
ABSTRACT 

ROBINSON, JEFFREY LEE. Characterizing the Interactions Between the Cytoplasmic 

Domains of Arabidopsis BRI1 and BAK1 (Under the direction of Dr. Michael B. Goshe). 

 

Brassinosteroid-insensitive 1 (BRI1) and BRI1-associated kinase 1 (BAK1) are 

leucine rich repeat receptor like kinases (LRR RLKs) in plants that have been shown to play 

a role in development, controlling factors such as plant growth and male fertility. They are 

known to dimerize and upon activation, their signal transduction pathway is initiated. 

Although a lot of research has been done on BRI1 and BAK1 in recent history, the binding 

sites of the two proteins have not been identified. 

Chemical crosslinking has become an important tool in characterizing and refining 

protein structure. Chemical crosslinking allows for the examination of the “faces” of proteins 

that are close in space in the tertiary structure but may be distant in sequence or on a different 

protein. Chemical crosslinking-mass spectrometry (CXL-MS), when used alongside other 

structure determining techniques such as X-ray crystallography or NMR, is becoming more 

prevalently used in discovering how proteins oligomerize. Once basic protein structure is 

found via crystallography, CXL-MS can be used to determine the linking areas of each 

protein. Some protein complexes can be difficult to crystalize to study by crystallography or 

resonance assignments made by NMR may not be able to identify protein domains that bind 

one another. CXL-MS can be used to help identify the linking areas in proteins. The 

cytoplasmic domains of BRI1 and BAK1 were analyzed using CXL-MS in an attempt to 

identify the binding residues between the two. 

Surface plasmon resonance (SPR) is a commonly used technique to study protein 

interactions. SPR is an optical phenomenon that stems from the reflection of plane polarized 

light at an interface between a metal film and liquid phase. It allows for the measurement of 



association and dissociation rates of two proteins, and their binding affinities in real time. 

Analytical ultracentrifugation is another technique that can identify binding kinetics by 

subjecting the proteins in solution to a gravitational field. The association and dissociation 

rates of LRR RLKs have not been widely researched to date. The goal of studying the 

binding kinetics of two proteins is to be able to determine the concentrations of the 

complexed and un-complexed forms throughout a reaction based on initial conditions and 

binding constants. This information can be helpful when performing crosslinking 

experiments to provide better reaction conditions. To this end, the binding kinetics of BRI1 

and BAK1 cytoplasmic domains were analyzed using SPR and AUC. 
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Chapter 1 

A Very Brief Review of the Structure and Function of Leucine-Rich Repeat Receptor-Like 

Kinases in Plants 

 

1.1 Introduction 

 

In recent years, protein kinases in animals have been extensively studied, revealing 

regulation and activation motifs. As a clear picture of the mechanisms involved emerges for 

animal kinases, there is a lack of information pertaining to protein kinases in plants. Many of the 

ligands that activate plant kinases are still unknown as well as the structural motifs involved. 

Analysis of protein structure can often elucidate how proteins function, establishing binding sites 

for both ligands and other proteins. Kinetic analysis is also helpful in ascertaining protein 

information and can determine the type of enzymatic mechanism taking place. Combining all of 

this information can start to reveal the full function of these proteins and their higher order 

complexes. 

 

1.2 Plant Receptor Like Kinases (RLKs) 

 

Receptor Like Kinases (RLKs) are a family of transmembrane kinases involved in many 

cellular functions of plants. Analogous to transmembrane receptor kinases (RKs) in animals, 

RLKs share many properties with these proteins. They play key roles in cellular differentiation 

either by stimulating or inhibiting cell growth. Both RKs and RLKs recognize extracellular 

ligands, which lead to activation of intracellular kinase domains and subsequent signal 



 

2 

transduction of downstream pathways that regulate gene expression. The term “receptor like 

kinase” is used because most ligands for these proteins have not yet been identified (Torii, 2004). 

 In Arabidopsis there are over 600 different RLKs.  An RLK consists of a cytosolic 

kinase domain, a single membrane spanning domain, and an extracellular domain. The cytosolic 

domains tend to be conserved while the extracellular domains are more diverse. The varied 

extracellular domains bind different ligands, allowing for different signaling pathways. 

Extracellular motifs include the sugar binding lectin domains, the fungi detecting chitinase 

domains, the ribonuclease binding leucine rich repeat (LRR) domain, and several others. The 

focus of this study will be the LRR RLKs.  

Not only have these proteins been shown to work as dimers, they have also been 

observed forming receptor complexes with additional LRR RLKs and other proteins that lack a 

cytoplasmic kinase domain. Upon ligand binding and dimerization, the protein auto-

phosphorylates and then trans-phosphorylates downstream proteins, conveying the signal. For 

instance, the CLAVATA1 (CLV1) protein consists of 980 amino acids with 23 consecutive 

LRRs, and a serine phosphorylating kinase domain (Figure 1.1). It is thought that in the absence 

of CLV1’s ligand, CLV3, it forms a 185 kDa disulfide linked heterodimer with CLV2. When 

CLV3 is present, CLV3 binds CLV1 causing the CLV1 heterodimer receptor to 

autophosphorylate the kinase domain, activating the complex. This leads to the association of the 

negative regulator kinase associated protein phosphatase (KAPP) and positive regulator Rho/Rac 

GTPase-related protein (Rop), forming a 450 kDa complex (Figure 1.1) (Jeong et al., 1999). 

Unlike its RK counterpart, RLKs generally phosphorylate serine/threonine residues 

instead of tyrosine residues, but tyrosine phosphorylation has been observed. Many of these 

phosphorylation sites have been identified using liquid chromatography-tandem mass 



 

3 

spectrometry (LC/MS/MS), and mutation experiments have shown certain residues are necessary 

for activity. In BRI1, mutations at T-1039 and S-1042 caused a decrease in growth while 

mutations at T-1049 and either S-1044 or T-1045 caused complete loss of activity (Figure 1.2). 

The mutations that caused complete loss of activity are located in highly conserved areas of the 

activation loop. Mutations at S-838 and T-872, located in the juxtamembrane, caused a decrease 

in trans-phosphorylation, but had little effect on auto-phosphorylation during in vitro 

experiments. This indicates that ligand dependent auto-phosphorylation of the activation loop is 

required to form an active kinase, similar to the animal receptor model (Wang, 2005).  
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Figure 1.1: The clavata1 signaling pathway. CLV1 and CLV2 

dimerize upon activation by CLV3. Upon CLV1 binding, the 

heterodimer autophosphorylates the kinase domain, signaling 

activation to KAPP (negative regulator) and ROP (positive 

regulator) (Figure from Torri, 2004). 
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Figure 1.2: Mutation of Specific Thr/Ser Residues and Effect 

on bri1-5 Rescue. The BR-insensitive mutant bri1-5 exhibits a 

dwarf phenotype due to a mutation on its brassinosteroid binding 

domain. Several transgenic plants were made with different point 

mutations on FLAG-BRI1 in an attempt to rescue this phenotype. 

Mutations made to the activation loop at Thr 1039 and 1042 

exhibited a phenotype in between wild type (Ws-2) and bri1-5, 

while mutations at Ser 1044, Thr 1045, and Thr 1049 (also in 

activation loop) caused an even smaller phenotype (Figure from 

Wang et al., 2005).  
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1.3 Leucine Rich Repeat Receptor Like Kinases (LRR RLKs) 

 

 Leucine rich repeat receptor like kinases (LRR RLKs) are the largest family of receptor 

like kinases in plants. There are over 200 members of this kinase family in Arabidopsis. LRR 

RLKs have been shown to regulate several developmental and defensive processes such as cell 

proliferation, stem cell maintenance, hormone perception, wounding response, and symbiosis 

(Torri, 2004). The LRR section consists of 24 amino acids with the consensus sequence 

LxxLxxLxxLxLxxNxLxGxIPxx, where the x’s are nonconserved residues. Part of this forms a β-

sheet/ β-turn structure that acts as protein-protein interaction surface (Kobe and Deisenhofer, 

1993). The nonconserved regions allow for each LRR RLK to make specialized interactions with 

other proteins. Most LRR RLKs do not contain any introns, although some LRR RLKs, such as 

ERECTA and SERK, contain introns at the same location near the β-sheet/ β-turn region (Hecht 

et al., 2001). The LRR motif may have evolved via exon duplication since this intron position 

seems to be conserved in several animal genes encoding extracellular LRRs (Jones and Jones, 

1997). Similar to LRR RLKs, plants also produce proteins known as leucine rich repeat receptor 

proteins (LRR RP). They are structurally similar to LRR RLKs except that lack a cytoplasmic 

kinase domain. These may act as coreceptors for LRR RLKs through their extracellular domains, 

participating in plant development. Plants also encode for extracellular LRR proteins known as 

LRR-extensins (LRXs). LRXs contain a short N-terminal domain, 10 LRRs, and a variable C-

terminal that is structurally similar to extension in cell walls. These usually contain multiple 

Serine-hydroxyproline pentapeptide repeats (Ser-Hyp-Hyp-Hyp-Hyp). They are presumed to be 

localized in the cell wall and are most likely involved in cell shape regulation. This theory comes 
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from the fact that LRX1 was required for proper root hair cell morphogenesis and elongation 

(Baumberger et al., 2001). 

 The versatility of the LRR domains permits a plethora of protein-protein interactions as 

well as ligand binding. An LRR RLK can have anywhere between 1 and 32 LRRs (Figure 1.3). 

Although most of these are tandemly aligned, some have spacer regions between them known as 

island domains (Li and Chory, 1997). These islands are 30 to 70 amino acids long and in all 

known cases are located between the fourth and fifth LRR from the C-terminal end. It has been 

theorized that given the identical location of the island domain, the 4 C-terminal LRRs form a 

mini domain that is needed to perform a specific function given by the island domain (Torri, 

2004). In some cases, including BRI1, this domain may serve as a binding site for 

brassinosteroids (BRs) (Kinoshita et al., 2005). This was hypothesized after mutations within the 

island domain reduced brassinolide (BL) binding considerably. An island domain consensus 

sequence was found by comparing island sequences of BRI1 and BRI1 orthologs from other 

species of plants (Wang et al., 2005). The fact that the sequence has been conserved in other 

plant species indicates that the island domain is needed for BL perception (Figure 1.4). For other 

LRR RLKs that contain island domains, this does not seem to be the case. The crystal structure 

for receptor-like protein kinase 2 (RPK2) in Arabidopsis showed two island domains in its LRR 

region (Figure 1.5) (Song et al., 2014). It seems that these two island domains create a scaffold 

for ligands to bind to, however, the island domain’s sequence is not conserved between species, 

so it is not known if it performs the same function outside of Arabidopsis. Another example of 

this can be found in CLV2, which only  
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Figure 1.3: Structural Comparison of Several LRR RLKs and 

LRR RPs. Although in the same family of proteins, the 

extracellular domains of LRR RLKs can be quite diverse with as 

few as 3 LRRs and as many as 25, and the presence or absence of 

several domains and motifs (Figure from Torri, 2004). 
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contains 15% identity with its maize ortholog (Jeoung et al., 1999). Consequently, the 

overarching importance of the island domain remains unclear. 

Other extracellular domains have been found in LRR RLKs such as Cys-pairs. These are 

typically found near the start codon before the first LRR, or between the last LRR and the 

transmembrane domain (Dievart and Clark, 2003). Both can be present in a LRR RLK, but the 

second Cys-pair is less common. The overall purpose of the Cys-pairs is not apparent. In some 

proteins such as Flagellin Sensing 2 (FLS2), mutations in these regions have been shown to 

decrease overall activity, but in other proteins such as CLAVATA2, mutations seem to have no 

effect whatsoever (Noguchi et al., 1999; Song et al., 2010; Sun et al., 2012). Interestingly 

enough, mutations in the Cys-pair of BRI1 leave it fully functional, but it is held and broken 

down in the endoplasmic reticulum. This indicates that the endoplasmic reticulum does not 

recognize it as a properly folded and functional protein (Hong et al., 2008). Even though no clear 

conclusions can be made on the significance of Cys-pairs, it is thought that they contribute to 

folding, trafficking or binding other proteins. It has been proposed that this may also have an 

effect on the downstream pathways activated by LRR RLKs (Su et al., 2012). 

When comparing the crystal structures of RPK2 and BRI1 LRRs (Figure 1.5) some 

striking differences are immediately apparent. Although they both share a solenoid shape, RPK2 

has an elongated structure and has a smaller diameter, which could be due to the fact that RPK2 

has three less LRRs (22) compared to BRI1 (25). It could also be due to the two island domains 

interacting with one another, disrupting the super helical structure. The second island domain of 

RPK2 contains an atypical histidine residue on the hydrophobic side of the solenoid surface 

(Song et al., 2014). This hydrophilic residue is neutralized by hydrogen bonding with a carbonyl 

oxygen of methionine and the hydroxyl group of tyrosine, possibly helping stabilize the solenoid 
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shape of the LRRs (Figure 1.5(A)). This is just one example of how the extracellular LRR 

domains can vastly differ from protein to protein. 
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Figure 1.4: Crystal Structure of BRI1 LRR domain. Overall 

structure of the LRR domain of BRI1where the grey-blue is the N-

terminal cap, dark blue is the C-terminal cap, cyan is the island 

domain, and yellow is bound BL (Figure from She et al., 2011).  
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Figure 1.5: Comparison of RPK2 and BRI1 Extracellular 

Structures. The structure in (A) is of RPK2 where the light blue 

and pink regions are island domains, dark blue is the N-terminal 

loop, and the green are LRRs. The structure in (B) is of BRI1 with 

cyan representing the LRRs and the red region is the island 

domain.  
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Like its animal RK counterpart, plant LRR RKs can function as dimers. The LRR RLK 

SERK uses a leucine zipper motif to form homodimers, and it is known that BRI1 forms 

heterodimers with BAK1 (Shah et al., 2001, Nam and Li, 2002). It is not fully understood 

whether dimerization or phosphorylation of LRR RLKs is induced by ligand binding, or if forced 

dimerization could trigger signal transduction pathways. For the most part, the presence of the 

kinase domain is crucial for signal transduction (Gomez-Gomez et al., 2001; Lease et al., 2001; 

Stracke et al., 2002). BRI1 and CLV1 have been shown to dimerize with their corresponding 

LRR RLKs in the absence of ligands. CLV1 and CLV2 have been observed in dimers linked via 

disulfide bonds in the absence of CLV3, the ligand required to form the active complex 

(Trotochaud et al., 1999). Similarly, in yeast cells, BRI1 and BAK1 dimerize in the absence of 

BL (Nam and Li, 2002). In this instance, BL most likely activates transphosphorylation of the 

heterodimer which activates the signal transduction pathway. Interestingly enough, in the case of 

FLS2, signal transduction and ligand binding requires the kinase domain to be active. This 

indicates that some LRR RLKs cannot form stable complexes without auto- or 

transphosphorylation occurring first (Gomez-Gomez et al., 2001). 

 

1.4 Brassinosteroid Insensitive 1 (BRI1) and BRI1-Associated Receptor Kinase 1 (BAK1) 

 

 Brassinosteroid Insensitive 1 (BRI1) is an LRR RLK composed of 1196 amino acids and 

25 leucine repeats (Figure 1.4). It has been shown that mutations in BRI1’s extracellular and 

cytoplasmic domains lead to many developmental issues such as dwarfism, altered morphology, 

delayed flowering, and male infertility (Clouse et al., 1996). The mechanisms of ligand binding 

and translation of signal is not completely understood. It is also worth noting that BRI1 is a 
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steroid-receptor protein located in the plasma membrane, opposed to the majority of animal 

steroid receptors, which are ligand activated transcription factors that directly activate target 

genes, eventually becoming localized in the nucleus. 

