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Abstract 

 

Influence of Protein and Solvent Dynamics on Reactions in Ethanolamine 

Ammonia-Lyase addressed by using Time-Resolved Electron Paramagnetic 

Resonance and UV-visible Spectroscopy   
 

By  

Neslihan Ucuncuoglu 

 

The radical-rearrangement step in the reaction of the (S)-2-aminopropanol-generated Co(II)-substrate 

radical pair in coenzyme B12 (adenosylcobalamin)-dependent ethanolamine ammonia-lyase (EAL) from 

Salmonella typhimurium has been studied by using time-resolved, full-spectrum, continuous-wave electron 

paramagnetic resonance (EPR) spectroscopy over the temperature range of 210 – 250 K.  This approach 

addresses the kinetics of the radical rearrangement reaction step in EAL with a single step resolution. We 

identified that the substrate assumes two sequential inter-converting configurations, one of which is 

proposed to be reconfigured by the protein to form the native Co(II)-substrate radical pair, and the other, 

relatively high entropy/enthalpy state, which reacts by a non-native pathway to form an magnetically-

uncoupled Co(II) and radical species. The emergence of the unprecedented, non-native pathway of 

deleterious radical reaction enabled us to assess whether the protein dynamic effect is generic, or specific 

to the native reaction. The free energy curve profiled a different T-dependency for the native and non-native 

reaction pathways at T > 240 K which could indicate the presence of protein configurational fluctuations 

that guide the native reaction pathway. In the second part of the dissertation, we presented the temperature 

dependence of the spin probe (TEMPOL) mobility in aqueous solution of EAL and (S)-2-aminopropanol 

to investigate the solvent-dynamical contributions to the enzyme kinetics. In the final chapter of the this 

study, a new reaction step; the conversion of adenosylcob(III)alamin to cob(II)alamin through the Co-C 

bond homolysis is investigated by using optical absorption spectroscopy, using ethylene glycol as the 

substrate. The EAL single step kinetics under these conditions were unraveling at temperature and solvent 

conditions that are close to the physiological conditions. The decay of the adenosylcob(III)alamin 

absorption signal is used as a measure to quantify the conversion, and it is proposed that the cob(II)alamin 

formation reaction is at least partially rate-determined by the hydrogen transfer-1 step. Overall, the results 

provide insight into the mechanisms and protein and solvent dynamical contributions to the substrate radical 

formation and rearrangement reactions in EAL. 
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1 Introduction 
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 Literature Review 

1.1.1 Vitamin B12: Structure and derivatives 

Vitamin B12 (cyanocobalamin) is a biomolecule that is widely abundant in nature and vital 

for human health. This naturally occurring organometallic compound has been intriguing for 

researchers for almost 70 years owing to its peculiar structure and unusual reactivity since its first 

isolation in 1948 [1-3]. Much emphasis had been placed on the structure and the synthesis studies 

for the first 10 years [4-6], until the discovery of the coenzyme form, adenosylcobalamin 

(AdoCbl), and the other members of the coenzyme B12 family at 1958 [7] which led to the rise of 

the still-continuing interest in the role of the coenzyme in enzymatic reaction mechanisms. The 

research on B12 has become phenomenal and yielded 3 Nobel prizes in chemistry (1964, 1965, 

1981)  and one in physiology and medicine so far (1934).  

Structurally, vitamin B12 is a cobalt corrinoid, which is very similar to the porphyrins 

(heme) having the four pyrrole rings joined with methine bridges, with some small yet chemically 

important differences (Figure 1-1).  One difference is that the 𝐶 − 𝐶𝐻3 methylene link between 

the A and D rings is not present in vitamin B12, thus vitamin B12 has one 𝐶 atom less than the 

porphyrins (Figure 1-1). In addition, the corrin ring is not fully conjugated like the porphyrins, 

which makes it flexible comparably, and more open to conformational changes [8]. Also, the corrin 

ring does not look as flat from the side, and has the pendant axial base (lower ligand) linked back 

with a nucleotide loop onto the corrin ring itself (Figure 1-1). These differences add up to make 

the corrinoids unique complexes that exhibit large amount of distortion and flexibility. Also, the 

possibility of a steric repulsion between the lower ligand and equatorial ligand increases the 

flexibility of the molecule [9]. 
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In the center cavity of the cobalt corrin, there is the cobalt atom in the +3 oxidation state 

in octahedral coordination with the nitrogens of the pyrrole rings and axial ligands (Figure 1-1).  

The cobalt corrinoid containing the nucleotide group is referred to cobinamide (Cbi), and when 

the Cbi has the DMB (𝛼‑5, 6‑𝑑𝑖𝑚𝑒𝑡ℎ𝑦𝑏𝑒𝑛𝑧𝑖𝑚𝑖𝑑𝑎𝑧𝑜𝑙𝑒 𝑛𝑢𝑐𝑙𝑒𝑜𝑡𝑖𝑑𝑒) as the lower ligand, it is 

called as cobalamin (Cbl) (Figure 1-1).  The type of the upper ligand (X in Figure 1-1) defines the 

derivatives of B12, some of which are: aquocobalamin (X = 𝐻2𝑂), vitamin B12 (X= 𝐶𝑁), 

methylcobalamin (X= 𝐶𝐻3) or adenosylcobalamin (X = 5′‑𝑑𝑒𝑜𝑥𝑦𝑎𝑑𝑒𝑛𝑜𝑠𝑖𝑛𝑒) [10]. Among these 

derivatives, only methylcobalamin (MeCbl) and AdoCbl are enzymatically competent [11].  

 

Figure 1-1 Chemical structure and numbering of the Co (III)-cobalamin (Cbl) form of the vitamin 

B12 [11]. The X is representing the functional upper ligand.  
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The B12 derivatives catalyze very important and unusual reactions effectively, either as an 

electro-chemical or a covalent catalyst [10].  The key feature of the B12-dependent reactions is the 

cleavage of the bond between the 𝐶𝑜 and 5′‑𝐶 in the coenzyme, and hence forming the three 

oxidation states. The difference between the reactions of the two active B12 derivatives depends 

on how this 𝐶𝑜‑𝐶 bond cleavage occurs: (i) Heterolytic cleavage which forms either  𝐶𝑜(𝐼) or 

𝐶𝑜(𝐼𝐼𝐼) with a positively or negatively charged 𝐶 respectively, and (ii) Homolytic cleavage of the 

𝐶𝑜‑𝐶 bond which generates a radical and a 𝐶𝑜(𝐼𝐼). The heterolytic cleavage of the 𝐶𝑜‑𝐶 bond 

occur in the methyl-transfer reactions that is catalyzed by MeCbl-dependent enzymes [11]. The 

homolytic cleavage, on the other hand, is associated with the AdoCbl-dependent enzyme family, 

which is of specific interest for this dissertation study. 

 

1.1.2 Ethanolamine Ammonia-Lyase: an AdoCbl-dependent enzyme 

AdoCbl-dependent enzyme superfamily 

The AdoCbl-dependent enzyme superfamily utilizes the Ado group that is occupying the 

upper axial position of the cobalt corrin ring of AdoCbl for generation of reactive radicals for atom 

migration or elimination reactions [10, 12-14] (Figure 1-1). The members of the enzyme 

superfamily are mostly found in eubacteria, with only one exception that is found in mammals 

(methylmalonyl-CoA mutase) [15]. The AdoCbl-dependent enzymes can be categorized into three 

classes based on the nature of the functional group that is migrated and the substituent group that 

takes place of the migrated group [10]. Class I are mutases that catalyze the carbon skeleton 

rearrangements so that the C-C bond is cleaved, and includes glutamate mutase [16], 2-methylene-

glutarate mutase [10, 17], isobutyryl-CoA mutase [18] and methylmalonyl-CoA mutase [13, 19]. 
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Class III are aminomutases that catalyzes the migration of the amino group to the adjacent C atom 

by using pyridoxal cofactor (PLP) to form a Schiff base, hence catalyzes the cleavage of the C-N 

bond. This group includes 2,3-aminomutase [20] 
 
and ornithine 4,5-aminomutase [21]. Class II 

AdoCbl-dependent enzymes catalyzes are the eliminases that catalyze the migration and 

elimination of the amino or the hydroxyl group [10] which include glycerol dehydratase [22, 23], 

propane-1,2-diol dehydratase [24, 25], and ribonucleotide triphosphate reductase [26] and 

ethanolamine ammonia lyase (EAL, EC 4.3.1.7) [27]. Among these AdoCbl-dependent enzymes, 

the mechanism of the EAL is the focus of this dissertation.  

Understanding the catalytic cycle of AdoCbl-dependent enzymes 

The common mechanistic characteristics that applies to all the AdoCbl-dependent 

enzymatic reactions (except ribonucleotide reduction) is the migration of the X group from one 

carbon atom to the adjacent carbon atom, in exchange for a hydrogen atom that migrates in the 

opposite direction (Figure 1-2).  The  homolysis of the Co-C bond, generates a low-spin, 𝑆 =

1/2  Co(II) and unmasks the 5′-deoxyadenosyl radical (Ado•) [14]. This is a highly reactive 

radical that could react spontaneously in solution, however, in the holoenzyme, it solely reacts 

with the substrate to abstract the hydrogen atom, and activate it for the 1, 2-rearrangement (Figure 

1-2) [28-31]. The rearranged substrate transfers hydrogen atom back to Ado• exclusively, not to 

the bulk solvent or the surrounding molecules, to reform Ado-H complex [32]. The mechanism by 

which the Ado• and the substrate radicals are utilized for this specific reaction cycle has been 

studied extensively, and has not been fully resolved yet.  
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Figure 1-2 Basic mechanism for AdoCbl-dependent rearrangement reactions. The X in the 

substrate can be‑𝑂𝐻,‑𝑁𝐻2 or a C containing fragment.  

 

The mechanism behind the homolysis of the Co-C bond by the holoenzyme is a common 

interest in the kinetics mechanistic investigation of AdoCbl-dependent enzymes [15]. The bond 

dissociation energy of Co-C bond of AdoCbl is estimated to be 30 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 [33]. This energy is 

reduced to below 15 𝑘𝑐𝑎𝑙/𝑚𝑜𝑙 by the AdoCbl-dependent enzymes which is equivalent to an about 

1012- fold acceleration in the homolysis rate [33-36].  Another aspect of the reaction that has not 

been elucidated yet is the role of the protein during the transfer of the H from substrate to the Ado•. 

The geometry of the Co(II) and the C centers of the coenzyme and the substrate is studied for the 

EAL and based on the active site geometry; it is suggested that Ado• actively mediates this transfer 

by undergoing a displacement of 5 - 7 Å [30, 37]. Another challenge to understand is the 

involvement of the coenzyme in the substrate radical rearrangement step. Computational studies, 

using the close proximity of the Ado• group to the substrate methyl group and the orbital overlap 

between the two as a starting point, speculates about participation of the coenzyme to the 

rearrangement reaction in both Class I [38, 39] and Class II enzymes [40].  
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Ethanolamine Ammonia Lyase (EAL) 

EAL is a Class II AdoCbl dependent enzyme expressed in enteric bacteria that catalyzes 

the 1,2-amino shift of vicinal amino alcohols, such as 2-aminoethanol and (R)- and (S)-2-

aminopropanols to oxo-compounds and ammonia. EAL from Salmonella typhimurium is 

composed of two subunits (Figure 1-3): a 453-residue, 49.4 kDa EutB (α) and a 286-residue, 32.1 

kDa EutC (β) subunit which are coded by eutb, and eutc genes respectively [41]. The two subunits 

form a hexamer of ~500 𝑘𝐷𝑎 presented in a 𝛼6𝛽6 stoichiometry in the active enzyme. The 

substrate binding site is in the EutB subunit [42]. The crystal structures of the EutB and EutC 

subunits of the EAL from E. coli were solved in 2010 [43]. The progress in the obtaining the crystal 

structure information of EAL, makes it a feasible target for further detailed kinetics and 

mechanistic studies. Also, the 𝛼8𝛽8 barrel, or triose phosphate isomerase (TIM), barrel secondary 

structure in the EutB subunit makes EAL a very robust enzyme, preserving its activity at a very 

wide range of pH ( 6.6 to 8.2) (Figure 1-4). This feature is another factor that makes EAL suitable 

for our experiments to be held at cryogenic temperatures.   
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Figure 1-3 Overall 𝛼6𝛽6 structure of EAL is shown [44]. α and β subunits are shown in violet/sky 

blue and green/khaki, respectively. The subunits are shown in surface model except one (αβ)2 

dimer that is shown in ribbon model. The CN-Cbl is attached to the interface of α and β subunits 

and is shown in ball and stick model. The substrate, 2-amino-1-propanol is attached to the active 

site and is shown as CPK model.  

 

Figure 1-4 EAL activity vs. pH plot; open circle, solid square and solid triangles represent the 

different buffer conditions: Phosphate buffer, Tris buffer and Citrate buffer respectively [45]. 
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EAL is one of the few enzymes that lack stereospecificity [28, 44] therefore it acts on 

enantiomers of the aminoethanol, such as (𝑅)‑ and  (𝑆)‑2‑ aminopropanol [28, 46]. Ethylene 

glycol and 2-ethoxyethylamine are found to be the active substrates for the EAL [47-50] . The 

kinetic constants for EAL from S. typhimurium with different substrates are given in Table 1.1.  

Table 1.1 Kinetic parameters for substrate analogues of EAL from S. typhimurium  

Substrate 𝑲𝒎(𝝁𝑴) 𝒌𝒄𝒂𝒕 (𝒔
−𝟏)  

Ethanolamine 13.6 ± 2.9 52.2 ± 3.7 [51] 

(S)-2-aminopropanol 0.80 ± 0.06 0.12 ± 0.01 [52] 

(R)-2-aminopropanol 9 ± 2  0.067 ± 0.001 [52] 

Ethylene glycol 20 x 103 0.2 [49] 

 

The minimal catalytic mechanism of EAL is shown in Figure 1-5 [13, 14]. The homolytic 

cleavage of the Co-C bond of the coenzyme AdoCbl that generates a low-spin, S=1/2 Co(II) and 

Ado• (1 in Figure 1-5). The C5’ radical center of the Ado• activates the substrate by abstracting 

the pro-S hydrogen atom from C1 (2 in Figure 1-5) [28-30]. The substrate which has unpaired 

electron localized on C1, forms the Co(II)-substrate radical pair state. Then, the vicinal NH2 group 

of the substrate radical migrates from the C2 to C1 which induces the transfer of the electron spin 

density on C2 (3 in Figure 1-5). The product-like radical captures a hydrogen atom from the 5’ 

carbon of 5’-deoxyadenosine, and forms bound product species (4 in Figure 1-5) [31, 53]. The 

elimination of NH3 from the product states, and leaving the acetaldehyde as the final product 

completes the full catalytic cycle (5-6 in Figure 1-5) [31].   
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Figure 1-5 Minimal reaction mechanism for the EAL holoenzyme. The first step is the homolysis 

of the Co-C bond (1: radical pair separation), which generates the Ado• (𝐴𝑑‑𝐶𝐻2) and Co(II). In 

the second step (2: HT1), Ado• abstracts an H-atom from the C1 of the substrate to form the Co(II)-

substrate radical pair (Co(II) S•). In the third step (3: radical rearrangement) the amino group in 

the C2 of the substrate is migrated to the C1, and hence the radical spin moiety rearranges to on 

C2. The rearranged molecule is called as product radical (P•) which transfers a H-atom back from 

the Ado-H (4: HT2). The newly formed Ado• binds back to the Cbl (5: radical pair 

recombination), the products are released and substrate binds for the new cycle (6: substrate 

binding/product release). 

 

 EPR Theory 

             Electron paramagnetic resonance (EPR) spectroscopy is a powerful tool for detection and 

identification of the free radicals and their surroundings [54, 55]. The enzymatically catalyzed 
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processes that involve paramagnetic species either in the possession of the catalyst or as a reaction 

intermediate has been a suitable target for EPR studies [56, 57]. Such processes are relatively 

uncommon in biological molecules, and EAL is one of the handful of the proteins that utilizes an 

unpaired electron. In the following sections the basics of the EPR theory will be summarized.  

1.2.1 Continuous wave (CW) EPR spectroscopy 

EPR spectroscopy, with a broadest definition, is the interaction of the unpaired electrons 

with the magnetic component of the radiation in the microwave range frequency. The radiation 

energy is absorbed by the unpaired electrons which induces the transition of the electron’s spin 

state to an excited energy level, or from an excited level to a lower level. The energy gap between 

the ground and the excited spin states is given by ∆𝐸 = ℎ𝜈, where ℎ is Planck’s constant, and 𝜈 is 

the frequency of the applied radiation. This also applies to any absorption spectra. 

 Electron Zeeman Interaction 

Angular momentum of an electron has two components; orbital angular momentum (𝐋), 

and spin angular momentum (𝐒). Orbital angular momentum of an electron is similar to the 

classical definition of the orbiting motion and can be expressed mathematically using spherical 

harmonics. However, spin angular momentum of an electron has no classical analogue, and cannot 

be directly measured or expressed in mathematical wave functions; only the components of it in a 

given coordinate frame can be measured. Therefore, it is considered as an intrinsic property of the 

electrons. As a characteristic of the quantum angular momentum phenomenon, both orbital 

momentum and the axial components of the spin angular momentum are quantized. For example, 
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the spin angular momentum in z-direction is given by 𝚂z = 𝑚𝑠ℏ, where 𝑚𝑠 is the spin magnetic 

quantum number ±
1

2
 and ℏ is the reduced Planck’s constant.  

Electron angular momentum constitutes a magnetic dipole moment, 𝜇 =  𝜇𝜄 + 𝜇𝑠, where 

𝜇𝜄 and 𝜇𝑠 are the orbital and spin components respectively. The magnetic dipole moment 

associated with the orbital angular momentum is equal to 𝛍ι = −
𝑔𝛽

2ℏ
𝐈, and the magnetic dipole 

moment associated with spin angular momentum is equal to 𝛍s = −
𝑔𝛽

ℏ
𝐒, where β is the Bohr 

magneton, 𝑔 is the g-factor for electron which is equal to 2.0023, and 𝐈 and 𝐒 are the nuclear and 

electron spin operators respectively. The constant β is found by 𝑒ℏ/2𝑚𝑒𝑐, where 𝑒, and 𝑚𝑒 is the 

electron charge and mass, respectively. These relations show that the spin and the spin dipole 

moment is in opposite directions.  

 

Figure 1-6 Figure illustrates the net transition of the spin states at the resonance condition for a 

free electron. Zeeman energy levels emerge when the field (𝙱) is on, and the transition occurs at 

the resonance condition, which is stated in blue font. The energy terms for the two split spin states 

(Spin up, and Spin down: shown with the gray bars) are shown in gray font. The size of the gray 

bars visualize the relative populations of the two states that are distributed according to the 

Boltzmann distribution (see Equation 1-10). The red arrows represent the electron dipole moments 

measured along the z-direction. 
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When placed in an external magnetic field, the electron magnetic moment interacts with 

the magnetic field (𝐁) and produces a torque (𝛕 = 𝛍 × 𝐁) that tends to align itself in the direction 

of the applied field. The interaction of the electron with the applied external field is also known as 

Zeeman Effect. The absorbed energy in this process is given by the electron Zeeman operator 𝐻𝐸𝑍 

: 

Equation 1-1 

 

When the magnetic dipole moment expressions are inserted in Equation 1-1, the electron 

Zeeman operator reads as:  

 

Equation 1-2 

 

If the orbital angular momentum is averaged for a free electron, spin angular momentum 

represents the total angular momentum in the Hamiltonian. For a free electron in z-direction, the 

Hamiltonian becomes: 

 

Equation 1-3 

 

where Ŝ𝒛 represents the angular momentum when the orbital angular momentum is averaged. If 

the above 𝚂𝑧 = 𝑚𝑠ℏ expression is inserted in  

𝐻𝐸𝑍 = − (𝛍ι + 𝛍s) ∙  𝐁 

𝐻𝐸𝑍,𝑧 =  𝑔𝛽𝐵�̂�𝒛 

𝐻𝐸𝑍 = 𝑔𝛽(𝐈 + 2𝐒) ∙  𝐁 
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Equation 1-3, the Hamiltonian gives two possible values; indicating the two possible orientations 

of the spin with respect to the applied field with the 𝐻𝐸𝑍,𝑧 = −1

2 
𝑔𝛽𝐵 being the low-energy, spin-

down orientation and the 𝐻𝐸𝑍,𝑧 = +1

2 
𝑔𝛽𝐵 being the high-energy, spin-up orientation. When an 

oscillating field perpendicular to 𝙱 that has an equal energy with the gap between the two spin 

states (𝛽𝑒𝑔𝑒𝙱) is applied, the transition between the two states occurs. This phenomenon is referred 

as the resonance condition: 

Equation 1-4 

 

where 𝜈𝑟𝑒𝑠 and 𝐵𝑟𝑒𝑠 are the frequency of the radiation and the magnitude of the applied field when 

the EPR occurs.  

 Higher order energy terms  

Until now, the electron Zeeman term of the spin Hamiltonian is covered. The complete 

spin Hamiltonian has the higher order energy terms originating basically from x` (Equation 1-5). 

The nuclear Zeeman interaction (𝐻𝑁𝑍) describes the energy of the interaction between the 

nuclei having a net nuclear spin and the external magnetic field and is given by (for a constant 

field applied in z-direction): 𝐻𝑁𝑍,𝑧 = 𝑔𝑛𝛽𝑛𝐵Î𝑧, where 𝑔𝑛 is the nuclear g-factor which is equal to 

approximately 5.59 for hydrogen, 𝛽𝑛 is the nuclear magneton which is found by 𝑒ℏ/2𝑚𝑝, and  Î𝑧 

is the spin angular momentum in z-direction for the nucleus. The energetic contribution of nuclear 

Zeeman term is small due to having the 𝑚𝑝, mass of the proton, in the denominator in 𝛽𝑛. 

