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ABSTRACT 

 

SgrAI is a restriction endonuclease (ENase) that cuts a long recognition 

sequence and exhibits self-modulation of cleavage activity and sequence 

specificity. Previous research has shown that SgrAI forms large oligomers 

when bound to particular DNA sequences and under the same conditions 

where SgrAI exhibits accelerated DNA cleavage kinetics. However, the 

detailed structure and stoichiometry of SgrAI:DNA as well as the basic 

building block of the oligomers, has not been fully characterized. Ion 

mobility mass spectrometry (IM-MS) was employed to analyze SgrAI/DNA 

complexes and show that the basic building block of the oligomers is the 

DNA-bound SgrAI dimer (DBD). The oligomers are heterogeneous 

containing a mixture of species with variable numbers of DBD. The collision 

cross sections (CCS) of the oligomers were found to have a linear 

relationship with the number of DBD. Models of the SgrAI/DNA oligomers 

were constructed and a head-to-tail arrangement was most consistent with 

the experimental CCS. 

 

 

 



25 
 

1 CHAPTER ONE: INTRODUCTION AND SIGNIFICANCE 

1.1 Introduction to mass spectrometry (MS) 

MS is a useful tool to analyze protein/protein complexes and 

protein/nucleic acid complexes. The following sections will discuss the 

various ionization methods and mass analyzers that were used widely in 

protein/protein interaction and protein/nucleic acid interaction analysis. 
 

1.1.1 Ion source for biomolecules 

Matrix assisted laser desorption ionization (MALDI) and electrospray 

ionization (ESI) play essential roles in applications of MS to bimolecular 

research. Before the 1980’s, MS was mainly applied to small, volatile 

organic compounds due to the inability to transfer large molecules into the 

gas phase. Invention of fast atom bombardment (FAB) enabled ionization of 

some biomolecules as large as bovine insulin and peptides. However, larger 

biomolecules were still inaccessible to study by mass spectrometry [1-3]. 

Biomolecules were not widely researched by MS until the emergence of two 

ionization techniques, MALDI [4] and ESI [5-6]. MALDI introduces light 

absorbing compounds into laser desorption ionization to ionize large 

molecules. Two independent approaches that earned their developers a 

Nobel prize in 2002 were: 1) Koichi Tanaka in Japan mixed ultrafine cobalt 
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powder (diameter is ~30 nm) in glycerol with the analyte of interest [7, 8], 

and 2) the team of Michael Karas and Franz Hillenkamp in Germany used 

nicotinic acid as light absorbing matrix to mediate ionization of the analyte 

[9-14]. In 1984, John Fenn developed ESI which is a soft ionization 

technique used to transfer non-volatile, chargeable molecules directly from 

liquid to the gas phase [15]. Later, ESI was applied to large biomolecules 

such as proteins and nucleic acids [16, 17], and was marked as “wings for 

molecular elephants” [18]. Currently, MALDI and ESI are the two most 

common ionization techniques for biomolecules.  

 

1.1.1.1 MALDI 

     In a typical MALDI experiment, the analyte of interest is pre-mixed 

with an excess of the appropriate organic matrix and co-crystallized on a 

metal plate (Scheme 1.1). The mixture spot is typically 50-200 μm in 

diameter [19]. A pulsed laser –wavelengths ranging from ultraviolet (UV) to 

infrared (IR) [20-22] – irradiates the mixture spot to evaporate and ionize 

the matrix and sample [23, 25].  

     The matrix serves two major functions. The first one is absorbing 

energy from the laser; as a result, many matrices contain some aromatic 

cores. At the same time, the matrices protect analyte molecules from 

decomposition by the laser. The second function is serving as the proton 
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source for ionization of the analyte; and a carboxylic acid moiety is usually 

used to fulfill this [24-26]. After the first successful matrix – nicotinic acid – 

was developed to ionize peptides and proteins [11-13], many other matrices 

were developed. Some widely used matrices include 1) 

2,5-dihydroxybenzoic acid (DHB, gentisic acid) [14, 27] for 

oligosaccharides, peptides and proteins [28-31]; 2) 

α-cyano-4-hydroxycinnamic acid (CCA) for peptides, small proteins [32] 

and triacylglycerols [33]; and 3) sinapinic acid (SA) for proteins [34].  

Typically, MALDI generates singly or doubly charged analyte ions 

[35]. As a result, the spectra are easily interpreted. However, the m/z of ions 

generated from some large molecules such as proteins could be large. Time 

of flight (TOF) analyzer was coupled with MALDI ever since the first 

MALDI experiments [14] because TOF does not have a theoretical mass 

limit and it is a pulsed ion source which interfaces well with pulsed laser 

beam in MALDI [36].  
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Scheme 1.1 A schematic of a general MALDI setup. Green balls represent 

matrix molecules; blue balls represent analyte molecules (Figure adapted 

from 

http://www.magnet.fsu.edu/education/tutorials/tools/ionization_maldi.html).  
 

1.1.1.2 ESI 

In ESI, sample solution is introduced through a needle at a flow rate 

of 1-20 μL/min. The needle is kept 3-5kV relative to the cylindrical 
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electrode. Highly charged droplets are sprayed by the high electric field and 

driven to the heated capillary. In this process, a dry nitrogen gas 

countercurrent stream vaporizes the solvent in the droplets to produce bare 

analyte ions [15, 16]. Several years after ESI was developed, 

nano-electrospray ionization (nanoESI) was developed by using a narrow 

capillary (diameter of spraying orifice is ~1-2 μm) to produce smaller 

droplets and reduce the flow rate to ~20-40 nL/min [37, 38]. NanoESI not 

only reduces sample consumption but also tolerates a higher concentration 

of buffer salts than ESI and is gentle enough to allow for spraying of intact 

protein-protein or protein-nucleic acid complexes [39-41]. 

Two different mechanisms were proposed to explain formation of ions 

from charged droplets. In the charged residue model (CRM), solvent 

evaporates until the droplets are sufficiently small to reach the Rayleigh 

limit. After a cascade of Coulomb fissions, the droplets are small enough to 

contain one analyte molecule and the charges in the droplets transfer onto 

the molecule [42-44]. In the other theory, the ion evaporation model (IEM), 

desolvated ions directly evaporate from the droplet surface when the radius 

of the droplets become small enough that the charge repulsion is large 

enough [44-46]. There is no final conclusion about mechanism of ion 

formation in ESI. It is proposed that the formation of large molecule ions is 

better described by the CRM and ionization of small molecules occurs 

through the IEM [44, 47, 48]. 
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ESI forms multiply charged ions; and determining the charge states of 

a series of peaks of an unknown molecular weight substance is 

straightforward [49, 50]. The peaks from a continuous series of charge states 

adjacent to each other. For two adjacent peaks at m/z1 (higher m/z) and m/z2 

(lower m/z): 

z2=z1+1                          eq. 1.1 

Equations 1.2 to equation 1.5 describe the relationship among molecular 

weight, m/z and number of charges. Mr is molecular weight, mH is the mass 

of a proton and z is the number of charges.  
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Based on the calculations described above, the charge states of a series of 

ESI peaks and molecular weight of the analyte can be determined [49, 50].  
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Scheme 1.2 A schematic of nanoESI. The droplets are ejected from Taylor 

cone of the capillary. A dry nitrogen gas of countercurrent stream 

evaporates the solvent to form bare analyte molecule ions. These ions are 

then transferred into mass analyzer (Figure adapted from 

http://www.magnet.fsu.edu/education/tutorials/tools/ionization_esi.html). 

 

1.1.2 Mass Analyzer 

A variety of mass analyzers such as quadrupole, TOF and Fourier 

transform ion-cyclotron resonance (FTICR) were developed to measure the 

m/z of analyte ions. There is no universal, ideal mass analyzer because 

different mass analyzers have different characteristics that are suitable for 
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different applications [51]. The researcher needs to choose a suitable mass 

analyzer to satisfy requirements such as mass accuracy, resolution and m/z 

range of the analysis with reasonable cost. In this dissertation, the majority 

of the experiments were carried out in a quadrupole-time of flight (Q-TOF) 

which will be discussed in detail in the following sections.  

 

1.1.2.1 Quadrupole mass analyzer 

The quadrupole mass analyzer is composed of four cylindrically 

shaped metal rod electrodes with alternating radio frequency (RF) and fixed 

direct current (DC) voltages applied (Scheme 1.3). A positive DC voltage is 

applied to a pair of the rods while a negative DC voltage is applied to the 

other pair of the rods. The RF voltages 180º out of phase but the same 

aptitude are applied to the two pairs of the rods. For a given DC/RF 

magnitude ratio, ions of a certain m/z range have a stable trajectory to pass 

through the quadrupole while other ions deflect out of or neutralize on the 

rods. By changing the magnitude of voltages at constant DC/RF, a m/z scan 

can be performed [52]. The width of the stable m/z range can be controlled 

by DC/RF. If the DC voltage is 0, the RF-only quadrupole becomes a wide 

band pass for ions. This kind of quadrupole is usually used to transfer ions 

[52, 53]. Although the quadrupole mass analyzer usually has unit resolution, 

it is still widely used because it is cheap, robust and it can tolerate relatively 
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high pressure (15 ×10-6 Torr) [52]. 

 

 

Scheme 1.3 A schematic of a quadrupole mass analyzer. A positive DC 

voltage is applied to a pair of the rods while a negative DC voltage is applied 

to the other pair of the rods. The RF voltages with 180º out of phase are 

applied to the two pairs of rods. Only ions with particular m/z can transfer 

through the mass analyzer (Figure reproduced from 

http://www.chemistry.adelaide.edu.au/external/soc-rel/content/quadrupo.htm

). 
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1.1.2.2 TOF mass analyzer 

In TOF, ions are accelerated by an electric field (voltage is U) to travel 

through a field-free, high vacuum region. Because different m/z ions have 

different velocities, the times to travel through the region are different. The 

larger the m/z is; the longer the travel time is. And the m/z can be calculated 

using Equation 1.6. 
2

2

2m eVt
z l
=                       eq. 1.6 

In this equation, e is the charge of an electron, V is the acceleration voltage, t 

is the time of flight of the ion, and l is the length of the field-free, high 

vacuum region [54].  

Although the principle of TOF is straight forward, the initial kinetic 

energy of the same m/z ions can be different. Such an initial kinetic energy 

distribution limits the resolution of the TOF mass analyzer. A few strategies 

were developed to solve the problem, a reflectron, or ion mirror, is one 

widely used strategy [55]. In a reflectron, a retarding electric field located at 

the end of the field-free region as shown in Figure 1.1. The ions penetrate the 

electric field and are reflected to the opposite direction. In this process, ions 

with higher kinetic energy penetrate deeper than ions with lower kinetic 

energy. Thus, their path lengths are different. Higher kinetic energy ions 

spend longer time in the reflectron; so the reflectron corrects the time of 

fight of the ions with different kinetic energies and improves the resolution 
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of TOF [54-56].  

As discussed in section 1.1.1.1, TOF is typically coupled with MALDI 

because MALDI is pulsed ion source. However, the improvement of TOF 

resolution is attractive to other non-pulsed ion sources as well. The 

orthogonal acceleration TOF analyzer successfully combined TOF with 

non-pulsed ion sources such as ESI [57-61]. In the typical design, a pulse 

acceleration electrical field is applied orthogonally to a continuous ion beam 

as shown in Figure 1.2. Ions from the continuous ion source are focused to 

minimize ion motion in the y axis. And then the pulsed acceleration 

electrical field pushes a package of ions to the TOF analyzer (y axis). The 

ion beam refills the accelerator for the next acceleration pulse [57-61]. The 

orthogonal acceleration TOF is also employed in tandem mass spectrometry 

(MS/MS) such as QqTOF (Q refers to a mass-resolving quadrupole, q refers 

to an RF-only quadrupole collision cell) to analyze dissociated fragments 

[61].  
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Figure 1.1 Reflectron in TOF mass analyzer. Ions with higher kinetic energy 

penetrate deeper in reflectron and their path lengths are longer. Thus, higher 

kinetic energy ions spend longer time in the reflectron. As a result, the 

reflectron corrects the time of fight of ions with different kinetic energies. 

This figure is reproduced from reference 55 with permission of the 

publisher. 
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Figure 1.2 Typical design of orthogonal acceleration TOF. Ions from 

continuous ion source are focused to minimize ion motion in the y axis. And 

the pulsed acceleration electrical field pushes a package of ions to the TOF 

analyzer (y axis). And then the ion beam refills the accelerator for the next 

acceleration pulse. This figure is reproduced from reference 60 with 

permission of the publisher. 
 

1.2 Importance of protein/protein interaction and protein/nucleic acid 

interaction 

The majority of proteins do not function as single entities but form 
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protein complexes depending on specific, non-covalent interactions with 

other molecules such as proteins, nucleic acids, metal ions, cofactors, lipids 

and polysaccharides. These interactions play essential roles in regulation, 

recognition and catalysis in most cellular processes. The information about 

protein complexes and protein interaction networks is essential to understand 

the mechanisms of many protein functions at the molecular level [62-67]. 

The importance of protein/protein interactions is evidenced by analysis of 

the interacting proteins in the proteome of the yeast Saccharomyces 

cerevisiae [68]. In this study, 4,562 different tagged proteins were purified 

by tandem affinity purification and 7,123 protein/protein interactions were 

identified for 2,708 proteins by both MALDI-TOF MS and liquid 

chromatography (LC) MS/MS. Based on the results, the organization of the 

protein/protein interaction network was built. This data will provide useful 

information for future studies on functional genomics, systems biology and 

individual protein functions [68]. 

In addition to understanding protein/protein interactions, protein/nucleic 

acid interactions are also widely studied. Nucleic acids are essential in 

storing, transmitting and expressing genetic information. Deciphering gene 

expression and regulation, transcriptional regulation, chromatin structure 

regulation, messenger ribonucleic acid (RNA) translation and 

deoxyribonucleic acid (DNA) repair mechanisms at the molecular and at the 

cellular physiological levels are keys to understanding many cellular 
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processes. All of these biological processes involving nucleic acids employ 

protein/nucleic acid interactions, thus it is critical to understand the 

mechanism of these interactions [67].  