 BRI1 has been shown to exist as a homodimer, independent of ligand binding, in the 

plant membrane (Wang et al., 2005). The C-terminal lobe of BRI1 is bound to BRI1 kinase 

inhibitor 1 (BKI1) to prevent binding of other co-receptors. The homodimer is stabilized and 

activated by the brassinosteroid (BR), brassinolide (BL). BL is a ligand of the BRI1 extracellular 

domain. BL has been shown to be involved in flowering, plant morphology, and aging. Once BL 

has bound the extracellular domain, it is thought BRI1 auto-phosphorylates itself, activating the 

kinase domain. This activation also releases the repressor BKI1 from the kinase domain of BRI1. 

The activated homodimer has a basal functionality alone, however complete expression of BR 

signaling requires the association of other LRR RLKs. BRI1 associates with BRI1-Associated 

Receptor Kinase 1 (BAK1), which lacks an extracellular BR binding domain. BRI1 

transphosphorylates residues on BAK1s kinase domain activating it. BAK1 then 

transphosphorylates BRI1 on juxtamembrane and C-terminus domains. This increases BRI1 

phosphorylation of downstream substrates, increasing BL-dependent signaling. The now fully 

active complex auto- and trans-phosphorylate each other leading to an increase in BRI1 kinase 

activity (Figure 1.6). 
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Figure 1.6: Model of BRI1 and BAK1 Activation and 

Interaction. BRI1 is activated by BL binding, releasing the 

inhibitor BKI1. BRI1 autophosphorylates itself and either performs 

at basal level or oligomerizes with inactive BAK1, and activate it 

by transphosphorylating it on KD residues. BAK1 then 

transphosphorylates BRI1, fully activating the complex and 

improving transphosphorylation of downstream substrates (Figure 

from Wang et al., 2008). 
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BAK1, also known as SERK3, is part of a family of LRR RLKs known as somatic 

embryogenesis receptor kinases (SERK). These proteins are involved in brassinolide signaling 

pathways but contain a relatively small extracellular domain consisting of only 5 LRRs, and thus 

have no BR binding domain. BAK1 also contains an extracellular leucine zipper motif and a 

proline rich domain known as the SPP (Ser-Pro-Pro) motif, which is thought to interact with cell 

walls. Plants with mutated BAK1 genes exhibit phenotypes similar to a weak BRI1 phenotype. 

This shows that there is either a redundancy among SERK proteins or that BRI1 has a basal level 

kinase activity that allows it to propagate a signal across the membrane without associating with 

BAK1. When BRI1 was mutated to remove kinase activity (K911E), BL induced binding of 

BAK1 ceased. Conversely, the kinase dead mutant of BAK1 (K317E) was still able to dimerize 

with BRI1. When the BRI1 cytoplasmic domain and BAK1 cytoplasmic domain were incubated 

together, a significant increase in peptide substrate phosphorylation was detected. When the 

BRI1 cytoplasmic domain was incubated with a kinase dead mutant of BAK1 cytoplasmic 

domain, basal levels of phosphorylation were observed. The same experiment was then 

performed but the cytoplasmic domains pre-incubated with ATP and the BAK1 cytoplasmic 

domains subsequently removed. The BRI1 cytoplasmic domain still showed high levels of 

substrate phosphorylation after the wild type BAK1 cytoplasmic domain was removed compared 

to the removal of the BAK1 cytoplasmic domain mutant. This demonstrates the magnitude that 

transphosphorylation of BRI1 and BAK1 has on kinase activity (Wang et al., 2005; Wang et al., 

2008). 

Although the structures of both The BRI1 and BAK1 kinase domain structures have been 

mapped via x-ray crystallography (Figures 1.7 and 1.8), the heterodimer has yet to be crystalized 

(Bojar et al., 2014; Yan et al., 2012). BRI1’s kinase domain structure seems to be unique 
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compared to other receptor kinases in that it can act as both a Ser/Thr and Tyr kinase, depending 

on what location is phosphorylated in the activation loop. Some of the phosphorylation sites and 

the overall active loop conformation are conserved in other plant kinases possibly indicating this 

kinase duality is prevalent (Oh et al., 2009). When BL is absent, BRI1 is kept at a basal level of 

activity by forming a homodimer where its C-terminal tails (CT, residues 1161-1196) are 

brought into close proximity, causing an inhibitory effect (Wang et al., 2005). 

Autophosphorylation of T872 on the kinase domain and association with BKI1 also contribute to 

keeping BRI1 in a basal state. The N-terminal region of BKI1 associates with the plasma 

membrane while the C-terminal region associates with the kinase domain of BRI1, preventing 

BAK1 and other members of the SERK family from binding (Nam and Li, 2002; Wang et al., 

2005b). In the presence of BL, BRI1 phosphorylates Y211 on BKI1, which is located on the 

membrane targeting motif. This releases BKI1 from BRI1, allowing BAK1 to bind BRI1 (Jaillais 

et al., 2011). The CT has two phosphorylation sites at S1160 and T1180. When these amino 

acids were mutated to aspartate residues, which mimic phosphorylated amino acids, there was an 

increase in BRI1 kinase activity (Wang et al., 2005). 
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Figure 1.7: Ribbon Diagram of BRI1 Cytoplasmic Domain. The 

larger C-lobe (dark blue) near the C-terminus is made up of 5 α-

helices for substrate binding while the smaller N-lobe (light blue) 

is made up mostly of β-sheets and used for protein-protein 

interactions. The activation loop contains the residues Thr1039, 

Ser1042, Ser1044/Thr1045 and Thr1049 which when 

phosphorylated activate the kinase (Figure from Bojar et al., 2014). 
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Figure 1.8: Ribbon Diagram of BAK1 Cytoplasmic Domain. 

The N-lobe (cyan) contains mostly β-sheets along with a short α-

helix on top connects to the C-lobe (pale green) which contains 8 

α-helices and 2 β-strands. The activation loop (red) contains the 

residues Thr450, Thr455, Thr446, and Thr449 that activate the 

kinase upon phosphorylation and the P-loop (orange) is a glycine 

rich region important for nucleotide binding and stabilization of 

phosphate containing molecules. (Figure from Yan et al., 2012) 
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 Downstream of the BRI1/BAK1 complex signals are controlled by the regulatory protein 

brassinosteroid-insensitive 2 (BIN2) (Belkhadir and Jaillais, 2015). BIN2 regulates signal 

transduction to physiological targets that control plant development and the transcription factors 

brassinazole-resistant 1 (BRZ1) and BR-insensitive-ems-suppressor 1(BES1) (Guo et al., 2013; 

Wang et al., 2014). Upon BRI1/BAK1 activation several cytoplasmic kinases, known as BRI1 

substrate kinases (BSKs), are phosphorylated by BRI1 (Belkhadir and Jailais, 2015). Unlike 

LRR RLKs, BSKs have no extracellular domain, but instead anchor themselves to the plasma 

membrane by N-terminal lipid modifications. Activation of BSKs eventually leads to 

phosphorylation of BRI1 suppressor 1 (BSU1) and BSU1-like (BSL). These phosphatases 

dephosphorylate BIN2 and mark it for degradation (Kim et al., 2009). This inactivation of BIN2 

activates BRZ1 and BES1 and they translocate the nucleus and upregulate expression of their 

target genes (Figure 1.9) (Guo et al., 2013).  
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Figure 1.9: Brassinosteroid Signaling Model. BL binding of 

BRI1 island domain triggers transphosphorylation of BRI1-BAK1 

heterodimer, which leads to inhibition of BIN2, a negative 

regulator kinase. BIN2 phosphorylates downstream components 

BZR1 and BES1 in the absence of BL, which causes degradation 

of BZR1 and BES1. When BL is present, BZR1 and BES1 

translocate to the nucleus and upregulate BR target gene 

expression (Belkhadir and Jaillais, 2015). 
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1.5 Conclusions and Thesis Research 

 

 It is widely accepted that brassinosteroids and the LRR RLKs they activate are important 

in growth regulation and development in plants. Decades of research have now been spent 

studying these systems, yielding valuable discoveries. The structures for both the BRI1 and 

BAK1 cytoplasmic domains have been solved through X-ray crystallography, phosphorylation 

sites have been identified on each through mass spectrometry, lethal mutations have been 

recognized through mutation analysis, and a working model of BRI1/BAK1 activation and 

interaction has been theorized (Wang et al., 2005; Yan et al., 2012; Bojar et al., 2014). Although 

these are all significant advances, there are still unknown properties of BRI1 and BAK1. The 

BRI1/BAK1 dimer has yet to be crystalized, as well as the full length structure of each, 

containing the juxtamembrane and extracellular domains. In addition, kinetic properties of BRI1 

and BAK1, such as the dissociation, association, and equilibrium constants, have still not been 

fully characterized. 

 The intention of this research is to use previously collected data in conjunction with new 

experiments to elucidate the linkages that form during dimerization. There will also be an 

exploration into the kinetic binding properties of the two proteins. Using the previously solved 

BRI1 and BAK1 cytoplasmic domain structures, and through the utilization of cleavable 

crosslinkers and mass spectrometry, the linkages that bind the different faces of BRI1 and BAK1 

to one another will be investigated. Association/dissociation rates, as well as equilibrium 

constants, will be researched through the use of a surface plasmon resonance based biosensor. 

Analytical ultracentrifugation will also be used to examine these kinetic parameters while also 

surveying whether or not higher order oligomers form. 
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Chapter 2 

Probing the Interaction of the Cytoplasmic Domains of BRI1 and BAK1 using Surface 

Plasmon Resonance and Analytical Ultracentrifugation 

 

2.1 Surface Plasmon Resonance (SPR) 

  

SPR is a commonly used technique to study proteins and their interactions with several 

types of molecules, such as DNA, hormones, drugs, and other proteins due to its high sensitivity 

and high through-put capabilities (For reviews see Nguyen et al., 2015; Guo, 2012; Abdulhalim 

et al., 2008). SPR allows the measurement of not only association/dissociation kinetics but also 

binding affinities in real time, without the need of protein labels, and using a small amount of 

sample. Interactions can be monitored at concentrations ranging from picomolar to millimolar. 

This method requires that one protein from the complex, called the ligand, be immobilized onto a 

sensor chip surface. After the ligand is immobilized, the other protein, called the analyte, is 

injected and flows over the ligand bound surface. The binding is monitored by successive 

deviations in the refractive index of the medium close to the sensor surface. 

 SPR was first discovered in the early 1900s when Robert Wood noticed that when 

polarized light was shown on a diffracting-grating containing a metal back, this produced a series 

of dark and light bands in the reflected light (Wood, 1902). Although there was much 

speculation as to what could cause such a phenomenon, a solid theory was not developed until 

the 1950s. In a series of four papers, Pines and Bohm theorized that the energy losses were due 

to excitation of electrons on the metal surface from the polarized light, creating plasma 

oscillations, or plasmons (Pines and Bohm, 1951, 1952, 1953a, 1953b). 
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SPR is an optical phenomenon that stems from total internal reflection of plane polarized 

light at an interface between a metal film and a liquid phase. A light source passes through a 

prism reflects off the backside of the sensor chip, where the metal film is located, and to a 

detector (Figure 2.1). Light is absorbed by the electrons on the metal film of the sensor chip 

causing them to resonate. These resonating electrons are known as surface plasmons. A 

requirement for this electron excitation is that the electrons in the metal must exhibit a “gas like” 

behavior, or, follow the free-electron model (Liedberg et al., 1993). Gold can be described using 

this model and is therefore an appropriate metal to be used.  
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Figure 2.1 Surface Plasmon Resonance Optical System. The 

Biacore optical biosensor detects association or dissociation of 

molecules at the sensor surface by measuring the change in 

refractive index near the surface, resulting in a SPR angle shift 

(Figure from GE Healthcare 2007).  
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Communication with the metal/liquid interface is achieved by some portion of the light 

penetrating outside the glass creating an evanescent electric field. The evanescent field, or wave, 

extends to both sides of the gold film forming a surface plasmon at this juncture. A way of 

imagining surface plasmons is to think of them as light waves trapped on the surface due to their 

interaction with free electrons on the metal. The electrons respond by oscillating in resonance 

with the light wave. The amplitude of the evanescent wave decays exponentially as it moves 

away from the incident surface, but the wavelength is the same as the incident light. The relation 

of wavelength to frequency for a surface plasmon propagating along the interface between the 

metal and a dielectric can be described as 

𝑘𝑠𝑝 =
𝜔

𝑐
√(

𝜀(𝜔)𝜀𝑎

𝜀𝑎+𝜀(𝜔)
) =

2𝜋

𝜆
√(

𝜀(𝜔)𝜀𝑎

𝜀𝑎+𝜀(𝜔)
) (1) 

  

Where ksp is the wave vector for the propagating surface plasmon, ω is the angular frequency, 

ε(ω) is the dielectric function of gold, εa is the dielectric constant for the ambient layer (the less 

dense medium), c is the speed of light, and λ is the wavelength in a vacuum (Wang et al. 2013). 

As seen in Figure 2.2, a surface plasmon forms at the metal/ambient interface when kx=ksp, 

where kx is the x component of the wave vector of the incoming light source. This can be solved 

by adjusting the incidence angle and finding a minimum in the reflected light intensity in the 

equation 

√𝜀𝑔 sin Θ𝑠𝑝 ≈ √(
𝜀(𝜔)𝜀𝑎

𝜀𝑎+𝜀(𝜔)
) (2) 

 where Θsp is the resonance angle and εg is the dielectric constant of the glass. This minimum will 

represent the resonance angle (Liedberg et al., 1993, Wang et al. 2013). The absorption of light 

by the surface plasmons causes an intensity loss in the reflected beam which appears as a dark 
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band or a trough in the SPR reflection intensity curve. The shape and location of this decrease in 

intensity gives information about the sensor’s surface. As analytes bind the chip the refractive 

index changes, causing a shift in the resonance angle. This resonance angle shift is directly 

proportional to the change in concentration of organic molecules bound to the ambient portion of 

the chip (Figure 2.3). This can be estimated with the formula 

Δ𝑐 = Δ𝑛
𝜕𝑐

𝜕𝑛
 (3) 

where c is the concentration of bound molecules and n represents the refractive index (Liedberg 

et al., 1993).  
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Figure 2.2: Kretschmann Configuration for Surface Plasmon 

Excitation. A metal film deposited on a glass slide in contact with 

the prism allows formation of an evanescent wave in the ambient 

area. When kx=ksp, surface plasmons form at the metal/ambient 

interface (Figure from Liedberg et al., 1993). 
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The change in the SPR angle is directly proportional to the mass of material bound. 

