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Abstract

Protein and Solvent Dynamical Contributions
to Reactions of the 2-Aminopropanol Substrate Radical in
Ethanolamine Ammonia-Lyase
By Alina lonescu

The Bi2-dependent ethanolamine ammonia lyase (EAL) is the signature enzyme of the
ethanolamine utilization (Eut) pathway in pathogenic strains of Salmonella and Escherichia coli
associated with microbiome disease conditions in the human gut. The enzyme catalyzes the
deamination of ethanolamine or the unnatural substrate, 2-aminopropanol, for production of
nutrients for the bacterial cell. Under pathogenic conditions the enzyme is thought to function in
the sub-cellular organelle Eut bacterial microcompartment together with the other enzymes of the
Eut pathway. EAL isolated from S. typhimurium has been studied by electron paramagnetic
resonance (EPR) spectroscopy to gain insights into the fundamental aspects of its molecular
mechanism and modulation by the surrounding environment. The EPR spin probe, TEMPOL,
identifies concentric phases around EAL.: a protein associated domain (PAD, hydration layer) and
an aqueous 2-aminopropanol mesodomain. The PAD undergoes the established disorder-to-order
transition (ODT) with decreasing T over 230-235 K, and this transition can be tuned (T decreased)
by adding (2.0% v/v) dimethylsulfoxide (DMSO) to 210-215 K. The T-dependence of the EPR
amplitudes of EAL-bound paramagnets [cob(I1)alamin and substrate radical] show a kink at the T
values that correlates to the T of the TEMPOL-detected ODT. The kink is proposed to originate
from a change in sample dielectric properties at the ODT. The kinetics of the cryotrapped
cob(Il)alamin-2-aminopropanol substrate radical pair decay upon temperature (T) -step initiation
in the range of 210 — 240 K is measured by time-resolved, full-spectrum EPR and show parallel
native and non-native (destructive) radical rearrangement pathways. The steric effect of the 2-
methyl group on the substrate contributes to an increase in the barrier for the protein
configurational interconversion between substrate radical states, S1* and S2*, that adds to the native
protein configurational barrier. Simulation of the interconversion and reaction microscopic rate
constants reveals that the barrier to protein configurational interconversion is raised at the T
corresponding to the ODT. The results reveal the solvent and protein dynamical coupling that
drives the critical protein configurational transition that bridges radical pair capture and
rearrangement enabling phases of enzyme catalysis in EAL.
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Chapter I

Studies of EAL and Eut proteins by using EPR spectroscopy



1.1. Introduction

Gastrointestinal (G1) and urinary tract infections that promote disease conditions have been
a major cause of the successful proliferation of pathogens in challenging environments.[1, 2] The
most prevalent pathogen is the prokaryotic class bacteria which possess a remarkable adaptability
to various environments making them the most common single-celled organisms.[3] Bacteria serve
as critical biochemical factories in earth’s ecology, converting complex chemicals into simple
molecules (carbohydrate digestion) or producing vitamins in diverse host systems like humans,
plants and animals.[4] In human and animal hosts, bacteria colonize the intestines in high number
(between 500-1000 species; make up ~10%* cells)[5, 6], where they facilitate proper digestion and
regulate immune homeostasis.[7] However, when the peaceful collaboration between the intestinal
microbiota and the intestinal cells is disturbed, the health of the host is affected. This disturbance
happens when certain bacteria develop an advantage and overgrow to an extent that the immune
system cells or antibiotics are unable to restore the equilibrium in the intestinal microbiota. The
fitness of some bacteria to overgrow and promote infection has been associated with utilization of
ethanolamine (EA) as nutrient.[8] The source of the metabolic compound EA is the lipid
phosphatidylethanolamine (PE) which comprises 25 - 45 % of all phospholipids within the
membrane wall of all eukaryotic and prokaryotic cells.[8-10] In mammalian and human cell
membrane PE is the second most abundant lipid with the highest percentage in mitochondria lipid
bilayer (70 %) and is operative in membrane structure, lipoprotein secretion, blood clotting,
cytokinesis, cell signaling and membrane fusion and fission. [11, 12] In the GI tract the frequent
and fast turnover of the intestinal epithelia, the high population of bacteria and the food diet
provide a rich source of PE which is converted into EA and glycerol by phosphodiesterase.[3, 9,

13]



Many bacteria that reside or inhabit the gut have the ability to use EA as a sole nutrient
source and they include species of Escherichia coli, Salmonella enterica, Listeria monocytogenes,
Clostridium perfringens and Enterococcus faecalis.[14-19] Strains of these pathogens like the
enterohemorrhagic and enteropathogenic E. coli, S. enterica serovar typhimurium and Enteritidis,
L. monocytogenes CLIP80459 and C. perfringens have been associated with food poisoning,
diarrhea or hemorrhagic colitis caused by disease conditions like foodborne disease.[18-23] The
intestine resident uropathogenic E. coli (UPEC) strain have been shown to cause urinary tract
infection by migrating from the gut to perineum, urethra and finally the bladder.[2, 24] Recently

the cause of inflammatory bowel disease has been identified as E. coli infection. [1]

These diseases have been associated with ethanolamine utilization genes encoded in a eut
operon present in over 100 bacterial genomes.[21, 25] In some cases, however the eut pathway is
thought to promote innate immune response in the intestine of the host through the downstream
pathway of the product acetate, which binds to G-protein-coupled receptor 43 and triggers the
immunoglobulin A production further modulating the immune response and inflammation. [8, 26]
This eut operon presents different content and organization among the different bacteria. The
anaerobic species have a rather long operon compared to the aerobic bacteria whose operon is
short, encoding for only a few genes. [19, 27] However, in both cases the eut operons encode a
common pair of genes, eutB and eutC, which express the two subunits that form the signature
enzyme ethanolamine ammonia lyase (EAL).[15, 28, 29] This enzyme starts the EA catabolism in
the presence of its cofactor, adenosylcobalamin (AdoCbl). In addition to the two main genes eutB
and eutC, the longer operons contain accessory genes that encode structural proteins that play a
major role in regulation, efficiency and optimization of EA catabolism.[30-32] (Figure 1.1) Five

of these proteins self-assemble to form bacterial microcompartments (BMC) [33-37] and they



include EutS, EutM, EutN, EutL and EutK. Their role, function and structure are intensely studied
and it has been shown that BMCs are highly expressed in strains of C perfringens, S. enterica, E.
coli and Klebsiella which have a negative impact on human health as they are implicated in disease
conditions ranging from food poisoning to colon cancer.[38] Moreover, it has been suggested that
the BMC isolates and sequesters the toxic volatile intermediate acetaldehyde from the reaction
pathway increasing its local concentration together with other intermediates, thus enhancing the
efficiency of the downstream reactions.[30, 32, 39] The expression of these genes is regulated by

eutR as well as by AdoCbl in the presence of eutV.[8]

tM
eutS eutP eutQ eutT eutDeu eutN euttE eutl] eutG eutH eutA eutB eutC eutl eutK eutR

- Enzyme for ethanolamine degradation - Uncertain function
Enzyme for coenzyme B12 assimilation and recycling Transcription factor

- BMC shell protein - Ethanolamine permease
BMV shell protein - Chaperone

Figure 1.1. The eut operon from S.enterica with the color code describing each gene function.[37, 40]

For several years there has been a collective effort towards understanding the underlying
biological processes that are operative in the ethanolamine utilization pathway. Although the
function of many proteins encoded by eut genes have been identified, the details of their
mechanisms and regulatory pathways are still not fully resolved. Moreover, insights into the
molecular basis of the catalytic mechanism of the signature enzyme EAL, will bring advancement
not only in enzyme engineering but also towards therapeutic developments in fighting the disease
conditions associated with the eut pathway. In particular, the EAL catalysis is a special one because

of the nature of the reactions enabled by the use of the B12-coenzyme.