 

1.3 Traditional techniques for studying protein/protein interactions and 

protein/nucleic acid interactions 

1.3.1 Traditional techniques for studying protein/protein interactions 

Many biochemical techniques have been developed to research 

protein/protein interactions. These techniques can be sorted into two main 

categories: methods to select and detect protein binding qualitatively and 

methods to quantify the binding affinities through determination of binding 

constants [69]. The first category includes protein affinity chromatography, 

affinity blotting, chemical cross-linking and x-ray crystallography. Protein 

affinity chromatography is based on the specific and strong interaction 

between immobilized ligands and target proteins. Ligands such as heparin or 

avidin are bound to the chromatographic stationary phase and proteins with 

high affinity to the ligands are captured. The most important advantage of 

this technique is that it can be used to concentrate target proteins from a 

complex mixture directly [69, 70]. In affinity blotting, proteins are first 

separated by polyacrylamide gel electrophoresis (PAGE) and are then 

http://en.wikipedia.org/wiki/Polyacrylamide_gel�
http://en.wikipedia.org/wiki/Electrophoresis�
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transferred to a nitrocellulose membrane by an electric field. Then a labeled 

probe such as protein, peptide or ligand is added onto the membrane to bind 

with the target protein specifically [69]. Chemical cross-linking is used to 

covalently link two proteins together at specific sites. The type and length of 

the cross-linker are critical in determining where the interacting sites are 

between the two proteins. Different sites on the same molecule or on 

different molecules can be covalently connected. Two common 

cross-linking reactions are the N-hydroxysuccinimide (NHS) ester reaction 

and the maleimide reaction (Scheme 1.4). The prior reaction cross-links 

NHS ester with amine groups in proteins and the latter one cross-links 

maleimide with sulfhydryl groups in proteins [71, 72]. The classical method 

is to compare two dimensional gels from proteins before and after 

cross-linking. The cross-linked proteins are identified based on the 

differences between the two gels. This method can reveal the architecture of 

protein complexes even when they are as complicated as the ribosome [69, 

73]. The addition of MS to analysis of cross-linked proteins has the great 

advantage of being able to not only detect cross-linked proteins but to 

identify the contact sites between the two interacting proteins. The 

applications of MS in studying protein/protein interaction and 

protein/nucleic acid interactions will be further discussed in section 1.4.  

X-ray crystallography is different from the other techniques described 

above because it provides high resolution structural information about 
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protein/protein complexes [74]. X-rays diffract when they strike a crystal 

because the wavelength of the x-ray is similar to the interatomic distance 

(~1.5Å). The x-ray diffraction pattern is Fourier transformed to an electron 

density map within the crystal. Then the three dimensional positions of 

atoms in the crystal can be determined [75]. 

In addition to identifying which proteins interact and at which sites they 

interact with each other, it is also important to know how tightly they interact.  

Binding affinities are critical to determining how stable or transient a protein 

complex is, which is key to understanding cellular regulation. Methods to 

determine binding constants include sedimentation methods, fluorescence 

methods and surface plasmon resonance (SPR). To determine binding 

constants, protein solutions are prepared and mixed at different 

concentrations. These techniques are then used to quantify the amount of 

proteins and their complex in different mixtures [69]. Sedimentation method 

monitors the rate of sedimentation of components in protein mixture through 

glycerol or sucrose gradients. If the proteins form a complex, the mass of the 

complex is larger than its components and its sedimentation rate will be 

faster. As a result, the proteins and the protein complex are monitored and 

they can be assayed by activity or immunoblotting [69]. The fluorescence 

method is based on different fluorescent characteristics of the proteins and 

the protein complex. If the fluorescence emission spectra are different, the 

percentages of different components in the protein mixture can be monitored 

http://en.wikipedia.org/wiki/Fourier_transform�
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by fluorescence emission spectrometry. If there is no obvious difference 

between fluorescence emission spectra, fluorescence anisotropy with a 

tagged molecule is another candidate. This technique monitors rotational 

motion of the fluorophore labeled molecule by using plane-polarized 

excitation light. A small molecule rotates faster than a larger one, so the 

emitted fluorescence from the small molecule depolarizes faster than a larger 

molecule. If the labeled molecule forms a complex with a protein, the 

polarization of the emitted light will increase because the size of the complex 

is larger than the labeled molecule. The change is monitored quantitatively to 

provide information about protein/protein interaction [69, 76]. SPR monitors 

changes in the resonance angle of light impinging on a very thin layer of 

material absorbed on a gold surface as a result of changes in the refractive 

index of the surface. A protein is immobilized on the surface and addressed 

by a flow of solution with proteins of interest. If the immobilized protein 

binds with another protein in solution, the local refractive index changes.  

This is directly proportional to the concentration of analyte and the 

interaction is monitored quantitatively [69, 77-79].  
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Scheme 1.4 NHS ester reaction (upper) and maleimide reaction (lower). The 

NHS ester reaction cross-links NHS ester with amine groups in proteins and 

the maleimide reactioncross-links maleimide with sulfhydryl groups in 

protein [72].  

 

1.3.2 Traditional techniques for studying protein/nucleic acid interactions 

Traditional techniques for studying protein/nucleic acid interactions 

include gel shift assay, footprinting, filter binding assay and x-ray 

crystallography [80, 81]. The gel shift assay is a gel electrophoresis method 

in which protein/nucleic acid complexes and nucleic acids by differences in 

their size, shape and charge. Protein/nucleic acid complexes have different 

electrophoretic mobilities from free nucleic acids because of the different 

sizes. A 32P labeled protein/nucleic acid mixture is subject to gel shift assay 

through a gel such as polyacrylamide gel or agarose gel. Autoradiography 

http://en.wikipedia.org/wiki/Polyacrylamide_gel�
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can then be used to detect the distribution of 32P labeled nucleic acids in the 

gel [80-84]. The principle of footprinting is that in a protein/nucleic acid 

complex, the nucleic acid binding sites are protected by the protein from 

attacking by DNases, RNases or chemical reagents. DNase I, Exonuclease 

III, RNase A, RNase T1 and hydroxyl radical are used as probes to cleave 

nucleic acids in footprinting methods. These reagents cleave non-protected 

regions of nucleic acids specifically and can not access nucleic acid sites 

protected by bound protein. Nucleic acid binding sites are revealed by 

comparing nucleic acid fragment patterns with and without protein bound. 

Combining footprinting with DNA sequencing, the binding sites can be 

localized within a few base pairs (bp) [80, 85, 86]. The principle of the filter 

binding assay is straightforward. First, 32P labeled nucleic acid is incubated 

with protein; then the mixture is filtered by a nitrocellulose membrane. 

Unbound nucleic acids pass through the filter freely whereas the 

protein/nucleic acid complexes are retained on the filter. The protein/nucleic 

acid complexes are then quantified by autoradiography [80]. X-ray 

crystallography has been applied to determine structures of protein/nucleic 

acid complexes. It provides information about protein/nucleic acid contacts 

at atom level [74, 87]. There are some limitations of this technique. The 

most important one is that a large quantity of pure and homogenous protein 

is required to produce diffraction-quality crystals. However, it is not always 

practical to get enough pure protein for x-ray crystallography. Another 
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limitation is that unstructured regions in protein/nucleic acid complexes 

cannot always be solved. In such cases, truncations may be necessary to 

deplete disordered regions while retaining structure and maintaining 

biological functions [88]. 

 

1.4 Application of mass spectrometry in studying protein/protein 

interactions and protein/nucleic acid interactions 

Elucidation of the components and structures of the protein/protein 

complexes or protein/nucleic acid complexes is essential to understand the 

mechanisms of their functions. MS is useful to understand how proteins 

interact with each other to form protein/protein complexes or protein/nucleic 

acid complexes. It is used to determine the stoichiometry and spatial 

organization (topology) of the complexes [67]. Because MS is a physical 

method to determine m/z of ions, it is often used to analyze primary 

structures of proteins and nucleic acids. As a result, traditional protocols 

usually employ proteolysis to digest protein/protein complexes or 

protein/nucleic acid complexes to peptides to be analyzed by MS. Chemical 

cross-linking and hydrogen/deuterium exchange (HDX) are used to “mark” 

the peptides on the interfaces in a mild condition in which the protein/protein 

or protein/nucleic acid complexes can be preserved [67] and then the 

proteins are digested and the peptides are analyzed to reveal information 
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about the interfaces. Development of ESI and nanoESI makes 

supramolecular analysis in the gas phase possible. Different from analyzing 

digested peptides from protein/protein complexes or protein/nucleic acid 

complexes, this new technique, commonly referred to as native MS, analyzes 

multiply charged ions of the complexes directly in the gas phase [62-64, 67, 

89].  

 

1.4.1 MS techniques employing proteolysis to study protein/protein 

complexes and protein/nucleic acid complexes 

Some commonly used techniques employing proteolysis to study 

protein/protein complexes and protein/nucleic acid complexes include 

limited proteolysis, chemical cross-linking and HDX [67, 90-93].  

The general principle of limited proteolysis is that by keeping the 

protease activity low, protease will only digest solvent accessible residues of 

the protein/protein complexes or protein/nucleic acid complexes. The 

accessibility of a cleavage site is estimated by the time of proteolysis. For 

example, if a cleavage site is buried in the protein, it will be cleaved after the 

solvent accessible regions of the protein are digested; so it takes longer 

digestion time to produce peptides from the buried cleavage site. The 

experimental condition is mild to keep the complexes in their native state. 

And low concentration of protease, short reaction time and low temperature 
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are usually used to keep the proteolysis reactivity low. This technique does 

not require special instruments and the complexes are in their solution 

structure. However, the low residue resolution limits its application [90, 91]. 

Chemical cross-linking is another widely used technique to explore 

protein/protein and protein/nucleic acid interaction. The cross-linked 

complexes are separated based on their sizes (usually by PAGE), and then 

digested completely. All the peptides are analyzed by LC/MS/MS to 

determine which peptides have been cross-linked. This technique can 

provide three dimensional topology information of the interaction because it 

reveals the distances between peptides [71, 72, 94]. As discussed in section 

1.3.1, many different cross-linkers with different reactivities were developed. 

These cross-linkers have different lengths to reveal the distance between two 

reactive sites. There is also a zero-length cross-linker that will not add mass 

at the reaction sites [67].  

Although the principle of cross-linking is simple, there are some 

experimental concerns. First of all, the distance between two reactive sites 

must be close to the length of the cross-linker used. Otherwise, the 

cross-linking efficiency will decrease. As a result, some different 

cross-linkers with different reactivities and lengths have to be tested in 

experiments to elucidate the three dimensional structure of the 

protein/protein complexes or protein/nucleic acid complexes [71, 72]. 

Secondly, the ratio between cross-linker and complexes must be low enough 
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to avoid non-specific cross-linking. However, the low ratio will also reduce 

the number of cross-linked peptides. Thirdly, it is a challenge to find out the 

low concentration cross-liked peptides from relative higher concentration 

normal peptides [71, 72, 94]. To make identification of cross-linked peptides 

easier, labeled or cleavable cross-linkers were designed [94]. One example 

of a labeled cross-linker is deuterated version of bis[sulfosuccinimidyl] 

glutarate (BS2G) or bis[sulfosuccinimidyl] suberate (BS3) (Table 1.1). BS2G 

and BS3 are homobifunctional, amine-reactive cross-linkers. Experimentally, 

non-deuterated version and deuterated version of the cross-liner are mixed at 

1:1 molar ratio such that the peptides with the cross-linker will have a pair of 

M and M+4 Da peaks [94]. Cleavable cross-linkers are another useful tool to 

identify cross-linked peptides. For instance, 

N-benzyliminodiacetoylhydroxysuccinimid (BID, structure is shown in 

Scheme 1.5) is a homobifunctional, amine-reactive cross-linker that can 

dissociate by low energy collision induced dissociation (CID), threshold Elab 

=z×Vcoll is 45 eV) to yield stable benzyl cation. This neutral loss helps to 

find the peptides with the cross-linker in order to simplify the data analysis 

[94, 95]. Although the analysis of the cross-linking is improved by use of 

these special reagents, it is still a labor intensive approach.  

HDX MS is another technique to analyze protein/protein and 

protein/nucleic acid in solution interactions. This technique detects the 

solvent accessibility in protein/protein complexes and protein/nucleic acid 
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complexes by exposing the analyte to deuterated buffer. The hydrogens of 

the analyte will exchange with deuterium in the solution changing the mass 

of the analyte. Usually, only amide hydrogens on the peptide backbone are 

considered because it is experimentally practical to monitor their exchange 

rate. The exchange rate of alkane hydrogens is much, much too slow, and the 

exchange rates of hydrogens on most side chain functional groups are too 

fast to be analyzed by HDX MS [96, 97]. The typical protocol involves 

incubating the protein with deuterated buffer, quenching it at low pH (about 

2.7) and low temperature (0 ºC) at different times, and digesting with pepsin. 

Then the peptides are separated with high pressure liquid chromatography 

(HPLC) and analyzed by MS/MS (as shown in Figure 1.3) [93, 97, 98]. 

Exchange rates of amide hydrogens can provide the information about 

secondary structure and the accessibility of the fragment peptides to solvent. 

Hydrogens that are more solvent accessible exchange faster than those 

buried in the complexes. By comparing the H/D exchange rates of proteins 

and their complex, the interface can be analyzed [93, 98]. The exchange is 

reversible, so the experimental conditions should be controlled to minimize 

the back exchange. At the same time, internal standards are usually used to 

eliminate influence form back exchange [98, 99]. 
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Table 1.1 Non-deuterated version and deuterated versions of BS2G and BS3 

and their spacer length. The mass of deuterated version is 4 Da heavier than 

the non-deuterated version. (This table is reproduced from reference 94 with 

permission of the publisher) 
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Scheme 1.5 Structure of BID [95].  