Collecting these shifts over time can elicit kinetic binding information. For example, when an 

analyte with a high affinity for the ligand bound to the chip is injected onto the system, there is a 

rapid increase in the resonance angle shift. This is due to there being many binding sites 

available at first. During this association phase, the number of binding events per unit of time is 

determined by ka[A][B], where A is the concentration of analyte, B is the concentration of ligand 

bound to the chip, and ka is the rate of association constant. After the ligand has bound the 

analyte, they remain bound for a random quantity of time, so there is a constant dissociation 

occurring as well given by kd[AB], where AB is the concentration of the ligand-analyte complex, 

and kd is the rate of dissociation constant. The net rate of complex formation during the 

association phase is given by the equation 

ⅆ[𝐴𝐵]

ⅆ𝑡
= 𝑘𝑎[𝐴][𝐵] − 𝑘ⅆ[𝐴𝐵] (4) 

When using SPR, the amount of analyte binding the ligand is observed as an increase in response 

measured in resonance units (RU). Equation 1 can be rewritten in terms of RU as  

ⅆ𝑅

ⅆ𝑡
= 𝑘𝑎𝐶𝑅max − (𝑘𝑎𝐶 + 𝑘ⅆ)𝑅 (5) 

where C is the concentration of analyte in the sample, R is the response in RU or amount of 

complex formed, and Rmax is the maximum analyte binding capacity, which should be equal to 

the amount of ligand bound to the chip. During this phase, it is assumed that C stays constant 

over time, and therefore equation 2 follows pseudo first order kinetics. This greatly reduces the 

complexity of quantifying the rates of change of the reactions as only one rate of change needs to 

be measured.  As the number of binding sites decreases, there is a decrease  
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Figure 2.3: SPR Signal Shift Due to Analyte Binding. Analyte 

captured by the ligands bound to the sensor surface produces an 

increase in the refractive index at the metal surface. This increase 

induces a SPR signal shift (Figure from Guo, 2012).  
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in the binding rate eventually leveling off. At this stage, the rate of association and dissociation 

are equal, meaning the system is at equilibrium. As the system reaches equilibrium, or the steady 

state (when the association rate equals the dissociation rate), equation 2 becomes equal to zero 

and can be rewritten as  

𝑘𝑎𝐶𝑅max = (𝑘𝑎𝐶 + 𝑘ⅆ)𝑅 (6) 

By setting R=Req (equilibrium response level) and rearranging equation 3 you get 

𝑅𝑒𝑞 (
𝑘𝑑

𝑘𝑎
+ 𝐶) = 𝐶𝑅max  (7) 

At steady state, the equilibrium dissociation constant (KD) becomes equal to kd/ka so the equation 

can once again be rewritten as 

𝑅𝑒𝑞 =
𝐶𝑅𝑚𝑎𝑥

𝐶+𝐾𝐷
 (8) 

The equilibrium association constant (KA) can be calculated by the inverse of KD. Once the 

injection has stopped and analyte is no longer being introduced to the system, there is a decrease 

in SPR response as analyte unbinds, but no more is present to bind to the newly open binding 

sites (Figure 2.4). The rate of complex formation at this point becomes -kd[AB] or in terms of R 

which is in units of RU 

ⅆ𝑅

ⅆ𝑡
= −𝑘ⅆ𝑅 (9) 

When looking at the curve of SPR response over time, the rapid increase at the association phase 

can be used to determine ka, while the dissociation of the analyte near the end of the curve can 

determine kd. Fitting this data can be difficult, but the rate equations can be transformed into 

their integrated rate equations that can be solved by a computer using nonlinear regression 

analysis. During the association phase the integrated rate equation takes the form of 

𝑅 = 𝑅𝑒𝑞(1 − 𝑒−(𝑘𝑎𝐶+𝑘𝑑)(𝑡−𝑡0)) + 𝑅0 (10) 
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Where R0 is the response at t=0, while the dissociation phase integrated rate equation is 

 𝑅 = 𝑅0𝑒−𝑘𝑑(𝑡−𝑡0) (11) 

Where R0 is the response at the end of the association phase/beginning of the dissociation phase. 
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Figure 2.4: Basic Workflow for SPR Binding Analysis. The 

association phase begins when the analyte is injected into the flow 

cell containing the ligand, increasing the resonance signal as it 

binds until a steady state is reached. When analyte flow stops there 

is no longer analyte molecules to replace open ligand binding sites, 

dissociation begins and lasts until the regeneration solution is 

added (Figure from GE Healthcare, 2008). 
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2.2 Biacore SPR System 

 

 In 1980, Pharmacia Biosensor AB was founded with the intent to make a user friendly 

SPR machine. The first experiments utilizing SPR as a biosensor occurred in the 1984. These 

experiments involved pointing a polarized HeNe laser beam onto a silver film deposited onto a 

prism. An antibody was then adsorbed onto the film, followed by addition of the antibody’s 

antigen. Reflection measurements were taken of the silver film as the antibody and antigen were 

added. As the antibody and antigen were added, there was a shift in the incident angle 

proportional to the mass added to the film (Flanagan, 1984).  

This proof of concept led many researchers to build upon the experimental setup. The 

silver film from the original experiment was replaced with a gold film, and a dextran hydrogel 

matrix was placed on the gold surface (Lofas, 1990). The dextran surface allowed for ligands to 

be covalently bound to the surface, instead of merely adhering to the surface. This greatly 

increased the reproducibility of experiments and severely cut down undesired interference, such 

as the ligand interacting with the metal or unwanted reactions with solute. The next major step 

forward was the integration of a silicon microfluidic cartridge into the experiment (Sjolander, 

1991). These breakthroughs led to Pharmacia Biosensor AB releasing the first Biacore machine 

in the early 1990’s. 

In my experiments, a Sensor Chip CM5 was used (Table 2.1). It is the most versatile of 

chips available, offering a high surface capacity for a wide range of ligands from small organic 

molecules to proteins. It consists of a glass slide with a layer of gold 50 nm thick. The gold layer 

is required to produce an SPR response. On top of the gold layer, a matrix of carboxymethylated 
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dextran is covalently attached. The dextran layer is required to covalently immobilize proteins, 

as well as provide a hydrophilic environment for interactions to take place. 
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Table 2.1 Surface Sensor Chips. List of available Biacore sensor 

chips and what they are used for (Figure from GE Healthcare, 

2007). 
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The major steps in a Biacore assay are immobilization, interaction analysis, and 

regeneration.  During immobilization, the ligand is attached to the dextran matrix of the sensor 

surface. This is done by first activating the dextran surface with 1-ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS). This reacts with 

the hydroxyl group of dextran forming reactive succinimide esters. These esters react with the N-

terminus of the ligand, covalently binding it to the dextran matrix (Figure 2.5). The ligand is 

passed over the reactive surface followed by washing with ethanolamine which deactivates the 

remaining succinimide esters. Next, the analyte is injected, and the interaction analysis occurs. 

The rate at which the analyte binds to the ligand is monitored in real time via SPR. When all the 

analyte has passed over the chip, buffer continues to flow, and dissociation of analyte/ligand is 

monitored. After analysis is complete, regeneration of the chip surface occurs. Regeneration 

refers to the removal of bound analyte from the ligand bound to the surface. This can usually be 

accomplished by briefly exposing the chip surface to glycine-HCl or NaOH. The chip has several 

flow cells (Figure 2.6) allowing for one flow cell to be used as a reference that can be subtracted 

from the experimental data collected. 
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Figure 2.5: Amine Coupling of Ligand to CM5 Chip Surface. 

The dextran matrix is activated by EDC and NHS reacting with the 

hydroxyl group forming succinimide esters. These esters react with 

the amine groups of proteins, covalently binding them to the 

matrix (Figure from GE Healthcare, 2007). 
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Figure 2.6: Possible Flow Cell Setups for Sensor Chip. This 

figure represents the various flow cell configurations available on 

the sensor chips, allowing for reference cells to be used with no 

ligand bound to help eliminate noise from the readings. 

 

 

 

 

 

 

 

 

 

 

 



 

43 

2.3 Analytical Ultracentrifugation (AUC) 

 

 Analytical ultracentrifugation (AUC) is one of the oldest tools used for determining the 

molecular weight of proteins. Ultracentrifugation was first developed by Theodor Svedberg in 

the 1920s. The first ultracentrifuge consisted of a spinning rotor in a hydrogen atmosphere, 

which was able to achieve a centrifugal field 5,000 times gravity. The hydrogen atmosphere was 

necessary to help conduct away heat generated by the rotor (Svedberg, 1925). This type of 

ultracentrifuge was used by Svedberg and Robin Fahraeus to determine the molecular weight of 

hemoglobin, which was confirmed through osmotic pressure molecular weight experiments at 

the time (Svedberg and Fahraeus, 1926). Rather than just study proteins at equilibrium, Svedberg 

looked to use ultracentrifugation to study rates of sedimentation. This would require a centrifuge 

much faster than what was available. By 1926, the first oil turbine centrifuges became available 

with speeds up to 40,000 revolutions per minute. Although these centrifuges had their 

drawbacks, most notably exploding at high speeds, his work continued leading him to pose the 

idea that proteins are made up of subunits that reversibly associate and dissociate. Finally, in 

1940, Svedberg and K.O. Pederson published The Ultracentrifuge detailing the procedures and 

designs of the oil turbine centrifuge and the results of experiments ran with it (Edsall, 1978). 

 For most AUC, the most commonly used methods for data acquisition are absorbance 

optics and interferometrical Rayleigh optics (Hanlon et al., 1962; Richards and Schachman, 

1959). Measurements are taken of the concentration gradient while the rotor is spinning and 

subtracts the reading of the protein sample from its reference cell (buffer only) located next to it. 

For the purposes of this study absorbance optics were used. In an AUC, absorbance optics are 

essentially a dual-beam spectrophotometer triggered by rotor revolution. There is a slit assembly 
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underneath the sample that can move radially, so that the sample can be scanned at wavelengths 

between 190-800 nm (Figure 2.7). Data at multiple wavelengths can be scanned simultaneously 

allowing collection of data at both 280 nm, the wavelength aromatic residues are detected, and 

230 nm, the wavelength that detects peptide backbone amide bonds (Balbo et al., 2007). 
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Figure 2.7: Absorbance Optics for a Beckman Coulter 

Analytical Ultracentrifuge. A xenon lamp fires as the cell passes 

the detector and the reflector reflects a small amount of light to a 

detector to normalize variation in the output of the lamp. The slit 

below can move radially and allows sampling at different positions 

by the photomultiplier detector (Figure from Beckman Coulter, 

1993).  
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 When studying proteins in an AUC, a typical experiment involves suspending the 

proteins in a solvent and subjecting the sample to a gravitational field. There are three primary 

forces acting on the proteins in this gravitational field. These are the sedimenting, or 

gravitational force (Fs), the buoyant force (Fb), and the frictional force (Ff) (Figure 2.8). The 

sedimenting force is directly proportional to the mass of the proteins in solution and the 

acceleration. The equation for the sedimenting force on a protein can be written as 

𝐹𝑠 = 𝑚𝜔2𝑟 =
𝑀

𝑁
𝜔2𝑟 (12) 

where m is the mass of a single protein in grams, ω is the angular velocity in radians/s, and r is 

the distance of the protein from the axis of rotation. The portion of the equation “ω2r” comprises 

the acceleration part of the sedimenting force, and the mass portion can be rewritten as 
𝑀

𝑁
  where 

M is the molar mass of the protein in g/mol and N represents Avogadro’s number.  

 The buoyant force acts in opposition of the sedimenting force and therefore has a 

negative value. It is equal to the weight of solvent displaced by the protein in this case and can be 

represented by the equation 

𝐹𝑏 = −𝑚0𝜔2𝑟 (13) 

where m0 is the mass of the solvent displaced by the protein and can be determined by the 

equation 

𝑚0 = 𝑚�̅�𝜌 =
𝑀

𝑁
�̅�𝜌  (14) 

Where �̅� is the partial specific volume of the protein in solution, or the volume in ml that each 

gram of protein occupies in solution, and ρ is the density of the solvent in g/mol. Sedimentation 

of the protein will begin to occur as long as it has a density greater than the solvent. As the 

protein moves radially with the gravitational force upon it, the velocity (u) increases as its 

distance traveled increases. The velocity of the protein is directly proportional to the amount of 
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drag it experiences due to the friction of the solvent. This frictional force works against the 

sedimenting force and can be described by the equation 

𝐹𝑓 = −𝑓𝑢 (15) 

Where f is the frictional coefficient of the protein and is determined by its shape and size. The 

more spherical the protein, the less drag from friction it experiences. 

 The three forces balance each other out almost immediately under ultracentrifugation. 

This means that Fs + Fb + Ff  = 0 and can be rewritten as 

𝑀

𝑁
𝜔2𝑟 −

𝑀

𝑁
�̅�𝜌𝜔2𝑟 − 𝑓𝑢 = 0 (16) 

using equations 12-15. Equation 16 can be simplified to 

𝑀

𝑁
(1 − �̅�𝜌)𝜔2𝑟 − 𝑓𝑢 = 0 (17) 

From equation 17, the sedimentation coefficient (s) for the protein can be derived by separating 

the terms that describe the experimental conditions from the terms that describe the particle or 

protein. The equation becomes 

𝑀(1−�̅�𝜌)

𝑁𝑓
=

𝑢

𝜔2𝑟
= 𝑠 (18) 
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Figure 2.8: Forces Acting on a Molecule During Analytical 

Ultracentrifugation. Three forces are constantly acting on a 

molecule during ultracentrifugation. These are the sedimenting 

force (Fs) or gravitational force, the buoyant force (Fb) that takes 

into account the amount of solvent displaced by a molecule and 

works against Fs, and the frictional force (Ff) that accounts for the 

shape of the molecule and also works against Fs (Figure from 

Beckman Coulter 1993). 
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The sedimentation coefficient describes the velocity of the protein per unit of acceleration due to 

gravity, which in equation 18 is described by the term 
𝑢

𝜔2𝑟
 and has dimensions of seconds. All of 

the variables in this term describe the properties of the protein, therefore, proteins with different 

molecular weights, shapes, and sizes will move through the cell at difference velocities. Most 

molecules have a sedimentation coefficient on the power of 10-13 s and the Svedburg unit (S) is 

defined as 10-13 s. So a molecule with a sedimentation coefficient of 1.0 x 10-13 s can be 

described as 1.0 S. 

The two most common methods performed with an ultracentrifuge are sedimentation 

velocity experiments and sedimentation equilibrium experiments. Sedimentation velocity 

experiments measure the rate at which molecules move in response to a centrifugal force. This 

sedimentation rate can determine the molecular mass and shape of proteins. The centrifugal force 

applied to the solution causes the solute, or proteins in this case, to start sedimenting towards the 

bottom of the cell. A clear boundary forms between the empty region near the meniscus of the 

cell and the sedimenting region towards the bottom (Figure 2.9). The sedimentation coefficient 

can be determined by observing the boundary’s rate of movement over time (see Equation 18). 

The diffusion coefficient (D) can also be determined by measuring the rate of the boundary and 

is given by 

𝐷 =
𝑅𝑇

𝑁𝑓
 (19) 

 where R is the gas constant, T is the temperature, N is Avogadro’s number, and f is the frictional 

coefficient. By using equations 18 and 19, the molecular weight can be determined by examining 

the ration of s to D. The equation for molecular weight is 

𝑀 =
𝑠0𝑅𝑇

𝐷0(1−�̅�𝜌)
 (20) 
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where �̅� is the partial specific volume of solute, and ρ is the solvent density. D0 and s0 represents 

the respective coefficients extrapolated to a concentration of zero to minimize the interaction 

between molecules effect on movement. When performing a sedimentation velocity experiment, 

the sedimenting force is not constant, but instead increases with the radial distance traveled, r, as 

seen in equation 12. Therefore, the velocity term, u, needs to be expressed as a differential and 

equation 12 becomes 

𝑠 =
𝑢

𝜔2𝑟
=

ⅆ𝑟𝑏𝑛𝑑/ⅆ𝑡

𝜔2𝑟
 (21) 

where rbnd is the position of the boundary. This can then be plotted logarithmically using the 

equation 

ln (
𝑟𝑏𝑛𝑑

𝑟𝑚
) = 𝑠𝜔2𝑡 (22) 

Where rm is the position of the meniscus. An advantage of sedimentation velocity experiments is 

that it can be performed on samples over a large range of pH, salt concentrations, and 

temperature, but is not always ideal for studying protein-protein complexes or proteins that can 

reversibly self-associate. With these types of proteins binding constants from sedimentation 

velocity data are less accurate and harder to derive. This is due to the large changes in 

distribution that occur over time because the proteins are not at equilibrium. They can be used to 

verify whether a sample is homogenous, detect protein aggregates, determine if the native state 

of a protein is a monomer or higher order oligomer, and changes in protein conformation. 
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Figure 2.9: Absorbance Reading Compared to Cuvette. 

