to reach equilibrium.  

   
  

  
                                                                                                (3.1) 

Whereas KD is the equilibrium dissociation constant, and ka is the association constant. 

It is considered that an interaction should reach 99% of the equilibrium level within 

4.6/k
d 

seconds. Due to the very slow k
d 

values, high affinity interactions, with a K
D
 

smaller than 10 nM, are usually unsuitable for equilibrium analysis. Conversely, very 

weak interactions (K
D 

>100 μM) can be characterized relatively easily.  

3.3.3 Kinetic Measurements 

The capability of real-time binding measurement makes SPR well suited to the 

analysis of binding kinetics. Kinetic analysis consists of some shortcomings that are 

usually caused by mass transport limitations which again makes it difficult to measure 

accurately k
a 

values faster than about 10
6 

M
-1

s
-1

( dependent on the size of the analyte). 
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Faster k
a 

values can be measured with analytes with a greater molecular mass. This is 

because the larger signal produced by a large analyte allows for the experiment to be 

performed at lower ligand densities, and lower ligand densities require lower rates of 

mass transport. For different reasons measuring k
d 

values slower than 10
-5 

s
-1 

or faster 

than ~1 s
-1 

is difficult. It should be noted that obtaining accurate kinetic data is a very 

demanding task, which also requires a thorough understanding of binding kinetics and the 

potential sources of artifact. 

3.4 Data Analysis 

3.4.1 Biomolecular Interaction Model 

The biomolecular interaction between the ligand (L) and the mobile reactant analyte (A) 

can be modeled in the form of a 1:1 complex AL, with the chemical association rate 

constant k
a, the dissociation rate constant k

d and the thermochemical equilibrium 

dissociation constant KD (Equation 3.1). 

         

 

After assuming a constant concentration of the mobile reactant in the buffer flow and 

infinitely fast exchange with bulk solution, we can write the pseudo-first-order rate 

equation as follows: 

     

  
                                                     (3.2) 

whereas [A]tot  : total binding capacity of the surface 

With the biosensor response R proportional to [AL], equation 3.2 gives: 

ka 

L + A L + A 

kd 
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                                                            (3.3) 

where f0 represents [L], and Rsat represents the response at complete saturation of the 

immobilized binding sites, [A]tot. 

If the reaction starts with no mobile reactant bound initially, the time function of binding 

response is described as: 

                                                                 (3.4) 

where kobs represents observed rate constant expressed as: 

                                                                          (3.5) 

The response signal in equilibrium is given by Req as follows: 

                
  

    
            

  

  
                (3.6) 

During dissociation phase the free mobile reactant is removed from the buffer, and for time 

greater than initial time R(t) is expressed as follows: 

     for t > t0;                                         (3.7) 

3.4.2 Equilibrium Constants 

The analysis of the dependence of the equilibrium plateau signals on the concentration 

of the analyte (Equation 3.6) determines the thermodynamic equilibrium constant. The 

equilibrium constant can also be determined from Equation 3.1 as suggested before[50].  

KD = kd / ka                                                                                    (3.1) 
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The binding model excludes the concerns caused by mass transport limitations and 

therefore may not be significant for the thermodynamic approach of the equilibrium 

analysis. This model can be preferred for the reactions that are very fast for kinetic analysis 

[51], however, it is usually not possible to achieve reliable results for very slow reactions, 

for which it takes too much time to reach equilibrium [52, 53]. As a result, accurate 

determination of equilibrium constant suffers from baseline drift caused by temperature 

differences, refractive index mismatches due to the buffer changes, or non-specific binding. 

In order to tackle with this situation, the results should be compared with those performed 

in additional reference cells where the response signal is monitored in the absence of 

immobilized reactant[54].  

3.4.3 Analysis of Binding Kinetics 

Equations (3.4) and (3.7) given in the previous section determine the equilibrium signal 

for 1:1 interaction as proposed by pseudo-first-order kinetics. 

Two different data analysis strategies have been proposed to extract the rate constants 

kobs and kd: linear regression of plots of dR/dt versus R for the association phase and 

ln[R(t0)/R(t)] versus time for the dissociation phase; alternatively, a nonlinear fit with the 

integrated rate equations (Equations 3.4–3.7) may be used [53]. Although equivalent in 

principle, except for the more advantageous error distributions in the nonlinear regression, 

these strategies differ in their potential for ease of extension to account for the influence of 

mass transport. 