1.1.1. The coenzyme B12: AdoCbl

The cofactor AdoCbl initiates the EAL catalytic process of breaking down EA into
acetaldehyde and ammonia. AdoCbl is also a cofactor for 11 other enzymes reported so far.[41] It
is formed by using the adenosine from adenosine triphosphate (ATP) and the corrinoid cobalamin
adenosyltransferase encoded in the eut operon by eutT. [42] In some bacteria with long operons
the cofactor is also involved in eut genes regulatory system by negatively influencing the EutX
and EutV interaction, thus playing a dual role.[8] In addition to regulatory function, AdoCbl

together with EA serve as a transcription coinducer for the eut operon.[42, 43]

Also known as the coenzyme Bi2, AdoCbl represents one of the two biologically active
forms of vitamin Bio, the other being methylcobalamin (MeCbl).[41, 44] With the most complex
structure among biological cofactors, AdoCbl is produced only in prokaryotes but also used by
higher eukaryotes. As is shown in Figure 1.2, AdoCbl is formed from cobalamin and 5'-deoxy-
adenosine.[44] The cobalamin structure shows the cobalt (Co) ion bound by the four nitrogen
atoms of a corrin ring which constitutes a macrocycle, and four propionamide side chains from
which one has an attached nucleotide tail that includes a dimethylbenzimidazole (DMB) group.
This group coordinates Co at the axial position below the corrin ring through a nitrogen from the
imidazole ring of DMB. The axial position above the macrocycle is occupied by a covalent bond
with the 5’ carbon on adenosine. This relatively weak covalent bond (BDE =~ 30 kcal/mol) is
significant in the chemistry of biological processes as the homolysis of the bond gives a Cbi(ll)
and a highly reactive organic radical 5’-deoxyadenosyl radical (Adoe) which is considered to

facilitate difficult and unusual catalytic reactions.

The reactions enabled by the B1o-coenzymes yield highly reactive organic radicals that can

be exploited by their dependent enzymes to perform catalysis on un-reactive molecules. The



capability to cause cobalt-carbon (Co-C) homolysis has been associated with the flexibility
induced by the relatively small distortion in the corrin plane of the macrocycle, distortion caused
by the electrostatic interactions with the protein or by the displacement of the DMB tail.[41] A
better understanding of the generation and control of free radicals by B1>-dependent enzymes could
advance the field of enzyme engineering towards expanding and improving the catalysis of diverse

free radicals.

Figure 1.2. Structure of adenosylcobalamin cofactor.[44]



1.1.2. Ethanolamine Ammonia Lyase: an AdoCbl-Dependent Enzyme

Among all pathogenic species, the EA catabolism together with the AdoCbl-dependent
EAL enzyme have been identified in strains of E. coli and S. typhimurium about 50 years ago.[45-
47] EAL, like most Bio-dependent enzymes, is found only in bacteria, and the X-ray crystal
structure of a truncated EAL protein with its coenzyme and substrate is available.[48] Based on
the catalytic process, the AdoCbl-dependent EAL belongs to the isomerase family of the Bio-
dependent enzyme superfamily.[44, 49] Further, based on the nature of the substrate which dictates
the type of rearrangement through which the Co-C bond is cleaved, the enzyme is placed in the
eliminase subgroup. One of the characteristics of this group is that AdoChl maintains its Cbl

coordination with DMB throughout the catalytic process.[41, 44, 49]

1.1.2.1. Structure

EAL encoded within the eut operon by the eutB and eutC genes is functional only in the
presence of its cofactor AdoCbl. The two genes express the two subunits which come together to
form a monomer [EutBEutC] that contains an active site. The EAL oligomer is a trimer of dimers
presenting a [[EutBEutC]2]s stoichiometry with six active sites. In Figure 1.3 the X-ray crystal
structure of the EAL from K12 E. coli strain (Protein Data Base (PDB): 5YSR) is depicted together
with its cofactor and 2-aminopropanol localized in each of the six pockets.[50] In the active site,
it is the larger EutB subunit that contains the binding region for the substrate as well as the binding
motif for the coenzyme-Bi12 in the C-terminal region.[51] The globular protein has a molecular
mass of approximately 500 kDa with each of the subunits representing 50 kDa and 32 kDa,

respectively.



G@f
K

Figure 1.3. PyMOL cartoon for EAL from E. coli represented from the determined X-ray crystal structure
(PDB: 5YSR). [50] Panel A. shows the EutBEutC monomer; and B. the hexamer (or trimer of dimers:
[(EutB-EutC)2]3). The subunits EutB and EutC are presented in yellow and green. Within the active sites

the cofactor, AdoCbl (light blue), and the substrate, 2-amino-1-propanol (purple) are depicted.

1.1.2.2. Metabolic Pathway

In the first step of EA metabolism, after successful transport of the EA through diffusion
or transporter proteins across the cytoplasmic membrane of the bacteria, the EAL in the presence
of its cofactor, AdoCbl, converts EA into ammonia and acetaldehyde.[52] Further, acetaldehyde
is converted by EutE into acetyl-coenzyme A (acetyl-CoA), or in a parallel reaction by EutG into
alcohol through a reduction or oxidation of a nicotinamide adenine dinucleotide (NAD). The
acetyl-CoA is converted by EutD into acetyl phosphate which is processed further by acetate
kinase into acetate with production of ATP. [30] (Figure 1.4) Both ammonia and ethanol are used

as nutrients by the cells. [15, 28]
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Figure 1.4. The ethanolamine degradation pathway which involves: the vitamin Bi,-dependent enzyme
EAL, the alcohol dehydrogenase, acetaldehyde dehydrogenase and phosphotransacetylase enzymes. The

ethanolamine degradation serves as nitrogen and carbon source for bacteria.[37]

In addition to the abundant biological substrate EA, studies have reported that EAL also
catalyzes the deamination of the unnatural substrate 2-aminopropanol into propionaldehyde and
ammonia.[53] In contrast to EA, 2-aminopropanol has a methyl group substitution at the C2 carbon
and presents two enantiomers (R)- and (S)-2-aminopropanol based on the chirality of the amino
group. (Figure A.1 in Appendix A) Although EAL binds both enantiomers nonspecifically, the
catalytic efficiency of EAL (kcat/Kwm) is decreased by 10 and 5-fold when using the (R)- and (S)-2-
aminopropanol versus the natural EA, which is suggested to be due to the presence of the methyl
group.[54-56] The binding affinity for (R)-2-aminopropanol in the EAL active site is much lower
than for (S)-2-aminopropanol which has a K lower by an order of magnitude.[55, 57] It was
suggested that the enantiomers are binding in the active site differently and are perceived as
different substrates. The spatial separation between the Co(Il) center and C1 atom on the substrate

differs between EA (9.3 A) and (S)-2-aminopropanol (11 A) by 2 A, which is suggested to be due
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to the steric interactions generated by the extra methyl group on 2-aminopropanol.[58-60] In the

present studies (S)-2-aminopropanol is used as substrate for the Bio-dependent EAL.