 

 

Figure 1.3 The typical protocol of HDX MS. Analyte is exposed to 

deuterated buffer and quenched at different time points. Then the proteins 

are digested by pepsin and the peptides are analyzed by HPLC/MS. The 

figure also shows new methods to perform HDX MS [98]. This figure is 

reproduced with permission of the publisher. 

 

1.4.2 Native supramolecular analysis in the gas phase 

The development of nanoESI makes transferring native 
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protein/protein complexes and protein/nucleic acid complexes into the gas 

phase possible. NanoESI is a gentler method to introduce extremely labile 

protein assemblies into the gas phase [62-67]. There is evidence to support 

that protein assemblies remain intact and folded in vacuum [62-67, 100]. 

MS/MS and IM-MS are usually coupled with nanoESI to reveal the 

components, stoichiometry and the shape information of the complexes [62]. 

For example, accurate mass of RNA Polymerase III helps to confirm that the 

complete enzyme contains a single copy of each subunit [101]. By gentle 

disruption of the enzyme with dimethyl sulfoxide (DMSO) and MS/MS, the 

architecture is studies. Polymerase III contains 10 subunit Polymerase 

II-like core and peripheral heterodimers C17/25, C53/37, and C82/34 and 

subunit C31, which bridges between C82/34, C17/25 and the core [101]. 

Development of native MS helps to bridge the gap between structural 

biology and interatomic technologies [62].  

NanoESI MS is also used to study protein/nucleic acid complexes. 

The first example of this application was determination of the dissociation 

constant of a complex between a 20mer oligonucleotide and bovine serum 

albumin (BSA) in negative mode [102]. Usually, proteins are studied in 

positive mode and nucleic acids are studied in negative mode and both 

positive mode and negative mode are employed for analyzing 

protein/nucleic acid complexes [65-67, 103]. Although nanoESI MS is 

widely used in studying protein/protein complexes, only a few 
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protein/nucleic acid complexes such as trp apo-repressor, Escherichia coli 

Tus protein, retinoic acid receptor and 9-cis retinoic acid receptor have been 

studied by this technique [103-106]. There are challenges for studying 

protein/nucleic acid complexes: 1) the solution condition must be 

appropriate to form and maintain the complexes. However, only volatile 

buffers such as ammonium acetate or ammonium bicarbonate can be used in 

MS because nonvolatile buffers affect the ionization process and decrease 

sensitivity [107, 108]. The concentration of ammonium acetate has been 

shown to affect ESI mass spectra [64]. The structure of double-stranded 

DNA can also be affected by salt concentration [103]. Whether the 

protein/nucleic acid complexes can form in the volatile buffer or not has to 

be tested in experiments; 2) some cations such as magnesium and calcium 

are necessary to form protein/nucleic acid complexes. These cations can 

attach non-specifically to the proteins or nucleic acids in the complexes and 

broaden the peaks [108, 109]. The concentration and counter anion of the 

cation have to be optimized in the experiments; 3) the heterogeneity of 

oligonucleotides can also broaden the peaks [110]. Because of the 

difficulties listed above, the largest protein/nucleic acid complexes that have 

been studied ESI MS is about 120 kDa which is much smaller than the size 

of protein/protein complexes studied by this technique [103, 111, 112]. 

Protein/protein complexes as large as 10 MDa have been reported to be 

analyzed by ESI MS [113-115]. 
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1.5 Introduction to ion mobility spectrometry (IMS) and IM-MS 

1.5.1 IMS and collision cross section (CCS) 

IMS is an analytical technique to separate ions based on their mass, 

charge number and geometry. The major differences between IMS and MS 

are a neutral bath gas (air, nitrogen or helium) is employed in IMS while MS 

requires vacuum and also measures m/z. In IMS, ions are driven by an 

electric field gradient to fly through a drift tube with bath gas flowing on the 

opposite direction of the ions (Figure 1.4). If the kinetic energies of the ions 

are controlled to be the same, the heavier ions migrate slower and lighter 

ions migrate faster. At the same time, the ions strike the bath gas molecules 

when they are flying in the drift tube; and the collision area of the ions is 

defined to be CCS which includes information about physical size and shape 

of the ion. Under the acceleration of electric fields, ions with larger CCS and 

lower charge migrate slower in the drift tube filled with bath gas, analogous 

to the concept of electrophoresis. The drift times of different ions reflect 

differences in charge state and CCS [116, 117]. The drift velocity of the ion 

swarm is proportional to the electrical field strength (E). The proportionality 

factor of ion swarm’s drift velocity vd and E is defined as mobility 

coefficient (K = vd /E in units of cm2/Vs) [116, 117]. K is related to CCS by  
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1 1
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16N
m M

kT mM
π +      =       Ω                             eq. 1.7 

where q is the charge on the ion, N is the number density of the bath 

gas, k is Boltzmann’s constant, T is the absolute temperature, m is the mass 

of the bath gas, M is the mass of the ion, and Ω is the CCS [118]. The 

reduced mobility coefficient (K0) is the mobility coefficient normalized to 

273 K and 760 Torr (mm Hg) [119]. The CCS can be directly measured by 

drift time IMS based on equation 1.7.  

In addition to drift time IMS, other IMS methods have also been 

developed. Such instruments are commercially available as micro-fabricated 

differential mobility spectrometers (DMS) [120] or high-field asymmetric 

waveform ion mobility spectrometers (FAIMS) [116, 117, 121]. In these 

approaches, ions are carried by a constant flow of gas to move between two 

conducting surfaces, parallel plate electrodes for DMS or concentric 

cylindrical electrodes for FAIMS. Alternating strong and weak electric fields 

are applied in the gap between the conducting surfaces to cause an 

oscillating motion of ions along the narrow gap, eventually leading to 

collisions and losses on the electrodes [116, 117, 120, 121]. A low DC 

voltage called compensation voltage is superimposed on the high voltage 

asymmetric field to select ions. When the total transverse displacements of 

the ions are less than the drift channel height, they are selected and reach the 

detector. The compensation voltage is a characteristic of the ion species. A 
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sweep of compensation voltage can provide a measure of ions entering the 

analyzer region [116, 117, 120, 121].  

 

 

Figure 1.4 Design of traditional TOF IMS equipped with a membrane inlet 

and operated with a bidirectional flow system. Analyte molecules are 

ionized by reactant ions in the ionization region. Then the ions migrate 

through the drift tube with bath gas flowing on the opposite direction of the 

ions. The drift time of ions reflect differences in mass, charge number and 

CCS. This Figure is reproduced from reference 116 with permission of the 

publisher.  

 

1.5.2 IM-MS 

IMS and MS are coupled because they complement and 
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instrumentally match each other [122]. IMS can provide structural 

information of ions of the same m/z separated by MS. The first IM-MS was 

created in 1965 by P. Kebarle [123, 124]. Later, many different 

configurations of IM-MS were developed. The major types of IM-MS are 

drift time ion mobility-MS (DT-IM-MS), travelling wave ion mobility-MS 

(TW-IM-MS) and FAIMS-MS [125]. DT-IM-MS is the earliest design. Ions 

are injected into drift tube through an orifice and exit through another orifice 

on the other side of the drift tube. The ions are then analyzed by MS [125]. 

Bush et al. used a modified IM-MS with drift cell that has a radial RF ion 

confinement and a linear voltage gradient to measure the experimental CCS 

of some proteins and their complexes to build a database for CCS 

calibration in other types of IM-MS [126]. IMS also helps to separate 

structural/conformational subpopulations of the same species and reduces 

undesirable endogenous chemical noise [127].  

The first commercial available integrated MS-IM-MS instrument – 

Synapt HDMS – is developed by Waters MS Technologies (Manchester, 

UK). It is a hybrid atmospheric pressure ionization/quadrupole/TW-IM/TOF 

system [128-130]. The mobility separator of TW-IM-MS consists of three 

stacked ring ion guides with RF voltage (called the Triwave). A series of 

transient DC voltages called travelling wave is superimposed on the RF 

voltage to propel ions. Such a design has proven to be efficient at 

transporting ions through regions where the background gas pressure is 
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relatively high (over the range of 10-3 to 10-1 mbar) [125, 128, 131]. The 

instrument provides large ion dispersion capability and good sensitivity. The 

second generation of the IM-MS instrument – Synapt G2 HDMS– improves 

the resolution up to four times than the original system (Figure 1.5) [131, 

132]. Different from DT-IM-MS, the mobility is approximately proportional 

to the inverse of the square root of the drift time, rather than the inverse. 

Additionally no complete analytical relationship between mobility and the 

experimental separation parameters (travelling wave settings) has been 

developed. As a result, in TW-IM-MS calibration with known CCS samples 

is necessary to get the CCS of the analyte [131-133]. The drift time with 

nitrogen as bath gas can be converted to helium based CCS [126, 134].  
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Figure 1.5 A schematic diagram of the Synapt G2 HDMS system. In the 

Z-spray ion source, analyte ions are introduced into gas phase and 

transferred to the quadrupole. Particular m/z ions can be selected in the 

quadrupole mass analyzer before entering the Triwave. Ions are separated 

based on CCS in the ion mobility cell and analyzed by the TOF mass 

analyzer. This Figure is reproduced from reference 135. 

 

1.5.3 Calculation of CCS 

Some protocols have been developed to calculate ion-bath gas CCS 

based on x-ray crystallographic structure or NMR structure. The major 

methods include projection approximation (PA), exact hard sphere 

scattering (EHSS) and the trajectory method (TM) [125]. PA is the simplest 
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model in these three approaches. PA determines CCS by averaging all 

possible geometric projection areas. The calculation is simpler than the other 

two methods because it does not consider scattering processes and 

long-range interactions between the ions and the bath gas. Consequently, PA 

underestimates the CCSs [136-139]. EHSS and TM approaches were 

developed to solve the problem. EHSS calculates CCS by averaging the 

momentum transfer cross section that is related to the scattering angle over 

the relative velocity and the collision geometry. However, EHSS ignores 

long-range interactions [137-139]. TM takes into account scattering, 

long-range interactions and the effect of multiple collisions and it is 

considered to be the most reliable and accurate CCS calculation approach. 

In this method, interatomic potentials are defined and then the trajectories 

are calculated within the potentials to obtain the scattering angles. The 

disadvantage of TM is that the calculation is the most computationally 

intense of the three methods [125, 140]. The Jarrold group has developed an 

open source software program – MOBCAL – to calculate helium based 

CCSs of biological molecules with the three approaches discussed above 

[137, 138].  

There is a tradeoff between calculation and accuracy. Although TM is 

the most reliable and accurate method, it is time consuming and sometimes 

fails to calculate large molecules such as protein complexes. As a result, PA 

and EHSS are widely used for large molecule CCS calculations [112, 134, 
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141-144]. However, the deviation between PA and EHSS can be as large as 

20% for some geometries with grossly concave surfaces [137]. Such a 

difference raises a question: which method should be employed to calculate 

CCSs to compare with the experimental CCSs? Some research results are 

supporting that CCSs calculated from PA are in better agreement with the 

experimental results [141-144]. In another example, PA is modified by 

optimizing interaction radii to make the calculated CCSs from PA close to 

the experimental results [145]. The Robinson group multiplied PA by a 

coefficient to get “scaled PA” which agrees with the experimental 

measurements of a wide array of proteins and complexes; they use the 

scaled PA to calculate the CCSs of large complexes and compare with the 

experimental results [144]. However, they did not provide a theoretical 

explanation about why CCSs calculated from PA match the experimental 

results without considering scatting and long-range interactions.  

The Robinson group also used EHSS to calculate Tryptophan-RNA 

binding attenuation protein (TRAP from Bacillus subtilus) to discuss 

conformational change of the protein ring [112]. Ewa Jurneczko and Perdita 

E. Barran listed PA, EHSS and TM results of 11 proteins from their crystal 

structures in their review [125] and advise to discount the PA values 

because they are certain to be inaccurate and misleading for the larger 

proteins. The PA results are on average up to 20% smaller than those 

obtained from EHSS and TM. At the same time, EHSS results are slightly 
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higher, especially for smaller molecules, than those determined by TM. In 

addition, EHSS and TM results converge as the molecular size increases. 

The TM results are also larger than experimental CCSs of the 11 proteins 

[125]. The Robinson group has developed an empirical method that uses a 

linear combination of PA and EHSS recently. After studying a set of 

native-like proteins and protein complexes, both 0.84×PA+0.22×EHSS and 

0.63×PA+0.38×EHSS were found to agree with experimental data [146]. 

Because this linear combination method considers the influence from 

scattering by including an EHSS contribution and it is supported by data for 

well-studied proteins, this method was employed in the current study. 

Last but not least, different charge states of the same protein often 

have different CCSs. In most cases, for individual proteins, as the number of 

charges increases, the CCS increases. This is believed to be caused by 

unfolding of the protein due to repulsion between the greater number of 

charges, leading to a higher CCS [126, 147, 148]. The situation has been 

found to be different for some complexes though. The TRAP 11-mer ring, 

for example, collapses (CCS decreases) with an increasing number of 

charges [112]. Generally, the lower charge states of proteins are used to 

calculate CCSs because they are more likely to be those of the native state 

[112, 126, 147, 148].  
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1.5.4 Application of IM-MS in studying protein/protein complexes and 

protein/nucleic acid complexes  

IM-MS has been shown to be a useful tool in revealing structural 

information of large biological molecules in their native state [112, 134, 141, 

144]. The mechanism for self-assembly of Hepatitis B virus was studied by 

native IM-MS. The shapes of the small oligomeric viral capsid assembly 

intermediates were elucidated by the help of IMS and CCS calculation (PA 

was used to calculate CCSs). The results supported sheet-like structures 

rather than globular shapes. Based on the structural information, the 

pathway for forming the capsid was proposed [141]. Another important 

application of IM-MS is studying architecture of multiprotein complexes. If 

the complete atomic structures of the proteins are available, they can be 

aligned in various possible orientations to build different multiprotein 

complex models. The CCSs of the models are calculated by MOBCAL and 

compared with experimental results. If the missing mass of a model is 

smaller than 5%, CCS can be defined by scaling theoretical CCS to include 

the missing mass. If the missing mass is larger than 5%, homology models 

are employed to build the model of complete structure [144]. If the missing 

part is too large, the coarse-grained force field for molecular mechanics 

analysis can be employed. In this method, proteins are fitted to a 

combination of overlapping spheres. The size of the spheres and the overlap 
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between spheres can be tuned to make the calculated CCSs close to 

experimental CCSs. Larger complex models can then be built based on these 

parameters [144, 149-152]. The models built based on coarse-grained force 

field are low resolution models for protein complexes [144, 151].  