ℎ𝜈𝑟𝑒𝑠 =  𝑔𝛽𝐵𝑟𝑒𝑠 
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Equation 1-5 

 

The term 𝐻𝐻𝐹𝐼 refers to the interaction of the electron and nuclear dipole moments that 

gives rise a hyperfine structure in the spectra. The energy contribution of this interaction is given 

by HHFI = ℎ(𝐈 ∙ �̂� ∙ 𝐒), which is equal to 𝐻𝐻𝐹𝐼,𝑧 = ℎ𝐴𝑖𝑠𝑜𝐼𝑧�̂�𝑧 in z-direction, where ℎ is the Planck’s 

constant and �̂� is the second rank tensor for the hyperfine coupling constant, and 𝐴𝑖𝑠𝑜 is the 

isotropic hyperfine coupling constant. The magnetic nuclei is coupled to the unpaired electron spin 

through �̂�, which is defined with the two terms: 

 

Equation 1-6 

 

 

where first term, 𝐴𝑖𝑠𝑜 makes the Fermi contact component (𝐻𝐹𝐶) of the 𝐻𝐻𝐹𝐼 that describes the 

unpaired electron-nuclei coupling, and is originating from spin density at the magnetic 

nucleus, |𝛹0|
2. The isotropic coupling occurs for the magnetic nuclei and the s-orbital electrons 

through the chemical bonds. This give information about the covalent chemical bonds in a 

molecule and does not depend on the orientation of the molecule with respect to the external field. 

The dipolar coupling, on the other hand, is the interaction of the magnetic nuclei and the unpaired 

electrons through the space, and depends on the orientation. The dipolar coupling component of 

the 𝐻𝐻𝐹𝐼  will be revisited in the next section, where the Zeeman Hamiltonian Anisotropies is 

discussed. 

𝐻 =  𝐻𝐸𝑍 + 𝐻𝑁𝑍 + 𝐻𝐻𝐹𝐼 

𝐴𝑖𝑠𝑜 =
8𝜋

3
𝑔𝛽𝑔𝑛𝛽𝑛|𝛹0|

2 

𝐴𝑑𝑖𝑝𝑜𝑙𝑎𝑟 = 𝑔𝛽𝑔𝑛𝛽𝑛 [
𝐒 ∙ 𝐈

𝐫3
−
3(𝐒 ∙ 𝐫)(𝐈 ∙ 𝐫)

𝐫5
] 
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Zeeman Hamiltonian Anisotropies 

 So far, the Hamiltonian has been expressed for the simple, hydrogen-like atoms. For more 

complicated atoms, the orbital angular momentum term interacts with the field too, and cannot be 

averaged because of the lack of spherical symmetry. In this case, instead of using the orbital 

angular momentum term explicitly, its effect can be reflected in the Hamiltonian by introducing 

anisotropy to the g-factor that is expressing it with a matrix formalism. The magnetic field is a 

column vector of (1 × 3), and hence the g-factor becomes a (3 × 3) tensor (�̂�). In general, the 

principal axes of �̂� are aligned with the molecular symmetry axes, therefore, the g-tensor becomes 

a diagonal matrix. The g-tensor reflects two orbital angular momentum related interactions. First 

one is the orbital angular momentum term in the Zeeman interaction. The second one is the spin-

orbit interaction, which can be expressed as 𝐻𝑆𝑂 = 𝛌𝐋 ∙ 𝐒, where 𝛌 is an experimentally found 

spin-orbit coupling constant.  

The dipolar energy term in the hyperfine interaction also represents a dependence on the 

orientation of the unpaired electron with respect to the applied field, and hence introduces an 

orientation-dependent anisotropy to the system. The coupling of the magnetic dipole moment of 

the nucleus with the magnetic dipole moment of the electron is expressed with the 𝐴𝑑𝑖𝑝𝑜𝑙𝑎𝑟 in  

Equation 1-6 which is derived from the classical definition of the dipolar interaction energy 𝐸 =

𝝁𝜄∙𝝁𝑠

𝑟3
−

3(𝝁𝜄∙𝒓)(𝝁𝑠∙𝒓)

𝑟5
. With spins aligned in the direction of the z-direction with the applied field, the 

dipolar interaction component of the hyperfine interaction Hamiltonian becomes; 𝐻𝑑𝑖𝑝𝑜𝑙𝑎𝑟 =

𝑔𝛽𝑔𝑛𝛽𝑛(
1−3𝑐𝑜𝑠2 𝜃 

𝑟3
)�̂�𝑧𝐼𝑧 where 𝜃 is the angle between the electron dipole moment and the z-
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direction. Together with the 𝐴𝑖𝑠𝑜, the term 𝐴𝑑𝑖𝑝𝑜𝑙𝑎𝑟 forms the hyperfine interaction tensor, �̂� which 

is also found to be symmetric, i.e. has only the diagonal terms usually.  

Additionally, when two unpaired electrons present, they produce a magnetic dipole-dipole 

energy interaction with each other that creates one singlet and one triplet splitting, also known as 

zero-field splitting. This interaction is expressed as 𝐻𝐸𝐸 = 𝐒 ∙ �̂� ∙ 𝐒, where �̂� is the zero field 

parameter and is represented with a second rank tensor. As with the �̂�, and �̂�, D-tensor can also be 

diagonalized. 

For practical purposes, the g-factor can be expressed as: 

Equation 1-7 

 

where Ʌ̂ is the tensor that represents the spin-orbit coupling contributions to the energy. The zero 

field parameter is also expressed in terms of Ʌ̂ as below: 

Equation 1-8 

 

This formalism yields a new effective Hamiltonian for the anisotropic systems: 

Equation 1-9 

 

where the first expression is for the Zeeman and the spin-orbit coupling term, and the second 

expression is for the zero-field splitting term.  

�̂� = 𝑔𝟙 + 2𝜆Ʌ̂ 

�̂� = 𝜆2Ʌ̂ 

𝐻𝑒𝑓𝑓 = 𝛽𝐁 ∙ �̂� ∙ 𝐒 + 𝐒 ∙ �̂� ∙ 𝐒 
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 Statistical approach  

 The discussion until this point was about a single isolated spin. However, in real EPR 

samples there are many spins in many different orientations. In order to formulate such systems, 

statistical approach is more appropriate. As the magnetic moment vector that has an angle θ with 

the applied field aligns itself in the direction of the applied field (Figure 1-7), it experiences a 

precession with the frequency 𝜔𝐿 = 𝛾𝐵𝑧, which is known as Larmor frequency. If an oscillating 

field (𝐵1) is applied, the spins continuously undergo the transition (flip) between the up and down 

orientations, with two orientations are occupied with the same probability. In this case, in order to 

detect a net transition, there must be a difference from the start between the populations of the two 

states, which is satisfied in the case of EPR, as stated in Boltzmann distribution: 

 

Equation 1-10 

 

where 𝑁𝑢𝑝𝑝𝑒𝑟 and 𝑁𝑙𝑜𝑤𝑒𝑟 are the number of spins in the upper (parallel alignment) and lower 

energy (antiparallel alignment) levels respectively, 𝑘𝐵 is the Boltzmann constant,  𝑇 is the 

temperature in Kelvin, and ℎ𝜈 is the energy separating the two levels. According to this equation, 

for an experiment at the X-band frequency (9.75 GHz), and at the temperature of 298 K, the ratio 

becomes 0.998 that makes the detection of the absorption possible.  

When an oscillating field is applied, the rate of change of the population at upper (or 

similarly at lower) level can be expressed as:
 𝑑𝑁𝑢𝑝𝑝𝑒𝑟

𝑑𝑡
= −𝑃𝑛 where 𝑛 is the difference between 

the population of the upper and lower states and 𝑃 is the general probability for a spin flip. From 

𝑁𝑢𝑝𝑝𝑒𝑟

𝑁𝑙𝑜𝑤𝑒𝑟
= 𝑒𝑥𝑝 (

ℎ𝜈

𝑘𝐵𝑇
) 
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here, we can calculate the rate of change of the two population as   
𝑑𝑛

𝑑𝑡
= −2𝑃𝑛, which yields 

to 𝑛 = 𝑛0 exp (−2𝑃𝑡), where 𝑛0 is the initial difference between the populations. This expression, 

by showing that the populations of the two states becomes equal in time (saturation condition), 

contradicts with the prediction that the Boltzmann distribution makes. In order to resolve this 

contradiction, the spin-lattice relaxation is defined, which is the mechanism that reverses the 

saturation state back to thermal equilibrium. In this case, the rate of change of the populations 

becomes 
𝑑𝑛

𝑑𝑡
= −

𝑛−𝑛0 

𝑇1
, where 𝑇1 is called as the spin-lattice relaxation time.  

 Bulk magnetization and Bloch equations 

The information that is presented in above sections for a single electron can be extended to 

describe an ensemble of the non-interacting spins in a sample. In order to do that, the vector sum 

of the individual spin magnetic moments of the bulk sample is defined as a new vector, 𝐌, the bulk 

magnetization vector (Figure 1-7). When there is no field applied, the spin vectors are randomly 

oriented within the allowed spin states which is limited by the two cones that the motion with the 

Larmor frequency creates in Figure 1-7 (A). When a static uniform field is applied, at equilibrium 

according to the Boltzmann prediction, more of the spins would be aligned in the field direction 

and 𝐌 would be in the direction of the external magnetic field as shown in Figure 1-7 (B). In order 

to distort this equilibrium state, a new field, 𝐁𝟏 is applied which is oscillating with the Larmor 

frequency of the observed spins and perpendicular to the static field. After the microwave radiation 

is applied the resonance condition is satisfied and the amplitude of  𝐌 is changed and goes back to 

the equilibrium state with a rate of 𝑇1, the spin-lattice relaxation time (Figure 1-7 (C)).  
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Figure 1-7 Figure depicting the net magnetization vector (𝐌) in a bulk sample under three 

conditions: (A) 𝐌  is equal to zero when there is no uniform magnetic field is applied. The 

individual spin magnetic moment vectors (dashed orange arrows) are randomly oriented among 

the allowed spin states (two orange cones) that is formed by the precession of the magnetic moment 

vectors about z-axis with a frequency 𝜔𝐿. (B) In the presence of a uniform magnetic field in z-

direction (𝐁) the population of the spin magnetic vectors that is oriented with the field would 

outnumber the ones that are oriented against the field, and 𝐌 would be in the z-direction (𝑀𝑧). (C) 

In the presence of a uniform magnetic field and an oscillating field (𝐵1). After the resonance 

condition is met, the oscillating field would induce the “flipping” of the spin orientations (yellow 

arrows) by changing (i) the amplitude of 𝐌, and (ii) the orientation of 𝐌, with the components 

oriented along the Cartesian coordinates (𝑀𝑧, 𝑀𝑥𝑦). The state of 𝐌 then be reserved back to 

equilibrium state in time 1 𝑇1
⁄ . 
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The 𝐌 vector is directly proportional to the previously defined variable 𝑛, hence the rate 

of change equation for 𝑛 applies to 𝐌 also. Therefore, the rate of change of the 3 components of 𝐌 

is given by, 

Equation 1-11 

 

 

 

 

 

where 𝑇2 is defined as the spin-spin relaxation time specific to the transverse magnetization in the 

xy plane. If Equation 1-11 is solved using the torque equation: 

Equation 1-12  

 

 

 

 

 

𝑑𝑀𝑥

𝑑𝑡
= −

𝑀𝑥  

𝑇2
 

𝑑𝑀𝑦

𝑑𝑡
= −

𝑀𝑦 

𝑇2
 

𝑑𝑀𝑧

𝑑𝑡
= −

𝑀𝑧 −𝑀0 

𝑇1
 

𝑑𝑀𝑥

𝑑𝑡
= 𝜔𝐿𝑀𝑦 −

𝑀𝑥  

𝑇2
 

𝑑𝑀𝑦

𝑑𝑡
= 𝜔𝐿𝑀𝑥 −

𝑀𝑦 

𝑇2
 

𝑑𝑀𝑧

𝑑𝑡
= −

𝑀𝑧 −𝑀0 

𝑇1
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This set of equations given in the Equation 1-12 are the Bloch equations that are expressing 

the net magnetization of a bulk sample placed in an oscillating magnetic field (Figure 1-7).  

 EPR lineshape 

All the concepts that are introduced so far have a combined effect that defines the EPR 

lineshape. The EPR lineshape itself is the solution of the Bloch equations along the axis chosen. 

The longitudinal component of the magnetization is not detected with the conventional EPR 

setups, however the transverse components of the magnetization; 𝑀𝑥 and 𝑀𝑦 can be detected 

simultaneously. The detection occurs with a microwave reference signal shift of 900 between the 

two components which produces a complex signal of the form: (−𝑀𝑦 + 𝑖𝑀𝑥). For the detection 

either y-axis (in phase component) or the x-axis (out-of-phase component) can be used which 

produces an absorption or a dispersion curve, respectively (A and B in Figure 1-8). In most of the 

cases, only the absorption spectroscopy is recorded because of its relatively higher amplitude and 

hence better signal-to-noise (SNR).  
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Figure 1-8 Line shapes that illustrate the solutions of Bloch equations among y-axis (A) and x-axis 

(B), that are called as absorption and dispersion spectra, respectively. The absorption spectrum 

which is in the Lorentzian form has a maximum amplitude of 𝑀0𝜔𝐿 where 𝑀0 is the equilibrium 

magnetization and a half-of-maximum width of 
2

𝑇2
. The dispersion spectrum has half of the 

maximum amplitude of the absorption curve. The first-derivative line shapes of the A and B are 

illustrated in C and D. Because of the instrumentation that is explained in the next section instead 

of the absorption curves, their first derivatives is produced by the EPR. The peak-to-peak width of 

the derivative of the absorption signal (𝜔𝑝𝑝) is given by 
2𝑇2

√3
. The dispersion curve, and hence its 

derivative signal is often not chosen for the detection because of the less signal amplitude. 

 

The shape of absorbance curves and their positions are defined by the anisotropy in 𝑔 

and 𝐴. The 𝑔-anisotropy sets a range of magnetic field where the absorption can occur, by causing 

the peaks occur at the principal 𝑔-tensor component values through the field. The anisotropy of 

the hyperfine interaction causes the split features to have shapes that are different from each other. 
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The broadening of the spectral lines are a result of the spin-lattice relaxation phenomenon. The 

spectral lines, which would be infinite lines otherwise, becomes broader curves, because of the 

finite lifetime of the spin states before going to the saturation state. The width of the curve is 

proportional with 1/𝑇1 and 1/ 𝑇2, and only with 1/𝑇2 in the nonsaturating limit (see the width of 

the absorption curve at the half of its maximum in Figure 1-8, A). There is also another variable 

defined as the rotational correlation time (𝜏𝑐) that affects the width of the broadening. It is a term 

that depends on 𝑇1 , 𝑇2 and the elements of the 𝑔, and 𝐴 tensors.  It is introduced to take the effect 

of rotational diffusion on the relaxation time into consideration [58]. The signal is presented in the 

first-derivative form (C and D in Figure 1-8) because of the technical reasons which will be 

explained in the next section. 

Phase-sensitive detection and field-modulation 

In order to enhance the signal sensitivity, the CW-EPR spectra are produced through the 

phase sensitive detection and field modulation. Phase sensitive detection allows to differentiate the 

dispersion and absorption signals. The frequency of the detected noise is controlled by the field 

modulation: A small sinusoidal field that has a linear time dependence is produced, and scans 

through absorption curve to detect whether it is increasing or decreasing. The resulting curve 

corresponds to the derivative of the absorption curve directly, and is shown instead of the 

absorption curve itself (C and D in Figure 1-8). The modulation frequency should be big enough 

to maintain a good signal to noise ratio, however should be smaller than the width of the EPR 

derivative line (𝜔𝑝𝑝 in Figure 1-8, C). 
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1.2.2 Nitroxide Spin Labels 

The molecules that have no intrinsic unpaired electrons cannot be studied using EPR 

spectroscopy. In such cases, these molecules can be modified to become paramagnetic and EPR 

detectable artificially. This is achieved by using the stable radicals which are referred as the spin 

probes when they are not attached to the molecules of interest, or spin labels when they are attached 

covalently (a.k.a. site directed spin labelling) to the molecules of interest [55]. Nitroxide radicals 

have a very common usage as the spin labels, often with a cysteine-specific ligand [56]. As an 

example for the usage of the Nitroxides as the spin probes, TEMPO radicals can be considered 

(Figure 1-9), which are commonly used to investigate the properties of membranes and the phase 

transitions dynamics [59]. Structurally, the nitroxides have the unpaired electron shared between 

the nitrogen and oxygen in nitrogen centered ring, and stabilized with the adjacent methyl groups.  

In this section, paramagnetic properties of the nitroxides will be introduced. Nitrogen has spin 

quantum numbers (𝑚𝑙) equal to -1, 0 and +1, meaning that there are 3 allowed spin orientations 

(Figure 1-9). Each of the two energy levels of the electron are further split into 3 levels because of 

the hyperfine interaction of electron and nucleus, which create 3 peaks in the absorption spectrum 

(Figure 1-9). 
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Figure 1-9 The energy splitting of a nitroxide spin probe. The energy splitting that is associated 

with the 𝑚𝑠 quantum numbers (blue bars) in the external field (B) undergoes a further splitting 

(orange bars) because of the hyperfine interaction with the Nitrogen nucleus associated with the 

𝑚𝑙 quantum numbers. The corresponding derivative absorption spectrum is given below the 

energy diagram. The structure of TEMPO is also given in the figure. 

 

 Both �̂�, and �̂� are diagonal for the Nitroxides. The unpaired electron density is localized in 

the 𝑝𝑧 orbital of the N-O bond and oriented along the molecular z-axis. The values of the diagonal 

elements of the both tensor is determined for most of the Nitroxide spin labels. As stated in the 

above sections, the anisotropy in �̂�, and �̂� causes each peak to have different broadenings and the 

amount of broadening is a function of 𝑇2, which primarily depends on the tensor values and 𝜏𝑐. 

For nitroxide probes in solution, the manifold broadening is directly proportional with the 𝜏𝑐. 

Various models at various time scales have been proposed to describe and model the EPR line 

shapes in order to extract the information about the motion parameters of the probes in solution.    
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 The EPR spectrum of Co(II)-substrate radical pair 

In this study, one of the main focuses is the time-dependence of the CW-EPR spectrum of 

the Co(II)-substrate radical pair. In this section, the characteristic features of this spectrum (Figure 

1-10) will be introduced in terms of the EPR theory information that is given in the section 1.2. 

The paramagnetic features that are seen in the EPR spectrum of the Co(II)-substrate radical 

pair originates from two different spin populations: Co(II) and substrate radical. The EPR spectrum 

of the free Co(II) when there is no other paramagnet is given in the Figure 1-10 (top). The spectrum 

has an axial symmetry with the 𝑔𝑥 = 𝑔𝑦 > 𝑔𝑧, where the axial components correspond to 

the 𝑔// features in the high field, and the z-component corresponds to the 𝑔⊥ in the low-field 

regions. The nuclear spin of the cobalt ion (𝐼 = 7
2⁄ ) creates the 8 hyperfine splitting, and the 

interaction of the 𝑑𝑧2 orbital with an axial nitrogen ligand (see Figure 1-1 for the structure of the 

coenzyme) forms 3-fold split of each of the 8 hyperfine lines. The first two low-field hyperfine 

lines overlap with the 𝑔⊥ peak and becomes difficult to detect with the X-band frequency 

resolution.  
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Figure 1-10 Top: The EPR spectrum of the free Co(II). The 𝑔⊥ = 2.26 and 𝑔// = 1.99 position is 

shown with arrows. EPR conditions: microwave frequency, 9.447 GHz; microwave power, 20 

mW; magnetic field modulation, 10 mT; modulation frequency, 100 kHz. Bottom: The EPR 

spectrum of the Co(II)-substrate radical pair at 120 K. The 𝑔// = 2.00 position is shown with an 

arrow. EPR conditions: microwave frequency, 9.449541 GHz; microwave power, 20 mW; 

magnetic field modulation, 10 mT; modulation frequency, 100 kHz. 

 

In the Co(II)-substrate radical pair system, two paramagnetic centers are coupled through 

the weak and strong interactions. The weak coupling is formed through the dipole-dipole 

interaction, and the splitting that it creates often not visible with the X-band CW EPR spectroscopy 

due to the detected noise. The strong coupling that is the spin-spin interaction between the radical 

and the unpaired 𝑑𝑧2 electron of the Co(II) creates the characteristic biradical triplet EPR spectrum 

which is shown in Figure 1-10, bottom.  
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The scope of the project 

Although the EAL minimal mechanism has been studied for more than 40 years [60-63], 

it still holds many controversies today. The controversies are recently concentrated on portraying 

the role of the solvent-coupled enzyme dynamics on the EAL catalytic action. Studies about the 

structural resolution of the active site [23, 25, 43, 44]  and the dynamic transitions that the 

biological systems possess [64-66] have provided valuable information about these controversies. 

Having a better handle on the kinetics of the single steps in the EAL minimal mechanism is 

required to complement the structural and dynamical data. CW-EPR has been a suitable tool in 

order to achieve this goal. 

EAL reaction cycle has the Co(II)-S• pair state as the only accumulating paramagnetic 

species. The previous time-resolved CW-EPR studies have been concentrated on the kinetics of 

the enzyme: (1) from ternary complex to the Co(II) S• pair state accumulation (steps 1-3 in Figure 

1-5) [67], or (2) from accumulated and trapped radical to the product states (step 3-6 in Figure 1-5) 

[68, 69]. In other words, the former showed the formation of the Co(II)-S• pair, whereas the latter 

showed the decay of it. 

The studies that focused of the formation of the Co(II) S• pair state showed that the radical 

pair separation and the first Hydrogen transfer steps (1 and 2 in Figure 1-5) are synchronous, which 

is also supported by the transient nature of the Ado• and the hydrogen isotope results indicated 

that the radical rearrangement step (3 in Figure 1-5) is the rate-limiting step [31, 67, 70]. These 

two features of the formation kinetics yielded the rapid formation and accumulation of the Co(II) 

S• pair state, which makes it perfectly suitable for cryotrapping. When cryotrapped, the Co(II) S• 
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pair state can then be annealed at higher temperatures to monitor the kinetics of the subsequent 

steps in the minimal mechanism [68, 69].   

In the previous CW-EPR studies on the EAL kinetics, the instrument dead time relative to 

the observed kinetics has set a limit on the temperature range at which the experiment is held [67-

69]. Until now, the highest temperature that has been reached in a time-resolved CW-EPR study 

is 230 K, which is relatively low compared to the physiological conditions [68, 69]. One way to 

overcome this limitation is to use a slower substrate analogue in order obtain a slower kinetics 

[67].  