3.4.4 Mass Transport Limitations 

The most common problem with the kinetic biosensor experiments is that the binding 

kinetics becomes often limited by the transport rate of the mobile reactant from bulk flow 

to the sensor surface. An insufficient rate of transport prevents the user to obtain 



Chapter 4: Materials and Methods                                                                                                  20 

 

20 

 

meaningful kinetic information. The fast rate of biological macromolecules are predicted 

around 10
6
 M

-1
sec

-1 
[55].  

In concept, mass transport limitation can be described as the failure to maintain the bulk 

concentration, f0, of the free mobile reactant at the sensor surface at the border of the 

binding sites [55]. In description, the competition between the immobilized binding sites 

for a limited supply of binding partner and a local depletion of mobile reactant 

characterizes the association phase of a fast surface-binding reaction near the surface. In 

this case, the mass transport rate limits the association, and the measured binding-progress 

curve can deviate from an exponential shape as described in equation (3.4) [55]. For the 

case of the dissociation phase, if the transport rate is exceeded by the rate of dissociation, 

the accumulating concentration of mobile reactant in the vicinity of the sensor surface 

allows for rebinding to empty binding sites [56, 57]. This can cause a significant deviation 

from a single exponential dissociation process due to a slower overall dissociation from the 

surface [58]. 

The approximate compartment model used most commonly in case of significant mass 

transport limitation is given as follows [59, 60]: 

  
   

  
 

  
   

  
                  

                            (3.8) 

where   
   

and   
   

are apparent rate constants of association and dissociation phases 

and ktr is the phenomenological transport rate constant. Equation (3.8) accounts for the 

binding capacity of the sensor and the effects of mass transport on both association and 

dissociation phases although it gives a very simplified understanding of the mass transport 

limitation in the process. More accurate information can be achieved through 

computational models used by data analysis programs such as Qdat program used for 

Sensiq SPR instruments (Nomadics, Inc.). In the results section, more detailed global 

fitting model used by the analysis program will be provided.  
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Although binding models taking the mass transport limitations into account provide 

more accurate data about binding kinetics, the most useful solutions to transport issues are 

experimental precautions used to lower the effect of mass transport on binding kinetics. 

First, it is recommended to use the lowest possible binding capacity, a higher buffer flow 

rate and to add a binding competitor to the dissociation buffer. The experimental setup to 

minimize the effect of mass transport limitation is detailed in the discussion section. 
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Chapter 4 

 

4. Materials and Methods 

4.1 Sample Preparation 

As introduced in Chapter 2, the repair proteins analyzed and discussed in this work are 

the following: wild type V. Chlorae photolyase (VcPHR),  wild type V. Chlorae class I 

cryptochrome (VcCRYI). 

4.1.1 Proteins of the DNA Photolyase/Cryptochrome Family 

VcPHR was prepared as described previously[61] and supplied from Prof. Halil 

Kavakli’s laboratory (Department of Chemical and Biological Engineering, Koc 

University). 

The plasmids encoding pUNC2001 (MBP-VcPhr), pUNC2002 (MBP-VcCry1) [61] 

were amplified by PCR using primers based on the genomic sequence provided by Hsu et 

al[28]. V. cholerae 01 El Tor genomic DNA and the amplified genes were inserted into 

pMal-c2, and The cloned genes were completely sequenced to ensure that no mutation was 

introduced during PCR amplification VcCRY I was overproduced in E. coli, purified. All 

protein samples were stored at -20 
0
C after purification. 

4.1.2 UV Irradiation 

The substrate DNA was irradiated at a fluence of 50 J/m
2
 UV light at 254nm, and at a 

fluence rate of 0.5 J/m
2
s (Slyvania G8W). This requires a period of 1 minute to achieve the 

target extent of UV irradiation, which corresponds to 50 J/m
2
. The UV fluencies were 

measured using a UVX digital radiometer (Ultraviolet Products Inc.) with the appropriate 

sensor detecting UV light at 254nm. CPD formation was showed with the decrease in 
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absorbance (10 mm path length) at wavelength 260 nm for DNA samples (Figure 4.1). All 

measurements were done in triplicate in NanoDrop 1000 (Thermo Scientific). The SPR 

protocol for DNA and the proteins, VcPHR and VcCry I samples were handled separately, 

and can be followed in the respective sections of SPR methods. 