1.1.2.3. Minimal Mechanism for EAL Catalytic Cycle and the Active Site

As mentioned earlier, the weak covalent bond between Cbl and the 5° carbon on 5'-deoxy-
adenosine in AdoCbl plays an important role in EAL catalysis. In Figure 1.5, the minimal
mechanism for the EAL catalytic cycle is shown in a 6-step process that depicts the heteroatom
elimination.[61] Upon AdoCbl binding in the active site of the EAL the enzyme becomes active
and can now bind the substrate (1) which enables the homolysis of the weak covalent Co-C bond
in the coenzyme and generation of the radical species Cbl(I1) and Ado’.[48, 50] The first hydrogen
transfer (HT1) in the cycle (2) is done by the highly reactive Ado® who abstracts a H atom from
the substrate C1 carbon creating the substrate radical (S*) and the 5'-deoxy-adenosine.[59] The
radical rearrangement step occurs within S* with migration of the NH, group from C2 to C1
simultaneously with electron spin density transfer on C2 and leading to product radical formation
(3).[56, 61] In the second hydrogen transfer step (HT2) a H atom is transferred from 5'-deoxy-
adenosine to the product radical to form the product species, aldehyde and ammonia (4). The cycle

ends with the regeneration of the AdoCbl through reformation of the Co-C bond (5).

2-Aminopropanol arrangement in the active site allows for the same 6-step reactions to
occur in the catalytic cycle. However, suicidal inactivation under this substrate was previously
reported and it is suggested to be a consequence of side reactions within the active site.[50, 57]
After homolysis, the ribose of the adenosyl radical (Ado®) forms H-bonding with the enzyme at
Sera247 and Cbl(I1) at the oxygen atom of R28 and undergoes displacement of 5-7 A to mediate
the HT1.[50, 59, 60] Moreover, the interactions within the active site during the catalysis reaction

are conducted through H bonds and VVan der Waals contacts between six key residues of the EutB
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subunit which not only represent binding sites for substrates and intermediates but also assist

homolysis and stabilize the transition state.[56, 59, 62-64]

Substrate Radical Product Radical
Se Pe
Ad-CH, rearrangement Ad-CH,
3
—J \~—  /
H-atom transfer 1 H-atom transfer 2
(HT1 (H12)
2 4
) )
S-H P-H
Ad-CH,* Ad-CH,*
.~/ \. J
5 . .
generation of T\1 radical pair
initiator radical recombination
S-H 6 P-H
Ad-CH, S Ad-CH,
product release/

substrate binding

Figure 1.5. Minimal mechanism for EAL catalytic cycle.[61] The 6-step reaction cycle illustrates the Co-C
bond homolysis with generation of Co(ll) and an organic radical (1), the formation of the substrate radical
(2) and quenching of the product radical (4) upon hydrogen transfer with the 5’-deoxy-adenosine, substrate
radical rearrangement into product radical (3), and Co-C bond reformation (5) with product release and

repopulation with substrate (6).
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1.1.2.4. Catalysis and Dynamics

Like all catalysts, enzymes are designed to increase the reaction rate by lowering the
transition state energy and thus the activation energy between reactants and products. In an
exceptional way, enzymes accelerate reaction rates by 6-12 orders of magnitude relative to
uncatalyzed reactions under similar conditions.[3] Remarkably, EAL has found a way to perform
at the upper end of the scale. The low dissociation energy of the Co-C covalent bond in the AdoCbl
facilitates the catalytic mechanism involving unusual or difficult reactions. It has been reported
that the AdoCbl-dependent isomerase class accelerate the cleavage of this bond with a rate increase

of 10*? times.[65-67]

In order to achieve lower energy barriers, it was proposed that during the reaction EAL
undergoes specific configurational changes.[68] Moreover, these changes are proposed to be
coupled to both the reaction and surrounding solvent. It is well established that, folded native state
of the proteins is strongly controlled by both intramolecular interactions and dynamics of hydration
water through a series of interactions that couple to maintain the protein structure and function
integrity.[69-75] The latest studies towards understanding the molecular basis of EAL catalysis by
using low-T electron paramagnetic resonance (EPR) spectroscopy include advances in
characterizing the kinetics and mechanism of particular steps in the catalytic cycle with insights
on the effect that the solvent and surface fluctuations have on the catalysis.[61, 76, 77] The solvent
environment around EAL was characterized in the low-temperature (T) regime and two phases
with tunable solvent dynamics were identified in the presence of cosolvent. (Figure 1.6) [78, 79]
In the presence of a cosolvent the hydration layer or protein associated domain (PAD) is
surrounded by a second phase, the mesodomain, whose volume is controlled by the concentration

of cosolvent. The PAD solvent structure and dynamics are dominated by the confinement effects
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of the ice boundary transmitted through the mesodomain and can therefore be controlled by the
mesodomain volume. The modulation of the effects is qualitatively associated with the T of the

order-disorder transition (Topt) in the PAD structure.
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Figure 1.6. Solvent environment around EAL. A. Model for solvent phases around EAL protein; Mobility
of the spin probe (red dots) is increased with increasing T (indicated by the arrow) from all solid (dark grey)
to fluid (light gray).[78] B. Model for solvent dynamics and confinement effects in the protein-PAD-
mesodomain-ice system.[79] The effect of the ice boundary region is lost with increase in the mesodomain

volume (% v/v DMSO) and that is observed through a shift in the Topr to lower T values.

These observations have been unified with the EAL kinetics of the radical rearrangement
step for ethanolamine substrate reported by Kohne et al., which have shown a piecewise-linear
Arrhenius dependence from room T to 203 K, that is punctuated by a bifurcation and kinks
(transition) in the narrow T-range of 220>T>217 K.[68, 76] These results have identified the Topr
as the region of bifurcation which is indicative of a strong contribution from protein-solvent
coupling to the protein configurational dynamics that guide the reaction of breaking down

aminoethanol.
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1.1.3. Bacterial Microcompartments

Bacterial microcompartments (BMCs) are self-assembling protein-based organelles found
in bacteria that encapsulate the set of enzymes necessary to perform a specific function. Based on
the processes they carry out there are two main categories, anabolic carboxysomes and catabolic
metabolosomes. The only anabolic BMC discovered so far is the carboxysome with role in CO>
fixation.[80] The catabolic BMCs provide optimal metabolism of different organic compounds
such as EA, 1,2-propandiol, choline and fucose/rhamnose through a specific pathway for aldehyde
production by encapsulation of the necessary enzymes and channeling the intermediates in the
catalytic cycle.[19, 34, 37, 81] The improved enzymatic reaction efficiency in the metabolic
pathway is done by confining and thus concentrating the enzymes, metabolites and cofactors,
enhancing the metabolism.[82] In addition, the BMC proteinaceous layer is thought to act as a
barrier for metabolites, thus sequestering the toxic and volatile products, limiting detrimental
processes.[37] The shell is 3 to 4 nm thick and 80 to 250 nm in diameter with a polygonal structure
and consists of an assembly of 5000 to 20000 structural and encapsulated proteins. [33, 83]
Although, the BMCs present high diversity through the structural and functional variety of
encapsulated proteins, they display a conserved architecture. Three types of proteins have been
reported to compose these organelles, BMC-H, BMC-T and BMC-P.[34] The most abundant,
BMC-H, is a homohexamer that together with BMC-T, a pseudohexamer of a trimer of dimers
with a central pore, forms the facets of the shell. In addition, BMC-P, a pentameric protein, closes

the icosahedral shape of the BMCs by completing the vertices.