IM-MS is also employed in protein/nucleic acid complexes research. 

However, there are fewer studies than those about protein/protein complexes 

[89]. One example is determining the architecture of TRAP 11mer ring. IMS 

shows that TRAP 11mer ring with more charge (+22) collapses while the 

TRAP 11mer ring with less charge (+19) maintains the ring structure. 

Energy simulation and CCS calculations support that the relatively smaller 

CCS of +22 species is from collapsing of the ring. IMS and CID also show 

that binding of tryptophan enhances the stability of the ring structure. In the 

presence of tryptophan, a 53-base segment mRNA binds around the ring and 

stabilizes the assembly. The binding of RNA to the TRAP 11mer ring 

increases the CCS 12% with respect to that of the apo form. The 

experimental CCS also agrees with the calculated value of RNA bound 

TRAP 11mer ring [112]. Because of the challenges (volatile buffers, 

existence of cations and heterogeneity of oligonucleotides) discussed in 

section 1.4.2, it is more difficult to use IM-MS to analyze native 

protein/nucleic acid complexes than protein/protein complexes. However, 

some successful studies showed the value and potential of IM-MS in 

structural analysis of protein/nucleic acid complexes.  
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1.6 SgrAI — a Type IIF ENase with 8 bp recognition site 

1.6.1 Classification of ENases 

ENases are enzymes that bind to specific DNA sequences (recognition 

sites) in duplex DNA and cleave at or near this sequence. They were found 

in bacteria as part of protection system to destroy bacteriophage DNA. In 

bacteria, ENases cleave foreign DNAs that are not specifically methylated; 

but they will not cleave methylated host DNA [153-156]. ENases are 

categorized into four general types –Type I, Type II, Type III, Type IV 

restriction modification (RM) systems—based on their structural features 

and cofactor requirements (Table 1.2) [153, 157, 158].  

Type I ENases require Mg2+, adenosine-5'-triphosphate (ATP, which 

is hydrolyzed) and 

(2S)-2-Amino-4-[(2S,3S,4R,5R)-5-(6-aminopurin-9-yl)-3,4-dihydroxyoxola

n-2-yl]methyl-methylsulfonio]butanoate (AdoMet) as cofactors to function. 

The recognition sites of Type I ENases are asymmetric and the cleavage 

sites are variable and remote (at least 1000 bp) from the recognition sites. 

Type I ENases translocate the DNA in an ATP-dependent manner, and 

cleave it when the translocation is impeded [153, 157, 159].  

Type II ENases are extraordinary valuable for gene technology 
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because of their high specificities to their recognition sites and cleavage sites. 

They are widely used as tools to cleave DNA at particular positions in gene 

clone and recombination. They are also good models to study highly specific 

protein/nucleic acid interactions. The family of Type II ENases is 

heterogeneous in structure and function, so it is divided to some subclasses 

(IIS, IIE, IIF, et al., Table 1.2) [157, 158].  

Generally, the criterion for classifying Type II ENases is that the 

cleavage site is within or close to the recognition site and Mg2+ is the only 

required cofactor. Although the formal Type IIB ENases need AdoMet as 

cofactor, in this new nomenclature system used here they are Type IV 

ENases which are excluded from the Type II ENases. The orthodox Type II 

ENases are homodimers whose monomeric subunit is about 25-35 kDa. The 

recognition site is a 4-8 bp palindromic sequence [153, 157, 158].  

Type IIS ENases are monomeric endonucleases with asymmetric, 4-7 

bp recognition sites. And the cleavage sites are at precise distances (1-20 bp) 

away from their recognition sites [157, 158, 160]. 

Type IIE ENases have two copies of the recognition sites. Their 

activities are low when binding only one recognition site. The second 

recognition site serves as an allosteric effector which binds a distal and 

non-catalytic site on the enzyme to stimulate the cleavage [157, 158]. 

Similar to Type IIE ENases, Type IIF ENases have two copies of 

recognition sites, but Type IIF ENases exist as homotetramers. And the 
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cleavages of the two sites occur in a concerted reaction [157, 158]. 

Type IIG ENases are stimulated by AdoMet, but AdoMet is not 

mandatory for activity. They have recognition, cleavage, and methylase 

activities in a single polypeptide chain. Type IIM ENases can recognize 

methylated DNA. Type IIT ENases are heterodimers or heterotetramers of 

two different polypeptide chains [157, 158]. 
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Table 1.2. Restriction enzyme types and features [157, 158] 

 

Type Subunit structure Cofactors Characteristic features 
I Usually a 

pentameric 
complex 

Mg2+, 
ATP, 
AdoMet 

The cleavage site is distant and 
variable from the recognition site. 

II 
orthodox 

Homodimer Mg2+ The cleavage site is within or 
adjacent to the palindromic 
recognition site. 

IIS Monomer Mg2+ The cleavage site is at defined 
distance to the asymmetric 
recognition site. 

IIE Homodimer or 
monomer 

Mg2+ Two sites are required for cleavage; 
one is an allosteric effector. 

IIF Homotetramer Mg2+ Two sites are required for cleavage; 
both sites are cleaved in a concerted 
reaction. 

IIG Monomer Mg2+ ， 

(AdoMet)* 

One polypeptide chain with 
restriction and modification 
activation. 

IIM Homodimer Mg2+ Recognition site must be methylated. 
IIT Heterodimer or 

heterotetramer 
Mg2+ Different subunits have restriction 

and modification activation. 
III Multisubunit Mg2+, 

ATP, 
(AdoMet)* 

Cleavage sites are at ~25 bases from 
the asymmetric recognition sites. 

IV Heterotrimer Mg2+, 
AdoMet 

Cut both strands on both sides of the 
recognition sites at a defined, 
symmetric, short distance away. 

* Components in parentheses stimulate activity but are not required. 

 



69 
 

1.6.2 SgrAI—a Type IIF ENase with two recognition sites 

Several Type II ENases interact with two copies of their recognition 

sites before DNA cleavage. Generally, these ENases cleave DNA with two 

recognition sites faster than DNA with only one recognition site. Some 

subclasses of Type II ENases (IIE, IIF and IIS) are this kind of ENases with 

two recognition sites [158, 161, 162]. NaeI and EcoRII are examples of Type 

IIE ENases that require two copies of recognition sites. The two copies bind 

to different sites of the ENases, but only one recognition site is cleaved [163, 

164]. SfiI, Cfr10I and NgoMIV exemplify another important subset — Type 

IIF — of ENases that require two recognition sites. They are homotetramers 

with two DNA binding sites which act concertedly on the opposite sides of 

the protein. Only when both DNA binding sites of the protein are filled with 

recognition site DNAs, the ENases are active to cleave both DNA sequences 

on both DNA binding sites [163-169]. FokI is an archetypal type IIS ENase. 

It is a monomer with a DNA binding domain and a catalytic domain which 

can cleave only one phosphodiester bond; so it has to form a dimer to cut 

both DNA stands [160, 162, 163]. 

Most Type II ENases recognize and cleave 4-6 bp sites. ENases with 

long and specific recognition sites are useful in genomic technology due to 

the lower frequency of occurrence of the longer sequences producing larger 

DNA fragments [170, 171]. SgrAI is a Type IIF ENase from Streptomyces 
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griseus that recognizes an 8 bp DNA sequence 5’ CR|CCGGYG 3’ (where R 

= A or G, Y = C or T, and | indicates the site of cleavage), known as the 

cognate or primary site [172]. SgrAI also cleaves at secondary sites — 5’ 

CR|CCGGY(A,C,T) 3’ and 5’ CR|CCGGGG 3’ under particular reaction 

conditions. SgrAI cleaves plasmids with two copies of the primary site faster 

than plasmids with only one copy. When both primary and secondary sites 

are on a plasmid, SgrAI cleaves both sites although cleavage of the 

secondary site is slower (approximately 26-fold) than that of the primary site. 

In the absence of the primary site, the cleavage rate of the secondary site is 

much slower (200-fold) [173-175]. In addition, it has been shown that the 

pre-cleaved primary site DNA sequence will also stimulate the cleavage of 

primary and secondary sites by SgrAI. Such a self-activation with expansion 

of sequence specificity is unusual in Type II ENases [163, 173, 174]. In vivo, 

if the primary sites are protected by methylation, the secondary sites will not 

be cleaved by SgrAI no matter whether they are methylated or not. If foreign 

DNAs with unmethylated primary sites invaded, they will stimulate cleavage 

of both the primary sites and the secondary sites. As a result, the efficiency 

of invading DNA degradation will increase [173]. 

Fluorescence polarization assay (FPA) and gel shift assay were 

employed to measure dissociation equilibrium constants (KD) of SgrAI/DNA 

complexes with different DNA sequences. Different lengths of DNA with a 

primary site or a secondary site were designed and synthesized; and their 
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sequences are shown in Figure 1.6 [171]. KD of SgrAI/18-1 complex is 

0.6±0.2 nM by gel shift and 2.5±0.9 nM by FPA, and KD of SgrAI/40-1 

complex is 0.057±0.009 nM by gel shift and 0.9±0.2 nM by FPA. Based on 

this result, SgrAI binds tighter to primary site with more flanking DNA. 

Although secondary site cannot be cleaved efficiently by SgrAI in the absent 

of primary site, its affinity to SgrAI is comparable to that of primary site. KD 

of SgrAI/18-2 complex is 2.6±1.2 nM by gel shift and 1.5±0.2 nM by FPA. 

The result shows that the low cleavage activity of SgrAI to secondary site is 

not solely from weak binding. The affinity of pre-cleaved primary site 

DNA-18 base pairs (PC) to SgrAI is lower than the other three sequences, 

and its KD is 6±2 nM by FPA [171]. 

 

 
Figure 1.6 DNA sequences with primary site or secondary site are shown 

above. Red regions are recognition sites of SgrAI. 1º means primary and 2º 

means secondary. Blue characters highlight the difference between primary 

and secondary sites. P5’ marks 5’-phosphate [171]. 
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1.6.3 SgrAI structure 

The x-ray crystal structures of the homologous Type IIF ENases SfiI, 

NgoMIV and Cfr10I show homotetramers composed of two dimers in a 

back-to-back orientation [166-168, 176, 177]. Two duplex DNA molecules 

containing the recognition sequence bind to opposite sides of the tetramer 

[166-168, 176, 177]. It is intuitively expected that SgrAI will also form a 

tetramer with similar structure. But further research shows this expectation 

may not be true. SgrAI is a dimer in solution without DNA [163, 178]. Both 

Mg2+ or Ca2+ stimulate DNA binding by most ENases [163, 171, 173, 

178-180] with Mg2+ conferring cleavage activity while Ca2+ inhibits DNA 

cleavage but maintains site specific binding activity of SgrAI [181-187]. 

After binding DNA, SgrAI can form a tetrameric complex which was 

proposed to be the active form of SgrAI [163, 173]. However, the 

three-dimensional x-ray crystal structure of SgrAI dimer with DNA raises 

questions about the tetramer structure of SgrAI [178-180]. To assess the 

possibility that SgrAI could form a tetramer to Cfr10I and NgoMIV, each 

SgrAI monomer was aligned to the position of each Cfr10I monomer in the 

Cfr10I tetramer structure (Figure 1.7). The interface between dimers to form 

tetramer in the SgrAI model lacks some α–helical extensions exist that exist 

in Cfr10I tetramer to stabilize the interface. As a result, the buried solvent 
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accessible surface area is smaller in SgrAI tetramer model than in Cfr10I 

tetramer. Similarly, SgrAI monomer was aligned to the position of each 

NgoMIV monomer in the NgoMIV tetramer structure (Figure 1.8). Over 

3000 close contacts or steric overlaps are found in this SgrAI tetramer model. 

As a result, SgrAI dimers may not be able to form tetramer in the same 

orientation as Cfr10I and NgoMIV although structures of their dimers are 

similar to each other [178].  

SgrAI was shown to form large and heterogeneous species in the 

presence of primary site DNA containing sufficient flanking sequences, and 

under the same conditions where activation of DNA cleavage by SgrAI 

occurs [171, 163]. Native gel electrophoresis and analytical 

ultracentrifugation show that the oligomer is heterogeneous and composed of 

possibly 4-12 DBDs. But the exact size, stoichiometry and basic building 

block were unknown [171].  

In this thesis, SgrAI/DNA complexes were analyzed by IM-MS under 

native-like conditions. By comparing the CCSs of different SgrAI/DNA 

complexes with different DNA sequences, the conformation of the DNA 

was proposed. SgrAI/DNA oligomers were also observed and the masses 

show that SgrAI dimer with a duplex DNA is the basic building block, 

whereas the CCSs of the oligomers have a linear relationship with the 

number of the basic building block. Theoretical models of differently 

oriented oligomers were constructed and their CCSs were calculated based 
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on the linear combination method and compared with the experimental 

CCSs. A head-to-tail arrangement is most consistent with the experimentally 

determined CCSs. 
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Figure 1.7 A) Cfr10I tetramer with individual subunits in different colors. 