 

Figure 4.1 Variation in absorbance of the DNA strands that were exposed to UV-

irradiation 
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4.2 SPR Spectroscopy 

4.2.1 Reagents and proteins 

Immobilization buffer no.1 was prepared from (100 mM PBS, pH 7.0, pH 7.4, 150 mM 

NaCl),  and immobilization buffer no.2 was prepared from one PBS tablet (Sigma Ald.)  in 

200 mL dH2O (10 mM phosphate buffer, 2.7 mM KCl, 137 mM NaCl, pH 7.4), 0.005 % 

Tween20 was aldo used in the running buffers as surfactant to prevent the non-specific 

protein binding to sensor surface. 100 mM NaOH and 0.1 % SDS are used as regeneration 

and instrument cleaning solutions due to the significant non-specific protein and DNA 

binding on the sensor surface. All other reagents were purchased from Sigma Aldrich. 

4.2.2 Equipment 

First, SPR analysis was performed on a Sensiq Discovery(ICX Nomadics, Oklahama 

City, OK, USA) system using avidin modified sensor chips (BioCap chip, SensiQ Disc.). 

Buffer solutions were egassed using a vacuum pump. Buffer pH values were checked with 

a pH-meter (PHM 210, MeterLab) equipped with a combined pH glass electrode. 

4.2.3 Software 

All SPR results were acquired using the instrument-bundled software Sensiq Discovery 

(version B.00, build 2.0.0). Data processing and steady state analysis were performed in 

Qdat Data Analysis Tool (version 1.0.0.24; Nomadics Inc.) which was also used for kinetic 

analysis (Figure 4.2). 
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Figure 4.2 The SPR data that is analyzed by Qdat program that processes using Clamp 

and Scrubber architecture from Biologic Software, Inc. 

 

4.2.4 Preparation of running buffers 

All buffers used for Sensiq experiments were filtered to reduce particle load and avoid 

clogging of the filter frits that are positioned at the entrance of the injection ports. In 

addition, buffers were degassed every day by keeping them in an ultrasonic bath for at least 

15 minutes or keeping them under reduced pressure (< 50 mbar) with the help of a vacuum 

pump. The basic procedures for preparing samples and buffers was as follows: 

All buffers with volume larger than 100 mL were filtered through 0.45 µm filters and 

degassed at room temperature. Degassing was achieved by filtering under vacuum. All 
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samples between 3 mL-100 mL was filtered and degassed with the help of the 

ultrasonicator. The samples with volume less than 3 mL was centrifuged at high spees 

(5000 Hz) for 5-10 min, and then degassed in a vacuum chamber. Before samples were 

used, they were centrifuged very briefly to dislodge air-bubbles.All the vials were kept 

closed to prevent evaporation. The pH of the immobilization buffer was chosen to 

sufficiently reach a negative charge for the DNA to be immobilized at the surface. The 

physiologically balanced pH range for DNA and our protein CRY-DASH was between 7.0 

and 8.0 as proposed [5] . This was done by injecting constant concentrations of the target 

protein at pH values at or below its isoelectric point (pI) to a non-activated flow cell and 

selecting the highest pH, which showed sufficiently high attraction signals.Typically, 

surface was washed with short pulses of the regeneration solution (NaOH) in order to 

remove protein, which was bound via electrostatic interaction. The regeneration step also 

consists of removing  non-specific protein binding due to the hydrophobic interactions – 

with sodium dodecyl sulphate (SDS). 

4.2.5 Instrument maintenance  

To ensure maximum instrument lifetime but also high data quality, maintenance 

procedure should be precisely applied as was recommoended by the manufacturer. A 

correlation between maintenance and data quality was demonstrated in Cannon et al. [62]. 

Cleaning routines (cleaning of the instrument injection ports and buffering lines with 0.1% 

SDS followed by 100 mM NaOH, pH 13) were performed at least once a week but also 

between experiment series, as regeneration buffer and in the case of decreased data quality. 

In addition, the system was rarely turned off but kept under constant flow conditions when 

an assay was ongoing. After the assays were finished, the system was always cleaned by 

0.1 % SDS and then distiled water (dH2O). The injection port was always blown up with 

excess dH2O followed by air. This procedure is repeated 5 times to ensure no buffer 
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ingredient is present in injection lines.  Manual cleaning of the needle, syringes, and the 

injection port were done on a regular daily basis. 