Comparison of data collected in relation to the position of the 

meniscus and boundary region (Figure from Planken and Cölfen, 

2010).  
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Sedimentation equilibrium experiments are more concerned with steady state dynamics 

of proteins in solution. At equilibrium, the outward centrifugal force is balanced by diffusion 

inward and the concentration of protein increases exponentially towards the bottom of the cell. 

This results in a concentration profile independent of time, dependent only on the molecular 

mass of the proteins. This means shapes of the proteins involved are ignored. As the proteins 

move towards the cell bottom, the sedimenting force increases the further they travel according 

to equation 12. If the sedimenting force and diffusion inward are equal at equilibrium, then the 

reverse flow due to diffusion must also increase. This makes sense because diffusion is 

dependent on the concentration gradient, which increases near the bottom of the cell. For an 

ideal, non-associating protein, the molar mass can be solved by 

𝑀 =
2𝑅𝑇

(1−�̅�𝜌)𝜔2 ×
ⅆ(ln 𝑐)

ⅆ𝑟2   (23) 

where M is the molar mass of the protein, ω is the angular velocity of the rotor, and c is the 

concentration of the protein at a distance r from the rotor. When multiple proteins with different 

molar masses are present in the sample, the heavier proteins will be more concentrated at the 

bottom of the cell while the protein with lower molar mass will be more concentrated at the top 

of the cell. Using Equation 23 for each species present will give the distribution in the cell of 

each. When dealing with proteins that are known to oligomerize, association increases as 

concentration of the proteins increases. Near the meniscus of the cell the average molecular 

weight of the proteins present will approach the molecular weight of the monomer. In contrast to 

this, the bottom of the cell will have a higher average molecular weight corresponding to an 

increase in oligomers. By determining the weight-average molecular weight for each point in the 

cell it is possible to determine the location of various oligomers throughout the cell. The weight-

average molecular weight at a point in the cell can be determined using the equation 
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𝑀𝑤 =
∑ 𝑀𝑖𝑐𝑖

∑ 𝑐𝑖
=

𝑀1𝑐1+𝑀2𝑐2…

𝑐1+𝑐2…
 (24) 

where M is the molecular weight of each species, and c is the concentration of each in g/l. For a 

single species ideal monomer-dimer reaction, the weight-average molecular weight at a point in 

the cell can be described as  

𝑀𝑤 = 𝑀1
2√1+8𝑘𝑐

1+√1+8𝑘𝑐
 (25) 

Where M1 is the monomer molar weight, k is the equilibrium constant, and c is the total 

concentration of protein. During ultracentrifugation, there is a mechanical component dictating 

the chemical potential of the protein dependent on the position in the cell. For a ideally 

sedimenting single protein this results in the equation 

𝑐(𝑟) = 𝑐(𝑟0)𝑒[𝑀(1−�̅�𝜌)
𝜔2(𝑟2−𝑟0

2)

2𝑅𝑇
]
 (26) 

where c(r) represents the concentration at a distance from the center of rotation, ω is the angular 

velocity, M is the molar mass of the protein, �̅� is the partial-specific volume, ρ is solvent density, 

T is the temperature, R the molar gas constant, and r0 is the reference radius, usually the 

meniscus. This results in a concentration gradient from which information on molar mass can be 

derived (Balbo et al., 2007). If the same protein referenced in Equation 26 is known to self-

associate into dimers, equilibrium follows the mass action law c2=K12c1
2 where c2 is the dimer 

concentration, c1 monomer concentration, and K12 is the dimerization constant. The distribution 

of the dimer can now be denoted as 

𝑐2(𝑟) = 𝐾12𝑐1
2(𝑟) = 𝐾12{𝑐1(𝑟0)𝑒

[𝑀1
∗

𝜔2(𝑟2−𝑟0
2)

2𝑅𝑇
]
}2 = 𝐾12𝑐1

2(𝑟0)𝑒
[2𝑀1

∗
𝜔2(𝑟2−𝑟0

2)

2𝑅𝑇
]
 (27) 

Where M1
* represents the buoyant mass (𝑀(1 − �̅�𝜌)). By combining Equations 26 and 27 you 

can obtain the total protein distribution in the cell 
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𝑐𝑡𝑜𝑡(𝑟) = 𝑐1(𝑟0)𝑒
[𝑀1

∗
𝜔2(𝑟2−𝑟0

2)

2𝑅𝑇
]

+ 𝐾12𝑐1
2(𝑟0)𝑒

[2𝑀1
∗

𝜔2(𝑟2−𝑟0
2)

2𝑅𝑇
]
 (28) 

This satisfies the mass action law and the dimer will sediment like an ideal species with twice the 

molar mass of the monomer (Balbo et al., 2007). Equations 27 and 28 represent reversible 

homodimer formation which is the simplest oligomerization to characterize. In the case of 

reversible heterodimer formation between proteins A and B, the buoyant molar mass of the 

dimer (MAB
*) can be calculated by 

𝑀𝐴𝐵
∗ = 𝑀𝐴𝐵(1 − �̅�𝐴𝐵𝜌) ≅ 𝑀𝐴(1 − �̅�𝐴𝜌) + 𝑀𝐵(1 − �̅�𝐵𝜌) = 𝑀𝐴

∗ + 𝑀𝐵
∗  (29) 

The equilibrium of the solution follows a similar mass action law to the homodimer formation 

described as cAB=KABcAcB. This leads to a concentration distribution of all species described as 

𝑐𝑡𝑜𝑡(𝑟) = 𝑐𝐴(𝑟0)𝑒
[𝑀𝐴

∗
𝜔2(𝑟2−𝑟0

2)

2𝑅𝑇
]

+ 𝑐𝐵(𝑟0)𝑒
[𝑀𝐵

∗
𝜔2(𝑟2−𝑟0

2)

2𝑅𝑇
]

+ 𝐾𝐴𝐵𝑐𝐴(𝑟0)𝑐𝐵(𝑟0)𝑒
[(𝑀𝐴

∗ +𝑀𝐵
∗ )

𝜔2(𝑟2−𝑟0
2)

2𝑅𝑇
]

 (30) 

Where KAB is the association equilibrium constant. Using the optical data collected in the 

sedimentation equilibrium experiments, these very complex equations can be solved through the 

use of the program SEDPHAT (National Institute of Health). Through these equations and model 

fitting software, mechanisms of binding can be derived, as well as the equilibrium association 

constant (and its inverse, the equilibrium dissociation constant). The major advantage of 

sedimentation equilibrium experiments is that they can measure equilibrium constants for 

reversible protein-protein complexes (Lebowitz et al., 2002). 
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2.4 Assessing the Interactions of BRI1 and BAK1 

 

 There have been relatively few papers published involving LRR RLKs being analyzed by 

SPR. One study was able to determine a Kd for AtCaMRLK (a LRR RLK with seven LRRs, a 

single membrane spanning segment, and a protein kinase domain) binding AtCaM1, a canonical 

calmodulin protein in Arabidopsis (Charpenteau et al., 2004). A truncated version of 

AtCaMRLK (residues 315-353) was bound to a CM5 chip while AtCaM1 was injected over the 

sensor surface in the presence of CaCl2. This was performed several times at increasing 

concentrations of AtCaM1. The sensograms collected were then analyzed using BIAevaluation 

software to extract the kinetic data. A Kd value of 120 nM was reported and is on par with other 

calmodulin binding proteins dissociation constants (Charpenteau et al., 2004). Another study 

explored the binding of KAPP with CLV1. CLV1 is a LRR RLK and KAPP is a known 

downstream negative regulator of CLV1. The KAPP domain responsible for binding 

phosphorylated proteins was not known at the time, so several truncated mutants of the KAPP 

kinase interaction domain were created to be used as the analyte in the SPR experiment. CLV1 

was bound to the sensor chip and eight different truncated versions of KAPP were injected into 

the system. Four of these KAPP proteins elicited a response by SPR. They were able to identify 

the shortest functioning binding domain (119 residues) and a Kd in the range of 25-100 nM (Li et 

al., 1999). 

The goal of this thesis research was to find the Kd of BRI1 and BAK1 cytoplasmic 

domains (contains juxtamembrane, kinase, and C-terminal regions) by SPR analysis and confirm 

the value by AUC. Although these are truncated proteins, they are significantly larger than the 

proteins used in the previously described experiments, and the cytoplasmic domains of 
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BRI1/BAK1 are known to interact with one another (Wang et al., 2008). In the SPR analysis, 

FLAG-BRI1 was bound to a CM5 chip, acting as the “ligand” and FLAG-BAK1 acted as the 

“analyte” flowing through the flow cell. Several different concentrations of BAK1 were used in 

an attempt to determine a Kd value for BRI1/BAK1 binding. The reverse of this experiment with 

BAK1 bound to the CM5 chip and BRI1 being injected as the analyte was planned, but time did 

not permit performing this experiment. 

No articles involving LRR RLKs being analyzed by AUC could be found, but FLAG-

BRI1 and FLAG-BAK1 were studied in this thesis using general AUC protocols. Equimolar 

concentrations were subjected to sedimentation velocity and sedimentation equilibrium 

conditions. The sedimentation velocity experiment should yield sedimentation coefficients for 

BRI1/BAK1 as well as information on the shape of the proteins. The Sedimentation equilibrium 

experiment will be used to find a value for Kd to be compared with the value found by SPR. The 

Kd could be useful for crosslinking experiments by providing conditions to promote binding 

between BRI1/BAK1. 

 

2.5 Methods 

 

2.5.1 Plasmid-Transformation and Protein Purification 

 

 Plasmids containing ampicillin resistance, the FLAG-BRI1 kinase domain (residues 818-

1196), and FLAG-BAK1 kinase domain (residues 250-615) were transformed into BL21 cells 

via heat shock treatment. The cells were then plated on agar containing ampicillin and allowed to 
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incubate overnight at 37°C. The colonies that grew were then grown in LB media, mixed with 

glycerol, and then stored at -80°C for use as cells stocks. 

 Overnight cultures for FLAG-BRI1 and FLAG-BAK1 were grown by transferring a 

small amount of the frozen stock into 10 ml of LB media and incubating overnight at 37°C. The 

next day, the overnight culture was spiked into fresh LB at a 1:10 dilution and allowed to grow at 

37°C until OD600 was approximately 0.7. The temperature was then lowered to 27°C before 

inducing expression with 0.5mM isopropyl β-D-1-thiogalactopyranoside (IPTG). The cells were 

expressed for 8 h before harvesting the cells via centrifugation at 5,000 rpm, 4°C for 5 min. The 

cell pellet was then resuspended by gentle agitation in lysis buffer (50 mM MOPS, 150 mM 

NaCl, 0.25mg/ml lysozyme, cOmplete™ Protease Inhibitor Cocktail (Sigma-Aldrich catalog 

number11697498001), at pH 7.5) for approximately 30 min. Resuspended cells were then 

sonicated for 30 s intervals for a total of three times each. The cell debris was then cleared from 

the lysate by centrifuging at 10,000 rpm, 4°C for 30 min. TritonX-100 was added to the cleared 

lysate to a final concentration of 0.25% volume. 

 A total of 1.0 ml of M2 antiFLAG magnetic resin was then added to a 1.5 ml Eppendorf 

tube and spun down for 2 min at 5,000 rpm. The supernatant was decanted and then the resin was 

resuspended with 500 μl of cell wash buffer (50 mM MOPS, 150 mM NaCl at pH 7.5). This 

process was repeated two more times, and then the resin was resuspended with 500 μl of cleared 

lysate. The resuspended resin was then added to the rest of the cleared lysate and allowed to 

incubate for 1 h at 4°C with gentle agitation. The resin was removed from the cleared lysate by 

using a magnet and a micropipette. The supernatant (flow-through) was saved for later analysis 

and stored at -80°C.  
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 The resin was washed with cell wash buffer and incubated for 10 min at 4°C before using 

a magnet to decant only the supernatant (wash). This process was repeated, with both washes 

being saved for later analysis. Next, 1.0 ml of elution buffer (50 mM MOPS, 150 mM NaCl, 100 

μg/ml FLAG peptide at pH7.5) was added and incubated at 4°C for 1 h to remove FLAG BRI1 

and FLAG BAK1 from the beads. Elutions were then dialyzed into working buffer (50 mM 

MOPS, 150 mM NaCl at pH 7.5) for at least 1 h using a Pierce Slide-a-lyzer dialysis cassette 

(Thermo Fisher Scientific) with a sample to buffer ratio of 1:500. Samples of each cleared lysate, 

flow-through, wash, and elution were run on a 4-20% Bis-Tris gel and stained to confirm the 

presence of each protein and ensure the sample were contaminate free of E. coli proteins. 

Bradford assays were also performed on each elution to quantify the amount of protein present 

prior to SDS-PAGE analysis.  

 Cell stocks of His-BAK1 were prepared and grown in the same manner as the FLAG-

tagged proteins. The cells were also induced, harvested, and lysed the same way. A total of 1.0 

ml of Ni-NTA agarose resin was then added to a 1.5 ml Eppendorf tube and spun down for 2 min 

at 5,000 rpm. The supernatant was decanted and then the resin was resuspended with 500 μl of 

His-cell wash buffer (50 mM MOPS, 300 mM NaCl, 60 mM imidazole at pH 7.5). This process 

was repeated two more times, and then the resin was resuspended with 500 μl of cleared lysate. 

The resuspended resin was then added to the rest of the cleared lysate and allowed to incubate 

for 30 min at 4°C with gentle agitation. The resin was separated from the cleared lysate by 

spinning down for 2 min at 1000 rpm. The resin was removed from the flow through using a 

micropipette and placed in a 1.5 ml Eppendorf tube while the flow through was saved for later 

analysis and stored at -80°C.  
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The resin was washed with cell wash buffer and incubated for 10 min at 4°C before 

spinning down at 1000 rpm for 2 min and then decanting only the wash. This process was 

repeated, with both washes being saved for later analysis. Next, 1.0 ml of elution buffer (50 mM 

MOPS, 300 mM NaCl, 500 mM imidazole at pH 7.5) was added to the tube and incubated for 10 

min before spinning down at 1000 rpm for 2 min and removing the supernatant (elution). The 

elution was then dialyzed into working buffer (50 mM MOPS, 150 mM NaCl at pH 7.5) for at 

least 1 h using a Slide-a-lyzer dialysis cassette with a sample to buffer ratio of 1:500. Samples of 

each cleared lysate, flow-through, wash, and elution were run on a 4-20% Bis-Tris gel and 

stained to confirm the presence of each protein and ensure the sample were contaminate free of 

E. coli proteins. 

An alternative elution method was also used for His-BAK1. An empty affinity column 

was filled with 1 ml of Ni-NTA agarose resin before the cleared lysate was allowed to flow 

through the column into an empty 50 ml Falcon tube. This flow-through was kept at -80°C for 

later analysis. Following this, 2 ml of wash buffer with increasing amounts of imidazole (60 mM, 

100 mM, 150 mM, 200 mM, 250 mM, 500 mM) were allowed to flow through the column and 

were collected in separate 2 ml Eppendorf tubes. This was done in an attempt to remove 

contaminant proteins that had nonspecifically bound to the resin. All the elutions were then 

analyzed on a 4-20% Bis-Tris gel and stained. 