Among the challenging questions that are summarized in the above sections about the 

structural, mechanistic and the energetic features of the AdoCbl-dependent enzymes, this study 

aims mainly to address the unknowns of the kinetics of the (a) rearrangement of the substrate 

radical and (b) Co-C bond cleavage in the EAL holoenzyme (Figure 1-5). Two different 

spectroscopic approaches will be employed to achieve (a) and (b); electron paramagnetic 

resonance (EPR) and ultraviolet-visible (UV-vis) spectroscopy, respectively. With this kinetics 

information, the ultimate aim is to contribute the kinetic resolution of the single steps in the 

minimal reaction mechanism, and elucidate the effects of the enzyme-solvent coupled dynamics 

on the reaction kinetics.  

This study aims to: 

(i) Manifest the kinetics of this AdoCbl-dependent enzyme, EAL, with a single step 

resolution and project the notions that are obtained by low-temperature studies to 

the kinetics that is observed under the physiological temperatures.  
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(ii) Associate the kinetics of the enzyme catalysis with the solvent dependent enzyme 

dynamics.  

 

The plan to achieve these goal, respectively: 

(i) Extending the temperature range of the time-resolved kinetics studies to the higher 

temperatures by utilizing the slower substrate analogues; (S)-2-aminopropanol (2-

AmPrOH) and ethylene glycol (EG). Using these substrate analogues makes the 

monitoring of the reactions feasible at higher temperatures; T= 220-255 K with 2-

AmPrOH using CW-EPR as the instrument, and T= 273-298 K with EG using the 

optical spectroscopy as the instrument.  

(ii) Using nitroxide spin probes to understand the motion of the solvent and the effect 

of this motion on the active site components.  
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2   Chapter 2 

Characterization of the Radical Rearrangement 

Reaction in B12-Dependent Ethanolamine 

Ammonia-Lyase Probed over the temperature 

range of 210-250 K by using Aminopropanol as 

Substrate 
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 Background 

EAL is an adenosylcobalamin (AdoCbl, coenzyme B12)-dependent enzyme [13, 14] that 

facilitates the conversion of ethanolamine and both enantiomers of 2-amino-1-propanol [27, 71] 

represented by the multi-step minimal mechanism (Figure 1-5)  that has been established through 

both steady-state [28, 72, 73] and transient-kinetics [29, 67-69, 74] studies. The forward reaction 

starts with the homolysis of the Co-C bond between the central Co(III) in AdoCbl and the upper 

axial ligand, 5′-deoxyadenosine which forms a low-spin Co(II) and a 5′-deoxyadenosyl radical 

(Step 1 in Figure 1-5). The high reactivity of this radical is utilized by the enzyme as a hydrogen 

exchange agent from substrate (Step 2 in Figure 1-5) and to the substrate radical (Step 4 in Figure 

1-5), which first forms the substrate radical and then the product, respectively. The substrate 

radical accumulates in the steady-state turnover and couples with the Co(II) to produce a distinctive 

EPR signal which can be observed time-dependently in two ways: (1) the formation of this signal 

that is the accumulation of the Co(II)-substrate radical pair in the DMSO/water cryosolvent 

mixture (Step 1-3 in Figure 1-5) [67], or (2) the decay of this signal that is the reaction of the 

cryotrapped Co(II)-substrate radical pair through the radical rearrangement step and onwards [68, 

69, 73, 75, 76]. The previous studies for the latter, characterize the kinetic features of the decay of 

the Co(II)-substrate radical pair between T = 193 – 230 K, and also indicate a protein dynamical 

transition which is stated as the protein-glass transition at T = 214 – 219 K [76]. We used the time-

resolved continuous wave-EPR (CW-EPR) for the characterization of the kinetics of the 

ethanolamine ammonia lyase (EAL, EC 4.3.1.7) from Salmonella typhimurium over a temperature 

range of 220 – 250 K. Our results uncover the temperature dependence of the kinetic and energetic 

features of the EAL catalytic reaction, and when interpreted in the light of dynamics of the solvent 
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coupled protein dynamics and complemented with results of the previous studies, becomes rather 

an indirect measure of the effect of the solvent-coupled protein dynamics on the enzyme catalytic 

function. 

 In this study, we characterized the radical chemistry upon the formation and accumulation 

of the Co(II)-substrate radical pair in the reaction of substrate 2-aminopropanol. We used the slow-

reacting substrate analogue, 2-aminopropanol (𝑘𝑐𝑎𝑡 = 0.12 ± 0.01 𝑠−1 for 2-aminopropanol 

compared to the 𝑘𝑐𝑎𝑡 = 30.0 ± 0.1 𝑠−1 for aminoethanol [60]). Our results showed that the 2-

aminopropanol derived Co(II)-substrate radical pair state present a suitable system for quantifying 

the decay of the Co(II)-substrate radical pair. The decay to the EPR-silent product states follows a 

biexponential behavior, with the temperature-dependencies of the observed slow and fast phases 

undergoing a transition which could originate from a protein dynamical transition that is stated in 

the previous studies [76, 77]. In addition, the low-temperature conditions revealed a second, non-

native pathway of radical pair decay, which is also following a biexponential reaction kinetics. 

Also, utilizing a slower substrate analogue enabled us to reach to the higher temperatures that have 

not been accessible so far due to the dead-time of the spectrometer. Hence, we have reached a new, 

and higher temperature regime to understand the kinetics and the dynamics of the decay of Co(II)-

substrate radical pair. We also proposed a three state – two step model to encounter the microscopic 

rates that is associated with the single reaction steps in the minimal reaction mechanism, which 

yield a more accurate depiction of the observed transition in the temperature-dependent kinetics 

of the enzyme. 
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 Materials and Methods 

2.2.1 Enzyme Preparation 

EAL of S. typhimurium (EC 4.3.1.7) was overexpressed in Escherichia coli and purified 

according to the previous descriptions [41, 78]. Alcohol dehydrogenase/NADH coupled 

spectrophotometric assay is performed to determine the enzyme activity, which is 20−30 

μmol/min/mg with aminoethanol as the substrate. 

2.2.2 Sample Preparation 

All chemicals were purchased from commercial suppliers (Sigma-Aldrich or Fisher). EPR 

samples were prepared on ice and under red light. The EAL to 120 μM and the coenzyme to 480 

μM were mixed in a 10 mM potassium phosphate buffer (pH 7.5) and transferred to the 4 mm 

outside-diameter (OD) EPR tube. After a 1-minute incubation, the 2-aminopropanol to 10 mM was 

added directly to the EPR tube and this started the reaction to accumulate the Co(II)-substrate 

radical pair. The sample was mixed immediately after the addition of the substrate using a vortexer 

for 4 s, then quickly put in liquid nitrogen – isopentane temperature bath for cryotrapping the 

Co(II)-substrate radical pair at T ≈ 150 K. The time that passed after the addition of the substrate 

until the cryotrapping is 10 - 12 s.  The sample preparation protocol was similar to the previous 

studies [68, 69, 75, 76], except for the direct addition of the substrate to the EPR tube, and instead 

of mixing the reactants with protein in a test tube and then transferring to the EPR tube. With this 

method, the time between the substrate addition and the cryotrapping was decreased significantly. 

This decrease yielded an up to 30% increase of the EPR amplitude of the Co(II)-substrate radical 

pair.  
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2.2.3 Continuous-wave EPR spectroscopy 

The CW-EPR experiments were performed on a Bruker E500 EPR spectrometer with a 

Bruker ER4123 SHQE X-band cavity resonator. The temperature control is maintained by an 

assembly based on the N2 gas flow (which is controlled by a ball flow indicator; King Instrument 

Co.) from the 250 LN2 storage dewar through a coil which is placed in an open-lid, 4-L dewar 

containing the ethanol-dry ice cooling bath at approximately 200 K.  This is a temperature that is 

close to the temperatures at which the decay experiments are held (220 – 250 K), and the decay 

temperatures could be maintained with a less of a gas flow rate (20 – 30 cc/min) compared to that 

of LN2 temperature bath (40 – 50 cc/min). This not only provides a more effective use of the N2 

gas but also the temperature is observed to be more stable in time when the flow is not too high. 

Also, the runtime of the experiments were not limited, owing to the ability to continuously refill 

the cooling bath.  

2.2.4 Time-resolved EPR Spectroscopy 

Before each experiment, the decay temperature is calibrated with a ±0.5 K precision in 

the ER4131VT cryostat system in the Bruker E560 spectrometer with Oxford Instruments ITC503 

temperature controller with a CernoxTM Probe. Once the temperature is maintained at the cavity, 

an only-buffer sample is loaded to pre-tune the microwave bridge which eases the tuning with the 

cryotrapped Co(II)-substrate radical pair state samples, and hence decreases the spectrometer 

dead-time that is mostly caused by the tuning process. The EPR sample is loaded to the pre-tuned 

cavity directly at the decay temperature, and the microwave bridge is tuned one more time in about 

20 – 40 s, which is a relatively small time span compared to the full decay time of 3 x 104 – 5.4 x 

104 s. The time from the initiation of the acquisition and completing the first sweep is a total of 
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41.48 s which consists of a 20.97 s conversion time and a 20.48 s sweep time (5.12 ms time 

constant). The delay time between each spectrum is 50-120 s. The center field is at 3100 G, and 

the width for the magnetic field sweep is 1200 G which is recorded at 1024 point resolution.  The 

decay measurements are held at the 220 – 250 K, with 5 K increments, and each temperature point 

is measured at least 3 different times. The EPR conditions are the same for all the experiments, 

and set as following; microwave frequency, 9.3413 GHz; microwave power, 20 dB; magnetic field 

modulation, 10 mT; modulation frequency, 100 kHz. 

2.2.5 Kinetic Analysis 

The EPR spectrum of the Co(II)-substrate radical pair in EAL has two predominant 

features: one low-field peak from the low-spin Co(II) at 𝑔~2.2 and a high-field feature around 

𝑔~2.0 that is associated to the substrate radical. The change in the amplitude of these features is 

observed as a measure of the decay of the Co(II)-substrate radical pair. The EPR spectra are 

collected until the EPR peak-to-trough amplitude of the substrate radical feature decayed to (8.8 ± 

5.8) % of its initial value. The acquired spectra are smoothed by cubic spline interpolation, in order 

to overcome the low signal to noise ratios that are seen towards the end of the decays.  

The observed decays of the amplitude values are fitted to a biexponential function by using 

the expression: 

where 𝐴𝑖 is the observed EPR amplitude, 𝐴1 and 𝐴2 are the amplitudes for the two first-order rate 

constants, 𝑘1 and 𝑘2 respectively, and 𝐶 is the constant representing the baseline amplitude value 

at 𝑡 = ∞. The observed EPR amplitudes are normalized to their 𝑡 = 0 values from the fit (𝐴𝑖(0) =

𝐴𝑖(𝑡) =  𝐴1 𝑒
−𝑘1𝑡 + 𝐴2𝑒

−𝑘2𝑡 + 𝐶 Equation 2-1 
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𝐴1(0) + 𝐴2(0)) for the comparison of the different decays in terms of the relative amplitude 

parameters on a common scale.  

𝐴(𝑡) =  
𝐴𝑖(𝑡) − 𝐶

𝐴𝑖(0) − 𝐶
 

Equation 2-2 

where 𝐴(𝑡) is the normalized amplitude, 𝐴𝑖(0) is the amplitude point at 𝑡 = 0 and 𝐶 is the constant 

parameter found by the fitting to Equation 2-1. The normalized EPR amplitudes were then fitted 

to a biexponential function: 

𝐴(𝑡) =  𝐴𝑠𝑒
−𝑘𝑠𝑡 + 𝐴𝑓𝑒

−𝑘𝑓𝑡 Equation 2-3 

 

where 𝐴(𝑡) is the normalized EPR amplitude, 𝑘𝑠 and 𝑘𝑓 are the slow and fast first-order rate 

constants, and 𝐴𝑠 and 𝐴𝑓 are their corresponding normalized component amplitudes. 

 

2.2.6 Optical Measurements 

Sample Preparation 

The complete preparation and measurement is performed under red dim light to prevent 

photolysis of the coenzyme. The EAL is pre-mixed with 50 μl of the buffer, and sonicated for 

about 15 s for a clear transmission of the light.  All the sample ingredients are held in a temperature 

bath that matches with the temperature of the cuvette-holder in the UV-visible spectrometer, in 

which the Co(II)-substrate radical pair decay will be observed. Substrate 2-AmPrOH is added to 
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12 μM in the EAL (1 mg/ml) and AdoCbl (12 μM) mixture in a 1.5 ml visible-range quartz cuvette 

to start the kinetic measurement. The first 20 s after the addition is lost to the mixing of reactants, 

and the rest is collected as the increase in the absorption of Co(III) at 525 nm. 

UV-visible Spectroscopy 

The temperature-controlled UV-visible spectroscopic measurements are performed on a 

Shimadzu UV-1601 optical bench spectroscopy with a Neslab refrigerated circulating bath of a 

water – methanol (as an antifreeze) mixture connected to the metal cuvette holder through an 

insulated tubing. In order to prevent the fog formation, dry gas (N2) flow at 20 cc/min maintained 

in the sample compartment. The experiments were performed at 278.25 K in the 300-700 nm 

wavelength range with the scan speed set at slow (about 460 nm/min) for the spectral acquisition. 

For the one-wavelength kinetic measurement the wavelength set at 525 nm, and recorded at every 

0.1 seconds.  

 Results 

2.3.1 Time-dependence of the Co(II)-substrate radical pair EPR spectrum following 

temperature-step reaction initiation 

The EPR spectrum of the Co(II)-substrate radical pair in EAL and its dependence on time 

following the T-step initiation at 230 K is shown in Figure 2-1. The zero-time EPR line shape in 

Figure 2-1 is characteristic of the Co(II)-substrate radical pair formed with 2-aminopropanol 

substrate [28, 29, 79]. The Co(II) features are broadened compared to the isolated Co(II) by the 

inhomogeneous broadening of the unpaired electron that is localized on substrate C1, and has the 

most predominant peak at 𝑔⊥ ≈ 2.26. Also, substrate radical creates a split signal around 𝑔|| ≈ 2 
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through the weak interactions, such as dipole-dipole coupling and isotropic exchange. For the 

structural characterization of the Co(II)-substrate radical pair, theoretical simulations can be 

performed on the EPR line shape to obtain the zero-field parameters; D and E that measure the 

dipolar interaction along the z-axis and the differences of the magnetic dipole interactions along 

x- and y-axes, respectively. For an axial system, E is accepted as zero, so that D becomes the only 

parameter that includes the dependence between the two electrons (𝑅𝑒𝑒). The simulation results 

for the 2-aminopropanol-generated Co(II)-substrate radical pair gave a distance of 𝑅𝑒𝑒 = 11.1 Å 

between the substrate radical and the Co(II) in the cobalamin [30]. Isotropic exchange interaction 

represents the mutual orientation of the electrons in the overlapping orbitals and yields either 

broadening of the EPR spectra when the interaction is inter-molecular, or appearance of the new 

EPR lines in the spectrum when the interaction is intra-molecular (e.g. for biradical). According 

to the previous simulations, the 2-aminopropanol-generated Co(II)-substrate radical pair has an 

antiferromagnetic exchange interaction constant of |𝐽| = 324 MHz [30, 42]. 
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Figure 2-1 Dependence of the raw EPR spectrum of the Co(II)-substrate radical pair in EAL on 

time, that is decayed at 230 K. The 𝑔 = 2 position is shown with a black arrow, and 𝑔 =
2.26 position is shown with a blue arrow. EPR conditions: microwave frequency, 9.3413 GHz; 

microwave power, 20 mW; magnetic field modulation, 1.0 mT; modulation frequency, 100 kHz. 

 

During the course of the decay of the Co(II)-substrate radical pair state, as the Co(II) and 

radical signal amplitudes decrease, two new features emerge; a narrow radical signal at about 𝑔|| ≈

2 position, and a new Co(II) peak around 𝑔⊥ ≈ 2.26. This indicates the formation of a non-native 

Co(II) and radical species. The EPR amplitude of this Co(II) and radical species reaches a constant 

level and stays stable during the time scale of the kinetics experiments (1.3 𝑥 104 − 6.7 𝑥 104 s). 

The results show that the native Co(II)-substrate radical pair decays following the T-step and is 

absent at long times, and that a new Co(II) and radical species increases in amplitude, over the 
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same time period.  In order to resolve the decay and growth kinetics of the two species, a spectral 

deconvolution approach is required. 

2.3.2 Deconvolution of the time-dependent Co(II)-radical EPR spectra 

In order to obtain the spectra of the native and non-native species separately, a 

deconvolution routine was applied on the Co(II)-substrate radical EPR spectra. The deconvolution 

is based on the subtraction of the native-only features from the raw Co(II)-substrate radical spectra, 

and hence obtaining the EPR spectra of non-native species. Therefore, acquiring the native-only 

features was the first step. This was possible, because the non-native species appear over time, so 

the first spectra of the Co(II)-substrate radical pair decay at 𝑡 = 0 s does not have any non-native 

features.  

The second step was producing a time-dependent spectral series for the decay of the native-

only features in the Co(II)-substrate radical spectra. The decay of the Co(II) peak has an overlap 

with the formation of uncoupled Co(II) peak at the  𝑔⊥ region. On the other hand, the radical 

component of the Co(II)-substrate radical pair, which is located at the 𝑔|| region, is not affected by 

this interference. Hence the decay of the peak-to-trough amplitude of the substrate radical signal 

is a representative of the time-dependence of the native reaction. The EPR spectrum of Co(II)-

substrate radical pair at 𝑡 = 0 s which is postulated to be free of any non-native features, is scaled 

to these amplitude values at each time point, in order to generate a time-dependent series of spectra 

that represents only the native reaction (Figure 2-2). This spectrum shows the decay of the Co(II) 

signal as well as the coupled Co(II)-substrate radical component. The generated “native reaction 

only” spectra series was then subtracted from the observed spectra to obtain the spectra series of 

the formation of the uncoupled species (Figure 2-3). Figure 2-2 and Figure 2-3 represent the 
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resulting native- and non-native-only spectral series for the decay of the Co(II)-substrate radical 

pair at 230 K, respectively.  

 

Figure 2-2 Time dependence of the deconvoluted “native-only” EPR spectra of the Co(II)-

substrate radical pair at 𝑇 = 230 𝐾. EPR conditions: microwave frequency, 9.3413 GHz; 

microwave power, 20 mW; magnetic field modulation, 1.0 mT; modulation frequency, 100 kHz. 
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Figure 2-3 The time dependence of the deconvoluted EPR spectra of the uncoupled non-native 

reaction at 𝑇 = 230 𝐾. EPR conditions: microwave frequency, 9.3413 GHz; microwave power, 

20 mW; magnetic field modulation, 1.0 mT; modulation frequency, 100 kHz. 

 

The deconvolution routine that is prescribed above is applied to all the time-dependent 

spectra that are collected between 𝑇 = 220 − 250 K. 

2.3.3 Time and Temperature dependence of the Co(II)-substrate radical pair decay 

EPR spectroscopic measurements 

Time dependence of the decay of the cryotrapped Co(II)-substrate radical pair was 

observed between 210 K and 260 K. The amplitude of the Co(II)-substrate radical pair is defined 

by the amplitude of the trough of the substrate radical amplitude in the 𝑔|| region.  The trough 
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amplitude was used, because it is free of interference from overlap of the uncoupled radical signal. 

The observed decay of this amplitude value is plotted with respect to time for further analyses and 

fitting. In Figure 2-4, one decay dataset at each temperature is shown. The time axis is truncated 

at 𝑡 = 1.2 × 104 s which is when the 250 K decay ends. The decay curves at 255 K and the 260 

K were stopped at the earlier times with respect to the rest of the data, because the completion of 

the decay occurs over a shorter time interval than the rest. The shape of the decay curves indicate 

a biphasic behavior, with a respectively fast loss of the initial amplitude within the beginning of 

the decay time, and a slower phase towards the end of the decay. The layout of the decay curves 

at different temperatures followed the expectation by having the fastest decay at the highest 

temperature, and vice versa. Moreover, the decays at the warmer (240 K to 260 K) and the colder 

temperatures (210 K to 230 K) are grouped together in terms of the observed kinetics.  
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Figure 2-4 Time-dependence of the normalized EPR amplitude of the substrate radical pair state 

in EAL in the frozen aqueous solution from T = 210 K to T = 260 K. The EPR amplitude is 

calculated from the difference between the trough of the split feature around 𝑔|| ≈ 2 region and 

the low-field baseline. The data are truncated at 𝑡 = 1.2 𝑥 104 𝑠 to match the full time scale of the 

decay of the substrate radical pair state in EAL at T = 250 K.  See Figure 2-9 for the complete 

decay curves without the truncation.  

 

Optical spectroscopic measurements 

A high-T decay at 278 K, which lies in the physiological, fluid-solution temperature range, 

was achieved by observing the Co(II)-substrate radical pair kinetics by using UV-visible 

spectroscopy. UV-visible spectroscopy was used, because of the dramatic loss of amplitude of the 

EPR signal, under the higher T, solution conditions. UV-visible spectroscopy detects the 

absorption spectra of the cobalamin species in the EAL minimal mechanism. The Co(II) in the 

substrate radical pair is converted to Co(III) in the product species, and this creates a loss in 
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absorbance around 470 nm peak and an increase in absorbance around 525 nm shoulder, which is 

characteristic of the Co(II) to Co(III) conversion. The full absorption spectrum is collected two 

times, one before the addition of the 2-AmPrOH and other one from the end of the time-course 

data, which is shown in Figure 2-5. In this figure, the Co(II) to Co(III) conversion can be seen in 

the change of the peak absorbance values at the corresponding wavelengths (shown by arrows).  

 

Figure 2-5 The absorption spectrum of the cob(II)alamin in the presence of the EAL before the 

addition of the substrate, 2-AmPrOH is shown in light gray line, and the formation of the 

absorption spectra of the cob(III)alamin formation after the addition of the 2-AmPrOH to the EAL 

and cob(II)alamin mixture is shown. The direction of the overlaying arrows show the direction of 

the change in the optical density at 470 nm and 525 nm.  

 

The time-course data of the rise of the 525 nm cob(III)alamin absorbance peak is fitted to 

a single exponential function (Figure 2-6). The observed rate parameter (𝑘obs,UV) that is obtained 

from the single exponential fitting is 0.056 s-1.This value is in accord with the previously reported 



48 

 

 

value (0.12 s-1 at 298 K and  0.26 s-1 at 300.15 K [14, 52]) and will be used as an additional 

parameter to interpret the kinetic data that is obtained from the CW EPR spectroscopy. 