4.2.6 Initial preparation of new sensor chips 

In order to remove minor impurities from the chip surface, each sensor chip was treated 

with the regeneration solutions prior to use (preconditioning). For this purpose, a new 

sensor chip Biocap (used for immobilization of ssDNA) was inserted and the SPR dip 

signals (Figure 4.3) were controlled to prevent insufficient normalization for refractive 

index change during air-buffer transition A dip signal of SPR is caused by a sudden loss of 

binding signal due to an air bubble, passing over the chip, of which the refractive index 

(RI) is much lower than RI of the buffer used. The huge refractive index difference creates 

a sharp drop in response signal . The system then was primed three times with standard 

PBS buffer (pH 7.4). The response over time data (collected via Sensiq Discovery 

program) were followed for at least 60 min until a stable baseline for the response was 

achieved. 
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Figure 4.3 The dip signal of the SPR sensor chip used. Red represents the signal in 

Channel 1, and blue represents the signal in Channel 2. 

 

4.2.7 Data processing 

Biosensor result files were directly loaded into Scrubber for further processing. After 

the baseline of all flow cells were overlaid just before injection start, sensorgrams were 

cropped and injection start points were aligned by Qdat program. The sensorgram of an 

empty flow cell was subtracted from all the other sensorgrams (reference channel). In order 

to reduce systematic errors in curve shape, the average of an ensemble of blank injections 

was subtracted. 
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Figure 4.4 Typical SPR response over time graph that SPR data collector program 

provides 
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Chapter 5 

 

5.   RESULTS 

5.1 SPR Results 

In this section, the SPR data collected in response over time graphs for both ligand 

(ssDNA) and analyte (CRY-DASH protein) are demonstrated. For this purpose, the 

procedure for kinetic analysis in Qdat program was followed and presented as results. 

5.1.1 The modification of the sensor surface with Biotin-NHS 

Before the ligand Biotin-ssDNA was immobilized; the modification of the BioCap 

sensor with Biotin-NHS was monitored and investigated briefly to verify the sensor surface 

activity towards biotin end of the DNA samples (Figure 5.1). 

 

Figure 5.1 The response over time graph for Biotin-NHS pass over BioCap chip. 
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5.1.2 Ligand Immobilization 

The immobilization of biotinylated ssDNA on the sensor surface with a flow rate of 1 

mL/min was injected at DNA concentration of 100 nM to achieve adequate number of 

DNA strands bound on the surface (Figure 5.2). The difference between the response after 

dissociation phase and the response before association shows the amount of the conjugate 

immobilized tightly on the sensor surface. UV-irradiated ssDNA was passed through 

channel 1 (Ch 1), and un-irradiated ssDNA was passed through channel 2 (Ch 2). They are 

both strongly bound to the surface via their modified ends. 
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Figure 5.2 The immobilization of NAv-Maleimide modified ssDNA on the sensor 

surface A) before normalization of the responses at a zero state, B) after normalization. 

 

5.1.3 Ligand (DNA) - Analyte (CRY-DASH and PHR) Interaction 

The kinetic analysis of the ssDNA and CRY-DASH interaction is based on the 

calculation of response versus concentration of the analyte (CRY-DASH and PHR). For 

this purpose, the binding of the analyte at different concentrations was monitored by the 

SPR instrument (Figure 5.3). Figure 5.3A shows the immediate increase in binding during 

association phase. As the association phase reached the equilibrium, the binding of the 

Ch 1 

Ch 2 

Ch 1 

Ch 2 

A) 

B) 
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protein slightly decrease as shown with a small drop in response. The binding to UV-

irradiated dsDNA started off very slowly as shown in Figure 5.3B. The increase in binding 

for UV-irradiated dsDNA was caused by the accumulation of the protein on sensor surface 

due to non-specific binding of CRY-DASH to UV-irradiated dsDNA. CRY-DASH was 

passed a second time to verify the non-specific binding on the accumulated protein. The 

binding of the protein was increased in the subsequent pass due to the non-specific binding 

to the protein that had been also bound non-specifically on dsDNA. 

 

A) 
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Figure 5.3 A) The response over time data for the CRY-DASH binding to UV-

irradiated ssDNA. B) The response over time data for the CRY-DASH binding to UV-

irradiated dsDNA. 