 

2.5.2 SPR Analysis Using the Biacore 3000 

 

The Biacore 3000 (GE Healthcare Life Sciences) was first turned on to let the 

temperature stabilize for 1 h. During this time the buffers required for operation were allowed to 
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equilibrate to room temperature. Following temperature stabilization, the CM5 chip was inserted 

into the machine and docked. The normalization procedure was then initiated to increase 

sensitivity. 

To reveal the ideal immobilization pH of BRI1, pH scouting was performed. Vials 

containing 30 µg/ml of BRI1 with different pH (pH 4.0, pH 4.5, pH 5.0, and pH 5.5) were placed 

in the autosampler. The flow rate was set to 10 µl/min and the sample was allowed to make 

contact with the surface for 2 min. No coupling solution was used in this experiment because 

covalent binding is not wanted. Following the last injection, ethanolamine was injected to clean 

the dextran surface. 

 Aliquots of FLAG-BRI1 and FLAG-BAK1 were placed into the autosampler at 

concentrations of 200 µg/ml. Vials containing 115 µl of 0.4 M EDC coupling solution, 115 µl of 

0.1 M NHS coupling solution, and 75 µl of 1 M ethanolamine were also added to the 

autosampler, as well as an empty vial that the autosampler uses to mix solutions. The 

immobilization procedure was started by activating the dextran surface with a 1:1 mixture of N-

hydroxysuccinimide (NHS) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

(EDC) at a flow rate of 10 µl/min for 7 min. Once succinimide esters are formed on the surface, 

the ligand (FLAG-BRI1) was passed over the surface of the flow cell at a rate of 10 µl/min for 

10 min. Ethanolamine was then passed over the flow cell to deactivate excess esters at a rate of 

10 µl/min for 7 min. 

To begin the interaction analysis, 70 µl samples of 50 µg/ml and 200 µg/ml of the analyte 

(FLAG-BAK1) were placed into the autosampler in duplicate. A vial containing 150 µl of 10 

mM glycine-HCl was also added to be used as regeneration solution. A baseline was then 

established based on the SPR reading of the bound ligand. Each sample of analyte was then 
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passed over the flow cell with bound ligand, as well as an empty flow cell to be used as a 

reference. Between each exposure to the analyte, the flow cell was washed with 10 mM glycine-

HCl to remove and remaining analyte from the ligand. 

 

2.5.3 SPR Data Analysis 

 

 Data from the interaction analysis was examined using BIAevaluation software (GE 

Healthcare Life Sciences). Sensograms from each run were overlaid upon one another with the 

start of injection of each run as the point of alignment. Outlying data, such as regeneration pulses 

and air segments, were also removed at this time. The baseline of each run was then adjusted to 

zero. The data acquired from flowing the analyte over the empty flow cell was then subtracted 

from the data acquired from flowing analyte over the ligand bound flow cell. Kinetic analysis 

was then performed by the software generating ka and kd values via nonlinear regression 

analysis. 

 

2.5.4 Analytical Ultracentrifugation 

 

 Vials of FLAG-BRI1, FLAG-BAK1, and, a mixture of both (1:1 ratio), were 

concentrated to yield 1 ml samples with a concentration of 1 mg/ml. A total of 420 µl of each 

sample was loaded into a double sector centerpiece with quartz windows. Each centerpiece was 

loaded onto the rotor of a ProteomeLab XL-A Analytical Ultracentrifuge (Beckman Coulter) 

along with counterbalance cell. The centrifuge was set to record measurements at 280 nm, at 

20°C. For sedimentation velocity experiments, the delay before scanning starts and between each 
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scan was set to zero, the rotor speed was set to 40,000 rpm, and allowed to run for 6 h (Figure 

2.19 and Figure 2.20). Sedimentation equilibrium experiments were run for a longer time (12 h) 

and at a slower rpm (20,000 rpm). Data collected from the ultracentrifuge was subjected to 

analysis using Sedfit software (National Institute for Health). 

 

2.6 Results and Discussion 

 

2.6.1 BRI1/BAK1 Purification 

 

 Purification of the FLAG-tagged BRI1 kinase domain was a seamless process with very 

few issues (Figure 2.10). The purification process consistently yielded expected amounts of 

protein from the amount of resin used (600-800 µg/ml), and samples were stable for over two 

months in MOPS buffer if kept at -80°C, even with several freeze-thaw cycles. In stark contrast 

to BRI1, purification of the BAK1 kinase domain posed many problems.  

Initially, a 6x His-tagged version of the BAK1 kinase domain was used with very poor 

results. The His-tag was chosen due to its small size and lack of electric charge, which minimizes 

effects on structure and activity of the protein. Previous crosslinking experiments were 

performed by a former graduate student, Andrew Argo, using FLAG-BRI1 and GST-BAK1. The 

GST-tag is a very large tag that has been shown to dimerize with itself, which could have had an 

impact on the data he collected and its subsequent interpretation. Another reason for using the 

His-tag on BAK1 was to provide an unique tag to each of the BRI1 and BAK1 cytoplasmic 

domains. When using the same tag it is difficult to discern rather crosslinked proteins on an 

immunoblot are BRI1/BAK1 crosslinked, or one of the proteins crosslinked to itself. Using a 
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different tag on one protein would allow easy identification of heterodimer bands via 

immunoprecipitation. Precipitating one protein should also pull down any protein bound to it, 

allowing a way to enrich heterodimers from homodimers.  

Whenever purification of His-BAK1 was performed, the purification would result in a 

plethora of proteins eluting from the resin with a wide range of molecular weights (Figure 2.11). 

The first attempts were performed using a batch style purification in Eppendorf tubes. This 

worked fine for FLAG-BRI1 but produced highly contaminated samples for His-BAK1. After 

many failed attempts at this, a column filled with nickel resin was implemented alongside the 

addition of several wash steps. Each wash would have an increasing concentration of imidazole 

present, which in theory should have removed non-specific binding proteins from the resin. 

However, this was not the case. Proteins would elute off the column with each wash, but several 

other proteins remained in the final elution when run on a gel.  

Alongside the issues with purification, His-BAK1 also had problems with stability. 

Samples would spontaneously precipitate out of solution, and the chances of this would increase 

if they were frozen and thawed more than once. Although a lot of time and effort went into 

trying to purify His-BAK1, it was eventually decided to switch to a FLAG-tagged version of the 

BAK1 kinase domain. 

Purification of FLAG-BAK1 worked almost as well as FLAG-BRI1 (Figure 2.12). The 

purification process yielded a lower concentration of FLAG-BAK1 than expected (typically 

around 600 µg/ml), and there were still stability issues with older samples that had undergone 

several freeze-thaw cycles, unlike FLAG-BRI1, but no other proteins would be present in the 

elution. The FLAG-tagged proteins were used in all the experiments performed in this chapter. 
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Figure 2.10: Gel Separation of FLAG-BRI1. SDS-PAGE 

analysis of FLAG-BRI1 (42.6 kDa) flow-through (FT), wash 1 

(W1), wash 2 (W2), and elution (E), with the molecular weight 

marker (MW) in lane 1. 
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Figure 2.11: Gel Separation of Column Elution for His BAK1. 

Each column represents an elution that was allowed to flow 

through the His-BAK1 bound resin column. Each had an 

increasing concentration of imidazole to try and eliminate 

nonspecific binding to the column. The different imidazole 

concentrations used were 60 mM, 100 mM, 150 mM, 200 mM, 

250 mM, 500 mM, and the lanes are labeled accordingly. 
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Figure 2.12: Gel Separation of FLAG-BAK1. SDS-PAGE 

analysis of FLAG-BAK1 (42.4 kDa) flow-through (FT), wash 1 

(W1), wash 2 (W2), and elution (E), with molecular weight 

markers shown on the left side.  



 

67 

2.6.2 SPR Analysis 

 

 In an attempt to determine the association and dissociation constants for the BRI and 

BAK1 kinase domains, FLAG-BRI1 underwent the immobilization process on a CM5 chip as 

described in Section 2.5.2. When activated, the dextran matrix on the surface of the chip forms 

esters that react with amine groups, coupling them to the surface. In theory, the N-terminus of 

the protein should bind to the surface immobilizing the active protein. Lysine residues will also 

react with the dextran surface, binding them to the chip, and the orientation that the protein binds 

to the surface is basically random. This can lead to diminished activity levels due to either steric 

constraints on the protein from the matrix, or modification of residues important for binding or 

activity. An idealized immobilization sensogram is shown in Figure 2.13. In practice, binding 

FLAG-BRI1 to the chip surface proved problematic. When trying to immobilize BRI1 at its 

biological pH (7.5) on the chip, there was a negligible increase in the mass bound to its surface 

(Figure 2.14). Originally a flow rate of 10 µl/min was used, but the immobilization process was 

tried again with a higher concentration of BRI1 at a lower flow rate of 5 µl/min in an attempt to 

give it more time to bind. Nevertheless, this gave similar results (Figure 2.15). Utilizing the pH 

scouting feature of the Biacore 3000, several samples were prepared with a pH of 4.0, 4.5, 5.0, 

5.5, 6.0, 6.5, 7.0, 7.5, and 8.0. In pH scouting mode, the dextran matrix is not activated so that 

proteins that aggregate to the chip are not covalently bound and are washed off before the next 

sample is flown over the chip. All the samples showed negligible binding to the chip except for 

pH’s 4.0 and 4.5, with the latter showing the highest increase of roughly 3500 resonance units 

(RU) (Figure 2.16). RU is used to represent the change in the SPR angle, with 1,000 RU 

corresponding to roughly 0.1 deg, or approximately 1 ng per square mm of protein on the chip’s 



 

68 

surface. This is still a relatively low binding affinity as the handbook recommends an 

immobilized ligand level of 5,000-10,000 RU. Nevertheless, BRI1 at pH 4.5 was then 

immobilized on the chip (Figure 2.17) which produced a net ligand binding level of 

approximately 10,000 RU. 

 With BRI1 at pH 4.5 immobilized on the matrix, samples of BAK1 were injected into the 

chip to determine association and dissociation constants. When this was performed, there was no 

increase or decrease in the mass bound to the chip, meaning that BAK1 was not forming a 

complex with bound BRI1 (Figure 2.18). This is most likely due to the low pH denaturing BRI1. 

Efforts were made to reconstitute BRI1 by flowing buffer at pH 7.5 over the chip before 

introducing BAK1, but to no avail. BRI1 could also have been covalently linked to the chip, but 

in an unproductive manner. If a lysine residue were linked to the chip instead of the N-terminus 

of BRI1, binding sites could have been blocked not allowing binding of BAK1. Another possible 

issue could be that BRI1 needs to be phosphorylated first in order to bind BAK1. Mass 

spectrometry could be used to determine if BRI1 residues were phosphorylated.  
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Figure 2.13: Idealized Sensogram for Ligand Immobilization. 

Ligand immobilization on a sensor chip where (a) is the baseline, 

(b) is the activation of the matrix by EDC/NHS, (c) is a return to 

baseline before ligand injection, (d) is the amount of ligand 

associating and binding with the matrix, (e) is where buffer washes 

off loosely associated ligands, (f) is where more loosely associated 

ligand is washed off and the free matrix positions are deactivated, 

and (g) represents the amount of ligand bound to the chip if you 

subtract the baseline (a) from it. A difference of 5,000-10,000 RU 

is recommended for studying analyte binding. 
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Figure 2.14: FLAG-BRI1 Binding Sensogram. First attempt at 

binding FLAG-BRI1 to the surface of CM5 chip. Compared to the 

idealized sensogram in 2.12, surface activation takes place (b) but 

no protein is able to bind. Deactivation of the dextran matrix is 

also seen (f), but the end response (g) is equal to the baseline (a). 
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Figure 2.15: FLAG-BRI1 Binding Sensogram with Longer 

Injection Time. Another attempt at binding FLAG-BRI1 to the 

surface of a CM5 chip. A slower flow rate was used as well as a 

higher concentration of FLAG-BRI1. Activation of the matrix can 

be seen (b), as well as association of FLAG-BRI1 and the matrix 

(d), but no covalent binding took place, and all loosely associated 

proteins were washed off (e and f). 
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Figure 2.16: FLAG-BRI1 pH Scouting Sensogram. Results from 

a pH scouting method of FLAG-BRI1 at pHs 4.0, 4.5, 5.0, and 5.5. 

FLAG-BRI1 at pH 4.5 had the highest response change. 
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Figure 2.17: FLAG-BRI1 Binding Sensogram at pH 4.5. This 

sensogram of FLAG-BRI1 at pH 4.5 starts to look more like the 

idealized sensogram, where activation can be seen at (b), (c) is the 

return to baseline, FLAG-BRI1 association with the matrix takes 

place at (d), before being washed and deactivated at (e) and (f), and 

there is a positive net response change from (g) to (a).. 
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Figure 2.18: Sensogram of FLAG-BAK1 Binding Immobilized 

BRI1. The purple line (top) represents the flow cell with FLAG-

BRI1 immobilized on the sensor surface, the blue line (middle) 

represents an empty flow cell, and the black line (bottom) is the 

difference between the two. FLAG-BAK1 in solution at pH 7.5 

was injected into both flow cells and (a) is the baseline, (b) is the 

start of injection and analyte binding, and (c) is the injection of 

regeneration solution. There is little to no binding, possibly due to 

FLAG-BRI1 denaturation due to pH.  
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2.6.3 Analytical Ultracentrifuge 

 

 Data collected from the AUC was promising but unfortunately did not provide a 

complete analysis of the BRI1-BAK1 interaction. The first set of samples analyzed were not 

concentrated enough (0.7 mg/ml) and were not able to give consistent data throughout the entire 

experiment. Subsequent samples were more highly concentrated (1.0 mg/ml) but the collected 

results suggested that the samples were contaminated by another peptide or protein (Figure 2.20). 

The sedimentation coefficients determined by AUC showed there was a very small molecule 

present in the solution. The contaminant was most likely the FLAG peptide used during 

purification. It was deduced that the eluted samples from the anti-FLAG resin were not allowed 

to be dialyzed long enough to completely remove the peptide. Due to the high protein 

concentrations needed to perform these experiments, coupled with the fact that samples could not 

be reused after analysis, this approach was eventually abandoned. Ultimately, it was decided that 

the remaining protein samples were better used for chemical crosslinking-mass spectrometry 

analysis as described in Chapter 3. 
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Figure 2.19: Sedimentation Coefficient determined for BSA by AUC. 

BSA was used in a trial run to test sedimentation velocity parameters. 