The common feature of metabolosomes is the core biochemistry of the pathway, which is
defined by a signature enzyme, an aldehyde-generating catalyst. Usually expressed in the presence

of the metabolic compound, BMCs enable growth in a nutrient depleted environment, affording a
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competitive advantage to bacterial pathogens.[37] In the EA metabolism, acetaldehyde has been
reported to be a volatile and toxic intermediate for the cells. [30] However, bacteria developed the
ability to grow on EA, and this was proven to be possible in the presence of BMCs.[30, 32] These
are based on ethanolamine utilization pathway (Eut BMC) and encapsulate the set of enzymes for
the EAL catalytic cycle, protecting the cell from the acetaldehyde intermediate. Organisms that
have been shown to express these Eut BMC, such as C. perfringens, S. enterica, E. coli, L.
monocytogenes and Klebsiella, have a negative impact on human health as they have been

implicated in conditions ranging from food poisoning to colon cancer.[20, 38, 84]

The quaternary structure of BMC-T type proteins (EutL, EutM, PduA, PduB, PduT) has
been observed by crystallographic studies to present pores that are thought to control transport
through passive or dynamic gated mechanisms.[34, 85, 86] These shell proteins serve various
functions within the shell as studies on a similar class of BMCs, namely the propanediol utilization
(Pdu) BMC, have demonstrated a selective flux for substrate versus the toxic intermediate across
the PduA protein due to the polar character of its pore. The polarity produces a low energy barrier
that disfavors the passage of the toxic propionaldehyde and allows only the 1,2- propanediol
transport.[87] However, it is not known how the Eut BMC mediates transport of substrate and
products through its proteins, across the shell. Additionally, how certain products are sequestered
inside the organelle is not well understood. These Eut BMCs are a topic of ongoing research due
to their potential in therapeutics and new approaches to engineering multi-enzymatic synthesis.

Moreover, the characterization of the S. typhimurium native Eut BMC is lacking.

The eut operon encodes for five proteins (EutS, EutM, EutN, EutL and EutK) that are
shown to build the Eut BMC shell.[36, 40] (Figure 1.1) These proteins adopt a hexameric (EutS,

EutM, EutL and EutK) or a pentameric (EutN) structure, and with the exception of EutK, they all
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oligomerize in solution at physiological pH.[37, 85] Additionally, it has been observed that each
of the EutM, EutL and EutS BMCs crystallizes in a 2-dimensional (2D) sheet, indicating lateral
interactions between identical proteins. However, a 2D structure of both EutL and EutM proteins

was not successfully obtained.[37]

1.1.3.1. The BMC structural protein EutS

The EutS BMC protein consists of 111 amino acids in its monomeric form and has been
observed to crystallize in a homohexameric structure. (Figure 1.7) In particular, the EutS crystal
structure showed both a flat structure and a structure with an asymmetric assembly of the
monomers into the homohexamer that deviates from the flat configuration by a 40° angle. This
angle describes a concave bent between two sets of trimers from the hexameric appearance. The
bend has been proposed to form the edges in the BMC shell structure, and it is suggested that this

feature allowed to engineer BMCs in cells from EutS expression alone.[85, 88]

40 9 bend

Figure 1.7. Structure of EutS BMC from E. coli determined by X-ray crystallography at a resolution of 1.65
A (PDB file 3196).[85] PyMol cartoon of the EutS homohexamer showing the subunits in different colors:

top view on the left and side view showing the 40 ° bend on the right.
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1.1.3.2. The BMC structural protein EutL

Among the Eut BMC proteins, EutL is the largest protein with 217 amino acids in its
sequence, and its monomer is formed of two similar domains. (Figure 1.8 A) The crystal structure
of the E. coli homolog revealed a trimeric assembly into a hexagonal structure, with a central pore
defined by two large flexible loops that belong to each of the two domains, where one loop is
occupying the central region of the protein.[89] EutL presents two conformational states, closed
and open, as indicated by distinct crystallizations of the protein and it is suggested to have
implications for a selective transport function. (Figure 1.8 B and C) In the closed state, the pore
has a diameter of 2.2 A between the narrowest points while in the open state, the rearrangements

in these loops create a central triangular pore of side 11 A, and 8 A between its narrowest points.

A.

Domanin | (N-terminal) Domain Il (C-terminal)
\ \_—-
{ |\
|

Figure 1.8. Structure of EutL BMC from E. coli determined by X-ray crystallography at a resolution of 2.3
A. A. PyMol cartoon of the EutL monomer in the closed form showing the two domains and associated
loops; B. The closed and C. open conformations. The trimers are highlighted using different colors. The

PDB files used to build the BMC are 3182 for closed structure and 3187 for the open structure.[85]

It has been shown that a-helix conformation is changed in the presence of Zn.[90] In the

EutL, Zn stabilizes the open conformation by binding the protein at three sites and triggering a
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conformational change in the central loop.[83] Studies on C. perfringens EutL demonstrated that
in the closed conformation the central region is stabilized by the interaction of three conserved
aromatic rings, each of which are Tyr residues, and by H-bonds between polar residues. [91] Two
EA can bind in the small pores in the closed conformation at specific sites that are not subjected
to fluctuations that would facilitate the transport of this molecule. [89, 91] It is argued that EA
transport is more energetically favored by the EutM pore rather than EutL pores of the closed
conformation, whose diameter is of 8.6 A. Therefore, it was proposed that EA has a negative
allosteric regulation of the central pore opening in EutL, because its binding stabilizes the closed
conformation. It is suggested that the EutL pore is closed at physiological concentrations of EA.
However, when EA is depleted EAL becomes inactive due to coenzyme B1. damage. Reactivation
of the cofactor requires its transport across the shell or ATP uptake, possibly through the EutL
central pore.[92] It was proposed that opening of this pore is not susceptible to aldehyde escape
from the BMC because EA depletion stops the volatile and toxic compound formation, allowing
only for the uptake of the necessary products. These findings however have not revealed the
mechanism of opening and the transport function for the EutL BMC. How the opening

conformation is triggered remains an unanswered question.

1.2. Experimental techniques

1.2.1. Continuous Wave EPR spectroscopy

CW-EPR spectroscopy is used to study chemical species with unpaired electrons such as
organic or inorganic radicals and transition metal complexes to gain insights into the physical and
chemical properties of the system and its surrounding environment.[61, 78, 93-99] In EPR, the

interaction of electromagnetic radiation with magnetic moments of unpaired electrons in external
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magnetic field is observed. For a free electron in an external magnetic field (Bo) two non-
degenerate energy states are available. Transitions between these energy states can be driven by
electromagnetic radiation with frequency, v, if the energy of that radiation matches the energy

separation between the states. (Figure 1.9 A) This can be described by the resonance condition:

AE = hv = g.[(B, (1.1)
where AE is the energy separation between the two states, h is the Planck’s constant, g, is the
electron g-factor and £ is the Bohr magneton. EPR spectra are usually generated by sweeping the

Bo field while keeping the radiation frequency constant.

9.5 GHz By

5 _—E=+ 1/2.%1330 : i\

EPR

AE = hv = g.BB,

Energy (GHz)
o

EPR Amplitude (a.u.):
ivative Amplitud

5 =1
“‘-\_\ E=— /2 QeBBO
0 50 100 150 200 250 300 350 400
Magnetic Field (mT)

330 335 340 345
Magnetic Field (mT)

Figure 1.9. The energy diagram for an unpaired electron with S=1/2 and the EPR signal recorded as the
first derivative of the absorption. A. For X-band microwaves (9.5 GHz) and electrons with a g factor near
the free electron g.=2.0023, resonance occurs at ~340 mT. The energy diagram shows the Zeeman effect:
in an external magnetic field By along z axis, the electron magnetic moment aligns parallel (m; = —1/2)
and antiparallel (m; = +1/2) with the field giving two discreet energy states; the gap between the two
states depends on the field strength. B. The EPR signal is recorded as a derivative of the absorption. This

is done through phase sensitive detection of a field modulated EPR signal at 100 kHz.