 

The response obtained from PHR binding to UV-irradiated ssDNA and dsDNA was 

also measured (Figure 5.4). PHR bound more specifically to dsDNA than ssDNA, and it 

dissociated more readily and easily without accumulating on the surface. This was also 

proved in the kinetic constant calculations given in the next section. The number of the 

protein injections was increased for ssDNA case compared to the binding to dsDNA, to 

achieve the same total response for the protein binding on the surface, thus allowing the 

standardization of the amount of accumulation on the surface for both cases. The 

decreasing maximum response with the further PHR injections proves that the number of 

CPD sites to be bound decreases as PHR passes over UV-irradiated DNA 

B) 
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Figure 5.4 A) The response over time data for the PHR binding to UV-irradiated 

ssDNA. B) The response over time data for the PHR binding to UV-irradiated dsDNA. 
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In order to characterize the non-specific interaction of CRY-DASH with single or 

double strand DNA, un-irradiated ssDNA ana dsDNA was immobilized on sensor surface 

and its binding response was measured (Figure 5.5). 

 

 

Figure 5.5 A) The response over time data for the CRY-DASH binding to un-irradiated 

ssDNA. B) The response over time data for the CRY-DASH binding to un-irradiated 

dsDNA. 

A) 

B) 
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PHR protein showed a significant amount of non-specific binding, which was also 

proven with the kinetic results in the section 5.1.4, and is shown in the Figure 5.6. The 

response for un-irradiated ssDNA and dsDNA started off rather slowly and reached its 

maximum at the end of injection, which is the beginning of the dissociation phase. This 

also indicates that the protein bound during the association phase continued to accumulate 

on the surface. Such an accumulation is related to non-specific binding of the protein, 

which was observed for non-specific binding of CRY-DASH on UV-irradiated dsDNA. 

 

A) 
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Figure 5.6 A) The response over time data for the PHR binding to un-irradiated 

ssDNA. B) The response over time data for the PHR binding to un-irradiated dsDNA. 

 

5.1.4 Kinetic Results 

The equilibrium constant (KD) determination via kinetic calculations of Qdat provided 

the information about both the VcCRY I and PHR. Binding constant, KD for PHR on un-

irradiated dsDNA and ssDNA were estimated as 8.5 µM and 15.0 µM, respectively. On the 

other hand, binding constant KD for PHR to CPD sites on double stranded DNA was 4.9 

nM, while KD was about equal to 50.9 nM for binding of PHR to single stranded DNA. 

The KD of CRY-DASH to un-irradiated dsDNA and ssDNA were calculated to be 16.9 

µM and 620.9 nM respectively.  

The kinetic results of binding of CRY-DASH to irradiated ssDNA gave a KD value of 

15.0 nM. The non-specific binding of CRY-DASH to UV-irradiated dsDNA was found to 

be 22.9 µM. Since KD is the ratio of kd over ka as given in equation (3.1), lower KD values 

indicates a more dominant association constant compared to the dissociation constant. 

B) 
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Consequently, this means higher affinity for the binding of the components of the system. 

Conversely, higher KD value is the indicative of much lower affinity between the analyte 

and ligand. 

Table 5.1 Equilibrium Dissociation Constant Values Obtained from Qdat Analysis 

Program for PHR and CRY-DASH 

  KD 

Res SD 

(RU) 

Rmax 

(RU) 

PHR + Undamaged dsDNA  8.5 uM 2.52 35 

PHR + Undamaged ssDNA  15.0 uM 1.37 50 

PHR + Damaged dsDNA  4.9 nM 3.48 50 

PHR + Damaged ssDNA  50.9 nM 1.75 35 

CRY + Undamaged dsDNA  16.9 uM 2.39 50 

CRY + Undamaged ssDNA  60.9 nM 2.13 35 

CRY+ Damaged dsDNA  22.9 uM 6.16 100 

CRY + Damaged ssDNA  15.0 nM 4.94 50 

 

A more detailed investigation of the kinetic results was given in Section 6.3. 
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Chapter 6 

 

6. DISCUSSION 

More detailed investigation of the SPR results will be provided in this section. 

6.1 SPR Data Processing 

The kinetic analysis or the equilibrium calculations were made by the Qdat Data 

Analysis program. The program uses the interface that stores and visualizes the data 

monitored during SPR experiments, and also offers the possibility to specify the 

experiment details as additional inputs (Figure 6.1).  

 

Figure 6.1 The user interface for Qdat Data Analysis program 

 



Chapter 6: Discussion                                                                                                                      41 

 

41 

 

For all SPR results, it is important to filter the response data that is otherwise spoiled 

because of the air spikes in injection lines. These response dips were eliminated using the 

data cut function of Sensiq Discovery program used for real-time binding observation. 