From the absorbance data it was determined a protein of molecular weight 

64.5 kDA had a sedimentation coefficient of approximately 4.7 S and the 

dimer was 6.8 S. This is not far off from the actual molecular weight of 

BSA (66.5 kDa) and its monomeric and dimeric sedimentation coefficients 

(4.5 S and 6.7 S).  
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Figure 2.20: Sedimentation Coefficient Determined for 

BRI1/BAK1 by AUC. Equal amounts of BRI1 and BAK1 were 

subjected to the same parameters used in Figure 2.19. Although the 

monomeric molecular weight shown is similar to BRI1 and BAK1 

(42.6 and 42.4 kDa resepectively) there is a small contaminant 

shown on the left skewing results. This is most likely the FLAG 

peptide used in eluting the proteins.  
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2.7 Conclusion 

 

 The protein purifications performed provided contaminant free samples to be used in the 

experiments described in this chapter. Although not much information was gained from these 

experiments, they have provided preliminary information for future work in this area. The 

purification of His-BAK1 was the first major hurdle encountered during this process and if it 

could be purified it may lead to better data collected by the Biacore 3000. The use of the NTA 

chip to specifically bind the His-tagged proteins should yield better results than the general 

binding CM5 chip.  

 The experiments performed on the AUC are very close to providing relevant data about 

BRI1 and BAK1. What are thought to be the major issues have been worked out and at this point 

should just need fine tuning. A longer dialysis time and increase to protein concentration 

recommended above should fix the problems encountered with these experiments. 

 

2.8 Future Work 

 

 The experiments described in this chapter all seem viable with the right resources 

available. With the SPR analysis, loading higher concentrations of protein at a low flow rate may 

allow the proteins to bind to the sensor chip. The use of a more specific chip in future 

experiments may help. For instance, the NTA chip specifically designed for His tagged proteins 

may be worth trying if His-BRI1 or His-BAK1 are able to be purified. To overcome the 

contaminated purification observed with His-BAK1, the use of size exclusion chromatography 

after the initial purification with an immobilized Ni-column may be worthwhile. Although the 
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pH scouting tool enabled the discovery of a suitable pH of 4.5 that would enable FLAG-BRI1to 

bind to the CM5 chip, this method should be abandoned. The pH 4.5 is too different from the 

physiological pH 7.5 of the proteins and will most likely give no relevant data. Any future 

endeavors to determine the BRI1 and BAK1 kinetics should be carried out as close to 

physiological pH as possible. 

 The experiments using AUC most likely would have worked if the samples had been 

dialyzed longer as it is my conclusion that some level of the FLAG peptide, used to elute the 

FLAG-tagged proteins from the immobilized anti-FLAG antibody resin, was present in the 

purified sample. Performing dialysis into working buffer for several hours opposed to 1 h would 

probably overcome this obstacle. Since BRI1 and BAK1 are known to form homodimers, it 

would also be required to see how association/dissociation data of each protein by itself 

compares to the mixed sample that would theoretically form heterodimers. It is also possible that 

BRI1 and BAK1 form higher order oligomers and data collected from the AUC could be one 

way to confirm this higher order binding. 
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Chapter 3 

Heterodimer Structural Analysis of the Cytoplasmic Domains of BRI1 and BAK1 using 

Chemical Crosslinking-Mass Spectrometry 

 

3.1 Introduction 

 

 In recent years, chemical crosslinking combined with analysis by mass spectrometry has 

emerged as an important tool for understanding protein structure. Some proteins and their 

complexes can be hard to crystalize to undergo structural examination via X-ray crystallography 

or resonance assignments made by nuclear magnetic resonance (NMR) spectroscopy may not be 

able to distinguish where the protein domains or monomeric units bind one another. X-ray 

crystallography along with chemical crosslinking-mass spectrometry (CXL-MS) is becoming 

more prevalently used in discovering how proteins oligomerize. Once basic protein structure is 

found via crystallography, CXL-MS can be used to determine the linking areas of each protein. 

Protein structure is required for the function of the protein, such as which ligands bind it and 

where. Understanding the composition of different domains can give insight into how this is 

accomplished. Chemical crosslinking allows for the examination of “domain faces” that neighbor 

each other in the tertiary structure but may not be close to each other in the amino acid sequence, 

or on a different protein altogether. Analyzing the crosslinked proteins by mass spectrometry can 

show which faces are close to each other in space or interacting with one another, forming higher 

order complexes for instance. As more CXL-MS data is obtained, along with structural 

information on proteins or protein domains obtained by crystallography or cryo-electron 
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microscopy, a clearer picture of the overall structural arrangement can be deduced, giving insight 

to its biochemical function. 

 

3.2 Chemical Crosslinking 

 

 Formaldehyde was first used to crosslink amino acids in 1945 (French et al., 1945). In 

these experiments, only dipeptides or single amino acids could be used due to the unspecific 

nature of the crosslinking reaction, and the high reactivity of formaldehyde with several different 

functional groups (French et al., 1945). The researchers understood that these modifications 

could change protein activity and the theoretical importance of this in later research. 

The next generation of chemical crosslinkers were used to connect amino acid residues 

on the surface of proteins utilizing di-alkyl halides and bis-imidoesters (Zahn, 1955). These 

homo-bi-functional linkers used an imidoester reagent to react with a primary amine on a 

residue. Of these crosslinkers, p, p’-difluoro-m, m’-dinitro-diphenyl-sulfone was of particular 

interest (Figure 3.1). The two fluorines react independently of one another, and the sulfone is 

stable enough to withstand hydrolysis of the peptide bond (Wold, 1961). Using readily available, 

and easily purified proteins such as bovine serum albumin (BSA), this crosslinker was used to 

add tertiary bonds to the structure. Sedimentation values of these proteins after crosslinking 

showed minor changes indicating that some level of its structure had been retained. It was also 

noticed that crosslinking added stability to the proteins after subjecting them to denaturing 

conditions such as heat and urea. Technological restraints of the time prevented researchers from 

gaining high resolution structural information from crosslinked proteins, but this did not stop 

attempts to further developments in the field. The next advance in crosslinking experiments was 
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the use of antibodies to extract a crosslinked protein complex. Using E. coli, the 50S subunit of 

the ribosome was labeled with 35S-Met and allowed to reassociate with non-labelled 30S 

ribosomal subunit into the 70S complex. The 70S complexes that showed radioactivity were then 

incubated with formaldehyde. Next, an antibody targeted towards the S16 protein of the 30S 

subunit was used to extract the protein, which coprecipitated the labeled 50S subunit and the 30S 

subunit. This indicated that the S16 protein is near an interaction point between the subunits and 

crosslinked to one or more 50S subunits (Sun et al., 1974). These experiments were fundamental 

in eventually establishing the structure of the ribosome (Selmer et al., 2006). 
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Figure 3.1: Structure of p, p’-difluoro-m, m’-dinitro-diphenyl-

sulfone. Structure of one of the first crosslinkers used to study 

protein interactions. Each fluorine reacts independently of the 

other to bind primary amines on proteins (Figure from Wold, 

1961).   
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During the 1960s and 1970s, crosslinking experiments were also being used to determine 

enzyme mechanisms. For example, it was believed that papain, an extensively studied cysteine 

protease, during the hydrolysis of a substrate formed an acyl-enzyme intermediate via the thiol 

group of cysteine-25 in the active site (Lowe and Williams, 1965a). It was also suggested in 

kinetics studies that an imidazole group from a histidine played a role in the enzyme mechanism 

(Lowe and Williams, 1965b, c). Papain was reacted with 1,3-dibromoacetone to irreversibly 

inhibit papain via alkylation of cysteine-25. The linker region of 1,3-dibromoacetone is about 5 

angstroms and should be able to alkylate another nucleophile within this range. Amino acid 

analysis of papain versus 1,3-dibromoacetone inhibited papain showed that the inhibited papain 

lost one histidine residue. To prove that histidine was one of the alkylated amino acid residues, 

the same experiment was performed with 14C-labeled 1,3-dibromoacetone and subjected to 

radiochromatography. Analysis of the radioactive peak showed that 1-carboxymethyl-histidine 

was present, giving direct evidence that a histidine residue was within 5 angstroms from the 

active site thiol (Hussain and Lowe, 1968). 

The early experiments, a few that were described above, set up the foundation of protein 

crosslinking structural analysis. These methods were time intensive and yielded low resolution 

results, which was a large obstacle of using crosslinking as a routine structural technique. The 

need for instrumentation and computing power to interpret results became a catalyst for moving 

research further. 
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3.3 Protein Mass Spectrometry 

 

3.3.1 Ionization Techniques: MALDI and ESI 

 

 In 1919, Francis Aston created the first sector field mass spectrograph with a mass 

resolving power of 130. Using magnetic and electric fields, Aston was able to separate ions 

based on their mass-to-charge ratios (m/z). Ions of different m/z would leave behind distinct 

parabolic traces on a photographic plate. By doing this Aston showed for the first time that 

isotopes of the same element existed (Aston, 1919). 

 The use of mass spectrometers for protein studies did not come until much later. Early 

ionization methods used heat as the main source of ionization. This was problematic for using 

biological samples as the heat would denature or destroy the samples (Dole et al., 1968). It was 

not until the 1980s with the advent of electrospray ionization (ESI) and matrix assisted laser 

desorption/ionization (MALDI) that biological molecules, such as proteins, could be studied 

using mass spectrometry (Figure 3.2) (Yamashita and Fenn, 1984, Tanaka et al. 1988).  

 MALDI involves a three-step process, the first step being to mix the sample with a matrix 

material and applying it to a metal plate. A pulsed laser aimed at the plate then irradiates the 

sample and matrix, causing it to vaporize. In the resulting gas plume, molecules are ionized by 

either protonation or deprotonation and then sent into the mass spectrometer (Karas and Kruger, 

2003). Development of MALDI began in 1985 when Michael Karas and Franz Hillenkamp used 

tryptophan to form crystalline matrices for biomolecules less than 3000 Da. They found that 

alanine would ionize more easily when pulsed with a laser if tryptophan were mixed with alanine 

first. It was postulated that tryptophan was absorbing the energy from the laser enabling alanine 
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to ionize (Karas et al., 1985). Two years later, Koichi Tanaka used laser desorption to ionize the 

first intact protein. Using a matrix consisting of glycerol and cobalt nanoparticles they were able 

to ionize proteins over 30,000 Da using a nitrogen laser (Tanaka et al., 1988). Many advances 

have been made since then, and today, organic matrices are predominantly used. MALDI is 

considered a “soft” ionization technique like ESI, but it tends to produce only singly charged 

ions.  

ESI produces ions from proteins in solution by applying a high voltage to the solution 

creating an aerosol. The use of voltage instead of heat enables the ionization of fragile molecules 

while keeping them intact. ESI is also able to produce multiply-charged ions effectively 

increasing the mass range of the mass analyzer to the MDa range (Ho et al., 2003). ESI was first 

used with mass spectrometry in 1968 by Malcolm Dole. Dole was able to ionize polystyrene 

molecules and could detect their charge, but not the ions themselves as they were too heavy. 

Dole theorized that as droplets formed and evaporated, their surface charge density increases 

until the Rayleigh limit is reached where electrostatic repulsion forces approach equality with 

surface tension. A “Coulombic explosion” then occurred making smaller and smaller charged 

droplets until there is only an ultimate droplet containing a single molecule. The evaporation of 

solvent around the molecule then imparts charge on the molecule (charged residue model) (Dole 

et al., 1968). In 1976, Iribarne and Thompson posited an alternative theory to how ions form in 

ESI. They claimed that there is no ultimate droplet and that gas phase ions are emitted from the 

large droplet (ion evaporation model) (Iribarne and Thompson, 1976). Research to determine 

exactly how ions actually form is still active today, but most agree on the two mechanisms or 

some combination operating at the same time.  Many people contributed to the development of 
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ESI as we know it today, but John Fenn is credited with revolutionizing mass spectrometry as he 

was the first to detect ionized organic macromolecules via ESI (Yamashita and Fenn, 1984).  
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Figure 3.2: Electrospray Ionization and Matrix Assisted Laser 

Desorption Ionization. (A) Depiction of electrospray ionization 

along with the competing theories on how ions are formed. Ion 

evaporation model suggests gas phase ions are emitted from the 

droplet, while charged residue model suggests an ultimate droplet 

forms and evaporation of solvent around the molecule imparts 

charge. (B) Representation of ionization and desorption of 

molecules by UV laser, creating singly charged species (Figure 

from Girolamo et al., 2013) 
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3.3.2 Top-Down and Bottom-Up Protein Analysis 

 

There are generally two approaches for characterizing proteins via mass spectrometry 

known as “top-down” and “bottom-up” (Figure 3.4). The top-down strategy involves ionizing a 

whole protein by one of the methods mentioned above before introducing it to a mass analyzer, 

usually a Fourier transform ion cyclotron resonance (FT-ICR) cell or an orbitrap. Fragmentation 

is achieved by either electron-capture or electron-transfer dissociation, both of which introduce 

electrons to the gas phase proteins, cleaving the peptide backbone. The advantage of top-down 

studies is that it allows complete coverage of the protein and the detection of protein 

modifications such as post-translational modifications. However, top-down analysis is mostly 

used in low-throughput single protein studies due to the challenges associated with handling 

whole proteins and the general complexity that comes with their analysis (Chait, 2011). 
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Figure 3.3: Schematic for Orbitrap Elite Mass Spectrometer. 

Internal view of an orbitrap elite with CID, HCD, and ETD 

dissociation methods and the high resolving power mass analyzer 

used for increased peak separation and identification (Figure from 

Thermofisher.com) 
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Figure 3.4: Workflow for Bottom-up and Top-down Protein 

Mass Spectrometry. Top-down experiments involve extraction of 

the protein/proteins of interest before subjecting the whole protein 

to MS analysis, while bottom-up involves digesting the 

protein/proteins (usually with trypsin) before MS analysis (Figure 

from Gregorich et al., 2014).  
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In the bottom-up approach, proteins are first digested with a protease (usually trypsin) 

into peptides before being analyzed. The tryptic peptides are then analyzed by the mass 

spectrometer and identified by tandem mass spectrometry (MS/MS). The tryptic peptides 

detected by MS are further fragmented by collision-induced dissociation (CID). These fragments 

are further analyzed and produce peptide sequence tags that are then used to search protein 

databases. The small size of the peptides relative to whole proteins are easier to analyze and their 

mass can be determined with high accuracy. The increased sensitivity of bottom-up compared 

with top-down makes it the preferred method of studying proteins. The basic workflow for a 

mass spectrometry experiment can be seen in Figure 3.5. 
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Figure 3.5: Common Mass Spectrometry Configurations for 

Protein Studies. General outline for a mass spectrometry 

experiment on biological molecules with commonly used examples 

for each stage (Figure from Girolamo et al., 2013). 

  



 

96 

3.3.3 Chemical Crosslinking-Mass Spectrometry (CXL-MS) 

 

Since the 1970s chemical crosslinking has been used as a tool for studying protein-

protein interactions. Crosslinkers can bind parts of proteins that are neighboring each other in 

space but may be distant in sequence or on a different protein all together. The early studies 

mentioned in Section 3.2 were able to identify protein subunits that interacted with one another 

forming complexes but were not able to identify where these interactions were taking place. 

With the advent of high-throughput mass spectrometers with high resolving power in the 1990s, 

peptides and proteins could now easily be identified in a quick and efficient manner. In 2000 one 

of the early research papers combining chemical crosslinking and mass spectrometry to identify 

residue proximity was published (Young et al., 2000). The paper described how they used 

bis(sulfosuccinimidyl) suberate (BS3) to crosslink inter-peptide linkages of bovine basic 

fibroblast growth factor (FGF-2).  Crosslinked FGF-2 was then digested using trypsin and the 

peptides were subjected to HPLC separation before being analyzed by a mass spectrometer. In 

all, they identified 18 crosslinks, 10 of which were within the distance constraint of BS3. They 

used this information to model the tertiary structure of FGF-2. This work provides an example to 

show that chemical-crosslinking combined with mass spectrometry can be used to probe 3-

dimensional structures of proteins. 