Arrows indicate the α–helixes extension to stabilize the interface. B) Each 

SgrAI monomer is aligned to each Cfr10I monomer in Cfr10I tetramer. 

Arrows indicate the lack of α–helixes extension in this model. C) Blow up 

of the interface indicated by the arrows in A). D) Blow up of the interface 

indicated by the arrows in B). This figure is reproduced from reference 178 

by permission of the publisher. 
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Figure 1.8 A) NgoMIV tetramer with individual subunits in different colors. 

Arrows indicate the loop extension on the interface. B) Each SgrAI 

monomer is aligned to each NgoMIV monomer in NgoMIV tetramer. 

Arrows indicate the loop extension on the interface. Over 3000 close 

contacts or steric overlaps are found in this SgrAI tetramer model. This 

figure is reproduced from reference 178 by permission of the publisher. 
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2 CHAPTER TWO: EXPERIMENTAL METHODS AND 

INSTRUMENTATION 

2.1 Materials and methods 

2.1.1 Reagents 

Ammonium acetate, dithiothreitol (DTT), calcium tartrate, calcium 

acetate and manganese acetate were purchased from Sigma-Aldrich (St. 

Louis, MO) and used without further purification. Native serum amyloid P 

(SAP), and concanavalin A were purchased from Sigma-Aldrich (St. Louis, 

MO) and dissolved in 200 mM aqueous ammonium acetate solutions, then 

stored in aliquots at -20 °C. On day of analysis, samples were buffer 

exchanged using a Micro Bio-Spin 6 column (Bio-Rad, Hercules, CA) that 

had been equilibrated with 200 mM aqueous ammonium acetate [126]. 18.2 

MΩ Milli-Q water was prepared (Millipore corporation, Bedford, MA) and 

sterilized with Millipore Express® PLUS membrane filter, 0.22 μm (Bedford, 

MA) or VWR syringe filter, 0.2 μm (Brisbane, CA).  

 

2.1.2 Protein preparation 

Wild type SgrAI ENase was expressed and purified as described 

previously [171, 178]. Briefly, SgrAI was expressed in Escherichia coli 
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strain ER2566 in the presence of MspI methyltransferase (New England 

Biolabs, Ipswich, MA). Cells were grown at 37 °C in Lysogeny broth 

medium (Bacto-Tryptone 10 g, Bacto-yeast extract 5 g, NaCl 10 g in 1 L 

ddH2O, pH 7.0) supplemented with 50 mg/ml ampicillin. The enzyme was 

purified using fast protein LC (GEHealthcare Biosciences, Piscataway, NJ) 

and the following chromatographic resins: Heparin FF Sepharose 

(GEHealthcare Biosciences, Piscataway, NJ), SP FF Sepharose 

(GEHealthcare Biosciences, Piscataway, NJ), Q FF Sepharose 

(GEHealthcare Biosciences, Piscataway, NJ), and a second Heparin FF 

Sepharose (GEHealthcare Biosciences, Piscataway, NJ) chromatographic 

step. Finally, the SgrAI enzyme was dialyzed into 20 mM Tris acetate (pH 

8.0), 50 mM potassium acetate, 0.1 mM ethylenediaminetetraacetic acid 

(EDTA), 1 mM DTT, and 50% glycerol, aliquoted into single-use aliquots, 

flash-frozen in liquid nitrogen, and stored at -80 °C [171, 178]. Before 

analysis, the SgrAI was dialyzed into a buffer containing 300 mM 

ammonium acetate, pH 8.0 and 1 mM DTT using a Slide-A-Lyzer MINI 

dialysis device, with a 3.5K molecular weight cut off (Thermo Fisher 

Scientific, Rockford, IL) at 4 °C. The final concentration of SgrAI was 

measured based on absorbance at 280 nm with Thermo Scientific NanoDrop 

2000 micro-volume UV-visible spectrophotometer (Wilmington, DE). 
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2.1.3 DNA preparation 

The oligonucleotides were made synthetically and purified using C18 

reverse phase HPLC by Sigma-Aldrich (St. Louis, MO). The concentration 

of each single strand was measured spectrophotometrically with extinction 

coefficients calculated from standard values for the nucleotides [188]. 

6-[4,7,2',4',5',7'-hexachloro(3',6'-dipivaloylfluoresceinyl)-6-carboxamido]hex

yl (HEX) groups were attached to the 5'-phosphates of both strands of 18-1 

DNA (HEX-18-1). A 6-(3’,6’-dipivaloylfluoresceinyl-6-carboxamido)hexyl 

(FLO) group was attached to the 5’-phosphate of the top strand of the 

primary-site-containing pre-cleaved 40 bp DNA (FLO-PC). The DNA 

sequences and structures are displayed in Figure 2.1, with recognition sites 

indicated in red. Because freezing and thawing altered the concentration of 

double-stranded DNA used in the experiments, DNA samples were annealed 

and aliquoted into small amounts, flash frozen in liquid nitrogen, and stored 

at -80 °C. Each aliquot was used only once after being removed from the 

freezer [171, 178]. All the solutions that will mix with DNA were sterilized.  
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Figure 2.1 DNA sequences of HEX-18-1, pre-cleaved primary site DNA 

minus 9 base pairs (PC-9), PC, FLO-PC and 40 bp secondary site (40-2) 

DNA. HEX groups are attached to the 5'-phosphates of both strands of 18-1 

DNA. The FLO group is attached to the 5’-phosphate of the top strand of the 

PC DNA.  

 

2.1.4 Fluorescence polarization assay 

The concentrations of anions needed for DNA binding to SgrAI were 

estimated based on FPA results. 1 nM HEX-18-1 DNA and 1 nM SgrAI in 

binding buffer (20 mM Tris acetate, pH 8.0, 50 mM ammonium acetate, 1 

mM DTT) were titrated with increasing amounts of calcium acetate (from 1 
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nM to 10 μM) at 4 °C. 1 nM FLO-PC DNA and 1 nM SgrAI in binding 

buffer were titrated with increasing amounts of manganese acetate (from 1 

nM to 10 μM) at 4 °C. The polarization of the emitted fluorescence was 

monitored. Excitation occurred at 537 nm (HEX) or 492 nm (FLO) in a PC1 

(ISS, Champaign, IL) fluorimeter with T format, automatic polarizers and 

temperature control. Emission was measured using a 50.8 mm diameter 570 

nm cut-on filter with a 580-2750 nm transmittance range (ThermoOriel Inc., 

catalog no. 59510) and 1 mm slit widths [173]. The polarization was plotted 

versus concentration of calcium or manganese.  

 

2.1.5 IM-MS 

SgrAI was mixed with a calcium solution (10 mM calcium tartrate, 1 

mM DTT) and water with 1 mM DTT in order to test the effects of different 

concentrations of salts and protein. The final protein concentration of 

protein was 10-12 μM (SgrAI dimer). The concentration of ammonia acetate 

was 100 mM, the concentration of calcium was 5 mM and the concentration 

of DTT was ~1 mM. DNA was then added to the protein solution to give a 

molar ratio between SgrAI and DNA of 1:1 to 1:4. Nano-ESI MS was used 

to analyze the SgrAI/DNA solutions on a Synapt G2 HDMS (Waters MS 

Technologies, Manchester, UK) as described [189]. Briefly, each sample 

was loaded into a tapered glass capillary pulled in-house using Sutter 
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Instruments P-97 micropipette puller (Novato, CA). A platinum wire was 

inserted into the capillary and a voltage of 1.1-1.6 kV was applied until 

optimal ion transmission and protein desolvation were achieved. The cone 

voltage was optimized to be 50V and the ion source temperature was ~30 °C 

to minimize denaturation of protein or DNA. Pressure in the source region 

was raised to ~7 mbar by partially restricting the vacuum line to the rotary 

pump to optimize ion collisional cooling and transmission. 

All samples were analyzed with argon as the collision gas and nitrogen 

as the ion mobility gas. The pressure of argon in the transfer ion guide was 

3.0×10-2 mbar and the pressure of argon in the trap was 4.6×10-2 mbar. 

Collision induced dissociation (CID) MS/MS was performed over a range of 

collision energy (CE) in the trap collision cell. The flow rate into the helium 

cell was 120 mL/min. The pressure of nitrogen in the ion mobility cell was 

3.2 mbar. The ion mobility spectrometry (IMS) wave height and velocity 

were optimized at 16.0 V and 200 ms-1. The TOF analyzer pressure was 

9.0×10-7 mbar. The IM-MS conditions were optimized based on the 

literature and research group experience with large complexes [134]. 

Calibration of the CCS was performed as described [126]. Native SAP 

and concanavalin A were used as standard proteins to create a CCS 

calibration curve. The arrival times in the TW-IM-MS were corrected to 

exclude mass independent time spent in the transfer ion guide and mass 

dependent time spent between the transfer ion guide and TOF analyzer. The 
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CCSs in helium bath gas from literature [126] were corrected for charge and 

reduced mass. The natural logarithms of the corrected CCSs were plotted 

against the natural logarithms of the corrected arrival times. The calibration 

curve should be linear [126]. The CCSs of the unknown samples were 

calculated based on the calibration curve.  

All mass spectra were analyzed by MassLynx v4.1 and all mobiligrams 

were visualized using DriftScope v2.1 provided by Waters MS 

Technologies (Manchester, UK). A log scale was used as a 2D map intensity 

scale. A hot metal color scale was used to show the intensity of the data.  

 

2.1.6 Computational CCS calculations and large molecule modeling  

Theoretical CCSs were calculated using the PA and EHSS methods in 

MOBCAL using models prepared from x-ray crystallographic structures. 

The ‘len’ variable is used to assure that the program can accept coordinate 

files that contain large numbers of atoms (len should be greater than or equal 

to the number of atoms in the coordinate file) [134]. The SgrAI dimer PDB 

files used for calculations are 3MQY and 3MQ6 [180]. Computations of 

CCSs with MOBCAL were performed on a 2.83 GHz quad-core Xeon SGI 

Altix ICE 8200 (Fremont, CA) server at the University of Arizona. 

Electron microscopy revealed the oligomer is a linear structure (Stewart, 

et al., manuscript in preparation). Several models for the oligomers of 
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SgrAI/DNA were developed for comparison to the experimental CCS data. 

The DBD are packed along the x, y and z axis to build the three models 

(Figure 3.21, Figure 3.23 and Figure 3.24), A fourth orientation is discussed 

in the literature [190], and built based on a front-to-front structure of 3MQ6 

in this research. A fifth orientation is a sheet structure built based on the 

3MQ6 structure (Figure 3.24).  

To avoid close contacts or steric overlaps, ZDOCK online server 

(http://zdock.bu.edu/) was used in the current modeling to form tetramers 

with two DBD. The function of the software is to search all possible binding 

modes in the translational and rotational space between a protein and a 

ligand and evaluate the structures by an energy scoring function [191-196]. 

Larger oligomers of DBD were built based on the relative positions of 

dimers in the tetramers prepared from ZDOCK. Their calculated CCSs were 

compared with experimental CCSs to help characterize the possible 

structure(s) of the SgrAI/DNA complexes. 
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3 CHAPTER THREE: RESULTS AND DISCUSSION 

3.1 Fluorescence polarization assay of cation titrations 

The KD of SgrAI/18-1 DNA complex and SgrAI/PC DNA complex 

were measured in the presence of 10 mM calcium previously. Their KDs are 

in the range of a few nM [171]. 10 mM calcium was used because it is 

enough to induce binding of DNA to SgrAI. However, metal salts such as 

sodium, zinc, and calcium which are commonly present in biological 

samples decrease the sensitivity of ESI-MS and there is not a good solution 

for this problem [197]. It is also common to observe non-specific attachment 

of metal cations to proteins, making spectra explanation difficult [198]. 

Consequently, metal cations are unfavorable in MS. To study how much 

calcium is necessary to induce DNA binding to SgrAI, FPA was employed. 

In these FPA experiments, 1 nM of SgrAI dimer and 1 nM of DNA were 

used so the concentration of protein/DNA complex will be in the nM range 

which is comparable to the concentration of free DNA. As a result, when the 

concentration of calcium is enough, the binding of DNA to the protein can 

be observed. By monitoring the polarization of emitted fluorescence from 

the labeled DNA in titrations of calcium acetate or manganese acetate to the 

protein/DNA mixture solution, the influences of cation concentrations were 

studied and shown in Figure 3.1 and Figure 3.2.  

Polarization of emitted fluorescence from labeled DNA was plotted 



86 
 

versus logarithm of cation concentrations. When the cation concentration is 

low, the fluorescence polarization is low because labeled DNA can rotate 

freely. When the concentration of cation is high enough for DNA binding, 

labeled DNA binds to protein and the rotation is limited. As a result, the 

polarization of fluorescence increases. Based on the result, 10-3~10-2 M 

calcium acetate is enough for most SgrAI protein to bind with 18-1 DNA. 

This result supports that the 10 mM calcium concentrations which were used 

in the biological experiments in the past is sufficient for binding. Lower 

concentration of calcium is favorable in MS so 4~5 mM calcium was 

selected to perform nanoESI-MS experiments. Previous research about 

non-specific attachment of cations in ESI-MS suggests non-specific metal 

binding of calcium tartrate is much weaker than calcium chloride and 

acetate. Weak chelators such as tartrate can greatly enhance the reliability of 

ESI-MS studies on the interactions of proteins with divalent metal ions 

[198]. Consequently, calcium tartrate was used in all nanoESI-MS 

experiments as the metal source. There is another experimental 

consideration when calcium tartrate is used. The KD of calcium acetate is 

about 0.3 M and that of calcium tartrate is about 10 mM [199]. Calcium 

acetate was employed in the titration experiment because calcium tartrate 

does not dissolve completely when the concentration is supposed to be 10 

mM. The binding of acetate to calcium is much weaker than the binding of 

tartrate. If 5 mM calcium tartrate is used, the concentration of free calcium 
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is only about 3 mM. But based on the calcium acetate titration result, 3 mM 

is also high enough for most SgrAI to bind with DNA. At the same time, 

binding of SgrAI to calcium can also induce dissociation of calcium tartrate. 