6.2 SPR Equilibrium Analysis 

The choice of the analysis method whether to be kinetic or equilibrium was 

determined according to the interaction speed [63]. For CRY-DASH – ssDNA interaction, 

kinetic analysis seems to be more suitable since the association and dissociation of the 

protein to DNA is fast. Even though it is hard to get a sensitive recording on the repair 

mechanism, the repair process can be observed over the equilibrium plateau. A slower rate 

of binding enables the use of kinetic analysis but both results should have similar KD values 

in order to be defined as reliable. Ideally, analyte concentration should be varied about 

three orders of magnitude, from 0.01*KD to 100*KD in order to obtain accurate binding 

constant of interaction. Therefore, in this study CRY-DASH concentration was chosen to 

vary from 1 nM to 100 nM. PHR and CRY-DASH constants were generally determined by 

their relative affinity to the DNA strand of choice because the kinetic calculations are very 

much dependent on concentration range. The typical equilibrium constant for interaction 

between CRY-DASH and single stranded DNA is known to be around KD ≈ 10
-7

, and 10-

fold higher than KD of PHR [64, 65].  

In addition, for affinity measurement experiments, the level of active immobilized 

ligand was assumed to remain constant. The validity of this assumption was investigated 

further by comparing the analyte response for reference channel at the beginning, and at the 

end of the experiment. Figure 6.2 shows the analyte response at the reference channel, and 

confirms that after the dissociation of CRY-DASH, there was no DNA removed from the 

surface because the response curve returned to its original value before the association of 

the protein.  
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Figure 6.2 SPR response over time curves for undamaged ssDNA immobilized sensor 

surfaces. 

 

As observed in figure 6.3, if one of the assay cycles shows significant decrease between 

the beginning and end of the injection, then it is possible that some of the immobilized 

DNA molecules are removed from the surface. The removal of  DNA requires the breakage 

of the biotin-avidin linkage, which also requires extreme conditions to break. Under this 

condition it is possible that some of the ssDNA had bound non-specifically to the surface 

(not through biotin-avidin interaction). In this case, the assay should be repeated again after 

cleaning the surface (0.1% SDS, 0.1 M NaOH). Surface treatment with SDS and NaOH on 

the other hand doesn’t remove the ssDNA that is specifically bound via biotin-avidin 

linkage. So, it should also be considered that if the same sensor chip is used next time, the 

surface will already be covered with ssDNA molecules. 
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Figure 6.3 Response over time data for different concentrations of CRY-DASH 

showing the removal of DNA from the surface. 

 

If the DNA immobilization on sensor surface was proved to be stable as required, then 

the assay would continue with the injection of the analyte, which in this case is CRY-

DASH. The analyte was injected at different concentrations for data processing to be more 

reliable since the global curve fitting of the results by Qdat data analysis program would 

give more reliable simulations of the association, equilibrium and dissociation phases. 

As was described in earlier section, if the binding rate of the analyte to the 

immobilized ligand is fast enough, it is more appropriate to perform equilibrium analysis 

on the system, and to use relatively higher concentrations. This can be tested by comparing 

low concentration data with the higher concentrations. For CRY-DASH and ssDNA 

interaction, it is possible to achieve kinetic controlled interaction below 2.5 nM. But at the 

same time it was difficult to monitor the binding of CRY-DASH below this level, since the 
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quality of data decreases at this level of concentration due to the limitation of the 

instrument. A simple CRY-DASH response for concentration of 2.5 nM is shown in Figure 

6.4. 

 

Figure 6.4 Response over time data for CRY-DASH concentration of 2.5 nM - the 

surface was immobilized with UV-irradiated ssDNA. 

 

As Figure 6.4 shows, the variations in response become more pronounced as the 

maximum response reached, and remains below 100 response units. The minimum RU 

limit for reliable data analysis varies near 5-10 RU. Below that point, it becomes difficult to 

differentiate the real response from baseline drifts and temperature variations because of 

the lack of a temperature control system on our SPR instrument. 
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A more appropriate example of comparison of low and high concentrations of 

CRY-DASH is shown in figure 6.5 given below. This data also is a more clear 

representation of a qualitative analysis on CRY-DASH and ssDNA interaction.   

 

 

Figure 6.5 Response over time data for CRY-DASH concentrations of 1.25, 2.5, 5, 10 

and 20 nM - the surface was immobilized with UV-irradiated ssDNA. 