One of the first cleavable crosslinkers was developed in 2005 and was called protein 

interaction reporter (PIR) (Figure 3.6) (Tang et al., 2005). These were developed to increase the 

chances of crosslinked peptide identification. Crosslinked protein digests are very complex 

mixtures made up of mostly unmodified peptides, but also several types of singly modified 

peptides (dead end modifications), multiply modified peptides, and nonspecifically modified 
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peptides. Identifying correctly modified peptides in this mixture can be difficult and further 

complicated by convoluted product ion spectra. PIR was developed in an attempt to address both 

of these issues. It consists of two labile bonds that are preferentially cleaved over the peptide 

backbones. When two PIR-crosslinked peptides are subjected to MS/MS fragmentation, both of 

the labile bonds are cleaved releasing a reporter ion and it releases both peptides. Each now 

peptide now has a modification present on the formerly crosslinked lysine residue. The reporter 

ion signals which spectra the crosslinked peptides are present in, and they can be chosen to 

undergo further MS/MS analysis for peptide sequence identification.  In their experiment, the 

authors used PIR to crosslink the subunits of the ribonuclease S (RNase S) complex. During 

MS/MS, when the labile bonds between the crosslinked proteins are broken, a reporter ion at m/z 

711 will be detected, while a singly modified peptide will generate a reporter ion at m/z 828. This 

way only inter-peptide modifications can be selected for. The most intense peaks were then 

selected to undergo MS3 for sequence identification. Through this method they were able to 

identify inter- and intra-crosslinked peptides between the two RNase S subunits (Tang et al., 

2005). 
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Figure 3.6: Basic Structure of PIR Crosslinker. The reporter 

molecule is located between two labile bonds that are 

preferentially cleaved during MS dissociation. Affinity tags or 

other functional groups can be incorporated for complex 

purification (Tang et al., 2005). 
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The use of a reporter ion within a cleavable crosslinker is an efficient approach to 

identifying peptide linkage and has been applied to several large systems such as viruses and 

proteasomes (Chaves et al., 2012, DeBlasio et al., 2016, Yu et al., 2016), but it is not the only 

type of cleavable crosslinker. Disuccinimidyl sulfoxide (DSSO) is a commercially available 

cleavable crosslinker that has similar reactivity to BS3 (Figure 3.7). It contains a labile sulfoxide 

in the center of its spacer region that is cleaved during MS/MS by collision induced dissociation 

(CID). The resulting peptide product ions from this cleavage can be identified by the mass 

modification now present on both peptides. The MS data collected can then be searched using 

crosslink identifying programs such as XlinkX. Former NCSU graduate students, Erik 

Soderblom and Fan Liu, developed several cleavable crosslinkers that utilize a labile Asp-Pro 

(DP) and Val-Pro (VP) peptide bond in the spacer region that is cleaved during CID-MS/MS 

(Soderblom and Goshe, 2006, Liu and Goshe, 2010). Two of these crosslinkers were used in the 

research presented in this thesis. These two crosslinkers are known as disuccinimidyl-

succinamyl-aspartyl-proline (SuDP) and disuccinimidyl-succinamyl-valinyl-proline (SuVP), and 

are unique when compared to other cleavable crosslinkers in this section in that after cleavage, 

the two peptides have two different mass modifications on them (Figure 3.9 and 3.10). This 

makes it easier to identify which two peptides were crosslinked to one another when using 

crosslink identifying software (Figure 3.8). 
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Figure 3.7: Structure of BS3 and DSSO Crosslinkers. BS3 and 

DSSO with their respective molecular weights and linker region 

lengths. BS3 is a noncleavable crosslinker while DSSO is a 

cleavable crosslinker, that cleaves on either side of the sulfoxide, 

indicated by the arrows (Figure from Thermo Scientific).  
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3.3.4 XL-MS Analysis of BRI1 and Bak1 

 

 A previous graduate student in the Goshe Lab, Andrew Argo, performed experiments 

similar to the ones presented in this chapter (Argo Thesis, 2015). He used SuDP to crosslink 

FLAG-BRI1 cytoplasmic domain and GST-BAK1 cytoplasmic domain before digesting the 

proteins and subjecting them to LC/MS/MS analysis with an orbitrap Elite mass spectrometer 

(Thermo Scientific), performing higher-energy collision dissociation (HCD) on the top three 

intense ions of each MS scan. He was able to identify several crosslinks between the two 

proteins, but there is a functional problem with the results he found. The GST-tag used on BAK1 

can dimerize and could have comprised the interaction of BRI1 and BAK1 to produce “false” 

crosslinks to be detected by LC/MS/MS. The size of the GST-tag is also an issue. It is a very 

large tag and could have altered the native structure of the protein via electrostatic interactions, 

making lysine residues more likely to form crosslinks between BRI1 and BAK1. 

The experiments described in this chapter used FLAG-BRI1 cytoplasmic domain and 

FLAG-BAK1 cytoplasmic domains in an attempt to confirm or refute the data collected by 

Andrew Argo using GST-BAK1 cytoplasmic domain. The FLAG-tag is significantly smaller 

than the GST-tag and should cause minimal interactions with the proteins themselves. FLAG-

BRI1 and FLAG-BAK1 were crosslinked using two cleavable crosslinkers, SuDP and SuVP, 

synthesized in the lab. The proteins were then digested with trypsin, and the digest were 

analyzed by LC/MS/MS. The resulting data was analyzed using several crosslink identifying 

programs. If the same crosslinks between BRI1and BAK1 were identified using different affinity 

tag, then it would confirm the previous data and show that the GST-tag was having little to no 

effect on the complex. 
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FLAG-BRI1 and FLAG-BAK1 association/dissociation were analyzed by SPR 

biosensors and AUC in an attempt to determine a Kd, where this information can be used to 

provide better reaction conditions to achieve crosslinking between two proteins. By using the 

determined Kd, initial concentrations of each protein can be solved for to maximize the formation 

of the protein complex efficiently without wasting excess proteins. Unfortunately attempts to 

determine Kd were unsuccessful (see Chapter 2). Although these attempts failed, the CXL-MS 

experiments were performed anyway as described below.  
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Figure 3.8: Cleavable Crosslinker SuDP and Mass 

Spectrometry Analysis. (A) Crosslinked peptides undergo 

fragmentation where the aspartyl-prolyl bond is cleaved by CID 

detailed in (B). Product ions are identified and searched using 

algorithms to identify interpeptide crosslinks. These product ions 

can undergo another fragmentation event and be searched for SuD 

or P modifications to identify the modified residues (Figure from 

Argo et al., 2015).  
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3.4 Methods 

 

3.4.1 Synthesis of disuccinimidyl-succinamyl-aspartyl-proline (SuDP) and disuccinimidyl-

succinamyl-valinyl-proline (SuVP) 

 

 The linker region of SuDP was synthesized utilizing solid-phase peptide synthesis 

(SPPS). All reactions were performed at room temperature inside a glass vessel with a 20 μm 

glass frit and stopcock. The glassware was cleaned 3 times with dimethylformamide (DMF) 

before adding 500 mg of Fmoc-Pro-Novasyn TGT. This acid-sensitive preloaded resin was then 

swollen in 20 ml of DMF and rotated for 1 h. After removing the DMF, 5 ml of a 20% piperidine 

80% DMF solution was added to deprotect the Fmoc-proline. The solution was then mixed for 

20 min before removing the solvent, and this step was repeated. Afterwards, the resin was 

washed twice with 20 ml of DMF.  

 In a separate vial, 218 mg of Fmoc-Asp(OtBu)-OH and 81 mg of 

hydroxylbenzotriazolemonohydrate (HOBT) were mixed with 90 μl of di-isopropyl carbodiimide 

(DIC) and 2ml of DMF and gently rotated for 20 min. This was done to activate the esters on 

Fmoc-Asp(OtBu)-OH. After being allowed to mix for 20 min, the contents of the vial were 

added to the resin bound proline and mixed for 90 min. This reaction coupled the N-terminal 

amine of the resin bound proline with Fmoc-Asp(OtBu)-OH via an amide bond. The solution 

was then drained and washed three times with 20 ml of DMF. Fmoc deprotection of the resin 

bound Fmoc-Asp(OtBu) was performed next by adding 10 ml of 20% piperidine in DMF. This 

was allowed to react for 20 min before draining the solution and washing twice with 20 ml of 
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DMF. The deprotection reaction was repeated two more times with two washes of DMF between 

each reaction. 

 Following Fmoc deprotection, 100 mg of succinic anhydride was dissolved in 2 ml of 

DMF in a separate vial, and then added to the resin bound Asp(OtBu)-proline. After being 

allowed to react with gentle mixing for 1 h, the resin was washed three times with 20 ml of 

DMF. This reaction was performed to convert the N-terminus of Asp(OtBu) to a carboxylic acid. 

 In preparation of cleaving the SuDP linker region off the solid-phase support, the resin 

was washed three times with 20 ml of dichloromethane (DCM). A new 50 ml Falcon tube was 

then placed beneath the stopcock of the glassware. The resin was then washed with 5 ml of 1% 

trifluoroacetic acid (TFA) in DCM. The TFA in the solution cleaved the SuDP from the resin. 

This was followed by two washes with 5 ml of DCM, all of which was collected in the Falcon 

tube. The solution was then reduced to 10 ml by blowing N2 gas over the surface. A volume of 

10 ml of water was then added to the concentrated SuDP solution, dividing the mixture into two 

phases where the aqueous phase contained the SuDP. The mixture was then stored at 4ºC. 

 SuDP was next purified by reversed-phase high performance liquid chromatography 

(rpHPLC) of the aqueous layer of the biphasic solution. A volume of 3 ml of the aqueous layer 

were reduced to roughly 250 μl via vacuum centrifugation before being injected onto Agilent 

1100 Series Analytical HPLC equipped with a 10 x 100 mm Atlantis C18 semi-preparative 

column reversed-phase column (Waters Corporation). Mobile phase A consisted of 0.1% formic 

acid in water and mobile phase B consisted of 0.1% formic acid in acetonitrile. The mobile phase 

was held at 5% B for 10 min before being increased to 35% over the next 5 min. A linear 

gradient was then applied to the mobile phase increasing by 1% B/min to 50% B over the next 15 

min. During this time products were eluted and fractions were collected in 30 s intervals. The 
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fractions corresponding to the desired SuDP product were then pooled and dried to completion 

by vacuum centrifugation and stored at -80ºC. 

 Following the purification, the two carboxylic acids were esterified. This was done by 

resuspending the dried SuDP in 1 ml of acetonitrile and adding 32 mg of di-succinimidyl 

bicarbonate dissolved in 1 ml acetonitrile. This reaction was allowed to proceed for 18 h while 

rotating. The solution was then reduced in volume to approximately 250 μl before being 

subjected to rpHPLC again on the same column and using the same method indicated above. The 

corresponding collected fractions were pooled and dried before being stored at -80ºC. 

 Before being used, the tert-butyl group protecting the aspartyl side chain had to be 

removed. This was done by resuspending the esterified purified product in 95% TFA/5% water 

in a total volume of 200 μl. After reacting for 15 min the sample was dried to completion via 

vacuum centrifugation and resuspended in 250 μl of 5% acetonitrile. The sample was then 

subjected to a final round of rpHPLC using a 4.6 x 100 mm Atlantis C18 analytical column 

(Waters corporation). Using the same mobile phases as before, the mobile phase was held at 2% 

B for 10 min. The esterified products were then eluted by applying a linear gradient of 1% B/min 

to 27% over 25 min. Fractions were collected every 30 s from 10 to 30 min. The collected 

fractions corresponding to the finished SuDP product were pooled and dried via vacuum 

centrifugation before being stored at -80ºC until crosslinking wasa performed. 

 The synthesis of SuVP was performed in a very similar manner. The same glass vessel 

was cleaned 3 times with (DMF) before adding 500 mg of Fmoc-Pro-Novasyn TGT. The resin 

was swollen in 20 ml of DMF and rotated for 1 h. After removing the DMF, 5 ml of a 20% 

piperidine 80% DMF solution was added to deprotect the Fmoc-proline. The solution was then 
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mixed for 20 min before draining, and this step was repeated. After, the resin was washed twice 

with 20 ml of DMF.  

 In a separate vial, 218 mg of Fmoc-Val-OH and 81 mg of HOBT were mixed with 90 μl 

of (DIC) and 2 ml of DMF and gently rotated for 20 min. This was done to activate the esters on 

Fmoc-Val-OH. After being allowed to mix for 20 min, the contents of the vial were added to the 

resin bound proline and mixed for 90 min. This reaction coupled the N-terminal amine of the 

resin bound proline with Fmoc-Val-OH via an amide bond. The solution was then drained and 

washed three times with 20 ml of DMF. Fmoc deprotection of the resin bound Fmoc-Val was 

performed next by adding 10 ml of 20% piperidine in DMF. This was allowed to react for 20 

min before draining the solution and washing twice with 20 ml of DMF. The deprotection 

reaction was repeated two more times with two washes of DMF between each reaction. 

 Following Fmoc deprotection, 100 mg of succinic anhydride was dissolved in 2 ml of 

DMF in a separate vial, and then added to the resin bound Val-proline. After being allowed to 

react with gentle mixing for 1 h, the resin was washed three times with 20 ml of DMF. This 

reaction was performed to convert the N-terminus of Val to a carboxylic acid. 

 In preparation of cleaving the SuVP linker region off the solid-phase support, the resin 

was washed three times with 20 ml of DCM. A new 50 ml Falcon tube was then placed beneath 

the stopcock of the glassware. The resin was then washed with 5 ml of 1% TFA in DCM. The 

TFA in the solution removed the SuVP from the resin. This was followed by two washes with 5 

ml of DCM, all of which was collected in the Falcon tube. The solution was then reduced to 10 

ml by blowing N2 gas over the surface. A volume of 10 ml of water was then added to the 

concentrated SuVP solution, dividing the mixture into two phases where the aqueous phase 

contained the SuVP. The mixture was then stored at 4ºC. 
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 SuVP was next purified by rpHPLC of the aqueous layer of the biphasic solution. A 

volume of 3 ml of the aqueous layer was reduced to roughly 250 μl via vacuum centrifugation 

before being injected onto the Agilent 1100 Series Analytical HPLC equipped with a 10 x 100 

mm Atlantis C18 semi-preparative column reversed-phase column (Waters Corporation). Mobile 

phase A consisted of 0.1% formic acid in water and mobile phase B consisted of 0.1% formic 

acid in acetonitrile. The mobile phase was held at 5% B for 10 min before being increased to 

35% over the next 5 min. A linear gradient was then applied to the mobile phase increasing by 

1% B/min to 50% B over the next 15 min. During this time products were eluted and fractions 

were collected in 30 s intervals.. The fractions corresponding to the desired SuVP product were 

then pooled and dried by vacuum centrifugation and stored at -80ºC. 