In short, 5 mM calcium tartrate is enough to stimulate binding of DNA to 

most SgrAI protein.  

Because the affinity of Mn2+ may bind tighter with DNA than Mg2+ or 

Ca2+ [200], its KD is also measured in the experiment. The titration of 

manganese acetate shows that 10-3~10-2 M manganese acetate is enough for 

most SgrAI protein to bind with PC DNA. There is not obvious advantage to 

use manganese rather than using calcium for SgrAI. Because the cofactor of 

most crystal structures of SgrAI is magnesium or calcium, calcium was 

selected to be the cofactor in the nanoESI-MS experiments.  
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Figure 3.1 Titration of calcium acetate to SgrAI, 18-1 DNA mixture solution. 

When the concentration of calcium is low, the polarization of fluorescence 

is low because labeled DNA can rotate freely. When the concentration of 

calcium is high enough for DNA binding, labeled DNA binds to protein and 

the rotation is limited. As a result, the polarization of fluorescence increases.  
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Figure 3.2 Titration of manganese acetate to SgrAI, PC DNA mixture 

solution. When the concentration of manganese is low, the polarization of 

fluorescence is low because labeled DNA can rotate freely. When the 

concentration of manganese is high enough for DNA binding, labeled DNA 

binds to protein and the rotation is limited. As a result, the polarization of 

fluorescence increases.  
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3.2 NanoESI-MS of SgrAI/DNA complexes 

Previous research has shown that SgrAI forms a homodimer in the 

absence of DNA [163, 178]. NanoESI-MS was employed to analyze SgrAI 

without DNA to confirm that the native dimer can be preserved under the 

experimental conditions. The major species observed in the mass spectrum 

is the SgrAI dimer (Figure 3.3 and Table 3.1). The SgrAI tetramer was also 

observed in a relatively smaller amount consistent with dimer as the 

dominant species in solution at the given concentration. No remarkable 

larger oligomers were observed in these experimental conditions. The results 

show that the non-covalent interaction to form the SgrAI dimer can be 

preserved in nanoESI-MS [163, 178].  

Secondary site DNA can bind with SgrAI but will not stimulate the 

cleavage activity [171, 173-175, 190]. A 40 bp DNA containing the 

secondary site sequence, 40-2 (experimental methods) was used to test the 

binding of secondary site DNA to SgrAI [171]. It was expected that no large 

oligomer would be observed when 40-2 DNA was mixed with SgrAI. SgrAI 

dimer with 40-2 DNA, tetramer with two 40-2 DNA and a small amount of 

hexamer with three 40-2 DNA complexes were observed (Figure 3.4 and 

Table 3.2). The relative ratio of the DNA bound dimer and DNA bound 

tetramer is similar to the ratio of dimer and tetramer in the absence of DNA 

(Figure 3.3). No other obvious larger species was observed in this 
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experiment. The spectra of SgrAI without DNA and SgrAI with 40-2 DNA 

reveal that 40-2 DNA does not stimulate formation of the larger oligomers. 

In addition, DNA bound SgrAI can be observed under these experimental 

conditions. The charge states of SgrAI without DNA are found to be similar 

to those of 40-2 DNA bound SgrAI (Figure 3.3 and Figure 3.4). 

Additionally, the 40-2 DNA was near neutral under the experimental 

conditions. The pKa of the phosphodiester bonds in DNA is about 3 [201], 

and they are not expected to be protonated at pH 8.0. It is likely that cations 

such as calcium and ammonium are also attached neutralizing the negative 

charge of the DNA. The number of these cations may vary in different 

experiments so the theoretical masses do not include cation or neutral 

attachment. As a result, most experimental masses are larger than the 

theoretical masses by 1-2%. Furthermore, the attachment can also broaden 

the peaks [110].  

To explore the influence of pre-cleaved primary site DNA which can 

stimulate formation of the large oligomers, different amounts of PC DNA 

were mixed with SgrAI resulting in different molar ratios of SgrAI dimer to 

PC DNA. The results are shown in Figure 3.5 to Figure 3.8 and Table 3.3 to 

Table 3.6.  

When SgrAI dimer:PC DNA was 1:1, SgrAI dimer+2PC DNA and 

SgrAI tetramer+2PC DNA complexes were observed (Figure 3.5 and Table 

3.3). Some species with higher m/z were also found, however their 
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abundance was relatively small. The most interesting observation is that the 

SgrAI dimer+2PC DNA complex was observed in a SgrAI dimer:PC 

DNA=1:1 solution. The possible explanation is that two PC DNAs form a 

DNA duplex structure that is similar to the substrate of the enzyme. The 

substrate-like structure may bind to the SgrAI dimer tightly. If this 

assumption is correct, then the amount of SgrAI dimer+2PC DNA complex 

will increase when the SgrAI dimer:PC DNA ratio is 1:2. 

When the SgrAI dimer:PC DNA ratio was 1:2, SgrAI dimer+2PC DNA, 

SgrAI tetramer+4PC DNA and SgrAI hexamer+6PC DNA complexes were 

observed. In addition, larger m/z species were observed but with 

unresolvable peaks (Figure 3.6 and Table 3.4). The relative amounts of large 

m/z species was greater in the 1:2 molar ratio SgrAI dimer:PC DNA mixture 

than that in the 1:1 SgrAI dimer:PC DNA mixture suggesting that the 

amount of PC DNA in 1:1 SgrAI dimer:PC DNA mixture is insufficient to 

form high m/z species efficiently. In the presence of the SgrAI dimer+2PC 

DNA complex, larger species such as SgrAI tetramer+4PC DNA and SgrAI 

hexamer+6PC complexes also form supporting the SgrAI dimer+2PC DNA 

complex as the basic building block of the larger oligomeric species. Peaks 

of larger m/z species were not distinguishable because these were found in 

the same m/z range. Because of the heterogeneity of the oligomers of SgrAI 

and DNA [171], the spectrum of higher m/z range (10,000-13,000) is 

complicated and the peaks cannot be resolved directly. The complex of the 



93 
 

SgrAI dimer with 40-2 DNA is native and in the dimeric form, the presumed 

low activity form. The large oligomers occur only with DNA capable of 

activating SgrAI, hence occur only when the enzyme is active. Thus, 

observation of the larger oligomers shows that nanoESI can preserve not 

only native protein but also the activated form of an enzyme. Why the SgrAI 

dimer+2PC DNA complex has to form the large oligomers rather than 

tetramer+4PC DNA to be active is still unclear. Other SgrAI dimer+2PC 

DNA complexes in the large oligomer may play a role in releasing product 

DNA. Further research is necessary to clarify the details of the mechanism.  

At SgrAI:PC DNA molar ratios of 1:2.6 and 1:4, the spectra were 

similar. Both SgrAI dimer+2PC DNA and SgrAI tetramer+4PC DNA 

complexes were observed. However, SgrAI hexamer+6PC DNA and larger 

species no longer appeared as distinct peaks (Figure 3.7, Figure 3.8, Table 

3.5 and Table 3.6), possibly due to the greater amount of large species with 

similar m/z, making resolution of individual species difficult. Previous 

analytical ultracentrifugation results have shown that the large oligomer 

could be as large as twelve DBDs [171]. More PC DNA stimulates 

formation of larger species with different numbers of SgrAI dimer+2PC 

DNA complexes. However, the exact masses of these large oligomers are 

still unclear from mass spectra alone because they are heterogeneous and 

their peaks overlap with each other.  
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Figure 3.3 Spectrum of SgrAI without DNA. The major species was the 

SgrAI dimer (peaks with red circles). A small amount of SgrAI tetramer 

(peaks with dark blue squares) is consistent with dimer as the dominant 

species in solution at the given concentration.  

 

Table 3.1 Masses of peaks in spectrum of SgrAI without DNA 

 

 
experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

dimer 76.0  0.2  75.8 

tetramer 153.5  0.4  151.6 
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Figure 3.4 Spectrum of SgrAI dimer:40-2 DNA=1:1. SgrAI dimer with 40-2 

DNA (peaks with red circles) and tetramer with two 40-2 DNA (peaks with 

dark blue squares) and small amount of hexamer with three 40-2 DNA 

(peaks with light blue triangles) was also observed.  

 

Table 3.2 Masses of peaks in spectrum of SgrAI dimer:40-2 DNA=1:1 

 
experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

dimer+40-2 101.9  0.1  100.3 

tetramer+2*40-2 198.0  0.2  200.6 

hexamer+3*40-2 299.4  0.5  300.9 
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Figure 3.5 Spectrum of SgrAI dimer:PC DNA=1:1. SgrAI dimer with two 

PC DNA complex (peaks with red circles) and tetramer with two PC DNA 

complex (peaks with dark blue squares) and small amount of SgrAI 

monomer (peaks with light blue triangles) was also observed.  

 

Table 3.3 Masses of peaks in spectrum of SgrAI dimer:PC DNA=1:1 

 

 
experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

monomer 37.99  0.01  37.9 

dimer+2PC 100.84  0.07  100.2 

tetramer+2PC 177.80  0.02  176 
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Figure 3.6 Spectrum of SgrAI dimer:PC DNA=1:2. SgrAI dimer with two 

PC DNA complex (peaks with red circles), tetramer with four PC DNA 

complex (peaks with dark blue squares) and hexamer with six PC DNA 

complex (peaks with light blue triangles) were observed. Peaks of larger m/z 

substances were present but not distinguishable by MS alone. 
 

Table 3.4 Masses of peaks in spectrum of SgrAI dimer:PC DNA=1:2 

 

 
experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

dimer+2PC 100.80  0.09  100.2 

tetramer+4PC 201.97  0.05  200.4 

hexamer+6PC 304.7  0.2  300.6 
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Figure 3.7 Spectrum of SgrAI dimer:PC DNA=1:2.6. SgrAI dimer with two 

PC DNA complex (peaks with red circles), tetramer with four PC DNA 

complex (peaks with dark blue squares) were observed. Peaks of larger m/z 

substances were not distinguishable.  

 

Table 3.5 Masses of peaks in spectrum of SgrAI dimer:PC DNA=1:2.6 

 
experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

dimer+2PC 101.14  0.08  100.2 

tetramer+4PC 202.4 0.3 200.4 
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Figure 3.8 Spectrum of SgrAI dimer:PC DNA=1:4. SgrAI dimer with two 

PC DNA complex (peaks with red circles), tetramer with four PC DNA 

complex (peaks with dark blue squares) were observed. The spectrum is 

similar to the spectrum of SgrAI dimer:PC DNA=1:2.6. 

 

Table 3.6 Masses of peaks in spectrum of SgrAI dimer:PC DNA=1:4 

 
experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

dimer+2PC 101.05  0.05  100.2 

tetramer+4PC 202.67  0.06  200.4 
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3.3 CID of SgrAI/DNA complexes 

Low energy CID was used to reduce the influence of non-specific 

attachment of small molecules to the protein and to confirm the composition 

of the SgrAI/DNA complexes. 

The peaks of SgrAI hexamer+6PC DNA complex were observed 

directly when SgrAI dimer:PC DNA was 1:2 but were not observed directly 

when SgrAI dimer:PC DNA was 1:2.6. There could be two major reasons 

for the phenomenon: 1) extra heterogeneous DNA attached on the protein to 

broaden the peaks; 2) more large oligomers formed and their peaks mix with 

the peaks of hexamer+6PC DNA complex. CID can dissociate non-specific 

attachment of the protein. Simultaneously the SgrAI/DNA oligomers may 

also dissociate to smaller species such as the hexamer+6PC DNA complex. 

In the experiment, the quadrupole was set to transport ions with m/z from 

8,000 to 30,000 efficiently. The ions were then dissociated by CID at 

different CEs. 

With low collision voltage (4 V), no obvious peaks were observed in 

the spectrum of SgrAI:PC DNA with a molar ratio of 1:2.6 (Figure 3.9). And 

the relative abundance of the non-resolvable broad peak at m/z 8,400 is 

similar to the abundance of the broad peak at m/z 9,500. Another small 

broad peak at m/z 10,700 was also observed. At a collision voltage above 30 

V, some peaks of SgrAI hexamer+6PC DNA complex (Figure 3.9 and Table 
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3.7) appeared around m/z 8,400 and its relative abundance increased as well. 

In addition, the broad peak around m/z of 10,700 diminished. At a collision 

voltage above 50 V, the spectrum showed no obvious changes (Figure 3.9 

and Table 3.7). The CID results suggest that CID dissociated the larger m/z 

species. These species are the SgrAI/DNA oligomers and require relatively 

low energy to dissociate to the SgrAI hexamer+6PC DNA complex. The 

SgrAI hexamer+6PC DNA complex was found to be stable at the highest 

collision voltage of the instrument and did not appear to dissociate in to 

smaller species such as SgrAI dimer+2PC DNA complex or SgrAI 

tetramer+4PC DNA complex. These results support that the SgrAI/DNA 

oligomers formed with a PC DNA concentration higher than two times of 

the SgrAI concentration. 

CID was also used to reduce non-specific attachment of small 

molecules to SgrAI bound to PC-9 DNA. PC-9 DNA has fewer base pairs (7 

bp) flanking the SgrAI recognition sequences than PC DNA (16 bp). 