The EPR signal can be represented by quantum mechanics through the Hamiltonian that
describes the interactions of the unpaired electrons with their local environment. The eigenvalue

of the spin operator S is the quantum number ms that quantizes the electron spin angular
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momentum. The value of ms specifies the orientation of the electron spin in an external magnetic
field and identifies its specific energy state. These energy states are described by a total
Hamiltonian (H) that includes terms for each type of interaction the unpaired electron may

experience:

H=Hg; +Hy; + Hyp; + Hpp + Heyep (1.2

The first two terms refer to the electron (Hy;) and nuclear (Hy;) Zeeman interactions. The
hyperfine interactions (HFI) between electrons and nuclei are described by Hyg;. The last two
terms describe the dipole-dipole (Hpp) and isotropic exchange (H.,x) interactions between pairs
of electrons. The Zeeman terms cause non-degeneracy in the energy states according to 25+1 for
electrons and 21+1 for nuclei where S and | are the total electron and nuclear spins, respectively.
(Figure 1.10) The Zeeman terms Hy, and H, describe the available energy states in terms of the

spin operators S and | according to:

Hgz + Hyz = gefeBS + gnBeBI (1.3)
The nuclear hyperfine interaction between the electron and the nuclei is given by the Hyp;

term:

Hyp = SAI (1. 4)
that describes the interaction through a coupling matrix (A) that consists of isotropic and
anisotropic terms. The isotropic part (aiso) defines the magnitude of the hyperfine interaction and
describes the degree of separation between the nuclear energy states. The anisotropic part of A

originates from through space dipole-dipole interactions with nuclei described by:

3cos%0 — 1

Adipolar = ge.Begn.BnT (1.4
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where @ is the angle between the inter-dipole vector and the external field Bo. Considering that the
nuclear magnetic moment creates a local field at the electron, then this field can add or subtract

from the external field in an orientation dependent manner.

When two unpaired electrons are in proximity, at a distance r, they interact through the

same dipolar coupling mechanism, described by:

Hyp = $1DS; (1.5)
where S; and S; are the spin operators for the two electrons and D describes the dipole-dipole
interaction. This interaction broadens the spectrum and lowers the amplitude of the absorption in
a distance dependent manner (~r). Therefore, in equation 1.5 the nuclear contribution (g, ;) is

replaced by another unpaired electron.
The two electrons also experience an exchange interaction, described by:

Heyer, = S1JS2 (1. 6)

where J is the coupling component described by an isotropic and anisotropic term. The
isotropic part, Jo=1/3tr(J), characterizes a weak chemical bonding or antibonding caused by
overlap of orbitals or Coulomb interactions. The anisotropic component, which is usually

neglected, comes from the spin-orbit coupling.

1.2.1.1. Paramagnetic molecules: TEMPOL and 4-Maleimido-TEMPO

The nitroxide radicals used in this study, either free in solution (spin probe, TEMPOL) or
attached to the protein (spin label, 4MT via site directed spin labeling) (Figure A.2 in Appendix
A), add to the spin Hamiltonian the hyperfine and dipolar interaction terms described below. The
spin probe TEMPOL has been previously studied by using EPR techniques to understand glass

formation and phase transitions by exploiting the T-dependent of its mobility in solutions.[100-
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103] The spin label nitroxide is used to understand both structure and dynamics of

biomacromolecules with different degrees of complexity.[95, 104, 105]

Both molecules are stable radicals which have an unpaired electron that interacts with the
nucleus of the nitrogen atom through hyperfine coupling. Because **N has nuclear spin 1=1, and
the number of energy states is given by 21+1, this leads to splitting in each of the two electron spin
energy states into three non-degenerate states, shown in the energy level diagram in Figure 1.10.
The unpaired spin density in the N p orbital leads to anisotropy in the coupling through the
orientation dependence of the orbital with respect to the external magnetic field as expressed in Eq
1. 5. The local fields created at the electron by the different orientations of the orbital angular
momentum of the equivalent nitroxides give small shifts in the resonance lines that are observed
in the EPR spectrum as broadenings. (Figure 1.10) The perturbations in the Zeeman energy states
given by the anisotropic hyperfine constant is presented in the energy level diagram through the
thicker lines that describe angle variations from 0° to 90°. The isotropic hyperfine constant (aiso)

is not orientation depend and describes the degree of separation between the 3 energy states with

_ AxtAy+A,

the magnitude a;;, = . Consequently, three transitions will occur according to the

selection rules, Ams=%1 and 4m =0, and correspond to three resonance lines (4E1, 4Eo and 4E.1).
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Figure 1.10. A. Energy level diagram for the resonance lines in a nitroxide spin label that arise from the
interaction of an unpaired electron with the local nitrogen atom: S=% (ms=-%%, %); I=1 (m=-1, 0, 1). In
panels B and C are the corresponding EPR signals where: in panel B the anisotropy is averaged by the rapid
rotation of the spin probe yielding an isotropic spectrum; in panel C the orientation dependence is visible

in the slow motion regime yielding a powder spectrum where the anisotropies are emphasized.

The nitroxide EPR spectra are dependent on the Zeeman and hyperfine anisotropies. In the
absence of an external field the free electron that resides on a molecule has a total magnetic
moment with contributions not only from its intrinsic spin angular momentum but also from the
orbital angular momentum. This total magnetic moment creates a local field at the electron and the
effect of this field can be described by deviations in the g values from ge. The orientation of the
molecule and thus the total magnetic moment creates anisotropy in the system. Additionally,
rotational tumbling motions of the probe contributes to the broadening effects. (Figure 1.11) The
tumbling motions depend on the solution viscosity which change as a function of T. The motional
regimes are described through rotational correlation times that correspond to the time period over
which the nitroxide radical completes a single rotation. In frozen samples, high viscosity, the slow
motional regime manifests the powder pattern spectrum with full contributions from the Zeeman

and hyperfine anisotropies. At high T and low viscosity, where the motions are at the same
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magnitude as the hyperfine interaction, the fast tumbling averages out the anisotropies of the
interactions and the lineshape shows symmetry in the derivative of the absorption lines with
reduced splitting. The sensitivity of the CW-EPR at X-band technique to the tumbling motion of

the nitroxide molecules range from 10! to 107
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Figure 1.11. Effect on EPR spectra from the motions of the spin systems. (left) The arrow indicates decrease
in motion due to T or to restrictions imposed by the environment. Possible scenarios: nitroxide in solution
(A) or, bound to a polypeptide (B) or folded polypeptide (C) and finally nitroxide in frozen solution (D).

The two nitroxides are shown with their possible rotations indicated by the arrows (right).

1.2.1.2. Paramagnetic species in EAL, EPR spectroscopy

There are four paramagnetic species that form during AdoChbl-dependent EAL catalysis
under 2-aminorpopanol substrate which are illustrated in the minimal mechanism in Figure 1.5.

Three states within the cycle show the free radical species and they identify within three radical
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pairs between the low spin Co(ll) from cob(ll)alamin (Cbl(I1)) and three radicals Ado’, substrate
radical and product radical. The Cbl(ll)-substrate radical pair is the only pair in the cycle to give
an EPR signal.[57, 106-108] The rate of radical pair state formation is higher than the rate of
product formation.[108] Therefor, freeze quenching technique at 140 K allows for trapping the
radical pair state which accumulated during steady-state turnover at room temperature when
substrate is in excess.[61] This enables time dependent measurements of the forward reaction of
the cryotrapped radical state initiated at low temperature by a T-step. At cryogenic temperatures,
the fluctuations in configurational states in EAL are selectively impacted which allow individual

chemical steps from the reaction cycle to be studied.