 Following the purification, the two carboxylic acids were esterified. This was done by 

resuspending the dried SuVP in 1 ml of acetonitrile and adding 32 mg of di-succinimidyl 

bicarbonate dissolved in 1 ml acetonitrile. This reaction was allowed to proceed for 18 h while 

rotating. The solution was then dried to approximately 250 μl before being subjected to rpHPLC 

using the same column and method used during the first HPLC separation. The corresponding 

collected fractions were pooled and dried before being stored at -80ºC. Unlike the aspartyl group 

in SuDP, the valine does not require an additional deprotection step. 
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Figure 3.9: Structures of SuDP and SuVP. Comparison of 

structure and linker region between SuDP and SuVP. The arrow 

indicates the cleavage site of the crosslinker (Figure from Argo, 

2015). 
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Figure 3.10: Crosslinker Cleavage Mechanism for SuDP. 

Proposed cleavage mechanism for SuDP at aspartyl-prolyl group 

induced by CID. This cleavage leaves a unique mass modification 

on each of the two peptides involved in the crosslink (Figure from 

Soderblom et al., 2007). 
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3.4.2 Protein Crosslinking and Proteolytic Digestion 

 

 Equal amounts of FLAG-BRI1 and FLAG-BAK1 proteins were added to an Eppendorf 

tube while aliquots of SuDP were dissolved in DMSO in a separate tube. SuDP was then added 

to the tube containing the proteins with protein-to-crosslinker molar ratios of 1:100, keeping the 

final organic concentration below 1%. A protein-to-crosslinker ratio of 1:200 was initially used 

but was changed to 1:100 after it was noticed that the Coomassie stained gels of reaction using 

either ratio were very similar (Figure 3.11). The crosslinker and proteins were allowed to react at 

room temperature for 1 h with gentle agitation. The reaction was then quenched with 1M Tris-

HCl at pH 7.5 brought to a final concentration of 10 mM and incubated 30 min at room 

temperature. At this point, some samples were subjected to in-solution digestion or filter-aided 

sample preparation (FASP), while others were subjected to in-gel digestion. For in-gel digestion, 

the crosslinked proteins were then separated on a 4-20% Bis-Tris gel and subsequently 

Coomassie stained. 

 In-gel digestion was performed by excising the bands of interest from the gel with a 

razorblade. These bands were then destained with 1 ml of 40% acetonitrile/60% 50 mM 

ammonium bicarbonate at pH 8.0 for 1 h with gentle mixing. Each gel slice was then reduced for 

1 h at 37°C with 5 mM DTT in 50 mM ammonium bicarbonate at pH 8.0. Cysteinyl residues 

were alkylated with 20 mM iodoacetamide in 50 mM ammonium bicarbonate at pH 8.0 at room 

temperature in the dark for 1 h. Trypsin was resuspended in 50 mM ammonium bicarbonate, pH 

8.0 and added to the sample at a 1:5 (w/w) enzyme-to-protein ratio and digested overnight at 

37°C. Peptides were extracted  from the gel using 200 µl of 60% acetonitrile/35% 50 mM 

ammonium bicarbonate, pH 8.0/5% formic acid (v/v/v) after sonication in a water bath for 20 
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min. This was performed a total of 3 times. Extractions were pooled and dried under vacuum 

centrifugation, and then stored at -80°C (Argo, 2015). 

 For in-solution digestion, samples were first reduced with 40 mM DTT for 1 h at 37°C. 

Cysteinyl residues were then alkylated with 200 mM iodoacetamide at room temperature for 1 h 

in the dark. The samples were then dialyzed against 50 mM ammonium bicarbonate for at least 1 

h using a Slide-A-Lyzer dialysis cassette. Dialyzed samples were then digested with trypsin 

using an enzyme-to-protein ratio of 1:50 (w/w) overnight at 37°C. Samples were then dried via 

vacuum centrifugation and stored at -80°C (Argo, 2015). 

 The samples that were digested by FASP were first reduced with 100 mM dithiothreitol 

(final concentration 5 mM) and incubated at 56°C for 30 min. The samples were then mixed with 

200 µl of 8 M urea and transferred to a Vivacon 500 10 kDa molecular weight cut-off filter 

column. The filter column was then centrifuged at room temperature for 30 min at 14,000 x g. 

The protein retained on the filter was then washed with 200 µl of 8 M urea and the flow-through 

was discarded. Next, 100 µl of 50 mM iodoacetamide was added to alkylate cysteinyl residues, 

and the filter column was placed in the dark for 20 min at room temperature. The filter unit was 

then centrifuged at 14,000 x g for 20 min. After this, 100 µl of 8 M urea was added and 

centrifuged for another 20 min at 14,000 x g. This was repeated for a total of 3 times. Following 

this, 100 µl of 50 mM ammonium bicarbonate, pH 8.0, was added and centrifuged for 20 min at 

14,000 x g. This step was repeated two more times. The collection tube was then replaced with a 

new tube, then 10 µl of trypsin solution (1 µg/µl in 50 mM ammonium bicarbonate, pH 8.0) and 

40 µl of 50 mM ammonium bicarbonate, pH 8.0 were mixed and placed on the filter. The filter 

unit was then placed in a float and incubated for 4-18 h in a water bath at 37°C. Digested 

proteins were removed from the filter by adding 80 µl of 50 mM ammonium bicarbonate, pH 
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8.0, and centrifuging for 20 min at 14,000 x g. Samples were then dried by vacuum 

centrifugation and stored at -80°C (Argo, 2015). 
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Figure 3.11: SDS PAGE Analysis of BRI1-BAK1 Crosslinking 

Reactions. Initially a protein-to-crosslinker ratio of 1:200 was 

used in these experiments but was changed to 1:100 as the extent 

of crosslinking was similar.  
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3.4.3 LC/MS/MS Analysis 

 

 To confirm that BRI1 and BAK1 digests had not been contaminated with other proteins, 

preliminary runs were performed with 100 fmol of peptide digest on the Orbitrap Elite coupled 

to an  Easy-nLC system (Thermo Fisher Scientific) equipped with a 75 μm x 30 cm column 

packed with 3 μm ReproSil-Pur 200 C18-AQ stationary phase (dr-maisch.com) coupled with an 

Acclaim PepMap 100 μm  i.d. x 2 cm trap column. Mobile phase A contained 0.1% formic acid 

in 2% acetonitrile while mobile phase B consisted of 0.1% formic acid in acetonitrile. using a 60-

min gradient from 5% B to 40 % B with HCD being performed on the top ten most intense ions 

from each MS scan. Ions with a charge state of +2 or higher were considered in these runs. 

 An Orbitrap Elite mass spectrometer coupled to an Easy-nLC system (Thermo Fisher 

Scientific) was used to separate and analyze the crosslinked peptides. Peptides were separated by 

loading 100 fmol of protein digest onto a 75 μm x 30 cm column packed with 3 μm ReproSil-Pur 

200 C18-AQ coupled with an Acclaim PepMap 100 μm  i.d. x 2 cm trap column. Mobile phase 

A contained 0.1% formic acid in 2% acetonitrile while mobile phase B consisted of 0.1% formic 

acid in acetonitrile. A linear gradient increasing by 1% B/min was used to go from 5% B to 40% 

B at a flow rate of 300 nl/min. HCD was performed using dynamic exclusion in a data-dependent 

manner based on the top three most intense ions of each MS scan that also required the ions to 

have a +4 charge or above. 
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3.4.4 MS Data Analysis 

 

Proteome Discoverer v 1.4.1.14 (Thermo Fisher Scientific) was the used to generate 

Mascot generic files from the raw MS data. Once Mascot generic files were generated from the 

raw data, they were analyzed by several peptide crosslink identifying programs. StavroX (Gotze 

et al., 2012) and MeroX (Gotze et al., 2014) were used along with XlinkX (Liu et al., 2015). The 

algorithm used in XlinkX based on the one originally developed by Dr. Liu while a graduate 

student in the Goshe Lab and contains preset parameters for SuDP and SuVP (Liu Dissertation, 

2013). MeroX and StavroX had no such parameters for our crosslinkers and required specific 

data be manually input such as cleavage sites and mass of each modification. For SuDP (mass of 

294.2 u), the SuD modification would add a mass of 197.1 u and the P modification would add 

97.1 u while for SuVP (mass of 279.2 u) the SuV modification would add 182.1 and the P would 

add 97.1 u. 

 

3.5 Results and Discussion 

 

3.5.1 Protein Crosslinking and Proteolytic Digestion 

 

 Aside from the protein stability issues mentioned earlier in Chapter 2, BRI1/BAK1 

crosslinking was successful. After incubating the proteins using a protein-to-crosslinker ratio of 

1:100 (or 1:200) for 1 h and quenching the reaction, crosslink formation between proteins were 

verified by gel electrophoresis (Figure 3.12). Based on bands at higher MW compared to 

unlabeled BRI1 and BAK1, several digestion techniques were then performed on different 
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samples in an effort to identify as many crosslinked peptides as possible. FASP, in-solution 

digestion, and in-gel digestion were all used.  

 

3.5.2 BRI1/BAK1 Analysis via Mass Spectrometry 

 

 Initial data from crosslinked BRI1/BAK1 digests were promising. The linear peptide 

analysis of this data using Mascot showed approximately 70% coverage of both the BRI1 and 

BAK1 cytoplasmic domains (Figures 3.13, 3.14, and 3.15). These samples were not crosslinked 

but consisted of a 1:1 molar ratio of FLAG-BRI1 to FLAG-BAK1. 

In an attempt to identify crosslinked peptides, for the crosslinking peptide analysis 100 

fmol of protein digest was loaded onto the reversed-phase column and separated using a linear 

gradient from 5% B to 40% B with HCD being performed on the top most three intense ions of 

each MS scan that had a charge state of +4 or above. This initial run identified no crosslinks in 

the sample (Figure 3.16). To increase the population of crosslinked peptides, higher amounts of 

the digest were loaded onto the column. Several injections ranging from 200 fmol to 1 nmol 

were injected using the same acquisition parameters. The data collected was analyzed with 

StavroX, MeroX, and XlinkX all of which failed to identify any crosslinks with high confidence 

scores (p-value of 0.5 or less). 
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Figure 3.12: FLAG-BRI1 and FLAG-BAK1 in the Presence 

and Absence of Crosslinker. Lane A contains FLAG-BAK1 and 

no crosslinker, B contains FLAG-BRI1 and no crosslinker, C 

contains equal amounts of FLAG-BRI1 and FLAG-BAK1 and no 

crosslinker, D contains FLAG-BRI1, FLAG-BAK1 and SuVP at a 

1:100 protein to crosslinker ratio.   
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Figure 3.13: Sequence Coverage for FLAG-BAK1. Sequence 

coverage obtained from linear peptide analysis of FLAG-BAK1 

cytoplasmic domain. Sequence coverage of the cytoplasmic 

domain (residues 250-615) is approximately 70%. 
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Figure 3.14: Sequence Coverage for FLAG-BRI1. Sequence 

coverage obtained from linear peptide analysis data of FLAG-

BRI1. Sequence coverage of the cytoplasmic domain (residues 

818-1196) is approximately 68%. 
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Figure 3.15: Chromatogram for linear peptide analysis of a 

Sample of BRI1-BAK1. Chromatogram of BRI1 and BAK1 100 

fmol tryptic digest (FASP) in the absence of crosslinker. The data 

obtained from this analysis produced the sequence coverage shown 

in Figures 3.13 and 3.14. 
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Figure 3.16: Chromatogram for Crosslinking Peptide Analysis 

of a Sample of BRI1-BAK1. In this analysis of 100 fmol of 

tryptic digest (FASP) only precursor ions of +4 or higher were 

targeted for fragmentation. Although the chromatogram reveals 

good peak separation, no crosslinks were identified in the collected 

product ion spectra. 
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3.6 Conclusion 

 

 Although no crosslinked peptides were identified in these experiments, using SuDP and 

SuVP to crosslink FLAG-BRI1 and FLAG-BAK1 cytoplasmic domains has been shown to work 

by a previous student, Andrew Argo. In this case the much larger GST tag was on BAK1 (Argo 

Thesis, 2015). GST is a protein that can dimerize (Waugh, 2005) and react to the SuDP 

crosslinkers to form interpeptide crosslinks, which could have promoted the BRI1/BAK1 

interaction and led to more crosslinking that was detected by LC/MS/MS analysis (Soderblom 

and Goshe, 2006). However, this seems unlikely as the gels generated with crosslinked FLAG-

tagged proteins show complex formation. The GST tag could also have been so large it caused 

electrostatic interactions with the proteins, modifying the structure. This could have altered the 

more native cytoplasmic domain interaction making lysine residues more easily available for 

crosslinks to form between BRI1 and BAK1. 

 Recently it was found that the ESI interface used for some of the LC/MS/MS analysis 

described in this thesis was faulty and not applying a high enough voltage. This would have 

prevented a high of level of charge from being applied to the ions formed, thus adversely 

affecting the formation of +4 charged ions on low abundance species like inter-crosslinked 

peptides. Based on previous work conducted in the lab over many years with the SuDP and 

SuVP crosslinkers, it is very likely that this issue was the source for not being able to identify 

interpeptide crosslinks  in the FLAG-BRI1 and FLAG-BAK1 crosslinked samples. 
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3.7 Future Work 

 

 Future experiments crosslinking BRI1 and BAK1 should concentrate on enrichment 

processes to try and increase the population of crosslinked peptides. The use of size exclusion 

chromatography could be beneficial in both cleaning up purification elutions that contain more 

than the target protein used for the crosslinking reactions. Once BRI1 and BAK1 are crosslinked, 

size exclusion chromatography could also be used to clean the sample of any uncrosslinked 

proteins. This should lower the population of uncrosslinked peptides once digestion takes place, 

which in theory should increase the probability of identifying crosslinked peptides by 

LC/MS/MS analysis. 

Strong cation exchange could be used to enrich crosslinked peptides from digested 

dimers. It utilizes a resin to separate peptides based on charge. As most peptides digested with 

trypsin have a +2 charge, crosslinked peptides would have a +4 charge, allowing them to elute at 

a different retention time. This process does introduce high salt concentrations into the sample 

which must be dealt with using solid phase extraction prior to LC/MS/MS analysis as samples 

with high salt concentrations are prone to clogging nanoflow LC capillaries. 

Hydrogen-deuterium exchange (HDX) could also provide more information on the 

structure of BRI1 and BAK1 heterodimers. HDX involves using D2O in the solvent where the 

deuterium will replace hydrogen atoms present on the protein at amide hydrogens of the 

backbone that are exposed to the solvent and not participating in strong hydrogen bonds while 

internal residues and those involved in strong hydrogen bonds with secondary and tertiary 

structures of the protein should retain all of their hydrogens. This can provide information on 

how these proteins bind to one another, either in a static manner, or a more dynamic situation 
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where the faces that are interacting are potentially changing their overall structure, being exposed 

to solvent at different times.  

To acquire the most biologically relevant data for BRI1 and BAK1, performing 

experiments in planta would be ideal. To do this, one could alter the coding sequence for each 

protein adding an affinity tag to the N-terminus. Formaldehyde crosslinking could be performed 

to link the heterodimers together. These could subsequently be purified utilizing the affinity tags. 

This could even show that proposed higher order oligomers do in fact form naturally. SuDP or 

SuVP could then be used on both full-length proteins to determine if BRI1 and BAK1 are 

binding one another on the extracellular,and/or the intracellular domains. When combined with 

the addition of brassinolide, the native ligand of BRI1, in order to probe the structural 

interactions of the active signaling BRI1-BAK1 complex would constitute an ambitious set of 

experiments to perform with many analytical obstacles to overcome, but they would provide the 

most biologically informative characterization of BRI1 and BAK1 to better understand how they 

transduce extracellular signaling.  
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