 

  While the kinetic and equilibrium analysis quantitatively investigate the association, 

dissociation and/or equilibrium phases provide the rate constants about the interaction of 

interest, and qualitative analysis makes it possible to observe and comment on the general 

behavior of the analyte against the ligand. The figure suggests that at higher concentrations, 

the CRY-DASH response starts to dissipate from the surface quickly after association 

phase even though the protein concentration of the sample buffer doesn’t change. It is 
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highly possible that the higher amounts of the protein dissociate as a result of mass 

transport limitations, thus was able to cover most of the CPD sites on ssDNA quickly and 

repair those sites. The common repair mechanism suggests that the repair proteins depart 

from the DNA strand immediately after the repair [64, 66] which takes place in tens to 

hundreds picoseconds [67, 68]. In SPR measurements, this phenomenon can be 

significantly observed only at the concentrations above 5 nM due to the limitations of the 

instrument. 

6.3 Rate constants 

KD for the binding of PHR on un-irradiated dsDNA was estimated as 8.5 µM 

whereas KD for the binding of PHR on un-irradiated ssDNA was estimated as 15.0 µM. The 

micro molar level of KD is considered as a sign of non-specific binding due to its much 

higher value. The equilibrium constants of PHR for binding to UV-irradiated DNA were 

found to be much less than un-irradiated DNA with the following results. The higher 

affinity of PHR to CPD sites on double stranded DNA was observed with a KD of 4.9 nM. 

This was also similar with PHR binding to single stranded DNA despite with a lesser 

affinity than that of PHR to dsDNA (KD ~ 50.9 nM). The SPR data also showed 

satisfactory results that prove the non-specific binding of CRY-DASH to un-irradiated 

DNA. The equilibrium constant of the protein to un-irradiated dsDNA and ssDNA were 

calculated to be 16.9 µM and 620.9 nM respectively. The non-specific binding of CRY-

DASH to un-irradiated ssDNA still shows much higher affinity than the non-specific 

binding to dsDNA with a KD of 620.9 nM. It is thought to be related with the CRY-DASH 

binding cavity, which allows catching the CPD site over a single DNA strand inside easier 

compared to the binding that would take place with double strand DNA. However, CRY-

DASH always binds to dsDNA non-specifically even if it is irradiated, which was observed 

with KD values of 22.9 µM and 16.9 µM for UV-irradiated dsDNA, and for un-irradiated 

dsDNA, respectively. The sensitivity on the kinetic data can be increased by using DNA 
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strands containing higher number of thymine dimers, which increases the chance of CPD 

formation during UV-irradiation. Higher number of CPD sites should allow more proteins 

to bind to DNA strands. 

A significant increase in binding affinity of CRY-DASH to irradiated ssDNA compared 

to irradiated dsDNA was observed as also was measured with higher PHR affinity to 

dsDNA compared to that affinity with ssDNA. The results gave a KD value of 15.0 nM for 

irradiated dsDNA with CRY-DASH. 

The literature on CRY-DASH kinetic constants are in much less in number compared to 

PHR and vary in broad range [64, 65, 67]. This was due to the varying methods used to 

measure the kinetic parameters and especially due to lack of studies done on CRY-DASH 

kinetics. However, our data were still comparable to the literature equilibrium dissociation 

rates in the same range (~10
-8

 for PHR and suggesting an approximate value of ~10
-7 

for 

CRY-DASH) [64, 65]. According to the values obtained in this study and supported by 

previous studies[5], significant difference found between binding of CRY-DASH to 

ssDNA and to dsDNA. In this study, the binding kinetic constant values between CRY-

DASH and DNA has been found for the first time in literature.. Also, PHR binds 

specifically to UV-irradiated dsDNA, unlike CRY-DASH as was calculated from the 

binding profiles. 

Interestingly, the response curves for non-specific binding of both CRY-DASH and 

PHR binding to dsDNA were proved to be similar. This can be an indication of a common 

protein-DNA interaction for CRY-DASH and PHR to DNA, if they are bound non-

specifically (Figure 5.5 and 5.6). 

Another interesting observation with the SPR results is that longer injection times 

allow the user to observe small changes in binding of the analyte during the association 
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phase. These small changes indicate different means of interactions and possible reactions 

between the analyte and the ligand other than the affinity between analyte and ligand. The 

duration of injection for CRY-DASH and PHR to UV-irradiated ssDNA was kept longer 

than normal association phase used in the other binding experiments intentionally. It was 

observed that a small decrease in binding during association phase after some time interval. 

This has been observed for the first time in the literature with SPR, and is possibly due to 

the increased number of repaired CPD sites which were no longer prone to specific binding 

of the repair enzymes. The decrease in response unit during injection phase is also 

consistent with the existing biological DNA repair mechanism which suggests dissociation 

of repair protein from DNA very fast after repair process even during injection phase of the 

repair protein. 