The low spin Co(ll) arises from Co(l11) following homolysis and it has an unpaired electron
(S=1/2 and 1=7/2) while the substrate radical has a free electron localized on the C1 atom (S=1/2).
In uncoupled Cbl(Il), the lineshape of Co(ll) is well resolved showing a characteristic 8-line
splitting in the EPR signal from the electron-nuclear spin hyperfine interaction. Moreover, the
delocalization of the electron spin in the d.? orbital gives an additional superhyperfine interaction
with the nuclear spin of the neighboring nitrogen atom (I=1) from the DMB tail of cobalamin
which further splits each of the 8 lines into triplets. (Figure 1.12 A) The axial symmetry of this
hyperfine interaction gives a considerable anisotropic broadening in the XY plane at low
field.[109] However, in the radical pair (Figure 1.12 B), the organic radical feature at g=2.015 (335
mT) and the low field Co(ll) peak at g = 2.3 are split due to coupling of the d; electron on Co(ll)
with the free electron of the substrate radical. In the radical pair EPR signal the low field Co(ll)
hyperfine splitting is unresolved while the high field can still be observed in the region where the
substrate radical signal does not dominate. The splitting and broadening of the signal arise from

the electron-electron dipolar interaction and isotropic exchange between the two paramagnetic
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species. Simulations of EPR spectra for the radical pair resolved distances between Cbl(Il) and
substrate radical as well as magnitudes for the isotropic exchange interaction from the dipolar
interaction coupling constant, D. For our system, Cbl(Il)- 2-aminopropanol substrate radical, the
distance between Co(ll) center and C1 atom on the substrate was determined to be 11 A and the

isotropic exchange interaction constant, |Jo|=324 MHz.
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Figure 1.12. EPR spectrum of cobalamin and cryoptrapped Cbl(I1)-2-aminopropanol substrate radical pair.
Figure adapted from Pilbrow et al. to illustrate the hyperfine contribution in the cobalamin formed from
AdoCbl within the enzyme ribonucleotide reductase. Measurement conditions:77 K; 9.015 GHz microwave
frequency; 8.0 mW microwave power.[109, 110] B. The cryoptrapped Cbl(I1)-2-aminopropanol substrate
radical pair in EAL. Measurement conditions:120 K; 9.45 GHz microwave frequency; 2.0 mW microwave
power; 10 Gauss magnetic field modulation; 100 kHz modulation frequency; 2600-4000 Gauss sweep

width; 4 averaged scans.
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1.2.1.3. Spin-Lattice Relaxation

At thermodynamic equilibrium the population difference between the two electron states

can be described using the Maxwell-Boltzmann distribution:

n _AE
=™ (L.7)
n

where kg is the Boltzmann constant and n,, and n; are the spin populations in the upper and lower
states, respectively. After resonant absorption of microwaves, the time associated with recovery
of the equilibrium distribution depends on the interaction of the electron with the local
environment. Spin-lattice relaxation is defined as the recovery of the equilibrium Boltzmann
distribution.[97, 111] The time constant associated with this relaxation process is spin-lattice
relaxation time, T1. Depending on the nature of the local environment, excited unpaired electrons
will dissipate their energy into their surroundings at a different rate which can be described in term

of the recovery of the alignment of the electron spins with the external magnetic field:

_t
M,(t) = My(1 — e~ /™) (L.8)
where M;(t) is the observation of the magnetization in the direction of the external field at time t

and Mo is the equilibrium magnetization.

The T1 relaxation is reflected in EPR spectra through changes in lineshape and intensities
and these provide information about processes such as chemical reactions, intramolecular motions,

electron exchange or transfer between species and local concentrations of the radical species.

1.2.2. Site Directed Spin Labeling

Site directed spin labeling (SDSL) is a technique in which a stable free radical is chemically

tethered to a defined site in a biomacromolecule. The labeling is commonly through covalent
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bonding to the sulfhydryl group of cysteine residues. (Figure 1.11 lower right cartoon) SDSL uses
small probes with minimum perturbation on the surroundings. These probes give access to site
specific details of protein dynamics. Among the spin labels available for these studies the nitroxide

AMT is used. (Figure A.2 panel B in Appendix A)

EPR analysis of nitroxide 4MT can give information on the dynamics and solvent
accessibility of the spin label side-chain, polarity of its environment, and intramolecular distances
between at least two spin labels or between the spin label and a bound metal ion.[94, 95, 112] The
mobility of the spin label is encoded in the shape of the EPR resonance lines. (Figure 1.11 left)
The constraint on motion is visible through the line broadening of the spectra. In 4MT, the motion
is allowed through rotations around the angles shown in Figure 1.11, lower right cartoon. If two
conformations (rotameric states) of the spin label linked in the peptide are allowed, then these will
appear as splitting of the lines in the spectra. From the isotropic hyperfine interaction, all lines will
be equally broadened.( Figure 1.10 B) The anisotropic component will broaden the spectrum
(Figure 1.10 C) depending on the nuclear and electron magnetic dipoles alignment with the field,
given by the 8 angle. (Equation 1.5) Distance measurements provide information on both structure

and function. Pairs of spin labels that are between 8 to 80 A apart influence each other’s magnetic
field through the dipolar interaction. This interaction is proportional to 1/r3 , where r is the inter-
dipole distance. (Equation 1.5) CW-EPR is sensitive to distances within the range of 8-25 A. The
distance information is depicted in the line broadening accompanied by decrease in amplitude.
This distance information as well as information on motions of the spin label can be extracted from

simulations and fitting of the spectra using quantum-mechanical models.
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1.3. Outline

The work presented in the chapters that follows focus on understanding the mechanism of
AdoCbl-dependent EAL catalysis and pathway, and the contribution of the structural BMC
proteins EutS and EutL in the eut pathway, as a direction towards therapeutic development. The
molecular basis of EAL catalysis is investigated by using low-T EPR spectroscopy and include
advances in characterizing the kinetics and mechanism of particular steps in its catalytic cycle with
insights on the effect that the solvent and surface fluctuations have on the catalysis. Chapter 2
demonstrates that solvent dynamics and glass transition around the enzyme are “tuned” by the
presence of substrate 2-aminopropanol alone or in combination with dimethylsulfoxide (DMSQO)
and T variation. The results are further used in chapter 3 to investigate the impact that solvent-
protein dynamics coupling has on the kinetics of the resolved protein configurational change and
substrate radical rearrangement reaction steps. This is achieved by low-T Kinetics experiments
(210-240 K) of the cryotrapped cob(ll)alamin-2-aminopropanol substrate radical pair decay with
and without % v/v DMSO in the reaction solution. Observed variations in the EPR amplitudes of
EAL-bound paramagnets [cob(ll)alamin and substrate radical] with added % v/v DMSO enabled
investigations of T-dependence of the spin-lattice relaxation which corelates solvent dynamics
around EAL to motions in the protein interior at the active site in chapter 4. The dissertation also
includes preliminary studies towards characterizing Eut shell proteins and the assembly
mechanism and structure of the Eut BMC. In chapter 5 the SDSL CW-EPR technique pioneer the
investigations on the shell structure and assembly mechanism of EutS BMCs, and transport
properties for EutL. The studies presented herein initiate a comprehensive characterization of the
solvent-protein-catalysis dynamical coupling in EAL and enable studies towards understanding

the shell structure and assembly mechanism of EutS BMCs, and transport properties for EutL.
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Solvent dynamics around EAL in 10 mM 2-aminopropanol
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2.1. Introduction