Previous studies have shown that a primary site with more flanking DNA 

binds tighter to SgrAI [171]. Also, sufficient flanking DNA is required for 

stimulation of the DNA cleavage activity of SgrAI [170, 175 and Stewart, et 

al., manuscript in preparation]. However, PC-9 DNA is the shortest DNA 

found to stimulate DNA cleavage by SgrAI at 37 °C although stimulation is 

not nearly as strong as with the longer PC DNA (Stewart, et al., manuscript 

in preparation). At a SgrAI dimer:PC-9 DNA ratio of 1:2, no distinct peaks 
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were observed and only an unresolved broad feature was present (Figure 

3.10). CID was then applied to dissociate non-specific attachment of small 

molecules and distinct peaks of SgrAI dimer+2PC-9 DNA and SgrAI 

tetramer+4PC-9 DNA complexes were observed. However, CID also 

dissociates large m/z (12,000-14,000) species in the mixture, and no species 

larger than the SgrAI tetramer+4PC-9 DNA complex were observed (Figure 

3.10 and Table 3.8). The results show that large oligomers are formed when 

PC-9 DNA is mixed with SgrAI, although the relative amount is less than 

with PC DNA. These results also show that the length of flanking DNA does 

not affect the ratio between SgrAI dimer and PC DNA. 

To confirm the compositions of SgrAI dimer+2PC DNA complex and 

SgrAI tetramer+4PC DNA complex, they were quadrupole selected and 

dissociated by CID. Even at the highest collision voltage of the instrument 

(200 V), no monomer of SgrAI was observed (Figure 3.11). The DBD is a 

stable structure. The SgrAI tetramer+4PC DNA complex dissociated at 

collision voltage 200 V and the peaks of SgrAI monomer were observed in 

the 1500-3000 m/z range (Figure 3.12 and Table 3.9). The CID result is 

supporting that SgrAI exists in the complex. Also, SgrAI dimer+2PC DNA 

complex is more stable than the SgrAI tetramer+4PC DNA complex.  
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Figure 3.9 CID of SgrAI dimer:PC DNA=1:2.6. When collision voltage is 

increasing from 4 V (a) to 50 V (c), SgrAI hexamer+6PC DNA complex 

(peaks with light blue triangles) appeared gradually. When the collision 

voltage is above 50 V (d), the spectrum does not change significantly.  

 

 

Table 3.7 Masses of peaks in CID spectrum (collision voltage 

50 V) of SgrAI dimer :PC DNA=1:2.6  

 
experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

hexamer+6PC 304.5  0.2  300.6 
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Figure 3.10 CID of SgrAI dimer:PC-9 DNA=1:2. When collision voltage is 

4 V (a), there is no clear peak. A small amount of large m/z (12,000-14,000) 

species was observed. By applying 30 V collision voltage, SgrAI 

dimer+2PC-9 DNA complex (peaks with red circles) and SgrAI 

tetramer+4PC-9 DNA complex (peaks with dark blue squares) were 

observed. Large m/z species dissociated when collision voltage is 30 V.  
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Table 3.8 Masses of peaks in CID spectrum (collision 

voltage 50 V) of SgrAI dimer :PC-9 DNA=1:2 

 

experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

dimer+2PC-9 87.2 0.7 89 

tetramer+4PC-9 175 1 178 
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Figure 3.11 CID of SgrAI dimer+2PC DNA complex. When collision 

voltage is 4 V (a) and 110 V (b), there is no fragment. When collision 

voltage is 200 V (c), the parent peak shifted to small m/z but no obvious 

peaks of fragment were observed. 
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Figure 3.12 CID of SgrAI tetramer+4PC DNA complex. When collision 

voltage is 4 V (a) and 110 V (b), there is no obvious fragment. When 

collision voltage is 200 V (c), peaks of SgrAI monomer (peaks with red 

circles) were observed.  
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Table 3.9 Masses of peaks in CID spectrum (collision voltage 

200 V) of SgrAI tetramer+4PC DNA complex 

 

experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

monomer 37.954  0.009  37.902 
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3.4 IM-MS of SgrAI/DNA complexes 

IM-MS was used in this study to separate species with different CCSs, 

including those with the same m/z, and characterize the oligomeric states of 

the DBDs. The mobiligram of SgrAI dimer:PC DNA at a molar ratio of 1:2 

is shown in Figure 3.13. Peaks of SgrAI dimer+2PC DNA, SgrAI 

tetramer+4PC DNA and SgrAI hexamer+6PC DNA complexes were 

observed. A series of features were observed in the boxed region of part (b) 

of Figure 3.13. Because the intensities of these peaks are weaker than the 

intensities of the non-resolvable broad peaks in the 9000-12000 m/z range, 

they were not observed directly in Figure 3.6. IMS therefore facilitated the 

extraction of these “buried” peaks based on differences in drift time. The 

result shows the power of IMS to separate peaks of protein complexes or 

DNA/protein complexes having different drift times; even though these 

species have similar m/z. In Figure 3.13, there are two stripes between the 

peaks of SgrAI hexamer+6PC DNA and SgrAI dodecamer+12PC DNA 

complexes. The peaks of SgrAI octamer+8PC DNA complex may be in the 

left stripe and the peaks of SgrAI decamer+10PC DNA complex may be in 

the right stripe. The inability to distinguish these directly is due to the fact 

that larger species occur with m/z similar to the peak of SgrAI octamer+8PC 

DNA and SgrAI decamer+10PC DNA complexes. PC DNA at higher ratio 

(SgrAI dimer:PC DNA is 1:2.6 and SgrAI dimer:PC DNA is 1:4) results in 
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more large oligomers making the peaks above m/z 8,000 unresolvable.  

CCSs of the peaks of SgrAI dimer+2PC DNA, SgrAI tetramer+4PC 

DNA, SgrAI hexamer+6PC DNA and SgrAI dodecamer+12PC DNA 

complexes are listed in Table 3.10. The standard deviations of all the CCSs 

are within 2%. Previous studies have shown that the conformations of low 

charge states are more similar to the native state conformation [112, 147, 

148]. Therefore, the CCSs of the lowest charge state peaks of SgrAI/DNA 

oligomers were plotted against the number of SgrAI dimer+2PC DNA 

present in the oligomer (Figure 3.16). The linear relationship suggests either 

a single interface within SgrAI dimer+2PC DNA complex in the polymer, or 

more than one interface with equivalent sizes. The CCSs can be compared 

with theoretical CCSs of different structural models (will be discussed in 

Section 3.5).  

To identify the composition of the SgrAI/DNA oligomers, the highest 

intensity regions in the stripes in the 1:2.6 SgrAI dimer:PC DNA 

mobiligram were selected. The data in these regions were extracted and 

shown in Figure 3.14 and Figure 3.15. SgrAI eicosamer+20 PC DNA and 

SgrAI 38mer+38 PC DNA complexes were observed in the stripes of the 

mobiligram. The masses of these complexes agree well with the theoretical 

masses (Table 3.11). This is also consistent with the formation of a 

heterogeneous mixture of complexes with different numbers of SgrAI 

dimer+2PC DNA. Peaks of these species overlap with each other in the 
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mass spectrum because they have similar m/z and no obvious peaks were 

observed directly. With a PC DNA concentration higher than two times of 

the SgrAI concentration, more oligomeric species were observed. Without 

the help of IMS, these large oligomers can not be observed.  

To further confirm the observation of SgrAI eicosamer+20 PC DNA 

and SgrAI 38mer+38 PC DNA complexes, their CCSs were compared with 

CCSs of smaller complexes. We have known that there is a good linear 

relationship between the CCSs and the number of SgrAI dimer+2PC DNA 

complexes. If the SgrAI eicosamer+20 PC DNA complex and SgrAI 

38mer+38 PC DNA complex are real, their CCSs should follow the same 

linear relationship. Figure 3.16 and Figure 3.17 show that the CCSs of the 

larger SgrAI PC DNA complexes are on the same straight line as smaller 

SgrAI PC DNA complexes. The slopes are similar to each other (around 34 

nm2/SgrAI dimer+2PC DNA complex). The CCSs suggest that the larger 

species observed have similar structures to smaller complexes. The next 

open question is “how the SgrAI dimer+2PC DNA complexes form larger 

complexes?” It will be further discussed in Section 3.5. 
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Figure 3.13 Mobiligram when SgrAI dimer:PC DNA=1:2. Peaks of SgrAI 

dimer with two PC DNA complex, SgrAI tetramer+4PC DNA complex and 

SgrAI hexamer+6PC DNA complex were observed (a). (b) is a blow up of 

the yellow region in (a). (c) is the spectrum of data extracted from the 

shaded region in (b). Based on (b) and (c), the peaks of SgrAI 

dodecamer+12PC DNA complex were present in the mass spectrum but 

they overlapped with other peaks. IMS helps to separate these peaks from 

peaks of other compounds.  
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Figure 3.14 Mobiligram of SgrAI dimer:PC DNA=1:2.6. (b) is a blow up of 

the blue region in (a). (c) is the mass spectrum extracted from the shaded 

region in (b) which is the highest intensity region in the stripe. Based on (b) 

and (c), the peaks of SgrAI eicosamer with twenty PC DNA complex were 

in the mixture. 
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Figure 3.15 Mobiligram of SgrAI dimer:PC DNA=1:2.6. (b) is a blow up of 

the blue region in (a). (c) is the mass spectrum of data extracted from the 

shaded region in (b) which is the highest intensity region in the stripe. Based 

on (b) and (c), the peaks of SgrAI 38mer with thirty eight PC DNA complex 

were in the mixture. 
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Table 3.10 IM-MS CCSs of SgrAI PC DNA complexes 

 
z CCS/nm2 

standard 

deviation/nm2 

diemr+2PC 

19 54.9  0.1 

18 53.4 0.6 

17 53.3 0.2 

tetramer+4PC 

29 88.2 0.4 

28 87.5 0.3 

27 87.3 0.4 

26 87.1 0.2 

hexamer+6PC 

36 123.5 0.4 

35 122.4 0.3 

34 122.4 0.3 

33 122.1 1.3 

dodecamer+12PC 

51 202 3 

50 203 4 

49 205 4 

eicosamer+20PC 

106 372 2 

105 372 3 

104 370 2 

38mer+38PC 178 667 3 
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177 668 3 

176 669 3 

 

Table 3.11 Masses of large SgrAI PC DNA complexes 

 

experimental 

mass/kDa 

standard 

deviation/kDa 

theoretical 

mass/kDa 

dodecamer+12PC 605  2  601.2 

eicosamer+20PC 1004  2  1002 

38mer+38PC 1909  1  1904 
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Figure 3.16 Linear relationship between experimental CCSs of SgrAI, PC 

DNA complexes and the number of SgrAI dimer with two PC DNA 

complexes. The good linear relationship indicates either a single interface 

between SgrAI dimer+2PC DNA complex in the polymer, or if more than 

one interface exists, they are equivalent in size (similar change in CCS of 

the oligomer). 
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Figure 3.17 CCSs of the large oligomers follow the linear relationship 

between experimental CCSs of SgrAI, PC DNA complexes and the number 

of SgrAI dimer with two PC DNA complexes. The CCSs of SgrAI 

eicosamer+20 PC DNA complex and SgrAI 38mer+38 PC DNA complex 

are on the same straight line as small SgrAI PC DNA complexes. 
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3.5 Model building and CCS calculations of SgrAI/DNA complexes 

The CCSs of the SgrAI dimer with different DNA complexes were 

compared and shown in Figure 3.19 and Table 3.12. The charge state for all 

of these complexes is +17. The CCSs of SgrAI bound to 40-2 DNA and 

SgrAI bound to PC DNA (purple and blue triangles, respectively, Figure 

3.19) were found by IM-MS to be approximately 11% larger than the CCS 

of SgrAI with PC-9 DNA complex (red circles, Figure 3.19). In other words, 

introducing the 18 bp of flanking DNA (9 bp per PC-9) into the structure of 

SgrAI bound to two PC-9 DNA increases the CCS by ~11%. The size of the 

40-2 DNA, or two PC DNA is about twice the size of two PC-9 DNA 

(Figure 2.1). However, the increase in CCS when adding PC-9 DNA to 

SgrAI alone (black squares, Figure 3.19) was much smaller than the increase 

in CCS when adding 40-2 DNA or PC DNA (each with 16 bp flanking each 

side of the recognition site) to the same. This is because the DNA inserts 

into the DNA binding site of SgrAI. The overall size and shape of the SgrAI 

dimer is similar to those of the SgrAI dimer+2PC-9 DNA complex. When 

longer DNA is used, the flanking DNA extends away from the protein, and 

the CCS increases more significantly. This conclusion agrees with the x-ray 

crystal structure of SgrAI dimer+2PC DNA complex (3MQY). The DNA 

near the SgrAI DNA binding site was solved and it is buried in the protein 

[180].  
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The conformation of much of the flanking DNA of PC DNA bound to 

SgrAI is unknown. The crystal structure of SgrAI bound to DNA, 3MQY, 

contains only 5 bp flanking the SgrAI recognition site, therefore the 

conformation of the additional 11 bp on either side of this site is unknown. 

The flanking DNA influences formation of the polymer, and activation of 

DNA cleavage by SgrAI [171, 175]. The CCS of the crystal structure 3MQY 

with 4 bp DNA (adding 2 bp on each side of the DNA), as well as three 

models of SgrAI with 11 bp flanking DNA built with PyMOL (Figure 3.20) 

were calculated by a linear combination method [146] and compared with 

the measured experimental CCS for different SgrAI/DNA complexes. 