 

Figure 2-6 The time-dependent rise of the cob(III)alamin absorbance at 525 nm during the decay 

of the Co(II)-substrate radical pair as observed with UV-visible spectroscopy. The overlaid best 

fit single exponential function is shown in red. 

 

Temperature dependence of substrate/product exchange with the active site 

In the frozen aqueous solutions, EAL creates an environment, that surrounds the protein, 

that is known as the mesodomain within its boundaries with the crystal solvent [77, 80]. The 

mesodomain is an interstitial layer of solvent that lies between the protein and the ice grain 

boundaries of the frozen water. The mesodomain contains the solutes expelled from the ice 

crystalline domains during freezing, such as the 2-aminopropanol substrate and buffer [77, 80]. 

The mesodomain between the EAL and the ice-water structures is frozen, solid at 𝑇 ≤

220 K. Therefore, once the mesodomain is frozen, the decay of the Co(II)-substrate radical pair 

would not be interfered with the formation of new Co(II)-substrate radical pairs because the 
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diffusion of the free substrate radicals to the active site is blocked. In this section, this assumption 

will be tested in order to see whether the mesodomain starts melting at the selected decay 

temperatures. 

To test the assumption, a decay was run at a relatively low temperature, 220 K, where the 

mesodomain is frozen. After the decay goes through the fast and slow phases with about 10% of 

the initial EPR amplitude remaining (blue spectrum line in Figure 2-7 and Figure 2-8), the 

temperature of the sample is increased to higher temperatures for 5 ± 1 min and then decreased 

back to 220 K to observe the change in the remaining EPR amplitude. If there is no fluidization of 

the mesodomain environment around the protein present, more of the Co(II)-substrate radical 

should decay than it would if the sample was kept at 220 K for the same time interval (green, red, 

and yellow spectral lines in Figure 2-7). On the contrary, if the solvent undergoes a transition from 

solid to fluid, around the protein, there should be new Co(II)-substrate radical pair species forming 

and an increase of the amplitude after the temperature jump as shown by the black dashed spectrum 

line in Figure 2-8. The experiment that is depicted here showed that the substrate-enzyme interface 

undergoes a transition that allows the binding of the free substrate to the active site in exchange 

for bound products. Therefore, the Co(II)-substrate radical pair decay data that are collected above 

250 K have been eliminated from further analyses, because the melting of the mesodomain allows 

the free substrate to enter the active site, from solution, and new Co(II)-substrate radical pair 

species.  
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Figure 2-7 Decrease of the remaining EPR amplitude of the Co(II)-substrate radical pair state after 

decaying for 1.3 × 105 s at 220 K (blue line) after the cryostat temperature is increased from 220 

K to 230 K, 240 K, 250 K (green, red and yellow line respectively).   

 

Figure 2-8 Emergence of a new Co(II)-substrate radical pair state population when cryostat 

temperature is increased to 260 K (black dashed line). 

 

Kinetic fitting results of the Co(II)-substrate radical pair decay  

The time-course data of the decay of the Co(II)-substrate radical pair decay at T = 220 – 

250 K were fitted to a biexponential function that is described in Section 2.2.5. The decay of the 
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Co(II)-substrate radical pair with the overlaid best-fit biexponential curves for representative data 

at 220 K, 230 K, 240 K and 250 K is shown in Figure 2-9. In this figure the decays are shown in 

their complete runtimes. At higher temperatures this limit is reached faster compared to the lower 

temperatures, hence the runtimes are shorter. The biexponential fitting was excellent at each 

temperature point with an average root mean square deviation value of 0.9981 ± 0.0015 for the 

fitting to the complete data sets at each temperature (Table 2.1).  

 

Figure 2-9 Decay of the amplitude of the (S)-2-aminopropanol-generated Co(II)-substrate radical 

pair state as a function of time at selected temperatures from 220 – 250 K and overlaid best-fit 

biexponential function (black line). The associated temperature values are given in the title of the 

plots.  
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The biexponential function that is shown in Equation 2-3 is fitted to the decay data between 

220 K and 250 K. The fit parameters give the observed first order fast and slow rate constants and 

the relative percentages of the EPR amplitude that decay with these rate constants (Table 2.1).   

Table 2.1 First-order rate constants and amplitude parameters for the biexponential fitting to the 

decay kinetics of the 2-aminopropanol-generated Co(II)-substrate radical pair between the 

temperatures 220 – 250 K*. Parameters represent the mean values, ± standard deviation, for at 

least three separate decay measurements. 

T (K) 𝑨𝐬 𝒌𝒐𝒃𝒔,𝒔 x 10-4 (𝐬−𝟏) 𝑨𝒇 𝒌𝒐𝒃𝒔,𝒇 x 10-3 (𝐬−𝟏) 𝐑𝟐† 

220 0.70 ± 0.05 0.21 ± 0.04 0.30 ± 0.05 0.17 ± 0.05 0.9976 

225 0.70 ± 0.03 0.34 ± 0.04 0.30 ± 0.03 0.23 ± 0.01 0.9989 

230 0.81 ± 0.10 0.85 ± 0.24 0.19 ± 0.10 0.62 ± 0.12 0.9994 

235 0.79 ± 0.09 1.14 ± 0.04 0.21 ± 0.09 0.70 ± 0.22 0.9995 

240 0.73 ± 0.12 2.61 ± 0.20 0.27 ± 0.12 0.92 ± 0.34 0.9993 

245 0.13 ± 0.06 0.52 ± 0.16 0.87 ± 0.06 0.60 ± 0.03 0.9960 

250 0.29 ± 0.08 1.15 ± 0.34 0.71 ± 0.08 1.36 ± 0.17 0.9964 
* The 210 and 215 K decay data are not included in the analysis because the amplitude decayed to >50% of initial amplitude, 

and therefore, accurate two-component fits could not be obtained. 

† 𝑹 is the Pearson’s correlation coefficient 

 

The first treatment of the observed data was the empirical kinetic fitting, extracting the rate 

constants from the fits, and comparing the observed rate constants with the other type of data that 

is obtained from UV-visible experiments and literature. In the further analyses, the kinetics of the 

uncoupled signal that is described in the above sections will be examined in a similar approach, 

and a microscopic kinetic model will be implemented, in order to acquire the microscopic rate 

constant for individual reaction steps, instead of the observed, or empirical rate constants.  
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2.3.4 Time and temperature dependence of the uncoupled signal formation 

 

The EPR spectra of the non-native Co(II) and radical species is obtained by the 

deconvolution procedure that is described in Section 2.3.2, so that the time-course kinetics of these 

non-native species can be found. However, in order to treat the formation of the non-native species 

in comparison with the decay of the native Co(II)-substrate radical pair, we need concentrations 

of each species rather than the amplitudes of the EPR spectra. In spectroscopic methods, the area 

under the absorption curve (A.U.C.) gives the concentration value for the absorbing species (after 

the conversion using a concentration standard). Since the EPR spectroscopy produces first-

derivative lines of the absorption curve because of the field-modulation and phase-sensitive 

detection scheme, a double-integration of the EPR spectrum is required to obtain the A.U.C. 

Therefore, the double integration of the raw EPR spectrum gives the A.U.C., which can be 

a direct measure of the concentration of the Co(II)-substrate radical pair if a spin standard is used. 

In this project, only the comparison of the concentration values of the native and the non-native 

signal is needed, therefore comparing the A.U.C. was sufficient without the conversion to the 

concentrations obtained by using a spin standard. An example of the integration procedure is given 

in Figure 2-10 that shows the t = 0 s first-derivative EPR spectrum at the top and the integral of 

this spectrum at the bottom for the representative temperature of 220 K. The gray highlighted 

segment of the spectra in Figure 2-10 shows the substrate radical component of the Co(II)-substrate 

radical lineshape with the overlapping high-field portion of the Co(II) component of the radical 

pair lineshape at the 𝑔|| region. The remainder of the spectrum that is shown in black has the Co(II) 

features. The A.U.C. values for the substrate radical component of the Co(II)-substrate radical 

lineshape corresponds to the area under the gray-highlighted segment up to the black-dashed line, 

which represents the Co(II) absorption.  
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Figure 2-10 The t = 0 s first-derivative EPR spectrum of the Co(II)-substrate radical pair at 220 K 

(Top), and the integral of this signal which represents the EPR absorption after spectrum (bottom). 

The substrate radical component of the Co(II)-substrate radical lineshape is highlighted with gray 

lines in the spectra.  

 

The A.U.C. values should give a 1:1 ratio for the Co(II) and the substrate radical for the 

initial spectrum. In this project, the EPR spectrum of the Co(II)-substrate radical pair is collected 

by sweeping the field between 2500 – 3700 G. The field span is kept at the smallest possible range 

that includes the Co(II) peak and the substrate radical component of the Co(II)-substrate radical 

lineshape, as well as a sufficient baseline from the two ends of the line, and yet yields a minimum 

sweep time, so that time-resolution of the full-spectrum data acquisition scheme is enhanced. 

Therefore, the small Co(II) features that normally show up to 3900 G were not present in the data 

sets. In order to test the accuracy of the double integration procedure by checking if the A.U.C. of 

the Co(II) and the radical features is 1:1, we made a correction for this early truncation of the signal 

(18% of the A.U.C. of the Co(II) is lost to the early truncation). A new measurement is done with 
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a full-field sweep between 2400 – 4100 G, and the ratio of the A.U.C. of the Co(II) features 

between the field sweep that is used in the decay experiments (2500 – 3700 G) to the full sweep 

(2400 – 4100 G) is taken as a correction factor for the early truncation. After the correction, the 

Co(II) features gave a 1:1 ratio with the radical features in the Co(II)-substrate radical pair spectra 

that is collected between 2500 – 3700 G.  

 

Figure 2-11 Comparison of the EPR absorption spectra of the Co(II)-substrate radical pair that is 

collected at the beginning of the decay (Initial: solid line spectrum) and the end of the decay (Final: 

dashed line spectrum) at 220 K. The substrate radical component of the Co(II)-substrate radical 

lineshape are highlighted with the color gray.  

 

The double-integration procedure was repeated for the first-derivative spectrum of the 

Co(II)-substrate radical pair that was collected at the end of the decay (Final Spectrum [See the 

dashed absorption spectrum in Figure 2-11]). If there was no non-native reaction path observed, 

the 1:1 ratio for the Co(II) and the substrate radical concentrations should been preserved over the 
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course of the decay, and at the end of the decay. However, in the case of this project where the 

formation of a new Co(II) signal that is uncoupled to the native substrate radical decay is clearly 

seen, the ratio has changed in the favor of the Co(II) species. The final absorption spectrum has a 

Co(II) concentration that is higher than the total of the residual substrate radical and uncoupled 

radical at the 𝑔|| region (Figure 2-11). The difference between the cobalt concentrations of the 

initial and final spectrum gives the proportion of the Co(II) that decayed with the substrate radical 

in the native reaction path. This information can be used to obtain the relative percentages of initial 

spin concentration that reacts by the non-native and uncoupled reaction paths. According to these 

calculations, the (26.9 ± 6.3) % of the initial Co(II) spin population undergoes the non-native 

reaction in this example, for 220 K. The percentage of the uncoupled Co(II) that is formed at each 

decay temperature relative to the total starting Co(II)-substrate radical pair is given at Table 2.2. 

Table 2.2 The percentages of the uncoupled Co(II) that is formed at the end of the decay with 

respect to the initial Co(II)-substrate radical pair.   

T (K) % Uncoupled Co(II) 

220 0.15 ± 0.07 

225 0.28 ± 0.03 

230 0.26 ± 0.06 

235 0.26 ± 0.12 

240 0.36 ± 0.05 

245 0.30 ± 0.12 

250 0.28 ± 0.06 

 

The kinetics of the formation of the uncoupled Co(II) species is found by the subtraction 

of the Co(II) peak at 𝑔⊥ from the low-field baseline in the deconvoluted spectra series of uncoupled 

reaction (Figure 2-3). These first-derivative EPR amplitudes are then scaled to the relative spin 

concentration values found by the double-integration method that is described above. After the 
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scaling, the time-dependent formation of the uncoupled Co(II) relative to the initial total spin 

concentration is obtained (Figure 2-12). In Figure 2-12, the rise of the uncoupled Co(II) 

concentration is given. The total initial Co(II) concentration corresponds to the unity in Figure 

2-12. From Figure 2-12, one sees that the rate of the uncoupled Co(II) signal rise increases with 

increasing temperature. 

 

Figure 2-12 Time-dependence of the uncoupled Co(II) formation that is observed during the decay 

of the Co(II)-substrate radical pair. The raw amplitude values are calculated by the subtraction of 

the Co(II) peak from the low-field baseline in the deconvoluted uncoupled Co(II) species 

formation spectra, and then scaled to the area under the absorption curve which is equivalent to 

the double integral (D.I.) value of the first-derivative EPR spectrum. Therefore, the kinetics of the 

formation is obtained from the deconvoluted spectra, and the amplitudes are found by the relative 

percent concentration of the uncoupled Co(II). The colors indicate the rise of the uncoupled Co(II) 

signal at different temperatures.  
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 The formation of the uncoupled Co(II) is fitted to a double exponential curve to investigate 

the observed kinetics of this non-native reaction path: 

where the 𝐴′ is the A.U.C.-scaled EPR amplitude of the uncoupled Co(II) with observed slow and 

fast amplitude parameters, 𝐴𝑠
′  and 𝐴𝑓

′ , which correspond to with the rates 𝑘𝑜𝑏𝑠,𝑠
′  and 𝑘𝑜𝑏𝑠,𝑓

′ , 

respectively. 

 

Figure 2-13 The biexponential fitting to the formation of the A.U.C-scaled uncoupled Co(II) EPR 

amplitudes. The data is shown in grey and the black lines represent the fits. 

 

𝐴′ (𝑡) = (𝐴𝑠
′ + 𝐴𝑓

′ ) − (𝐴𝑠
′ 𝑒−𝑘𝑜𝑏𝑠,𝑠

′ 𝑡 + 𝐴𝑓
′ 𝑒−𝑘𝑜𝑏𝑠,𝑓

′ 𝑡) Equation 2-1 
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The fits to the representative data at 220 K, 230 K, 240 K and 250 K are given in Figure 

2-13, and the mean values and standard deviations of the fitting parameters the fits of all datasets 

at 220, 230, 240, and 250 K are given in Table 2.3. Similar to the decay of the Co(II)-substrate 

radical pair, the formation of the uncoupled Co(II) has two phases. The formation of the uncoupled 

Co(II) has a lower final concentration than the total initial Co(II) amplitude, hence the signal-to-

noise ratio was poor by comparison (Figure 2-13). This yielded the higher standard error for the 

fit parameters, and lower quality of the fits (Table 2.3)  

 

Table 2.3 The fitting parameters of the biexponential fit to the uncoupled Co(II) formation curves.  

T (K) 𝑨𝒔
′  𝒌𝒐𝒃𝒔,𝒔

′  x 10-4 (𝐬−𝟏) 𝑨𝒇
′  𝒌𝒐𝒃𝒔,𝒇

′  x 10-3 (𝐬−𝟏) 𝐑′𝟐† 

220 0.72 ± 0.03 0.19 ± 0.02 0.28 ± 0.03 0.17 ± 0.07 0.9976 

225 0.74 ± 0.01 0.34 ± 0.04 0.27 ± 0.01 0.23 ± 0.01 0.9988 

230 0.81 ± 0.10 0.85 ± 0.24 0.19 ± 0.10 0.62 ± 0.12 0.9994 

235 0.79 ± 0.09 1.14 ± 0.04 0.21 ± 0.09 0.70 ± 0.22 0.9995 

240 0.73 ± 0.12 2.61 ± 0.20 0.27 ± 0.12 0.92 ± 0.34 0.9993 

245 0.13 ± 0.06 0.52 ± 0.16 0.87 ± 0.06 0.60 ± 0.03 0.9960 

250 0.29 ± 0.08 1.15 ± 0.34 0.71 ± 0.08 1.43 ± 0.11 0.9964 

† R′ is the Pearson’s correlation coefficient for the biexponential-fitting to the uncoupled Co(II) formation 

curves 



60 

 

 

  Discussion 

2.4.1 Observed kinetics of the Co(II)-substrate radical decay 

The time dependency of the CW-EPR and the optical spectroscopic data reveals the 

observed kinetic parameters of the Co(II)-substrate radical pair decay (see Section 2.3.3). In this 

section, the temperature dependency of these observed kinetic rates in the form of the Arrhenius 

plots (lnk vs 𝑇−1) will be established. 

 

Figure 2-14 The normalized weights for the fast and slow phases of the Co(II)-substrate radical 

pair decay that is found by the exponential fit parameters. 

The relative fast and slow phase amplitudes that are listed in Table 2.1 are plotted with 

respect to the temperature (Figure 2-14). According to Table 2.1 and Figure 2-14, the 75.9 ± 4.1% 

of the Co(II)-substrate radical pair amplitude decays with the slow phase up to 245 K, and 21.1 ±

1.1% of the Co(II)-substrate radical pair amplitude decays with the fast phase. At the temperatures 
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above 245 K, the 24.1 ± 4.1% of the initial amplitude decays with fast phase, whereas the 78.9 ±

1.1% of the initial signal decays with the slow phase. Therefore the dominant phase of the observed 

kinetics switches from the slow phase to the fast phase after 240 K.  

 

Figure 2-15 The Arrhenius plot for the fast and slow components of the observed Co(II)-substrate 

radical pair decay kinetics. Blue and red solid circles show the slow (𝑘𝑜𝑏𝑠,𝑠) and the fast (𝑘𝑜𝑏𝑠,𝑓) 

rate constants respectively. The diameters of the circles are obtained from the relative amplitude 

parameters (𝐴𝑠 and 𝐴𝑓) that are listed on Table 2.1 and shown in Figure 2-14. Therefore, the bigger 

solid circles indicate that the corresponding rate constants are more dominant than the smaller solid 

circles. The black solid triangle represents the first-order rate constant of the decay at 278 K 

(𝑘𝑜𝑏𝑠,𝑈𝑉) that is found by the time-course UV-visible measurement of the Co(II)-substrate radical 

pair decay, and solid magenta triangles represent the turnover number (𝑘𝑐𝑎𝑡) at 298 K [52], and at 

310 K [14]. The overlaid dashed line represent the linear fit to the 𝑘𝑐𝑎𝑡 values at the two most 

physiological temperature values; 298 K and 310 K. 
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The Arrhenius plot is shown in Figure 2-15. The amplitude parameters of the kinetic fitting 

(𝐴𝑠 and 𝐴𝑓) reflected by the sizes of the markers that represent the first-order rate parameters 

(𝑘𝑜𝑏𝑠,𝑠 and 𝑘𝑜𝑏𝑠,𝑓). Hence, the temperature-dependent switch in the kinetic amplitudes that is 

shown in Figure 2-14 becomes visible in the Arrhenius plot also. The transition of the dominant 

amplitude weights from slow phase to fast phase after 240 K that is shown in Figure 2-14, can also 

be seen in the Arrhenius plot also with the transition of the dominant phase (shown with  larger 

markers) from slow to the fast at the same temperature. In the same plot, two more types of data 

points are, (i) 𝑘𝑜𝑏𝑠,𝑈𝑉, the rate constant that is obtained by the time-resolved UV-visible kinetic 

measurement of the Co(II)-substrate radical decay at 278 K (see 0), and (ii) 𝑘𝑐𝑎𝑡, the reported 

turnover rates at 298 K and 310 K [14, 52]. A linear fit is applied to the turnover rate data which 

matched well with the Co(II)-substrate radical decay data that are collected at the cryogenic 

temperatures using CW EPR. The linear Arrhenius relation from the physiological temperatures 

to the low-temperature CW EPR data shows that: (1) Our CW-EPR data corresponds to the native 

reaction. This unbroken relation suggests that the mechanism of the reaction remains the same at 

the 220-250 K temperature range. (2) At the low-temperature values, the EAL is reacting in a 

single step, which we is proposed as the "radical rearrangement" step (Step 3 in Figure 1-5) in the 

previous studies [31, 67-70].  Thus, the observed rate constants corresponds to the kinetics of this 

single step.  As in (1) above, the kinetics of this single step (which is the central, bond 

rearrangement step in EAL catalysis) represents the native reaction step. The observed rate 

constant for Co(II)-substrate radical decay that is found by the UV-visible spectroscopy 

measurement also fits well to the line, considering that it has conducted under very different 

conditions; i.e. using liquid sample, and at a higher temperature. As an overall note; the match of 
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the 𝑘𝑐𝑎𝑡 at 298 K [52], and at 310 K [14] with the dominant observed kinetics indicates that 2-

aminopropanol-generated Co(II)-substrate radical pair  decay in the low-T aqueous solvent system 

represents the reactions with the native substrate well at the physiological conditions considerably 

good.  As an additional speculation, the abrupt change in the Arrhenius kinetics and the dominant 

amplitudes suggest a solvent dynamical effect that influences the core-catalytic reaction.  

 In this study, the initial Co(II)-substrate radical pair population went through two different 

reaction paths: the native path which is proposed to be the rearrangement step (Step 3 in Figure 

1-5) in the minimal reaction mechanism, and also a non-native path which forms a Co(II) 

population that is not coupled to the substrate radical. This uncoupled Co(II) could represent a 

dysfunction that nevertheless represents an event involved in the native reaction, and can serve as 

a new observable to understand the native reaction.  

One way to make speculations about the structural origin of this non-native Co(II) 

formation in the (S)-2-aminopropanol-generated Co(II)-substrate radical decay is to make 

comparisons with the same signal in the aminoethanol-generated Co(II)-substrate radical decay. 