The multitude of events that couple to maintain protein functional and structural integrity
are complex and include Coulombic and hydrophobic interactions as well as formation and
breaking of hydrogen bonds between water molecules and between water molecules and residues
of the biomacromolecule.[69-74] The network of water immediately surrounding the protein, also
termed the hydration layer that is roughly two water molecules in thickness, presents a structure
which deviates from bulk water. The surface residues of the biomacromolecule induce structural
heterogeneity to the water layer through electrostatic interactions and hydrogen bonding.[72]
Dynamics of this hydration water were proposed to be considerably slower than the bulk water
and to influence the protein conformational dynamics.[70] Additionally, the protein motion
induces changes in hydration dynamics and further in the bulk water, extending up to 20 A from
the protein surface.[78, 113] A strong coupling of the dynamics in the water-protein system
through cooperative interactions is achieved via the ordered hydration water which acts as a bridge
between the bulk and protein surface and allows the control of protein configurational fluctuations;
a necessary factor in the dynamical flexibility of the biomolecule which enables proper
function.[72-75, 78, 79] Therefore, an optimal level of hydration was well established for protein
to function. However, in conditions of low hydration level, enzymatic activity, although impaired,
was still observed, the catalysis being activated via a hydration-mediated internal molecular
motions and substrate/cofactor diffusion.[114] Interestingly normal activity is not only restored by
increasing hydration but also by the presence of organic solvents [115] which act as substitutes for
water and have even been shown to improve catalyzed reactions.[70, 71] Thus, not only the
hydration layer, but also the presence of cosolvents and other biomolecules in the bulk water can

influence protein motion. While it is clear that enzyme activity may suffer due to low hydration
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levels and decreased diffusion of substrates/cofactors into enzyme catalytic centers, it is not clear
how enzyme dynamics, catalytic reaction and chemical steps are driven and controlled by solvent

dynamics.

The Bio-dependent EAL enzyme is involved in microbial aminoethanol metabolism and
has been associated with microbiome disease conditions in the human gut.[23, 116, 117] Studies
towards understanding the molecular basis of catalysis for EAL from Salmonella typhimurium by
using low temperature (T) electron paramagnetic resonance (EPR) spectroscopy include advances
in characterizing the kinetics and mechanism of particular steps in the catalytic cycle with insights
into the effect that the solvent dynamics has on the protein fluctuations and function.[61, 76, 77]
The Kkinetics of the radical rearrangement step for ethanolamine substrate measured by using time-
resolved, full-spectrum EPR spectroscopy, show a piecewise-linear Arrhenius dependence from
room T to 203 K, that is punctuated by a bifurcation and kinks (transition) in the narrow T-range
of 220>T>217 K.[68, 76] Additionally, studies of solvent dynamics around EAL by using
TEMPOL spin-probe EPR in frozen polycrystalline aqueous solution have shown that in the
presence of cosolvent the environment affords two phases around the protein.[78] The cosolvent
assets in forming a “mesodomain” surrounding the protein hydration layer or protein associated
domain (PAD), a second phase whose volume is controlled by the concentration of cosolvent. The
mesodomain phase is an interstitial glassy phase with high viscosity and lower melting T that is
formed by solutes or cosolvents as a consequence of their exclusion from the ice crystallite regions
during freezing.[78, 118-120] At freezing conditions TEMPOL is also excluded from the ice into
the domains around the protein. Thus, TEMPOL maps the solvent of the phases in the vicinity of
the protein outside the ice crystallite region.[78, 79, 121] The results have shown that the solvent

structure and dynamics of the PAD are influenced by the confinement effects of the ice boundary
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transmitted through the mesodomain.[79] The extent of these effects on PAD depends on the
mesodomain volume. The results show a correspondence of the T of the Kinetic transition in
aminoethanol with an order/disorder transition (ODT) in the PAD that surrounds EAL, which can

be tuned (T decreased) by using added (0.5- 4.0% v/v) dimethylsulfoxide (DMSO). [79, 122]

Here we address the dynamics of solvent phases in the immediate environment of the Bi»-
dependent EAL enzyme in solution of 2-aminopropanol by using EPR spectroscopy of the spin
probe, TEMPOL. The solvent dynamics are varied by using DMSO, and measured, in the protein-
associated- and meso- domains that surround EAL in frozen aqueous solution. The spin probe
results indicate transition regions for 0% (230-235 K) and 2% (210-215 K) v/v DMSQO. The results
provide support for the method of study and applicability using different cosolvents and enable the
investigations of the solvent-enzyme-reaction coupling mechanism in EAL through the tunability

of the solvent-protein dynamics.

2.2. Materials and Methods

2.2.1. Protein and EPR sample preparation

The EAL enzyme was expressed in the Escherichia coli overexpression system by cloning
its coding sequence from S. typhimurium into the pBR328 plasmid. [29] The protein was isolated
and purified by ammonium sulfate precipitation as described previously [29, 123] with
modifications. [61] The specific enzymatic activity of purified EAL with aminoethanol as substrate
assayed by the alcohol dehydrogenase/nicotinamide adenine dinucleotide-coupled

spectrophotometric assay was 20-30 umol min-1 mg-1 at 298 K and 1 atm. [124]

The samples for EPR spectroscopy were prepared in 10 mM potassium phosphate buffer

(pH 7.5) and included 20 uM purified EAL (120 uM active sites), 10 mM (S)-2-aminopropanol,



34

and 0.2 mM TEMPOL spin probe in a final volume of 300 puL. When present, DMSO was added
to 2 % v/v to the sample final volume size. The samples were aerobically prepared in small vials
on ice. The components were mixed, loaded into 4 mm outer diameter EPR tubes and rapidly
submerged in isopentane pre-cooled to 140 K in liquid nitrogen. The freezing method has a

characteristic cooling rate of 10 K/s. [61] Samples were stored in liquid nitrogen.

All chemicals and reagents used are commercially available and they did not need further
purification. DMSO (purity,>99.9 %) was purchased from EMD Chemical, the deionized water
(resistivity, 18.2 MQ-.cm) was obtained from a Nanopure system from Siemens, (S)-2-
aminopropanol and TEMPOL (4-hydroxy-TEMPO) are products of Sigma-Aldrich. The EPR

tubes were purchased from Wilmad-LabGlass.

2.2.2. Continuous Wave EPR spectroscopy

The CW-EPR spectra were collected by using a Bruker E500 ElexSys EPR spectrometer
equipped with a Bruker ER4122 SHQE X-band cavity resonator. The temperature was controlled
by using a Bruker ER4131VT temperature controller and cooling system that consists of a nitrogen
gas flow through a coil immersed in liquid nitrogen bath contained in a 4 L dewar. Across the EPR
sample cavity the temperature stability is within 0.5 K. [61] For each experiment, the readout on
the controller was calibrated by using a 19180 4-wire RTD probe (x 0.3 K accuracy) and an

ITC503 unit from Oxford Instruments as previously described. [61]

The experimental protocol was described in previous work. [78, 79, 96] In brief, after
calibration the T was set at the lower or higher limits of the measurement range (200-265 K) and
a first EPR spectrum was collected. Then the next temperature was set and before collecting the

spectrum the system was left at least 5 min to equilibrate and the cavity retuned. This was repeated
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for the entire range with a 5 K step in T. A dummy sample which was lacking TEMPOL was
measured in a similar matter at each T value for baseline correction. Samples were measured in
both direction of increasing and decreasing T in the same day or after additional storage to confirm
the absence of hysteresis in correlation times or component amplitudes. The EPR acquisition
parameters used were: 9.45 GHz microwave frequency; 0.2 mW microwave power; 0.2 mT
magnetic field modulation; 100 kHz modulation frequency, and 4-8 spectra were averaged at each

T value.