Here, it can be proposed that CRY-DASH may have some RNA specific repair 

mechanism as PHR has on dsDNA since the single stranded structure of RNA. This can be 

also related to the need of some repair measures for the errors during transcription, that are 

inherited to mRNA. A further investigation is necessary for CRY-DASH and RNA 

relationship. 

Finally, for  further investigation of ssDNA repair by CRY-DASH, it is possible to 

use UV-irradiated ssDNA samples that are treated with CRY-DASH prior to SPR assay. 

This can support the data presented in this work and may suggest a specific binding 

between UV-irradiated ssDNA and CRY-DASH. Pre-treatment with CRY-DASH should 

repair the CPD sites on ssDNA, and a subsequent SPR assay should show non-specific 

binding of CRY-DASH to the ssDNA which already get its CPD sites repaired to the 

original thymine dimers during pre-treatment. 

The quality of the data analyzed was then measured by the residual standard deviation 

over maximum response ratio (ResSD / RUmax) in Table 6.1: 
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Table 6.1. Residual standard deviation over maximum response ratio results for the 

curve fittings 

Repair Protein + DNA Sample ResSD / RUmax Result 

PHR + Undamaged dsDNA 2.52/35 0.07 

PHR + Undamaged ssDNA 1.37/50 0.03 

PHR + Damaged dsDNA 3.48/50 0.07 

PHR + Damaged ssDNA 1.75/35 0.05 

CRY + Undamaged dsDNA 2.40/50 0.05 

CRY + Undamaged ssDNA 2.13/35 0.06 

CRY + Damaged dsDNA 6.16/100 0.06 

CRY + Damaged ssDNA 4.94/50 0.10 

 

The values below 0.1 are desirable for successful results. For all the experiments 

performed, values lower than 0.1 were obtained. It is limited to reach better results due to  

the inadequate global curve fitting of the analysis program. The viability of curve fitting 

relies on the permanence of the ligand and the analyte for each cycle of the assay. Mass 

transport limitations were non-existent for our experiment due to the precautions taken 

(high concentration and flow rate of the analyte, low amount of surface coverage with our 

ligand). This was proved by the MTL (Mass Transport Limitation) function of the Qdat 

Data Analysis program (Figure 6.6). 
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Figure 6.6 Mass transport calculator result for the equilibrium analysis done. 

 

As Figure 6.6 shows, the effect of mass transport limitation on equilibrium analysis 

was less than %10, which ensures that the standard binding model was sufficient to 

calculate kinetic and equilibrium constants. Percent mass transport limitation effect on the 

binding model depends on the flow cell dimension, molecular weight of the ligand, and the 

flow rate of the buffer used. 
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Chapter 7 

 

7. CONCLUSION 

In this thesis, the affinity of a photolyase/cryptochrome family protein, CRY-

DASH, to the UV-irradiated single stranded DNA was investigated. The affinity and 

binding kinetics were investigated by Surface Plasmon Resonance of the DNA-protein 

binding real-time, and data analysis according to the simple 1:1 DNA-CRY binding model.  

SPR results confirmed higher affinity of CRY-DASH to CPD (cyclobutane 

prymidine dimer) containing single stranded DNA by giving lower KD value (KD of 15 nM 

for UV-irradiated ssDNA). A significant difference was found between specific and non-

specific binding of CRY-DASH to ssDNA and dsDNA, as was observed in previous 

studies [20, 22, 64]. It is important to note that the exact literature values of equilibrium 

constants specific for VcCRY I, were non-existent up to date. The comparison of PHR 

affinity to CPD containing ssDNA from the data found in literature suggests that our results 

are consistent with earlier findings (PHR gives a KD of 4.9 nM). This suggests SPR as a 

reliable assay to characterize binding and repair of DNA by both PHR and CRY-DASH. 

The specifications for the experimental setup could be improved by complete 

temperature control and a faraday cage to prevent outer electromagnetic effects that cause 

noise in SPR signals. Other experimental methods can also be used to measure kinetic 

constants to determine a suitable binding model and to compare them with the SPR results. 

The typical SPR results should also be analyzed with analytical ultracentrifugation[69] and 

isothermal titration calorimetry [70]. Finally, this study is original as it suggests for the first 

time in the literature that it is possible to investigate the real time DNA repair via SPR, and 

that the level of interaction of DNA with repair proteins can be quantified. 
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