Since the native substrate does not show a significant formation of the non-native Co(II) [68, 69], 

the stereochemistry of the aminopropanol could be the origin of the non-native Co(II) formation 

in (S)-2-aminopropanol-generated Co(II)-substrate radical decay. The past literature on the (S)- 

and (R)-enantiomers of the aminopropanol shows the inversion of the configuration of the (R)-

enantiomer before the amino group migration, and the flipping of the (S)-enantiomer before 

undergoing the HT2 step [44, 81]. These are indicative of the interconversion of the configurations 

during the reaction cycle. Also, the involvement of the rapid internal rotation of the methyl group 

during the radical rearrangement step is reported [82]. One of the stereochemical configurations 

that the aminopropanol undergoes may be locked under the conditions of the low-temperature 
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experiment. The inability to react through the native pathway on the native reaction time scale, 

because of steric constraints on substrate radical reorganization prior to amine group migration, 

may lead to the deleterious reaction of the highly-reactive, carbon-based, primary radical to form 

non-native products.  The Co(II), which is ~11 Å distant from the 2-aminopropanol radical, is a 

relatively stable s=1/2 species, and does not undergo a similar, destructive reaction. 

Although our current understanding of the structural origin of the uncoupled reaction path 

remains speculative, with the deconvolution of the non-native spectra, we can fully establish the 

observed kinetic features of this reaction. With our current knowledge, we have found the 

percentage of the initial Co(II) that went through the non-native path (Table 2.2), and examined 

the observed kinetics of this non-native reaction path that is summarized in the Figure 2-12, Figure 

2-13 and Table 2.3. In the next section, we will insert the observed kinetics data of the native and 

non-native reaction paths into a detailed, microscopic kinetic model, in order to further elaborate 

our understanding. 

 

2.4.2 Introduction of the Kinetic Model 

The observed decay of the cryotrapped Co(II)-substrate radical pair to the product species 

consists of  at least two individual reactions, (1) the migration of the amino group between the two 

substrate carbons (C1 and C2), and (2) the second hydrogen transfer step, which forms the product 

species (Figure 1-5). The rest of the steps are for the formation of the product species that is going 

to be released and cannot be distinguished using the CW-EPR and optical spectrometer. In order 

to explain the observed decay phenomenon, the known structural and dynamic information are 

used to form a quantitative kinetic model, Aas well as logical assumptions. With a kinetic model 
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that incorporates both the native Co(II)-substrate radical pair decay and this non-native path, we 

can reproduce of the kinetics of the parallel reaction that forms the uncoupled species and the 

native reaction kinetics. 

The microscopic model that is described in Scheme 2-1, is chosen as the minimal model 

that accounts for the observed biexponential kinetics of both the native and non-native pathways.  

 

Scheme 2-1 The proposed kinetic model for understanding the structural  and dynamical features 

of the (S)-2-aminopropanol-generated Co(II)-substrate radical decay data. The S1
•  and S2

•  

corresponds to the two configurational substates of the initial Co(II)-substrate radical pair 

population where S1
•  goes through the native reaction path to produce the native product species 

(PH), and S2
•  goes through the non-native reaction path to produce the uncoupled Co(II) species 

(X).  

 Our kinetic model is based on the interconversion of the two initial configurationally 

different spin substates, with four postulates: 

1. The initial (S)-2-aminopropanol-generated Co(II)-substrate radical pair state (S•) is 

partitioned into two configuration states of unknown initial relative concentrations where 

the equation S• = [S1
•] + [S2

• ] holds for all the time.  

2. The S1
•  state is the portion of the S• in which the system has the configuration that is 

favorable for the direct, native reaction, and undergoes the radical rearrangement step with 

a forward reaction rate of 𝑘1.   

S1
•  

    𝑘1    
     PH 

S2
•  

    𝑘2    
     X 

𝑘3 𝑘4 
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3. The S2
•  is the portion of the S• state that present in a configuration that is in an unfavorable 

configuration for the direct native reaction, and follows a non-native reaction path that 

yields accumulation of the uncoupled Co(II) species with a forward reaction rate.  

4. The S1
•  and S2

•   are interconvertible with the reconfiguration rates of 𝑘3 and 𝑘4.  

In the proposed minimal mechanism, the Co(II)-substrate radical pair goes through the 

radical rearrangement step, and the second hydrogen transfer in the minimal reaction mechanism 

(Figure 1-5). It is evident from the accumulation of the Co(II)-substrate radical pair state in the 

steady-state turnover of the enzyme, and the substrate 14N/15N isotope effect on the steady state 

kinetic parameters due to the transfer of the amino group in the radical rearrangement step [52, 73] 

that the radical rearrangement step is the rate limiting step in the steady-state turnover. Since the 

product radical cannot be distinguished from the Co(II)-substrate radical pair in the EPR spectra, 

the HT2 step and  the rate-limiting rearrangement step constitute a single forward reaction in our 

model to address the native reaction path , with an effective rate constant, 𝑘1 (Scheme 2-1). The 

S2
•  population goes through first-order reaction step, also, to form the non-native products. Since 

the intermediate steps (if any) is not known for the non-native path, this would be the simplest 

reaction that can describe this formation.  

 In the following section, this model will be used to simulate the data, by solving the set of 

coupled differential equations that show the time-dependence of the concentrations of each 

species. 

 Simulation of the kinetic model and data-fitting  

The observed decay data of the Co(II)-substrate radical pair corresponds to the sum of the 

two initial spin populations; S• = [S1
•] + [S2

• ] that is introduced in the kinetic model. In the model, 
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the [S2
• ] state represents the fraction of the initial Co(II)-substrate radical pair population that has 

the configuration to undergo to the non-native reaction path and produce the uncoupled Co(II) 

species, which is denoted by X in the model. The time-dependence of the formation of the 

uncoupled Co(II) is calculated by the deconvolution method described in section 2.3.2, that 

corresponds to the X in the model. The native product that is formed by the reaction of the S1
•   

population, PH, is fitted to the data that is calculated by the subtraction of the uncoupled Co(II) 

formation data from the inverse of the observed data of the Co(II)-substrate radical pair decay.  

In this section, the kinetic rate parameters, 𝑘1, 𝑘2, 𝑘3 and 𝑘4 and the initial normalized 

concentrations of S1
•  and S2

•  in the  kinetic model are estimated by fitting the model species, S•, X 

and PH, to the experimental time-course data of the Co(II)-substrate radical pair decay, uncoupled 

Co(II) formation, and the formation of the native product species, respectively. The parameter 

estimation is performed by using the MATLAB Simbiology toolbox routine. The simulation results 

are presented for a representative data set at each temperature in Figure 2-16. In Figure 2-16, the 

red, green, and the blue lines represent the simulated time-course behavior of the S•, X and PH, 

respectively. These three lines are fitted simultaneously to the corresponding experimental data 

that is shown in black dots in Figure 2-16. The average estimated rates, the Pearson’s correlation 

coefficients for the fittings and initial normalized concentrations of the two spin populations, which 

give the best-fitting simulations for at least three repetitions at each temperature, are listed in Table 

2.4 and Table 2.5.  
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Figure 2-16 Simulation of the substrate radical decay and uncoupled species rise, overlaid on the 

experimental substrate radical decay and derived uncoupled species rise, for representative data 

sets over the temperature range of 220-250 K. The red, green and blue curves represent the time-

dependence of the simulation species [S1
•] + [S2

• ], X and PH which are fitted to the experimental 

data for the Co(II)-substrate radical pair decay, the formation of the uncoupled Co(II) and the 

native product species, respectively. The associated experimental data is shown with black dots.  
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The fitting of the simulation concentration values to the experimental data are satisfactory 

at almost all of the temperatures (Figure 2-16). Only the sudden initial rise of the uncoupled Co(II) 

signal is not captured at 225 K and 230 K with the given estimated parameters, however, this rise 

may be artificial as the EPR amplitude of the uncoupled Co(II) starts off with zero so the initial 

portion of the uncoupled Co(II) rise has a poor signal-to-noise ratio compared to the Co(II)-

substrate radical signal. The estimated rate values and initial spin concentrations for the simulation 

fitting are averaged for at least three different measurements at each temperature and presented in 

Table 2.4 and Table 2.5. Also in Table 2.4, the Pearson’s coefficient values are averaged for the 

fitting of the simulation to the experimental data. The estimated parameters, initial concentrations 

and their corresponding standard deviations show that the simulation fitting to the experimental 

data produce consistent results.  

Table 2.4 The estimated rate parameters for the simulation fitting to the experimental data.  

T (K) 𝒌𝟏 x 10-3 (𝐬−𝟏) 𝒌𝟐 x 10-4 (𝐬−𝟏) 𝒌𝟑 x 10-3 (𝐬−𝟏) 𝒌𝟒 x 10-3 (𝐬−𝟏) 𝑹′𝟐† 

220 0.12 ± 0.05 0.18 ± 0.07 0.16 ± 0.09 0.14 ± 0.05 0.9941 

225 0.24 ± 0.02 0.35 ± 0.03 0.46 ± 0.17 0.21 ± 0.11 0.9919 

230 0.43 ± 0.02 0.41 ± 0.12 0.92 ± 0.59 0.27 ± 0.11 0.9948 

235 0.73 ± 0.12 0.50 ± 0.10 0.82 ± 0.29 0.24 ± 0.07 0.9932 

240 1.19 ± 0.29 1.55 ± 0.28 1.04 ± 0.71 0.48 ± 0.30 0.9916 

245 1.77 ± 0.10 1.74 ± 0.63 0.15 ± 0.02 0.34 ± 0.09 0.9869 

250 2.88 ± 0.32 2.29 ± 0.34 0.10 ± 0.09 0.36 ± 0.15 0.9880 

† R′ is the average of the Pearson’s correlation coefficients for fitting of the simulation data of the 

[S1
•] + [S2

•],, X and PH to the experimental data. 
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Table 2.5 The percent initial concentrations of the proposed initial configurations, S1
•  and S2

• .  

T (K) [𝑺𝟏
• ]  [𝑺𝟐

• ] 

220 0.60 ± 0.02 0.40 ± 0.02 

225 0.48 ± 0.07 0.52 ± 0.07 

230 0.44 ± 0.19 0.56 ± 0.19 

235 0.31 ± 0.08 0.69 ± 0.08 

240 0.25 ± 0.10 0.75 ± 0.10 

245 0.30 ± 0.02 0.70 ± 0.02 

250 0.54 ± 0.05 0.46 ± 0.05 

  

The temperature dependence of the estimated rate parameters is shown in the form of the 

Eyring plot, for the two reaction rates, 𝑘1 and 𝑘2 and for the two reconfiguration rates, 𝑘3 and 𝑘4 

(Figure 2-17 and Figure 2-18). The 𝑘1, 𝑘2 and 𝑘3 show a linear Eyring relation with the inverse 

temperature values and the 𝑘3 has an abrupt break from the linear fashion of Eyring plot after 240 

K (Figure 2-17, Figure 2-18).  
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Figure 2-17 Eyring plots for the two simulation rates, 𝑘1 and 𝑘2 (open and full circles, respectively) 

that are estimated by fitting the associated simulation data to the experimental data of the Co(II)-

substrate radical decay. The upper and lower best-fit linear lines are fitted to the 𝑘1 and 𝑘2 data 

respectively. Black open triangles represent the turnover number (𝑘𝑐𝑎𝑡) at 298 K [52], and at 310 

K [14]. The solid square represents the rate that is obtained from the UV-vis spectrum 

measurements. The data are from Table 2.4 and the fit parameters are listed in Table 2.6.  

 

In Figure 2-17, the extrapolation of linear curve that is fitted to k1 which is assigned to be 

the forward rate for the native reaction is matching with the reported turnover rates (𝑘𝑐𝑎𝑡) for the 

2-AmPrOH-generated Co(II)-substrate radical decay at higher, physiological temperatures.  
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Figure 2-18 Eyring plots for the two simulation rates, 𝑘3 and 𝑘4 (open and full squares, 

respectively) that are estimated by fitting the associated simulation data to the experimental data 

of the Co(II)-substrate radical decay. The black dashed lines are the best-fit linear functions. The 

245 K and 250 K temperature points are not included in the linear fits because of the abrupt change 

in the linearity of the data after 240 K for the 𝑘3 rate. The data are from Table 2.4 and the fit 

parameters are listed in Table 2.6. The transparent areas colored with the shades of gray are to 

emphasize the three different temperature regimes. 

The rate constants of the 𝑘3 and 𝑘4 also give a linear Eyring relation except the 𝑘3 rates at 

245 and 250 K. The 𝑘3 rate corresponds to the reconfiguration rate of the S1
•  state to the S2

•  state, 

therefore the lower 𝑘3 values indicate that the S1
•  state configuration becomes more stable in terms 

of free energy at 245 K and 250 K. This could be a result of a relaxation that occurs above 240 K 

in the local region of S1
•  configurational space, in a shorter time-scale compared to the reaction 

kinetics. It is evident from the substrate/product exchange experiment that the active site geometry 

undergoes a solvent-dependent configurational change that results with the substrate/product 
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exchange (See section 2.3.1). The protein confirmation could be starting to change around 245 K 

that yields an increase in the configurational mobility, and may also cause the relaxation of the S1
•  

configuration to a lower-energy state. 

 The dependence of the weights of the initial S1
•  and S2

•  states is shown in Figure 2-19. The 

weights of the initial S1
•  and S2

•  states have the same amplitude within one standard deviation of 

±0.13 at all the temperatures, with the average values of 0.42 and 0.58, respectively.  

   

Figure 2-19 The temperature-dependence of the weights of the initial concentrations of the two 

configurational states, S•1 and S•2 presented in full and open triangles, respectively. Three regions 

that show characteristic properties is highlighted with the different shades of gray. The data is from 

Table 2.5. 
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Table 2.6 Kinetic and thermodynamic parameters determined from Eyring plot linear fittings to 

the the simulation rates 𝑘1 and 𝑘2, 𝑘3 and 𝑘4.  

aR is the Pearson’s correlation coefficient 
b,cThe 245 K and 250 K temperature points are excluded from the linear fit 

because of the abrupt change in the linear behavior. 

 

 The kinetic and thermodynamic parameters are calculated by the linear Eyring fit 

parameters and shown in Table 2.6. This energetic reading from the Eyring plots can be 

summarized on a 2-D free energy curve (FEC) depiction (Figure 2-20). In Figure 2-20, the 

horizontal dimension represents the activation entropic features of the states (∆∆𝑆‡), and the 

vertical dimension represents the activation enthalpy difference between the states (∆𝐻‡). As seen 

in Table 2.6, the ∆𝐻‡ parameter is smallest (2.9 kcal/mol) for the S2
• -state which is, by the model 

definition, connected to the S1
•-state through the same barrier. Also, the S2

• -state, from the 𝑘2 and 

𝑘4 entropy parameters, possesses a relatively higher entopic configurational space than the S1
•-

state. The free energy difference between the two states is small (Table 2.6), which is consistent 

with the observation that the initial S1
•- and S2

• -state concentrations are the same. Therefore, with 

the S2
• -state being higher in entropy and enthalpy than the S1

•-state, the initial Co(II)-substrate 

radical pair state partitions into two sequential states according to our model. The HT1 step 

 H† (kcal/mol) S† (cal mol-1 K-1) G†
240  (kcal/mol) 𝑹𝟐𝒂 

𝒌𝟏 10.9 (±0.7) -26.2  (±3.0) 17.2 (±0.02) 0.9969 

𝒌𝟐 9.1 (±2.9) -38.3 (±12.1) 18.3 (±0.1) 0.9309 

𝒌𝟑
𝒃 10.1 (±5.8) -28.9 (±25.4) 17.1 (±0.3) 0.9104 

𝒌𝟒
𝒄  2.9 (±0.9) -62.3   (±4.0) 17.8 (±0.02) 0.9263 

K
43
 -7.3 (±5.9) -33 (±26) 0.8 (±0.3)   
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deposits the S2
• -state which represents the many different configurations of the substrate and 

protein, and the protein guides the substrate to the configuration that is favorable for the 

rearrangement reaction, which is corresponding to the S1
•-state. However, as the substrate and the 

protein configurations in S2
• -state exceed their viable lifetimes, a destructive reaction occurs to 

form the non-native species. This interpretation is supported by S1
•- and S2

• -states being 

indistinguishable by the EPR spectroscopy and the formation of the barrier between the two in a 

non-Arrhenius way between 250 K and 277 K. 

 

Figure 2-20 The schematic 2-D FEC representation of the minimal kinetic model. The blue arrow 

is attributed to the relaxation that the S•1 state undergoes at 245 and 250 K, and the dashed curve 

corresponds to the S•1 state energy profile at 245 and 250 K.  
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 The native and non-native pathways respond differently to the change in T, which is evident 

from the T-dependence behavior of 𝑘3 compared to the 𝑘4 (Figure 2-18). This is shown in the FEC 

representation by the dashed lines for the S1
•-state to PH barrier region, as the enthalpy and free 

energy of the S1
•-state decreases at T > 240 K. In other words, the linear Arrhenius relation deviates 

from the linearity abruptly within a temperature range of 5 K in favor of the native reaction. The 

abrupt kink in the Arrhenius relation is an indicative of a change in the kinetics because the intrinsic 

properties of the chemical reaction, itself do not create an abrupt effect on the Arrhenius profile. 

This identifies the presence of specific configurations and configurational fluctuations that guide 

the native pathway, relative to the non-native pathway. 

 Conclusions 

One of the main conclusions is, this study achieved its primary goal: Investigating the 

kinetics of the Co(II)-substrate radical decay in EAL at higher temperatures than the previous 

studies focusing on the same step in the EAL catalytic action [67-69]. In the previous CW-EPR 

studies, because the observed kinetics is fast compared to the instrument dead-time at higher 

temperatures, the highest temperature that the kinetic experiments were held was 230 K [68, 69]. 

In this study, we used the slower substrate analogue, 2-aminopropanol, to be able to time-resolve 

the enzyme kinetics at the temperatures as high as 250-260 K. The kinetics of the 2-

aminopropanol-generated Co(II)-substrate radical pair decay at 220-250 K is manifested at the 

single-step resolution with the observed kinetics corresponding to the kinetics of the radical 

rearrangement step in the EAL minimal mechanism (Step 3 in Figure 1-5). Moreover, the kinetics 

of this single step is found to be an admissible representative of the native system when observed 

under the physiological conditions, as well as the previous low-T CW-EPR studies. Our UV-
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visible spectroscopic measurement also supported this result and showed that we obtained solid 

kinetics information considering that UV-visible spectroscopy requires very different solvent and 

experimental conditions compared to the CW-EPR.  

The kinetic information obtained by the CW-EPR and UV-vis spectroscopy is studied at 

two levels:  

(I) Observed kinetics: The time-dependence of the EPR amplitudes at 220 – 250 K 

show a clear bi-phasic behavior with amplitudes of 78% and 22% (± 5%) of the 

total spin population. The most striking feature of this observed behavior is the 

transition of the dominant phase from slow to the fast phase at ~240 K. This 

transition could be attributed to a solvent dynamical transition that enhances the 

enzyme kinetics. Another important finding is the emergence of another reaction 

path that is uncoupled to the native reaction. This reaction path is deconvoluted 

from the observed reaction so that we are able to analyze it separately, which in 

turn provide a space for structural speculations for the native kinetics, and enabled 

us to propose a minimal kinetic model.  

 

(II) The minimal kinetic model: The native radical rearrangement step is resolved into 

two sub-steps, and two sequential states are identified on the native radical 

rearrangement pathway: S2
• state, relatively high entropy/enthalpy state, in a 

configuration corresponding to the terminal radical pair separation state and S1
• 

state that is “enabled” and reconfigured for the radical rearrangement step.  

Reconfiguration proposed to be primarily in the protein. Also, an unprecedented, 

non-native pathway of deleterious radical reaction is identified from S2
• state that 
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can be used to assess whether the influence of an identified protein dynamic effect 

(“kink” in the Arrhenius T-dependence) is “generic,” or, whether the dynamical 

effect is specific to native pathway: Different regions of the FEC have different T-

dependencies. This selective change in the FEC along configurations that conduct 

the native, forward reaction, identifies the presence of specific protein 

configurations and configurational fluctuations that guide the native pathway in 

EAL. 

Overall, time-resolved kinetics investigation of the Co(II)-substrate radical pair in EAL 

using CW-EPR showed that the observed kinetics corresponds to the native radical 

rearrangement reaction, only with the a portion of the initial Co(II)-substrate radical pair remains 

in a different protein-active site configuration which yields the observation of a non-native 

reaction path in addition to the native reaction. The kinetic modelling of the observed reactions 

showed the partition of the radical rearrangement step into two sub-states and presented evidence 

for possible protein-driven configurational fluctuations that is enabling the radical rearrangement 

reaction in EAL.  
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3 Chapter 3 

 

Spin Probe Investigation of the EAL 

Mesodomain Structures in Frozen Aqueous 

Solution in the Presence of Aminopropanol  
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 Introduction 

Many spectroscopic studies that aim to understand the functional and physical properties of 

proteins provide a limited understanding of the physical picture, because they treat the protein as 

isolated species from its surroundings. In reality, protein structure exhibits fluctuations around 

local minima as a result of the thermal energy, and protein conformational substates are 

hierarchically organized, as described by the energy landscape [83]. In this dynamical picture, 

understanding the dynamical properties of the solvent around the protein is a key to understand 

the internal protein motions, because of the role of the solvent in coupling thermal motions in the 

medium outside the protein with motions in the protein interior, including the active site [84, 85]. 

Since the water molecules that surround the protein, i.e. the “hydration shell”, do not solidify at 

the same temperature as the bulk aqueous solvent, the dynamical properties of the water, and hence 

the protein motion associated with it, could be studied in a very broad temperature range that goes 

far below the freezing point of the bulk water [86]. In frozen aqueous solutions, solutes and water 

form a mesodomain phase at the ice crystallite boundaries [77]. For the past few decades, some 

sophisticated experimental techniques such as high-resolution X-ray structure analyses [87, 88], 

the Mössbauer effect with synchrotron radiation [89, 90], inelastic neutron scattering [91, 92] and 

dielectric spectroscopy [93, 94] have been used in studies that investigate the dynamics of the 

solvent, the coupling of solvent and protein dynamics, and the effect on protein function. 

The past literature on different proteins and experimental conditions indicates a dynamical 

transition that the protein in the frozen aqueous solution undergoes, which is referred to as the 

protein “glass” transition. This protein "glass" transition reportedly occurs over a range of 180 – 

200 K in hydrated protein powders, and in the absence of a bulk aqueous solvent [91, 95, 96]. With 

decreasing temperature through the transition, the internal atomic motions decrease in amplitudes 
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and increase in the time-scales of the fluctuations. The nature and the source of this transition 

which is common for different proteins is yet to be understood. The studies that focused on the 

solvent as the origin of the dynamical transition suggest that the hydrated proteins exhibit large-

scale collective motions which are referred to as α-fluctuations, that are characterized by a 

relatively high activation enthalpy (∆𝐻‡) [86], and also small-scaled displacements that are known 

as β-fluctuations, that are characterized by a relatively high activation entropy (∆𝑆‡) [86, 97]. The 

change in the α-relaxation is suggested to be the cause of the protein-glass transition, as the α-

relaxation becomes slower than the β-relaxation below approximately 200 K, equal with β-

relaxation around 200K, and faster than β-relaxation above 200 K [92].   