Models of SgrAI bound to PC DNA were prepared by adding 11 bp of 

B-DNA to either end of the DNA bound in the crystal structure 3MQY. The 

DNA conformation of this flanking DNA was varied in the three models. In 

the first model, the flanking DNA extends with no bends. In the second 

model, the flanking DNA bends by 30 degrees toward the SgrAI protein. In 

the third model, the flanking DNA bends as in the second model but by an 

additional 50 degrees (80 degrees total). The CCSs were calculated for each 

model and are listed along with the calculated CCS of the crystallographic 

structure 3MQY with an additional 4 bp of modeled DNA (Table 3.13). The 

experimental CCS of the complex between SgrAI dimer+2PC-9 DNA is 

close to the calculated CCS (Table 3.12 and Table 3.13). The calculated CCS 

of the first model of SgrAI bound to PC DNA, (which contains 16 flanking 
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base pairs), is ~62 nm2, which is approximately 24% larger than that of the 

3MQY with 4 bp DNA structure (which contains 7 flanking bp) and 17% 

larger than the IM-MS CCS of SgrAI bound to PC DNA. The calculated 

CCS of the second model is ~60 nm2, approximately 21% larger than that of 

the 3MQY with 4 bp DNA structure and 13% larger than the IM-MS CCS of 

SgrAI bound to PC DNA. Finally, the calculated CCS of the third model is 

~57 nm2, approximately 13% larger than that of the 3MQY with 4 bp DNA 

structure is the most likely conformation. The flanking DNA folds back 

towards the protein. Although DNA prefers to be extended in an aqueous 

environment, it could adopt a compact conformation in the gas phase.  

To discuss the possible orientation of SgrAI dimer+2PC DNA complex 

to form the large oligomer, five different models were built based on the 

third conformation of SgrAI dimer+2PC DNA complex with flanking DNA, 

and their theoretical CCSs were calculated and compared to the 

experimental CCSs. The nomenclature used in this research is explained in 

Figure 3.18. Three of the first four models for the SgrAI/DNA oligomer 

were generated by packing the SgrAI dimers along the x axis, y axis or z 

axis. These include the head-to-tail, side-to-side, and front-to-back model, 

and were derived from the tetramer structures in Figure 3.21, Figure 3.23 

and Figure 3.24. The fourth model is a front-to-front-to-back-to-back 

orientation, which includes the front-to-front interaction observed by x-ray 

crystallography (3MQ6) [190] and the back-to-back interaction that is found 
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in the homologous enzyme NgoMIV [164]. The fifth model is a sheet 

structure based on the front-to-front orientation of 3MQ6. The program 

ZDOCK was used to ensure no steric overlaps occurred in the models. The 

flanking DNA is added into the 3MQY and 3MQ6 to build models. 

ZDOCK is a software program developed by Zhiping Weng group to 

predict possible orientations of a protein and its ligands. Previous research 

has shown that Proline 27 in the loop on the front of the SgrAI dimer plays 

an essential role in the oligomerization of DBD and the allosteric 

stimulation [190]. The head-to-tail model, front-to-front model, side-to-side 

model, front-to-back model and back-to-back model (Figure 3.21 to Figure 

3.25) were built as described in section 2.1.6.  

The calculated CCSs of SgrAI oligomer models are shown in Table 

3.14 and Figure 3.26. The CCSs of the head-to-tail model, with different 

numbers of SgrAI dimer:2PC DNA complexes match most closely to the 

experimentally determined CCS. In addition, the slope of the linear 

relationship between CCS and the number of SgrAI dimer:2PC DNA 

complexes also agrees very well with that of the experimental data. The 

CCSs and the incremental increase in CCS with each SgrAI:2PC DNA as 

found in the other three models are much larger than the experimental data, 

suggesting that these models are not as compact as the actual SgrAI/DNA 

oligomers. Finally, mutation of residue Proline 27 has been found to 

eliminate oligomer formation, as well as DNA cleavage activation, of SgrAI 
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[190] and this residue is at an interface in the head-to-tail model. Given the 

similarity of calculated and experimental CCS, the similar incremental 

increase in CCS with each additional SgrAI dimer:2PC DNA complex, and 

the location of the important residue, Proline 27, in the complex, the 

head-to-tail is the model that is most consistent with the IM-MS and 

mutagenesis data.  

There are some limitations of the models. The most important one is 

that all the models were built based on 3MQY or 3MQ6 which are the low 

activity form of SgrAI. The conformational change of this enzyme when it is 

activated is unknown. It is possible that the shape of the DBD changes when 

the enzyme is activated and the CCSs of the protein complexes change as 

well. Another limitation is that IM-MS is a low resolution technique so it is 

not practical to distinguish the details of the conformational difference for 

large protein/DNA complexes. As a result, the orientations of the models are 

only the general estimation of the oligomers. For further exploring details of 

the interaction, other techniques such as chemical cross-linking and H/D 

exchange may be employed. 
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Figure 3.18 Nomenclature of SgrAI orientation in this work. The x axis, y 

axis, z axis, front, back and side are defined in the figure. The face pointing 

out of the paper is defined as the head of SgrAI and the face pointing into 

the paper is defined as the back of SgrAI. 
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Figure 3.19 CCSs of SgrAI dimer with different DNA complexes. (B) The 

black peak with squares is SgrAI dimer without DNA. The red peak with 

circles is SgrAI with PC-9 DNA complex. The CCS does not increase 

significantly when PC-9 DNA binds with SgrAI dimer. The blue peak with 

up triangles is SgrAI with 40-2 DNA complex and the pink peak with down 

triangles is SgrAI with PC DNA complex. The blue line is the calculated 

CCS (linear combination of PA and EHSS) of 3MQY+4 bp. The red lines 

are calculated CCSs of models with different flanking DNA conformations. 
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Figure 3.20 Three different conformations of flanking DNA were modeled. 

11bp of form B-DNAs were added on both sides of x-ray crystal structure 

3MQY as flanking DNA. Models with three different flanking DNA 

conformations were built. In the first model, the flanking DNA is elongated 

straightly outward into space. In the second model, the flanking DNA bends 

~30 degrees based on the first model. In the third model, the flanking DNA 

bends ~80 degrees to be close to the protein. 
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Table 3.12 IM-MS CCSs of SgrAI dimer with different DNA complexes 

 
z CCS/nm2 

standard 

deviation/nm2 

dimer without DNA 

18 48.3 0.1 

17 46.1 0.1 

16 45.35  0.03 

dimer+2PC-9 
18 49.5 0.4 

17 48.0 0.7 

dimer+40-2 

19 54.24 0.06 

18 53.6 0.2 

17 53.5 0.3 

 

Table 3.13 Calculated CCSs of SgrAI dimer with different DNA complexes 
 

 

PA 

/nm2 

EHSS 

/nm2 

0.84PA+0.22 

EHSS/nm2 

0.63PA+0.38 

EHSS/nm2 

3MQY+4bp 44.41 58.27 50.12 50.12 

conformation 1 55.11 71.33 61.99  61.82  

conformation 2 53.99 6987 60.72  60.56  

conformation 3 50.31 66.14 56.81  56.83  
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Figure 3.21 Head-to-tail tetramer model of SgrAI dimer+2PC DNA 

complexes. The blue and red chains are the two monomers of one SgrAI 

dimer. DNA is grey.  

 

 

Figure 3.22 Front-to-front tetramer model of SgrAI dimer+2PC DNA 

complexes. The blue and red chains are the two monomers of one SgrAI 

dimer. DNA is grey.  
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Figure 3.23 Side-to-side tetramer model of SgrAI dimer+2PC DNA 

complexes. The blue and red chains are the two monomers of one SgrAI 

dimer. DNA is grey.  

 

 
Figure 3.24 Front-to-back tetramer model of SgrAI dimer+2PC DNA 

complexes. The blue and red chains are the two monomers of one SgrAI 

dimer. DNA is grey.  
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Figure 3.25 Back-to-back tetramer model of SgrAI dimer+2PC DNA 

complexes. The blue and red chains are the two monomers of one SgrAI 

dimer. DNA is grey.  
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Table 3.14 Calculated CCSs of SgrAI large oligomer models 
 

Head-to-tail model 

Linear relationship CCS=31.78n+25.56 

Number of DNA 

bound dimer (n) 

PA 

/nm2 

EHSS 

/nm2 

0.84PA+0.22 

EHSS/nm2 

0.63PA+0.38 

EHSS/nm2 

1 49.46  64.59  55.76  55.70  

2 79.55  106.35  90.22  90.53  

3 107.21  144.51  121.85  122.46  

4 134.57  182.04  153.09  153.95  

5 161.85  219.74  184.30  185.47  

6 189.24  257.11  215.53  216.92  

Side-to-side model 

Linear relationship CCS=42.48n+14.21 

Number of DNA 

bound dimer (n) 

PA 

/nm2 

EHSS 

/nm2 

0.84PA+0.22 

EHSS/nm2 

0.63PA+0.38 

EHSS/nm2 

1 49.46  64.59  55.76  55.70  

2 88.05  117.39  99.78  100.08  

3 125.25  168.07  142.19  142.77  

4 162.31  218.49  184.41  185.28  

5 199.43  268.49  226.59  227.67  

6 236.19  319.01  268.58  270.02  
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Front-to-back model 

Linear relationship CCS=40.61n+16.36 

Number of DNA 

bound dimer (n) 

PA 

/nm2 

EHSS 

/nm2 

0.84PA+0.22 

EHSS/nm2 

0.63PA+0.38 

EHSS/nm2 

1 49.46  64.59  55.76  55.70  

2 86.84  115.98  98.46  98.78  

3 122.31  164.15  138.85  139.43  

4 157.70  212.51  179.22  180.10  

5 192.93  259.81  219.22  220.27  

6 228.20  308.35  259.53  260.94  

Front-to-front-to-back-to-back model 

Linear relationship CCS=38.45n+20.21 

Number of DNA 

bound dimer (n) 

PA 

/nm2 

EHSS 

/nm2 

0.84PA+0.22 

EHSS/nm2 

0.63PA+0.38 

EHSS/nm2 

1 49.46  64.59  55.76  55.70  

2 84.67  112.32  95.83  96.02  

3 125.89  166.93  142.47  142.74  

4 150.24  201.67  170.57  171.29  

5 192.51  256.68  218.18  218.82  

6 216.42  291.21  245.86  247.00  
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sheet model 

Linear relationship CCS=40.75n+15.88 

Number of DNA 

bound dimer (n) 

PA 

/nm2 

EHSS 

/nm2 

0.84PA+0.22 

EHSS/nm2 

0.63PA+0.38 

EHSS/nm2 

1 49.46  64.59  55.76  55.70  

2 84.67  112.32  95.83  96.02  

3 125.49  166.26  141.99  142.24  

4 155.98  208.37  176.86  177.45  

5 196.58  262.16  222.80  223.47  

6 227.22  304.57  257.87  258.89  
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Figure 3.26 CCSs of SgrAI HMWS models. The black squares are the 

experimental data. The blue diamonds are the calculated CCSs of 

head-to-tail model shown on the bottom, right. The red circles are the 

calculated CCSs of side-to-side model shown on the top, left. The pink 

triangles are the calculated CCSs of front-to-back model shown on the left. 

The wine stars are the calculated CCSs of front-to-front-to-back-to-back 

model shown on the right. The navy squares are the calculated CCSs the 

linear relationship of the sheet model shown on the top, right. 
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4 CHAPTER FOUR: CONCLUSION 

The masses of SgrAI:PC DNA complexes determined by IM-MS 

revealed that the basic building block of the SgrAI/DNA oligomer is the 

SgrAI dimer bound to two copies of PC DNA. The IM-MS data also showed 

that this oligomer is heterogeneous and can contain as many as 19 DBDs, 

similar to that found previously using analytical ultracentrifugation [167, 

194]. Observation of the large oligomers shows that nanoESI can preserve 

the proposed active form of an enzyme. The CCSs of the SgrAI:2PC DNA 

oligomers show a linear relationship with the number of the SgrAI:2PC 

DNA basic building blocks. The truncated PC DNA, PC-9 DNA, contains 9 

fewer base pairs on each flank of the SgrAI recognition sequence relative to 

PC DNA (22 total base pairs, 7 bp flanking each side of the 8 bp recognition 

sequence), showed an IM-MS CCS when bound to SgrAI that is just slightly 

smaller (5%) than the calculated CCS of the crystal structure 3MQY with 4 

addition bp of DNA modeled into the structure. The difference could be due 

to a change in SgrAI conformation (since SgrAI in oligomers should be in 

the high activity form, and the crystal structure is that of the low activity 

form) or a difference in the DNA conformation of the modeled DNA. The 

experimentally determined CCS using 40-2 or PC DNA, with a total of 40 

bp (16 bp flanking each side of the 8 bp recognition sequence), is about 5.4 

nm2 (11%) larger than that with PC-9, respectively. Introduction of a bend in 
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the modeled DNA reduced the calculated CCS, resulting in a closer 

agreement to the experimentally determined value. The bath gas in the ion 

mobility chamber may force the DNA to adopt a compact conformation, 

resulting in bending. Using this model with bent DNA, five models for the 

oligomer were built and their CCS calculated. The head-to-tail model most 

closely agreed with the experimentally determined CCS. This model shows 

a favorable energy using the program ZDOCK (the structures with lower 

energy than this orientation from ZDOCK will not form linear oligomer 

structures), with the critical residue Proline 27 at the interface between DBD. 

Mutation of this residue to glycine or tryptophan resulted in loss of oligomer 

formation by SgrAI [190]. Testing of this head-to-tail model with other 

techniques such as electron microscope will be important for confirmation 

of its relevance to SgrAI activity. 

More SgrAI/DNA complexes with different lengths and sequences of 

DNA can be analyzed to broaden our knowledge about the conformation of 

the complex. At the same time, chemical cross-linking and HDX are also 

potential techniques to explore the interfaces of the SgrAI dimer which form 

the large oligomers. For instance, the HDX rate of the amide hydrogens on 

the interfaces will be slower when primary site DNA is mixed with SgrAI. 

By comparing the HDX rates of peptides with and without the primary site 

DNA, the position of the interfaces can be determined and compared with 

the model proposed in this research. Why the SgrAI has to form large 
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oligomer to be active is still unclear. The head-to-tail model can provide 

some useful hints about the mechanism. In the head-to-tail model, Proline 

27 is in contact with the flanking DNA of the next DNA bound dimer. It is 

possible that Proline 27 stabilizes the large oligomer by interacting with 

flanking DNA. As a result, both flanking DNA and Proline 27 are necessary 

to form large oligomer. More research is necessary to explain the details of 

the mechanism.  
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