One of the experimental techniques for the protein-dynamical studies is EPR spectroscopy 

which is used to investigate with spin probes, such as TEMPOL. The solvent and shell motions 

are addressed directly, not the protein-solvent coupling, by the observation of the mobility of the 

spin-probes that are present in the hydration shell and the bulk water, and also spin-labels that are 

attached to the protein structures [98, 99].  In this study, the dynamics of the spin probe, TEMPOL 

in the frozen aqueous solution of EAL and aminopropanol will be investigated by using EPR 

spectroscopy over a temperature range of 160 – 265 K. The tumbling of the free spin probe 

(TEMPOL) that resides in the mesodomain structures in the EAL+water mixture shows that, with 

increasing temperature,  the mesodomain undergoes a change in fluidity that leads to detectable 

tumbling motion of the TEMPOL at 235 K [77]. It is also proposed that, during the catalysis of 

the decay of the Co(II)-substrate radical pair, the free energy landscape undergoes a transition 

which is indicative that the glass-like transition temperature (𝑇𝑔
′) is reached [76, 77].The observed 

kinetics of the aminopropanol-generated Co(II)-substrate radical decay also undergoes a transition 

in the observed kinetics around the same temperature (see section 2.4.1). The synchronicity of the 
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two transitions may indicate the effect of the solvent dynamics on the kinetics of the enzyme. In 

this study, the transition will be determined in the presence of 2-aminopropanol, in order to cover 

the mesodomain dynamics of the exact same system that is kinetically investigated in Chapter 2.  

 Materials and Methods 

Sample Preparation 

The TEMPOL (4-Hydroxy-TEMPO, Sigma-Aldrich, St. Louis, MO) and the (S)-2-amino-

1-propanol were purchased from commercial suppliers (Sigma-Aldrich) and used as received. The 

EAL is prepared according to the descriptions presented in section 2.2.1. The EAL is present at 

120 μM and the aminopropanol is added to 10 mM in the 10 mM potassium phosphate buffer (pH 

7.5). The TEMPOL stock solution is dissolved at 10 mM with DMSO [1% (v/v)] is added to 0.2 

mM and the sample is transferred to a 4 mm O.D. EPR tube to be frozen in the liquid nitrogen – 

isopentane temperature bath at T ≈ 150 K, and stored in liquid nitrogen.  

CW-EPR Measurements 

The CW-EPR data is collected on a Bruker E500 EPR spectrometer with a Bruker ER4123 

SHQE X-band cavity resonator. The temperature control is maintained by a N2 gas flow unit 

(which is controlled by a ball flow indicator; King Instrument Co.) from a 250 LN2 storage dewar 

through a coil which is put in a liquid nitrogen temperature bath. The temperature is raised from 

160 K to 265 K in 5 K increments, and after the 5 min temperature stabilization, the EPR spectra 

are collected with multiple scans at each temperature point. The EPR experimental conditions are 

as follows: microwave frequency, 9.449397 GHz; microwave power, 20 dB; magnetic field 

modulation, 1.0 mT; modulation frequency, 100 kHz. 
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The experimental CW-EPR spectra were simulated using EasySpin, which is a MATLAB 

toolbox [100]. Free (random) tumbling of the TEMPOL was assumed. 

 Results 

3.3.1 EPR Spectroscopy of TEMPOL 

Before presenting the results, the characteristics of the X-band EPR signal of the TEMPOL 

is introduced in this section. The spin probe TEMPOL has a nitroxide-based unpaired electron 

(𝑆 = 1/2) which produces an EPR lineshape that is based on the hyperfine interaction of this 

unpaired electron with the N14  nucleus (I = 1) (Figure 3-1). The hyperfine (HF) splitting of the 

three energy levels that is associated with the quantum numbers 𝑚l and the anisotropic hyperfine 

(AHF) splitting that is observed in the powder samples are shown in the energy level diagram in 

Figure 3-1. The theory behind the spin probe EPR lineshape is also introduced in section 1.2.2.  
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Figure 3-1 The energy level diagram of the HF splitting of TEMPOL is shown. The structure of 

TEMPOL is on the left. The transitions that are as a result of the AHF are shown with blue arrows.  

 

 EPR can detect the tumbling motion of TEMPOL with rotational correlation times that are 

between 10−10 and 10−7 s. The EPR lineshape stores the information about the TEMPOL 

tumbling that occurs in the sample. When TEMPOL is freely tumbling in a liquid solvent, the 

anisotropy of the �̂� and �̂� diminishes as the off-diagonal elements are reduced to small values and 

averaged out. In this study we pass through the entire range of rigid to rapid tumbling with 

increasing temperature, since the temperature rise yields the mesodomain melting which creates a 



85 

 

 

liquid-like environment for the residing TEMPOL. The diagonal terms for �̂� and �̂� for TEMPOL 

are estimated by an EasySpin rigid-limit simulation and found to be 𝑔𝑥𝑥 = 2.0120, 𝑔𝑦𝑦 =

2.0130, 𝑔𝑧𝑧 = 2.0073 and 𝐴𝑥𝑥 = 20.9 𝐺, 𝐴𝑦𝑦 = 19.699 𝐺, 𝐴𝑧𝑧 = 103.2 𝐺. For TEMPOL in 

solution (i.e. at high temperatures in this study) the broadening of the EPR peaks shows a decreased 

effect of the �̂�- and �̂�-anisotropy. However, the powder samples preserve the �̂�- and �̂�-anisotropy 

which results from both the Gaussian and inhomogeneous broadening of the EPR lineshape. In 

this study, this rigid-limit corresponds to the low temperatures at which the solvent is frozen. In 

this study, the temperatures 180-220 K in pure water, towards rigid limit, the outer linewidth of 

the EPR lineshape is equal to the 2𝐴𝑧𝑧 value, whereas, at the higher temperatures, as TEMPOL 

becomes closer to the limit of rapid tumbling, the linewidth becomes equal to the orientation-

independent isotropic hyperfine coupling constant (2𝐴𝑖𝑠𝑜). It is also evident from previous studies, 

that the addition of the sucrose increases the temperature where the transition from rigid-limit to 

the free tumbling occurs [77, 80]. In this study, since the goal is to understand the dynamics of the 

Co(II)-substrate radical decay pair (Chapter 2), the TEMPOL samples were prepared to represent 

the conditions of Chapter 2, hence no sucrose is added to the solution. The EPR lineshape of 

TEMPOL is simulated by introducing the �̂� and �̂� diagonal elements (also 𝐴𝑖𝑠𝑜 for the high-

temperatures) and MW frequency value of the specific experiments as known parameters, and the 

correlation time (𝜏𝑐 ) and the linewidth (lw) as the unknown parameters to be estimated. Here, 𝜏𝑐 

is associated with the rapidity of TEMPOL tumbling Brownian motion, and lw is a measure of the 

convolutional (Gaussian or Lorentzian) broadening of the EPR line. With these parameters, that 

are varied and optimized in the simulations, the mobility of TEMPOL and its dependence on 

temperature will be quantified for the presence of EAL and AmPrOH.  
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In the following section, the EPR spectra of TEMPOL that are recorded at the temperatures 

between 195 K and 265 K are shown overlaid with the best-fit EasySpin simulations that are run 

by using the Chili function [100]. The Chili function of the EasySpin toolbox computes the EPR 

spectra in the slow-motional regime where the random TEMPOL tumbling motion occurs.   

 

3.3.2 The EasySpin Simulations of the EPR spectra of TEMPOL 

With the EasySpin simulation toolbox, an EPR spectrum can be simulated by using various 

variables, some are to be estimated within the given range and initial guesses, and some are to be 

introduced as known parameters. In this study, the �̂� and �̂� diagonal elements are introduced as 

known parameters, and fixed to the values that were found by the previous rigid-limit simulations. 

Therefore, only the parameters that are associated with the TEMPOL molecular motions; 𝜏𝑐 and 

lw, are varied for the spectral fitting. The fitting is achieved by using two models: (i) assuming the 

TEMPOL mobility can be defined with one component, and (ii) assuming the TEMPOL molecular 

motion has two different components with different 𝜏𝑐 and lw values.  

The 1-Component Simulations of the EPR spectra 

In this set of results, the EPR spectra are simulated by assuming that TEMPOL mobility is 

modeled by a 1-component spin system with uniform 𝜏𝑐 and lw values that are specific to each 

temperature (Figure 3-2). In Figure 3-2, the simulated spectra are shown overlaid with the 

experimental spectra at 195-265 K. The low temperatures correspond to the rigid regime, where 

the spin probe is tumbling more slowly than the lower limit of the X-band EPR sensitivity to the 

motion (< 107 s−1). Even at these low temperatures, for the sake of consistency with the high 
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temperature data, the “Chili” function is used. The fit parameters that are obtained from 1-

component EasySpin simulation fitting are listed in Table 3.1. 

 

Figure 3-2 CW-EPR spectra (black curves) of TEMPOL spin probe in the aqueous solution of 

EAL and 2-AmPrOH at 195 – 265 K, overlaid with the EasySpin 1-component simulations (red 

curves). The light gray lines on 195 K plots indicate the 2𝐴𝑧𝑧 reading from the EPR curve. The 

same gray lines are also shown on 220 K plot, together with the black lines that indicate the 2𝐴𝑧𝑧 

reading at 220 K, for comparison. The 2𝐴𝑖𝑠𝑜 reading also marked for 265 K on the respective plot. 

The fit parameters are listed in Table 3.1. 
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 The arrows on the 195, 220 and 265 K EPR spectral fitting plots in Figure 3-2 indicate the 

outer line width which corresponds to the z-component of the anisotropic hyperfine tensor at the 

rigid limit. The outer line width value at 195 K plot is shown with light gray lines, and with black 

lines at 220 K. On the 220 K plot, the 195 K the outer line width values (light gray) are also shown 

for visually inspecting the decrease in the outer line width that starts at 220 K. For quantitative 

inspection, at 195 K, the outer line width is 148 G (414.3 𝑀𝐻𝑧) and this value remains 

approximately same up to 215 K; whereas, at 220 K it decreases to 140 G (391.9 𝑀𝐻𝑧). This 

decrease indicate the solvent undergoes a dynamical transition that allows TEMPOL to become 

more mobile. Starting from 220 K and above, the mesodomain transitions from a rigid state to a 

detectably dynamical state that allows the free rotation and thermal motions of the spin probe. On 

the 265 K plot in Figure 3-2, the outer line width value is shown where the spin probe is closer to 

the free tumbling with a time scale of ~10−8 𝑠 that is found by the inverse of the outer line width. 

 Table 3.1 The parameters that are obtained from the 1-component EasySpin simulation 

fitting to the EPR data. The simulation fits are shown in Figure 3-2. 

T (K) log (𝛕𝐜) lw RMSD 

195 -4.96 0.87 0.024 

200 -5.09 0.82 0.021 

205 -5.48 0.81 0.019 

210 -6.44 0.79 0.018 

215 -7.06 0.76 0.017 

220 -7.54 0.72 0.017 

225 -7.87 0.66 0.026 

230 -8.18 0.55 0.026 

235 -8.49 0.32 0.022 

240 -8.48 0.16 0.020 

245 -8.88 0.22 0.020 

250 -9.20 0.20 0.010 

255 -9.64 0.20 0.011 

260 -10.02 0.25 0.011 

265 -9.59 0.22 0.011 
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The dynamical transition that the visual inspection of the simulated EPR spectra indicates 

is supported quantitatively by the estimated simulation parameters. The log (𝝉𝒄) values show an 

increase in the TEMPOL tumbling. At 195 K, the probe is at the rigid limit with a log (𝝉𝒄) value 

of -4.96. This value changes as the temperature increases, and at 220 K reaches to -7.54 which 

indicates the TEMPOL tumbling.  

The 2-Component Simulations of the EPR spectra 

 The 1-component simulated spectra captured the dominant features in the CW-EPR spectra 

of TEMPOL in the presence of 2-AmPrOH and EAL. This dominant features correspond to the 

slower component of the TEMPOL tumbling, and as the temperature increases, the faster 

component of the TEMPOL tumbling becomes dominant. The 1-component simulations seem to 

be failing to fit all the spectral features that is present. In order to investigate the contribution of 

another component of motion, a 2-component EasySpin fitting procedure is implemented, and the 

results are shown in Figure 3-3.  
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Figure 3-3 CW-EPR spectra (black curves) of TEMPOL spin probe in the aqueous solution of 

EAL and 2-AmPrOH at 195 – 265 K, overlaid with the EasySpin 2-component simulations (red 

curves). The fit parameters are listed in Table 3.2 
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The log (𝝉𝒄) and lw parameters that are obtained from the 2-component simulation fitting 

are listed in Table 3.2. 

 Table 3.2 The parameters that are obtained from the 1-component EasySpin simulation fitting to 

the EPR data. The simulation fits are shown in Figure 3-2. 

 Component 1 Component 2  

T (K) log (𝝉𝒄) lw Weight log (𝝉𝒄) lw Weight RMSD 

195 -5.30 0.71 0.48 -5.08 1.03 0.52 0.023 

200 -5.39 0.67 0.35 -5.25 0.96 0.65 0.021 

205 -5.88 0.63 0.38 -5.28 0.95 0.62 0.022 

210 -6.63 0.53 0.19 -6.37 0.90 0.81 0.016 

215 -7.40 0.86 0.62 -6.50 0.66 0.38 0.021 

220 -7.87 0.78 0.52 -7.08 0.67 0.48 0.015 

225 -8.14 0.81 0.49 -7.55 0.58 0.51 0.011 

230 -8.37 0.63 0.61 -7.70 0.54 0.39 0.016 

235 -8.60 0.27 0.47 -8.19 0.66 0.53 0.011 

240 -8.81 0.24 0.62 -8.39 0.66 0.38 0.012 

245 -9.04 0.21 0.67 -8.63 0.60 0.33 0.008 

250 -9.25 0.19 0.73 -8.92 0.56 0.27 0.005 

255 -9.47 0.16 0.77 -9.13 0.59 0.23 0.004 

260 -9.70 0.17 0.80 -9.34 0.60 0.20 0.004 

265 -9.90 0.18 0.82 -9.70 0.63 0.18 0.004 

 

 Discussion 

The EasySpin simulation fitting to the EPR spectra of TEMPOL in the frozen solutions 

that contain EAL and AmPrOH suggests that the amplitude of the molecular motion in the solvent 

mesodomain reaches the dimension scale of the TEMPOL molecule at about 220 K. Thus, the 

motion of the spin probe becomes EPR-detectable at ≥ 220 K on as the amplitude of the motion 

enters the window of X-band EPR sensitivity. This is evident from the visual inspection of the 

decrease in the outer line width that starts to show at 220 K, as stated before. Below 220 K, the 

spin probe is considered in rigid limit. With the EasySpin function that assumes a mobile spin 

probe, the 1-component simulations captured the peak features and fitted to the EPR spectra well. 
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The 2-component simulation fittings do not improve the goodness of the fits as seen in Figure 3-2 

and the RMSD values that are listed in Table 3.1 and Table 3.2. Therefore the 1-component 

simulations are accepted for 195 – 220 K for the final evaluation of the data.  

At 225 < T ≤ 235 K, the 1-component simulations fail to reproduce the high- and low-field 

peaks (Figure 3-2), which shows that the spin probe motion have more than one component of 

motion at these temperatures. The 2-component simulations of the EPR spectra at 220 – 235 K 

(Figure 3-3) represent unequivocally better fits with two approximately equal populations of “fast” 

and “slow” molecular motion components (Table 3.2). The temperature dependency of the 

respective weights of the two populations indicates a transition that starts at 235 K that causes the 

fast component to become more dominant. At 250 K and above, the fast component reaches an 

average weight of 0.8 compared to that of 0.2 for the slow component (±0.02). The predominance 

of the fast component appears as a return to the 1-component behavior (Table 3.2) at the above 

250 K temperatures. Therefore, the spin probe mobility has two components at 225 – 250 K and 

the spectra at these temperatures are fitted by 2-component simulations. Above 250 K, as the 

contribution of the slow component to the motion becomes ignorable, and the 1-component 

simulations fit satisfactorily to the spectra, 1-component simulations will be used for further 

discussion.  

The temperature dependencies of the fit parameters that are obtained from the simulation 

fitting are shown in Figure 3-4 and Figure 3-5. The aforementioned dynamical transition, as well 

as the emergence of the two phases of motion are reflected in the figures.  

The log(𝜏𝑐) values are shown with respect to temperature in the semi-logarithmic plot in 

Figure 3-4. After entering the X-band EPR detection sensitivity window at 220 K, the TEMPOL 
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motions continue with one component up to 225 – 230 K range, around which the solvent enters 

the dynamical transition region. Between 230 and 250 K, while a population of TEMPOL 

molecules exhibits the fast tumbling which could be seen as the continuation of the 1-component 

motion phase at the low temperatures, there also exists a slower TEMPOL population which 

remains on a slower scale motion. The respective weights of the two populations with respect to 

temperature are shown in Figure 3-5. Above 250 K, the EPR spectra are fitted by 1-component 

simulations.  

 

Figure 3-4 The temperature-dependence of the 𝜏𝑐 values of the TEMPOL in EAL and AmPrOH. 

The solid black lines show the 𝜏𝑐 values from the 1-component simulations. The blue and the red 

lines are the 𝜏𝑐 values from the 2-component simulations. The overlaid lines are drawn for the 

visualization of the bifurcation of the TEMPOL 𝜏𝑐 values at the solvent dynamical transition region 

at ~ 225 – 250 K.  The associated data are listed in Table 3.1 and Table 3.2. 

 

 As seen in the temperature-dependence of the respective weights of the two populations in 

the 2-component simulations in Figure 3-5, the slow and fast populations have closer proportions 
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with each other at the beginning of the transition, and the slow population starts decreasing after 

235 K. Above 250 K, the fast component of the motion of the TEMPOL molecules are dominant, 

so the 1-component simulations are used for these temperatures.  

 

Figure 3-5 The weights of the two populations in the 2-component simulations are shown with 

respect to temperature. The 2-component simulations are used for the temperatures 230 – 250 K, 

which are shown with full circles and highlighted with the drawn curves in blue and red colors for 

the slow and the fast phases, respectively. After 250 K, the circles become open and the curves are 

drawn with dashed lines to emphasize the fact that at these temperatures the 1-component 

simulations are accepted, because of the apparent decrease in the weight of the slow component 

compared to the fast component. The associated data are listed in Table 3.1 and Table 3.2. 
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  Conclusions 

 The 1- and 2- component simulations and their fit parameters indicate four temperature 

regions:  

(I) 190 – 225 K: At 215 K, the tumbling time is in the order of 10−7 s and becomes 

detectable with the X-band EPR which has a sensitivity window of 10−7- 10−10. Below 

215 K, the TEMPOL molecules are either immobilized in the mesodomain structures, 

or exhibiting slow rotational-diffusive motions that cannot be detected. Therefore the 

first critical temperature in this study is 215 K, at which the amplitude of the TEMPOL 

molecular and atomic motions enters the detection window. Because of the sensitivity 

window, a protein glass-like transition which is observed in proteins at 180 – 200 K in 

the absence of the bulk aqueous solvent cannot be observed at the low temperature end. 

Therefore: 

 TEMPOL motion is not detectable by X-band EPR below 215 K.  

 At 220 – 230 K, the motion becomes detectable, and has one component. 

(II) 230 – 245 K: The spectra feature a second component of TEMPOL motion with 

approximately equal amplitudes until 245 K. At this temperature range, the 

mesodomain structure could be entering another solvent-dynamical transition region 

where the thermal motions of the TEMPOL constitute two populations with different 

tumbling rates. This could be because of a heterogeneity in the solvent structure as the 

solvent-dynamical transition occurs.  

(III) 250 – 260 K: the slowly-tumbling TEMPOL population disappears, and the TEMPOL 

tumbling becomes a one-component motion again. At 240 K mark, the heterogeneity 
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in the solvent structure may be diminishing and allowing TEMPOL tumbling to be 

more uniform.  

(IV) 260 – 265 K: The crystalline water that resides at the boundaries of the mesodomain 

starts “melting” and allows the diffusion of the EAL that is locked in these boundaries 

to the mesodomain. This increase in the concentration of the EAL reflects as an increase 

in the viscosity of the mesodomain, which may be the reason for the slowing of the 

TEMPOL motion in the mesodomain that is seen in above 260 K.  

  These temperature ranges are overlapping the critical temperatures for the decay of the 

Co(II)-substrate radical pair decay that is studied in Chapter 2. First, both the Arrhenius relation 

of the observed rates (Figure 2-15) and the microscopic k3 rate (Figure 2-18) shows a transition at 

T>240 K. This transition was speculated to be originated from the solvent-dependent 

configurational relaxations; as the solvent conditions change the active site geometry, the substrate 

configuration that undergoes the native reaction is proposed to be favored. In this chapter, we had 

a supporting evidence that 240-245 K is indeed a critical temperature in terms of solvent 

transitions, as stated in the temperature region II above, within this temperature TEMPOL starts 

showing a two-component motion, which is the indication of an ongoing dynamical transition that 

TEMPOL has to adapt. The mobility that just started to increase in this temperature region may 

yield an increase in the protein active site mobility too, and this can make the substrate favor its 

native conformation. 

 Another important temperature that appears in the Chapter 2, and again was considered to 

be related to the solvent dynamics was found by the substrate/product exchange experiments. It is 

shown that the excess substrate that is locked in the crystal water at low temperatures starts its 

diffusion back to the protein active site, which is indicative of a major solvent transition, i.e. 
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mesodomain melting, that occurs at T>250 K in Chapter 2. In this chapter, this temperature point 

is covered in both regions III and IV above. At 250 K mark, the TEMPOL mobility became a 1-

component motion again, which means that the solvent becomes homogeneous again after the 

transition in the previous region, the mesodomain also could start melting within this temperature 

range, however the melting became evident at 260 K in this chapter. At T>260, the rotational 

correlation time showed an increase, which means the T-value decreased and the viscosity 

increased in the solvent around TEMPOL. This fits to the idea of mesodomain melting, as the 

crystal-water boundaries start melting and the locked EAL can diffuse in the mesodomain, the 

EAL concentration in the mesodomain increases to make the mesodomain at highest viscosity and 

make TEMPOL have larger rotational correlation times.  

In future, in order to accompany the results of this chapter with the kinetics measurements 

that are held at Chapter 2, new kinetics measurements of the Co(II)-substrate radical decay may 

be planned at temperatures at T<220 K temperatures. Because, we showed in this chapter that the 

decrease in the rotational correlation time (hence the increase in the T-value) that occurs around 

at 200-215 K (region I in the above list) signifies the TEMPOL molecular motion that has a 

comparable length scale with the protein side chain or substructure motions. Therefore, the lowest 

temperature in the Co(II)-substrate radical decay measurements does not cover the temperature 

range at which the TEMPOL results are in the same length scale with the protein structural motion.  
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4  Chapter 4  

 

    Characterization of Adenosylcobalamin 

Homolysis and Co(II)-Radical Pair Formation 

by using Ethylene Glycol as Quasi-Substrate  
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 Introduction  

4.1.1 Literature Review 

EAL catalyzes the deamination of the aminoethanol and (R)- and (S)-2-aminopropanol 

through the multistep reaction cycle (see Chapter 1.1.2). In this minimal proposed mechanism, the 

adiabatic radical rearrangement step is the central reaction which has the homolytic cleavage of 

the Co-C and the hydrogen-transfer reaction on one side that is forming the radical state, and 

reverse hydrogen-transfer and recombination of Co-C bond reactions on the other side to reform 

the diamagnetic state. In order to elucidate the role of the protein in stabilizing and utilizing the -

otherwise- highly reactive radicals, understanding the kinetic, mechanistic and energetic properties 

of this reaction cycle at single-step resolution is essential. In Chapter 2, the EPR spectroscopy is 

used with a cryoenzymologic approach in attempt to elucidate the reaction steps that are set after 

the accumulation of the Co(II)-substrate radical pair. In this chapter, the goal is understanding the 

features of another key step, which is the homolytic cleavage of 5’-deoxyadenosylcobalamin to 

form Co(II) and Ado• (Figure 1-5), by using optical absorption spectroscopy at the ultraviolet-

visible (UV-vis) band.  

The features of the Co-C bond cleavage in EAL holoenzyme have been studied extensively 

as the holoenzyme accelerates the cleavage rate by approximately 1012 -fold compared to that of 

the cofactor in free solution [33, 35, 36, 101]. The question of how the enzyme yields the facile 

cleavage of Co-C bond still remains open-ended despite several proposed hypotheses involving 

the compression [102-104] or the lengthening [105] of the axial Co-N bond, the distortion of the 

corrin ring structure by the surrounding side chains [106-109], and the structural effect of the 

binding of the substrate [110, 111].  Although the nature of the role of the holoenzyme on the Co-
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C bond cleavage has not yet been fully understood, previous studies revealed important structural, 

kinetic and dynamical properties of this reaction. The studies using  FT-Raman [112], resonance 

Raman [113, 114] and X-ray crystallography [115] led to a better understanding of the structural 

properties of the coenzyme B12 and the identification of the different ligand conformations. Later, 

in 2009, Wang and Warncke studied the kinetics of the formation of the 2-aminopropanol 

generated-Co(II)-substrate radical pair, using EPR spectroscopy with a DMSO/water cryosolvent 

system for kinetically arresting the reaction complexes, and made accompanying low-temperature 

UV-vis spectroscopy and photolysis measurements as well [67, 116], to show EAL configurational 

entropic contributions to the Co-C bond cleavage.  

This study focuses on the kinetics of the Co-C bond cleavage in the AdoCbl-enzyme 

complex in a fluid solution, and at near-physiological temperatures (5 – 23 ℃) by using UV-vis 

absorption spectroscopy. The observation of the Co-C bond cleavage at higher temperatures, 

compared to the previous studies, was possible with the use of a slower quasi-substrate, ethylene 

glycol (EG) [49, 50, 117]. The EG promotes the EAL catalytic activity from the Co-C bond 

cleavage step to the product formation. However, EG has been reported to inactivate EAL after a 

single turnover by coordinating a different ligand of the coenzyme to the 6th position of the Co 

center [49]. It is speculated from the spectral analyses that the cobalamin can be replacing the 5'-

deoxyadenosyl upper ligand with a sulfhydryl group from presumably a cysteine residue in the 

active site [49]. 

The potential for UV-vis spectroscopy for monitoring the time-dependent kinetics of the 

Co-C bond cleavage is pivotal, as the UV-vis spectroscopy stands as one of the most well-

established, accurate, simple, versatile and cost-effective techniques for investigating biological 
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systems with an organometallic cofactor that have distinct spectral features for different oxidation 

levels [118].   

4.1.2 Basics of the UV-Vis Absorption Spectroscopy  

UV-visible absorption spectroscopy is the interaction of matter with the absorbed radiation 

which falls within the visible range (400-700 nm) in the electromagnetic spectrum. The absorption 

of the different frequencies of the UV-vis radiation is typically associated with two types of 

transitions in the electronic configurations of molecules: 

a) bonding to anti-bonding (𝜋 → 𝜋∗) 

b) non-bonding to anti-bonding (n→ 𝜋∗) 

Transition metal complexes absorb visible light because of several factors, such as the 

geometry of the complex, oxidation state of the metal or the coordination of the ligands that cause 

the splitting of the d-orbitals. The interaction between the molecular orbitals of 3d metal and the 

ligand orbitals forms 𝜋 bonding and n non-bonding orbitals, and the transitions between these and 

when electromagnetic radiation (i.e. visible light for the optical spectrometers) of correct 

frequency is absorbed, a transition is occurred from these orbitals to an anti-bonding orbitals. The 

optical spectrometer records the amplitude of the absorption and wavelengths at which the 

absorbance occurs.  

A typical UV-vis spectrometer contains a combination of tungsten/halogen (visible 

radiation) and deuterium (UV radiation) lamps as the light sources. The light first passes through 

a monochromator and then interacts with the sample which is held in a container called cuvette, 

and also a sample that contains the solvent of the sample as a reference. The transmitted light is 
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measured with a photodetector and converted to absorbance versus wavelength curve. The 

quantitative knowledge that an absorption spectroscopy gives is the concentration, as the 

absorbance is directly proportional to it via the Beer-Lambert Law: 

Equation 4-1 

 

where 𝐴𝜆 is the absorbance at a wavelength 𝜆, 𝜀𝜆 is the constant called as the extinction coefficient, 

𝐶 and 𝑙 are the concentration and the length of the path the light takes in the cuvette, respectively.  

The UV-vis spectroscopy also can be used at a fixed wavelength to acquire the time-

dependence of the absorption as a function of time. This function was particularly useful for the 

steady-state kinetics measurements, for which the substrate is present in excess and the 

concentration of the enzyme-substrate complexes remains constant [119]. This way, the Michaelis-

Menten kinetic analyses are made for the catalytic rates and parameters of an enzyme.  

4.1.3 Optical Features of AdoCbl 

Vitamin B12 cofactors have a Co(III) at the center of the corrin ring which is known as 

cobalamin when axially coordinated by a nitrogen from the tethered base DMB, and as AdoCbl 

when the  5′‑deoxyadenosine (Ado) is the upper axial ligand (see Figure 1-1 and Section 1.1.1 

for more details). The corrin π orbital system contains 14 electrons distributed over 13 atoms (see 

Figure 1-1) and is reported to display 𝜋 → 𝜋∗ electronic transitions in the near-UV to visible region 

[11]. In Figure 4-1, the UV-vis spectrum of the AdoCbl in the aqueous solvent (10 mM potassium 

phosphate, pH=7.5) in EAL is presented (solid line). The spectrum has two distinct features at (i) 

γ-band at UV region (around 340 and 377 nm) and (ii) α/β bands at 525 nm and 490 nm in the 

𝐴𝜆 = 𝜀𝜆 × 𝐶 × 𝑙 
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visible region. The α/β features are commonly acknowledged as originating from the same 𝜋 →

𝜋∗ electronic transitions with α and β bands representing the electronic transition and vibrational 

progression along the C5⋯C15 axis of the corrin ring, respectively [11, 13, 120].  

In this study, the AdoCbl spectra are collected in the presence of the EAL (Figure 4-1, solid 

line) and EG is added by using a home-made fast mixing method to initiate the Co-C bond 

cleavage. The cleavage of the Co-C bond creates the 5'-deoxyadenosyl radical (Ado·) and the 

Co(II) intermediate, which is also known as cob(II)alamin. In order to obtain a pure UV-vis 

absorption spectrum of cob(II)alamin, the cob(II)alamin is formed artificially by the anaerobic 

photolysis of the AdoCbl (Figure 4-1, dashed line). This spectrum represents the change in the 

spectral features as the cleavage reaction occurs; a decrease in the α/β features with new features 

emerging at around 475 nm and UV-region.  
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Figure 4-1 The UV-vis absorption spectra for the AdoCbl in EAL (solid line), and cob(II)alamin 

(dashed line). The grid lines represent the distinct spectral features at the visible region (α and β 

bands) and UV-region (γ band). The solution for both samples was 10 mM phosphate buffer at pH 

7.5. The spectra are recorded at room temperature.   

4.1.4 Project Overview 

The role of EAL holoenzyme in the acceleration of the rate of the homolytic cleavage of 

the Co-C bond has not been fully understood yet. Elucidation of the kinetics of the Co-C bond 

cleavage is essential for obtaining a complete picture of this enzyme-mediated catalysis. However 

the fast steady-state kinetics of the enzyme limits the temperature range of the single-step kinetics 

studies to the cryogenic temperatures [67]. In this study, the time-dependent kinetics of the Co-C 
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cleavage step in the EAL holoenzyme is monitored by UV-vis absorption spectroscopy, at the 

above-zero temperatures by using EG as the substrate of the enzyme. In addition to gaining access 

to the kinetics at higher temperatures, this experimental approach will allows us to apply the UV-

vis absorption spectroscopy to the kinetic studies of EAL catalysis. So far, the EPR has been used 

for observing the EAL catalysis [29, 67, 69, 121], and providing the information about enzyme 

kinetics that is based on the radicals. However, UV-vis absorption spectroscopy allow us to use 

the cobalamin moiety as the probe for investigating the kinetic features instead of the radical. In 

summary, the hypothesis of this project is that the EG is a suitable quasi-substrate that enables the 

observation of the kinetics of the Co-C bond cleavage at the native or physiological T range (5 – 

23 ᵒC) using UV-vis absorption spectroscopy, and will reveal the time-dependent kinetics 

information of the cleavage at this new, native temperature range.  

 Materials and Methods 

4.2.1 Sample Preparation 

All chemicals were purchased from Sigma-Aldrich or Fischer. The deuterated ethylene 

glycol (Ethylene Glycol-D4 [HOCD2CD2OH]) is provided from the Cambridge Isotope 

Laboratories (CIL). The EAL is purified according to the descriptions made in section 2.2.1. The 

AdoCbl-involved sample preparation steps are done under red dim light because of sensitivity of 

AdoCbl to the light. The sample volume was defined as 550 μl, which provides a sufficient sample 

height to allow the passage of the UV-vis spectrometer light when put in a 1 ml quartz cuvette in 

the spectrometer cuvette-holder. The EAL (1 mg/ml, 12 μM active site) is mixed with 10 mM, pH 

7.5 phosphate buffer to make a 500 μl solution, and sonicated for about 15 s twice to homogenize 

the sample. The EAL+buffer mixture was then transferred to the 1 ml quartz cuvette, and the UV-
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vis absorption spectrum was collected as the EAL baseline. Then, the AdoCbl is added to the 

solution to 12 μM, and another UV-vis spectra was run. In a 200 μl plastic reaction tube, the 

phosphate buffer was mixed with EG to make a 50 uL solution, and added to the holoenzyme 

solution to 50 mM to initiate the cleavage reaction. The cleavage reaction was monitored as the 

decrease of the 525 nm absorption of with respect to time. Approximately the first 20 s of the 

reaction is missed owing to the instrument dead-time.  

 

4.2.2 UV-visible Spectroscopy 

The UV-vis absorption spectra are collected by using a Shimadzu UV-1601 optical bench 

spectrometer. The temperature was maintained by a refrigerated circulating bath of a water – 

methanol mixture that is connected to the sample compartment with an insulated tubing. In order 

to prevent the formation of the fog on the sides of the cuvette, dry gas (N2) at 20 cc/min flowed to 

the sample compartment. At the times when the lid of the sample compartment was open for adding 

the components of the sample, the outside surfaces of the cuvette was forming fog even though 

the dry gas was flowing. In order to overcome this issue, two modifications are made to the 

experimental setup:  

1. A homemade cover is prepared instead of the original lid of the sample compartment which 

was made of foam and cardboard for the better heat insulation. A small ~ 2x2 cm flipping 

lid that is placed right above the sample holder is the key feature of this cover. A 1000 μl - 

pipette tip could reach to the cuvette through this lid without forming fog. 

2. The fast injection of EG was needed to minimize the exposure of the sample compartment 

to the room temperature. The fastest mixing (~5 s) was achieved with a 1000 μl - pipette 
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tip. The tip of the pipette tip is cut for about ~1 mm to prevent the bubble-formation during 

the fast injection. The EG solution is put in the pipette tip beforehand using a 200 μl pipette. 

Then the holoenzyme sample which was residing in the cuvette was drawn in and out with 

this EG solution containing pipette tip.  

 The experiments were performed at 5 – 23 ᵒC. The spectra of the EAL baseline and the 

EAL holoenzyme after the AdoCbl addition are collected between 300-700 nm with the slow scan 

speed setting. Starting with the fast (~5 s) EG injection, time-dependent kinetic measurement is 

observed at 525 nm at every 0.1 s until the absorbance value decreases to a constant. After this 

kinetic measurement, the final spectrum of the sample is recorded again in the 300-700 nm range.  

 

 Results  

4.3.1 Preliminary spectral measurement 

 The time series of the UV-visible spectra shows the conversion of the AdoCbl to 

cob(II)alamin with the rise in the β-band absorbance that corresponds to a decrease in the α-band 

absorbance (Figure 4-2 ). This result indicates that the cleavage of the Co-C bond occurs. At 13 

min a new feature around 495 nm emerges and interferes with the spectra of the catalytic 

conversion. In Figure 4-3 the peak absorption values at 525 nm and 475 nm for the AdoCbl and 

cob(II)alamin is converted to the concentration values of the corresponding species for a better 

inspection of the observed conversion in the α and the β bands. The concentration values are 

calculated by inserting the molar extinction coefficient (𝜀𝜆) values that are reported in the previous 

literature in the Beer Lambert Law (Equation 4-1) [122]. According to Figure 4-3, as the AdoCbl 

concentration decays in time, the cob(II)alamin concentration rises, until the two values meet after 
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1 hour of the initiation of the reaction. In order to compare the observed kinetics of the two 

reactions curves, the concentration values are normalized to the 𝑡 = ~8 min value (the time point 

where the two curves stabilize), and the decay of the AdoCbl feature is inverted (Figure 4-3, inset). 

In Figure 4-3, the overlaid lines are the monoexponential decay and rise functions that are fitted to 

the two curves with the rates 0.0082 s−1 and 0.0075 s−1 for AdoCbl decay and cob(II)alamin 

decay, respectively. The kinetics of the two observed curves are close to each other within two 

standard deviations of each other.  

 

Figure 4-2.  The conversion of AdoCbl to cob(II)alamin as a function of time. Spectra were 

collected immediately after the EG injection, and recorded at the time points that are listed in the 

figure legend. The progress of the reaction in time is shown by color-coding the spectra at each 

time point (from blue to red). In order to minimize the sweep time, instead of the 300 – 700 nm 

full spectra, only the 460-540 nm wavelength range is swept. The AdoCbl feature at 525 nm is 

decreasing and the cob(II)alamin feature at 475 nm is decreasing in time as the cleavage reaction 

occurs (shown with arrows).  
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 Figure 4-3 Time dependence of the AdoCbl and cob(II)alamin concentrations for the reaction 

shown in Figure 4-2. Optical absorption values at 525 nm (blue) for AdoCbl and 475 nm (red) for 

cob(II(alamin) are converted to the concentration values using the literature values of 𝜀𝜆. In the 

inset, the raw concentration values are normalized to their corresponding values at 9 min because 

at 13 min a new feature emerges, and the AdoCbl curve is inverted to compare the reaction kinetics.  

 In Figure 4-3, the change in the AdoCbl concentration is 2.28 𝜇M and this value 

corresponds to the ~20% of the total active site concentration. The yield is also low in the previous 

study accompanying the 525 nm UV-vis spectrum absorption data of the Co-C bond cleavage in 

the presence of EG, giving a value of approximately 11% from the visual inspection of the time 

vs. concentration plots provided [49, 117]. Also, the Co-C bond cleavage was studied by the 

incubation of AdoCbl (labelled with a 𝐶14 -5′-deoxyadenosyl moiety) with the EAL in the presence 

of EG, and the yield for the bond cleavage was found to be 19.4% per active site [49]. From this 

perspective, the yield that is found in this study is in line with the previous studies. This low yield 

could be due to the proposed coordination of a new ligand on the central cobalt. A split of the total 
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initial AdoCbl could be forming a new unknown corrinoid, instead of remaining in the cleaved 

Co(II) state. 

4.3.2 Treatment of the time-coursed kinetics data of single-wavelength absorption 

The kinetics of the formation of the EG-generated Co(II)-substrate radical pair is observed 

in the form of the decrease in the α-band peak (525 nm) of the cob(III)alamin at temperatures 5, 

10, 15, 18 and 23 ℃. The Figure 4-4 shows two time-course decay measurements of the optical 

density at 525 nm OD525 at 5 and 15 ℃ as an example of data before further-processing. The 

conversion of the cob(III)alamin to cob(II)alamin starts with the fast-injection of EG to the cuvette 

(marked with the yellow stars in Figure 4-4), and the decay of OD525 is recorded time-dependently 

(Figure 4-4). The data after the EG-injection is corrected for the dilution as the EG has a volume 

of 60 μl of the total final volume of 550 μl. After the EAL baseline correction that is obtained from 

the EAL-only UV-spectrum and the truncation of the data before the EG-injection, the decay data 

of the OD525 is obtained.   
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Figure 4-4 Time-course measurement of the decay of the OD525 upon the injection of the EG 

(marked with yellow stars) at 5 (A) and 15 ℃ (B). The sample includes EAL (1 mg/ml), AdoCbl 

(12 μM), phosphate buffer (10 mM) in a total volume of 490 μl. The 60 μL EG is added to 50 mM 

at the time points marked with yellow stars.  

 

4.3.3 Dependence of the rate on the substrate concentration 

As a second set of preliminary results, the dependence of the observed kinetics on the 

substrate concentration is measured (Figure 4-5). The EG concentration is varied over a range of 

0.5-250 mM while keeping the of the holoenzyme concentration constant. The previous studies, 

that observe the EG-catalyzed cleavage of Co-C bond in EAL, used excess substrate with different 

[substrate] : [EAL active sites] ratios that are varying from 30 [49] to 13400 [117]. The 

concentration range in this measurement corresponds to a [substrate] : [EAL active sites] ratio of 

about 41 – 21000 and the measurement repeated twice at two different temperatures; 5 and 23 ℃.  

A B 
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Figure 4-5 shows that the observed rate of the reaction remains the same (0.018 ± 0.003 for 5 ℃ 

and 0.101 ± 0.008 for 23 ℃). The difference between the initial and the final OD525 reading of 

AdoCbl remains the same as the substrate concentration increases. The 9.64% (±4.09) of the initial 

OD525 reading decays at the end of the reaction.  

 

Figure 4-5 Dependence of the observed kinetics of the EG catalyzed Co-C bond cleavage in EAL 

on the concentration on EG at 𝑇 = 5 ℃ and 23 ℃ which are shown with solid and empty black 

markers, respectively. The lines are the respective best-fit zero-slope lines to the data. The 

concentration of the EAL active sites is 12 μM. 

 

4.3.4  Time-Course Kinetics Results 

  The decay of the OD525 fits a single exponential function and it is presented in Figure 4-6 

overlaid to the decay data. At least 3 measurement are done at each temperature. After each time-
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course measurement, a full spectrum is collected for the visual inspection of the cob(II)alamin rise 

at the β-band (475 nm).  

 

Figure 4-6 Time dependence of the decay of the Co(III) 525 nm absorbance peak at different 

temperatures with the overlaid single exponential fits. The different colors correspond to the 

temperatures that are given in the figure legend. The sample includes EAL (1 mg/ml), AdoCbl (12 

μM), phosphate buffer (10 mM, pH 7.5) in a total volume of 490 μl. The cleavage is initiated with 

the addition of 60 μL EG for a final concentration of to 50 mM. 

 The same measurement is repeated with deuterated EG (EG-d4). The EG-d4 data 

for the decay of the OD525 is also fitted to a single exponential function. The observed rates (𝑘𝑜𝑏𝑠) 

for the OD525 decay in the presence of EG and EG-d4, and the ratio of the 𝑘𝑜𝑏𝑠 for H1 / H2  isotope 

effect (I.E.) at each temperature are listed in Table 4.1. The average substrate H1 / H2  isotope effect 

for all the temperature points is 2.1 ± 0.4. In addition, the ∆OD525 values are calculated from the 

subtraction of the final OD525 values from the initial at each temperature, for both EG and EG-d4. 

The ratio of the ∆OD525 values for EG and EG-d4 was found to be 1.9 ± 0.5, which is close to 

total average isotope effect. 
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Table 4.1 Observed rates that are obtained by the single exponential fitting to the decay of the OD 

at 525 nm. The column kH represents the observed rates for the EG, the column kD represents the 

observed rates for the EG-d4 and the column kH / kD represents the ratio obtained by the division 

of the kD to kH.  

T (℃) kH (x 10-2) (s-1) kD(x 10-2) (s-1) kH / kD 
∆𝐎𝐃𝟓𝟐𝟓,𝐇

∆𝐎𝐃𝟓𝟐𝟓,𝐃
 

5 1.08 ± 0.082 0.46 ± 0.022  2.35 ±  0.08 1.92 ± 0.16 

10 2.45 ± 0.234  0.94 ± 0.202 2.60 ± 0.24 1.57 ± 0.18 

15 3.74 ± 0.217  2.38 ± 0.556 1.57 ± 0.24 2.16 ± 0.06 

18 4.61 ± 0.088  2.57 ± 0.062 1.79 ± 0.03 1.92 ± 0.30 

23 9.43 ± 0.090   3.69 ± 0.561  2.56 ± 0.15 1.49 ± 0.23 

 

 Discussion 

The UV-visible measurements of EG in EAL holoenzyme show that the EG induces the 

cleavage of the Co-C bond in the coenzyme and the abstraction of hydrogen from the substrate, 

which is consistent with the results from the previous studies [49, 117].  
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4.4.1 Comparison of the results with the previous studies 

There have been two previous studies that used EG as the substrate of the EAL catalysis, 

and understanding the results of these studies is essential to interpret the results of this study. First 

study that specified EG as a quasi-substrate for the EAL kinetics is from 1970 by Babior and made 

a complete enzymatic analyses on the mechanism of the action of EAL in the presence of EG [49]. 

Years later, on 2012, Scrutton et al. used EG in their study for investigation of the effect of the 

EAL on the Co-C bond homolysis using both laser flash photolysis and stopped-flow infrared (IR) 

techniques, as well as an accompanying UV-vis measurement [117]. 

Babior studied EAL enzyme catalysis in the presence of AdoCbl and EG using radiometric 

enzyme assay technique, and the conversion of AdoCbl to the cob(II)alamin is also observed. This 

study showed that the enzyme catalyzes EG to form the products, but a portion of EG is also 

reacting with the active site side chains instead of the radical rearrangement step, yielding the 

AdoCbl coordination with the sulfhydryl group of that residue, which forms a new corrinoid (X-

B12) to be gradually converted to hydroxocobalamin. Babior held a UV-vis spectroscopic 

measurement by adding AdoCbl to start the cleavage reaction in a cuvette containing EAL and 

AdoCbl and observed the conversion of AdoCbl to the X-B12 in 210 s, which had an absorption 

spectrum with two peaks at around ~535 and ~500 nm in the α band.  

In this study, the UV-vis spectra features solely the conversion of the AdoCbl to 

cob(II)alamin with the decrease of the 525 nm band feature and the rise of the cob(II)alamin feature 

at 475 nm at the beginning of the decay (until about 10 min of the decay in Figure 4-2). However, 

at longer times (starting around 10 min after the reaction starts in Figure 4-2), the UV-vis 

absorption spectra start showing features that are not associated with cob(II)alamin around 492 nm 
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and 530 nm (see Figure 4-8 and the spectra after 10 min in Figure 4-2). The positions of the α-

band peak features of the reported UV-vis absorption spectrum of X-B12 are similar to the new 

features that are shown to be appearing at longer times in this study. This may indicate that after 

the conversion of the cob(III)alamin to cob(II)alamin upon Co-C cleavage, the substrate abstracts 

a hydrogen atom from the side chain of an amino acid in the active site and X-B12 is derived from 

this side chain from which the hydrogen atom is taken.  

. The formation of X-B12 can also be seen in the time-coursed spectra as an increase of the 

525 nm absorption signal towards the end of the decay (Figure 4-7). The Figure 4-7 shows a subtle 

increase after the full decay, and the time-course data stops before observing the rise at later time. 

The other study that is done at 2012 by Scrutton et al. also features this increase at their UV-vis 

spectroscopic measurements of the EG-catalyzed Co-C bond cleavage [117].  

 

Figure 4-7 An example of the subtle increase of the signal towards the end of the decay of the 

OD525nm that could be associated with the reversion of the cob(III)alamin on different ligand 

coordination. The sample includes EAL (1 mg/ml), AdoCbl (12 μM), phosphate buffer (10 mM) 

in a total volume of 490 μl. The cleavage is initiated with the addition of 60 μL EG is added to 50 

mM at 15 ℃. 
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Figure 4-8 An example for the initial and final spectra of the cob(III)alamin to cob(II)alamin 

conversion in EAL with EG as the substrate. The initial spectrum refers to the spectrum that is 

collected prior the EG injection, and the final spectrum refers to the spectrum that is collected in a 

very long time after the time scale of the kinetics measurements. New features emerged around 

492 nm and 530 nm, which are not associated with the cob(III)alamin to cob(II)alamin conversion. 

The sample includes EAL (1 mg/ml), AdoCbl (12 μM), phosphate buffer (10 mM) in a total 

volume of 490 μl. The cleavage is initiated with the addition of 60 μL EG is added to 50 mM at 

15 ℃. 

 

The study that is done by Scrutton et al. investigated the changes in the protein structure 

by IR methods during the EAL-catalyzed reaction, in addition reports a stop-flow UV-vis 

spectroscopic measurement of the EG-catalyzed Co-C bond cleavage. In their time-coursed kinetic 

measurement of the decay of the AdoCbl, they observe an increase in the OD525 value at after ~8 

s of the start of the reaction at ambient temperatures, however, in this study this increase starts 

after ~150 s of the start of the reaction at 23 ℃. This difference may be due to the excess substrate 

(800 mM of EG with 30 μM of EAL) that the Scrutton et al. used, i.e. more EG can destruct the 
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active site side chain to form X-B12. In this study, the substrate is also excess (50 mM of EG with 

12 μM of EAL active site) but not in the order of the Scrutton et al. study, so the increase of the 

OD525 value is subtler and occurs at longer times.  

The yield in this study is given as 19.9% in Figure 4-2, and is found 13.72% (±2.48) by 

averaging all the collected data. Neither of the previous studies have not reported a stoichiometric 

yield for their UV-vis measurements, but from the visual inspection of the OD525 values in the 

given time-coursed decay plot, the yield is approximately 5-6 % for Scrutton et al. and 20% for 

Babior’s measurement. Therefore, all three studies remained at low-efficiency which can either 

mean that the enzyme is not forming a reaction complex at its full active site capacity, or the 

Cob(II)alamin that is formed after the cleavage follows the EG destructive path to form a new 

Cob(III)alamin, X-B12. Since the spectral evidence and the time-coursed measurements also 

support an interfering increase in the α-band region, the latter could be likely occurring.  

The Scrutton et al. study has not present the cleavage rate values that are found by the time-

coursed decay data of the OD525 value. However, from the visual inspection of their decay plot, 

the order of magnitudes of the cleavage rates are matching with the 23 ℃ rates in this study. 

4.4.2 The Co-C bond cleavage kinetics using the deuterated substrate 

The EG-d4 measurements were performed in order to inspect whether the observed 

reaction corresponds to the native HT1 step (Figure 1-5), or to the radical rearrangement step. 

Previously, the hydrogen isotope effect was studied by using stopped-flow spectrophotometric 

measurements for the Co-C bond homolysis reaction in the EAL in the presence of the deuterated 

aminoethanol and (S)-2-aminopropanol as the substrate and calculated as >10 and 3, respectively 

[121]. The hydrogen isotope effect is explained by: (i) having the Co-C bond cleavage step 
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concerted with the HT1 step, however seem unlikely because it is not feasible for the 5′-

deoxyadenosyl radical has to take the distance of 8-11 Å between the Co and the substrate radical, 

(ii) effect of the substrate on the equilibrium between the intact and the homolyzed coenzyme, that 

is as the substrate reacts with the 5′-deoxyadenosyl radical, because of the high free energy of that 

state, the reaction would be driven to the formation of the intact coenzyme. In order to further 

investigate the origin of this kinetic isotope effect on the Co-C bond homolysis, Wang&Warncke 

studied the kinetics of the (S)-2-aminopropanol-generated Co(II)-substrate radical formation in 

EAL in DMSO/water cryosolvent system at 234 – 248 K, and found a kinetic isotope effect that is 

close to the unity [67, 76]. They interpreted this absence of the kinetic isotope effect as the Co-C 

bond cleavage and the HT1 steps not being kinetically coupled at low temperatures, and Co-C 

bond cleavage is the rate-determining step upon the Co(II)-substrate radical pair formation.  

In this study, the presence of the isotope effect at a value of 2.1 ± 0.4 supports the previous 

studies that are based on the visible absorption readings with the stopped-flow method at ambient 

temperatures [121]. This result may suggest that, at these temperature and solvent conditions that 

are closer to the physiological values, the intact and the cleaved state of the coenzyme forms an 

equilibrium, to be perturbed to recombine the intact coenzyme upon the substrate addition. Also, 

in the case of this study, the isotope effect can be explained by the role of the substrate in the 

abstraction of a hydrogen from a side chain that yields the formation of the X-B12.  

4.4.3 Arrhenius relations of the EG and EG-d4 

In order to obtain the Arrhenius parameters, the logarithm of the rates in Table 4.1 are 

plotted with respect to the inverse temperature in Figure 4-9 with the fit parameters listed in Table 

4.2. The linear Arrhenius shows that the rate limiting step remains the same through the given 
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temperature rate. Also, the Arrhenius parameters in Table 4.2 shows no significant kinetic isotope 

effect, which indicates that the absence of a large primary kinetic isotope effect. According to the 

findings so far, the observed reaction seemed to be the mainly Co-C bond cleavage reaction only 

as the effect of the radical rearrangement step cannot be traced from the data that is presented so 

far. The effect of the HT1 step should have made a larger isotope effect, however this low kinetic 

isotope effect values are indicating a secondary kinetic isotope effect. 

  

Figure 4-9 The Arrhenius plots that is obtained by the observed rates of the EG (open triangles) 

and deuterium bound EG (EG-d4) (open squares). The linear fits to both data sets are shown 

overlaid to the data in solid and dashed red lines, respectively. The associated fit parameters are 

listed in Table 4.2. The sample includes EAL (1 mg/ml), AdoCbl (12 μM), phosphate buffer (10 

mM) in a total volume of 490 μl. The cleavage is initiated with the addition of 60 μL EG is added 

to 50 mM. 
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  Table 4.2 Fitting parameters for Arrhenius reaction rate expressions for the EG and EG-

d4.  

 

 

\ 

 

aR is the Pearson’s correlation coefficient 

  

 Warncke et al continued their investigation of Co-C bond homolysis step in a subsequent 

study, where they combined their EPR measurement data on the (S)-2-aminopropanol-generated 

Co(II)-substrate radical formation with the equilibration perturbation experiments and wrap their 

findings  and interpretations for a complete energetic picture of the Co-C bond cleavage step [123]. 

They found that the Co-C cleavage at their low T measurements is the rate-limiting step, and by 

extrapolating their stopped-flow visible spectroscopic data to the ambient temperatures, they 

predicted that the rate limiting step at higher temperatures would be the radical rearrangement step. 

This cannot be observed in this study because of using EG, which evidently destructs the catalytic 

cycle and do not proceed with the radical rearrangement step. As the Warncke et al.’s later study 

accepted that their system is in equilibrium, they made Eyring analyses of their rates to find the 

activation energy parameters. They found that the activation entropy and enthalpy values Co-C 

bond cleavage at low temperatures in the presence of (S)-2-aminopropanol as the substrate as 

∆𝑆‡ = 61 ± 6 cal/(mol∙K) and ∆𝐻‡ = 32 ± 1 kcal/(mol∙K). The Gibbs free energy at 248 K is 

then calculated as ∆𝐺‡ = 17 ± 2 cal/(mol∙K). They’ve found that the Co-C bond cleavage is large 

 
𝐋𝐨𝐠[𝑨 (𝒔−𝟏)] 𝑬𝒂 (𝐤𝐜𝐚𝐥 𝒎𝒐𝒍−𝟏) 𝑹𝟐𝒂 

𝐄𝐆 12.47 (±0.78) 7.95 (±0.82) 0.9875 

𝐄𝐆 − 𝐝𝟒 11.91 (±0.95) 7.80 (±2.59) 0.8843 
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entropy-based by comparing the energetic values of the cleavage reaction in the solution and 

protein [123, 124].  

 By assuming that the Co-C bond cleavage is also rate-limiting step in this experiment, the 

Eyring plot for the observed rates is made in Figure 4-10 and the activation energy parameters that 

are calculated from the Eyring plot linear fit parameters are shown in Table 4.3.  

 

Figure 4-10 Eyring plot for the observed rate constants of the Co-C bond cleavage in the presence 

of EG at 5-23 ℃: EG and EG-d4 cleavage rates are shown in full circles and full squares, 

respectively. The best-fit linear lines are overlaid and the activation energy parameters that are 

found by the fit parameters are shown in Table 4.3. 
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  Table 4.3 Fitting parameters for Eyring plot for the EG and EG-d4.  

 

aR is the Pearson’s correlation coefficient 

 

This result seems to be contradicting with the aforementioned study of Warncke et al. as 

the entropy contribution is small in the total activation enthalpy change, as it is reported to be the 

case in the cleavage of Co-C bond in both aqueous solution. Moreover, the ∆𝐻‡ and ∆𝑆‡ values 

are less than, but in the same order of magnitude with the other high temperature enzymatic 

cleavage studies [124-127].  

 Conclusions 

We showed that the UV-vis absorption spectroscopic monitoring of the Co-C bond 

homolysis in the EAL in the presence of the EG at close to the physiological temperature and 

solvent conditions give a reliable set of observed kinetics data. The parallel kinetics of the observed 

decay of the AdoCbl and the formation of the Cob(II)alamin UV-vis spectroscopic features is 

found to be promising for the further investigations for understanding which reaction steps in the 

EG catalyzed EAL kinetics that this observed kinetics correspond. The substrate concentration 

independence of the observed rate, substitution of the EG with the EG-d4, and the energetic 

analyses of the observed kinetics data, together with the aid of the previous reports gave a basis 

for further speculations. According to these speculations, the cleaved coenzyme Co center either 

remains in the cob(II)alamin state, or coordinates with the active site side chain residue which is 

 
∆𝑯‡  kcal/(mol∙K) ∆𝑺‡  cal/(mol∙K) ∆𝑮‡  cal/(mol∙K) 𝑹𝟐𝒂 

𝐄𝐆 18.03 (±1.04) -2.41 (±0.6) 17.32 (±0.86) 0.9811 

𝐄𝐆 − 𝐝𝟒 18.97 (±0.35) -0.60 (±0.12) 18.79 (±0.31) 0.9513 



124 

 

 

reduced by the excess substrate. That is, the Co-C cleavage step itself is observed, together with 

the formation of a non-native corrinoid. The activation energy parameters gave the similar results 

with the other enzymatic Co-C bond cleavage studies that is performed with the other substrates 

at ambient temperatures. Therefore, if the equilibrium assumption with the Co-C bond cleavage 

being the rate-limiting step holds, the EAL in the presence of EG drives the catalytic reaction with 

the activation enthalpy, and this single-step reaction with the EG corresponds to the same step in 

the enzyme catalysis that is driven by the other substrates.  

As a future direction, this experiment could be repeated by using the UV-vis absorption 

values β- or γ-band as a measure for the time-coursed kinetics experiments, as the α-band 

reportedly features the X-B12 peaks too, which interfere with the observed reaction. In addition, 

since the excess EG is suspect for the formation of the X-B12, a new set of data at a lower EG 

concentration could be planned. Also, as the future analyses of the current data, the full-wavelength 

spectral measurements can be deconvoluted to differentiate the spectra to its AdoCbl derivative 

components, so that the pure decay of the AdoCbl can be extracted from the observed data.  
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Chapter 5 

Conclusions 
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This chapter includes the overall assessment of the studies that are presented in this 

dissertation, and connects the findings of these different studies. Although the reactions, 

techniques, experimental set-ups and objectives are vastly different for these three projects, one 

purpose is common: being able to understand the EAL kinetics and dynamical contributions to the 

EAL enzyme kinetics.  

Among the three projects, the Co(II)-substrate radical pair decay (Chapter 2) that is 

observed by using time-resolved, full-spectrum CW-EPR (and also by using time-resolved UV-

vis spectroscopy) provides the central conclusions in this dissertation. One striking finding was 

the presence of a non-native reaction path which is prevalent at low temperatures. This reaction 

path not only complemented and enhanced our understanding of native reaction kinetics by 

presenting a new set of data to be analyzed and used to speculate the structure and dynamics of the 

enzyme catalysis, the identification and characterization of this reaction path is essentially 

significant in itself and can render many future studies possible, such as investigating the effect of 

the protein fluctuations on the native reaction; i.e. comparing their impact on the native and non-

native reaction would make the determination of the functionally important structural and 

conformational changes in the enzyme possible. This two different reactions can be reckoned as 

two different probes to understand the kinetics and dynamics of the enzyme catalysis.  

Again in Chapter 2, along with the project-specific results, we found an abrupt transition 

in the observed kinetics of the Co(II)-substrate radical pair decay, which suggests a protein or 

solvent dynamic transition effect on the enzyme kinetics at 240 K. It is evident from the study in 

the Chapter 3 that the solvent dynamics goes through a transition region where the TEMPOL 

features two populations with different tumbling speeds at 230 – 245 K. Hence the transition that 

is seen in Chapter 2 in the Arrhenius relation of the substrate configuration rates at >240 K could 
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be as a result of the same solvent dynamical transition that is present in the TEMPOL studies.  The 

solvent dynamics could be affecting the reaction chemistry via the changes in the protein active 

site geometry as a result of the solvent-dependent configurational relaxations. Also the 

substrate/product exchange experiments show a dynamical transition that occurs in the 

mesodomain where the holoenzyme resides, which is interpreted as mesodomain “melting” 

because when this transition occurs at 250 K, the excess substrate in the solvent gains diffusional 

ability similar to the aqueous solvent conditions.  

As our kinetical investigation of the Co(II)-substrate radical decay pair suggests solvent-

dependent dynamical transitions at 240 and 250 K, we targeted to study the solvent dynamical 

transitions in our samples by using mobility of spin probes as a measure of the state of the solvent 

(Chapter 3). Since the samples would be the identical to that of the Chapter 2 (frozen aqueous 

samples with EAL and AmPrOH), any phase transition that is observed in this chapter would be 

applicable to the interpretations of the Chapter 2. The spin probe mobility becomes detectable with 

X-band EPR at 220 K according to our results, which is also the initial temperature point of the 

kinetic decay study in Chapter 2. Two critical temperature ranges appeared as a result of the spin 

probe investigation of the mesodomain, 230 – 245 K, and above 250 K region. At 230 – 245 K, 

the solvent undergoes a transition to yield two different TEMPOL tumbling rate components; with 

the fast component gaining more weight as the temperature increases. This could be the origin of 

the transition that is present in the observed decay of the Co(II)-substrate radical pair at Chapter 2. 

In this study, starting around 240 K, the fast phase of the observed decay becomes dominant over 

the slow phase, and this dominant phase is the one that is associated with the radical rearrangement 

step. If the information from both studies are combined, we can say that the mesodomain 

undergoes a transition at 240 K that allows the larger-scale molecular motions to occur, and this 
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larger-scale molecular motions in the kinetic decay study would refer to the protein active site 

configurational changes that ease the isomerization of the amino group in the substrate during the 

radical rearrangement step, and hence increases the reaction rate.  

The spin probe mobility studies show that above 255 K temperatures, the solvent seems to 

be going through a transition that allows the melting of the ice-water crystalline boundaries, which 

can be associated with the mesodomain “melting” that is also observed at the aforementioned 

substrate/product exchange experiment in Chapter 2. This proposal is also supported by the 

minimal kinetic model that suggests a decrease in the potential energy surface of the native protein 

configurations that occurs at around the same temperature (250 K). The melting in the mesodomain 

that starts around 245- 250 K causes the potential energy barrier of the native active site 

configuration decrease in the FEC representation in the kinetic model in Chapter 2. In summary, 

we had three different results from three different experiments that indicate a transition that starts 

occurring at 245-250 K and becomes predominant at above 255 K temperatures. These 

experiments and the transitions that they refer to are (in chronological order): 

a. Substrate/product exchange experiment in Chapter 2 

The substrate enzyme interface undergoes a transition at 255 K to allow the 

diffusion of the excess free substrate to the protein active site.  

b. The minimal kinetic modeling studies in Chapter 2 

A transition occurs at 240-245 K the active site geometry that makes the native 

substrate configuration more stable compared to the lower temperatures.  

c.  Spin probe mobility studies in Chapter 3 

(i) At 250 K, the TEMPOL exhibits uniform tumbling which means that the 

mesodomain becomes more homogeneous and viscous compared to that of the 
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lower temperatures. (ii) At 255 K, the EAL in the ice-crystal boundaries starts 

diffusing in the mesodomain. This cause an increase in the EAL concentration, and 

hence a higher viscosity in the mesodomain. Therefore the TEMPOL tumbling rate 

decreases at >250 K. 

 In conclusion, the dynamical transition starts in the protein and its mesodomain at 245 K 

(from (b) and (c,i) experiments), allowing the native substrate configuration to become more 

stable. Then at 255 K (from (a) and (c,ii) experiments), the transition at protein-crystal boundaries 

occur that changes the mesodoamin features by allowing the EAL that is locked in the crystal water 

to diffuse in the mesodomain.  

In Chapter 4 a different reaction step in the EAL minimal reaction mechanism is studied 

using a different experimental setup. However, this chapter also contributes to the understanding 

of the kinetics of the EAL minimal reaction mechanism in a single-step resolution. A previous 

study from our lab also focused on the same reaction step, i.e. the Co-C bond cleavage, but in this 

study the reaction was induced by 2-aminopropanol in DMSO solvent and at low temperatures, 

because the reaction occurs spontaneously at room temperatures  [67, 116]. In Chapter 4, we aimed 

to use a slower substrate, EG, which has reportedly a slower catalytic rate to be able to time-resolve 

the Co-C homolysis step at room temperatures and in water-based solvent would become possible. 

Therefore, this chapter is significant as it is exploring a temperature range that is very close to the 

physiological temperatures, as well as the liquid solvent conditions, which is pure, buffered water 

(i.e. no DMSO used as in the previous study [67]) and yet still approaching the EAL minimal 

reaction cycle with the same single reaction-step resolution with the EPR studies which are done 

under cryogenic temperatures with frozen samples.  
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We elucidated specific details of the B12-mediated catalysis in the EAL enzyme, and 

through the pioneering use of low temperature systems and correlations of results from multiple 

EPR techniques applied to protein and solvent, revealed features of dynamical contributions to 

enzyme reactions that are of general relevance. 
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