2.2.3. EPR Simulations

The EPR spectra of the TEMPOL spin probe were simulated using the Chili algorithm in
the EasySpin program (http://www.easyspin.org/). [125] The parameters and steps for the
simulations are detailed in previous work. [78] Briefly, after baseline sample subtraction the EPR
spectra simulations require two components each described by a set of g tensor (gx = 2.0120, gy =
2.0130, g, = 2.0073) and N hyperfine tensor parameters (Ax = 20.9, A, = 19.8, A, = 103.2 MHz),
with a varying set of parameters - the correlation times (zcs, zc.f) , weights (Ws, Wr) and the intrinsic
line widths - for the slow-motional and fast-motional components. The two component simulations
were performed by varying the set of parameters for one component at a time (each three times),
with a final variation of both components simultaneously. The best fit parameters are used for the

next increasing/decreasing T step as a starting point and then the next steps repeated.
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2.3. Results

2.3.1. TEMPOL EPR line shape. Temperature dependence in frozen aqueous solution

with EAL and 2-aminopropanol in the presence of 0 % v/v DMSO

The temperature dependence of the TEMPOL spin probe mobility is mapped by the EPR
line shape within the range of temperatures of 190 - 260 K. In Figure 2.1 A this dependence is
shown for EAL in the presence of 2-aminopropanol and 0 % v/v DMSO solution, at representative
T values within the measured range. The dominant spectral features of the TEMPOL spectrum
arise from the electron-nuclear hyperfine interaction of the unpaired electron spin (S = 1/2) with
the * N nuclear spin (I = 1) which gives 21 + 1 EPR lines associated to the electron spin transitions
between m; = 0, +1 energy states. At low T, below 225 K, the spectra are characteristic for the
rigid-limit, powder pattern line shape which transition to motional-narrowed spectra at 230 K.
Qualitatively, the z-component of the anisotropic hyperfine tensor, Az, characterizes the rigid-limit
line shape by a spectral width of 2A;; of 7.3 mT (or 205 MHz). At T > 230 K the line shape changes
exhibiting narrowing of the overall spectral width given by narrowing of the m; lines width. The
increase in T starts the rotational, tumbling motion of the spin probe TEMPOL that leads to

averaging of the g-tensor and electron-nuclear dipolar anisotropy which narrows the line shape.

2.3.2. TEMPOL EPR line shape. Temperature dependence in frozen aqueous solution

with EAL and 2-aminopropanol in the presence of 2 % v/v DMSO

The EPR line shape of the TEMPOL spin probe in frozen aqueous solution with EAL, 2-
aminopropanol and added 2 % v/v DMSO is presented at representative T values in Figure 2.1 B.
Here, the rigid to mobile transition is marked by the T value of 210 K. At this temperature the rigid

limit, powder pattern line shape is still observed. However, above 210 K the TEMPOL spin probe
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mobility is enabled and increases with T, averaging out the anisotropic effects which narrow the
overall spectral width and hyperfine feature widths. At T > 245 K, the narrowing of the line shape
due to fast motional regime gives a well averaged anisotropic interactions that reaches a spectral
width that corresponds to the isotropic hyperfine interaction with 2Ais, of 3.6 mT (or 101 MHz)
where Aiso IS the isotropic hyperfine coupling constant. Figure 2.1 shows that the rigid to mobile
transition and the line shape narrowing occur at different T values for the two conditions, with the

2 % v/v DMSO lowering the transitions by ~20 K relative to the 0 % v/v DMSO.
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Figure 2.1. Temperature dependence of the TEMPOL EPR spectrum for the frozen EAL solution in the
presence of 10 mM 2-aminopropanol at different added % v/v DMSO (black line): (A) 0 %; (B) 2%. EPR
two-component simulations are overlaid (red line). Spectra are normalized to the central peak-to-trough

amplitude.
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2.3.3. TEMPOL rotational correlation times and normalized weights. Temperature
dependence in frozen aqueous solution with EAL and 2-aminopropanol in the

presence of 0% v/v DMSO

Simulations of the TEMPOL EPR spectra gave information on the rotational correlation
times (zc) and mobility components weights (W) of the spin probes as characteristics of the
rotational mobility of the probe. A two-component behavior was indicated by the simulations
characterized by zs with relatively large values (indicated as the “slow” component of tumbling)
and zc ¢ with relatively small values (indicated as the “fast” component of tumbling), and associated
weights, Ws and Wt. The temperature dependence of logz. and W is presented in Figure 2.2 and is
segmented into four regions as previously described [79]. In detail, region | (T <230 K) includes
the simulation results that give values for z. that are above the tumbling detection criterion which
is indicated by the horizontal dashed line at logzc = -7.0; region Il (230 < T < 235 K) corresponds
to two populations of spins that identify with either fast-tumbling (z. = 107! s) or rigid conditions
(7= 107 s). Region III (235 < T <255 K) includes tumbling populations of slow and fast motions
that present decreasing zc values with increase in T. The boundary between regions Il and 111 (T =
235 K) marks a transition in the normalized weights of the two populations with a shift from the
fast tumbling to slow tumbling. The normalized weights maintain over region Il a relatively
constant behavior with a mean Ws=0.44 £ 0.05 and Ws = 0.56 + 0.05. The fast and slow populations
transition again at the boundary between regions Il and 1V (T = 255 K), with an abrupt increase

in Wt and abrupt decrease in Ws in region 1V (T > 255 K).
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Figure 2.2. Temperature dependence of the rotational correlation time (A) and normalized mobility
component weights (B) of TEMPOL in the presence of EAL and 10 mM 2-aminopropanol with 0 % v/v
DMSO added. The slow and fast components are represented by open and solid circles. The error bars are
the standard deviations for three separate measurements. The TEMPOL tumbling motion upper limit for
detection by X-band CW-EPR is represented by the horizontal line at log z. = -7.0. The vertical lines

represent the regions described previously. [79]
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2.3.4. TEMPOL rotational correlation times and normalized weights. Temperature
dependence in frozen aqueous solution with EAL and 2-aminopropanol in the

presence of 2 % v/iv DMSO

The TEMPOL mobility in frozen aqueous solution with EAL and 2-aminopropanol in the
presence of 2 % v/v DMSO is characterized by a two-component behavior for the entire
temperature region as shown in Figure 2.3. Similar to the 0 % v/v DMSO condition, the four
regions of the tumbling motion are observed, with the boundary temperatures shifted to lower T
values by 25 K relative to the 0 % v/v DMSO condition: region I lies below T < 205 K; region 1l
is defined by 205 < T < 210 K; region 111 is within the boundaries defined by 210 <T <250 K; and
region IV is found above 250 K. The T-dependence of the normalized weights show a constant
evolution in the slow and fast populations in region I11 with mean values Ws = 0.29 and Wr = 0.71
(20.02). Region 1V is characterized by a transition in the normalized weights for the slow and fast

populations with a fast increase in Ws to ~ 0.8 while Ws decrease fast to ~ 0.2.
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Figure 2.3. Temperature dependence of the rotational correlation time (A) and normalized mobility

component weights (B) of TEMPOL in the presence of EAL and 10 mM 2-aminopropanol with 2 % v/v

DMSO added. The slow and fast components are represented by open and solid circles. The error bars are

the standard deviations for three separate measurements. The TEMPOL tumbling motion upper limit for

X-band CW-EPR is represented by the horizontal line at log z.= -7.0. The vertical lines represent the regions

described previously. [79]
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2.4. Discussion

2.4.1. 10 mM 2-aminopropanol is creates a mesodomain around EAL at cryogenic

temperatures

Similar to previous reports, the results for EAL in the presence of 10 mM 2-aminopropanol
and in the absence of DMSO identify two mobility components for the spin probe.[78, 79] The
EPR spectra report information about the two mobility components such as their relative
proportions and associated rotational correlation times which correspond to two coexisting solvent
phases: a PAD which resides at the surface of the enzyme characterized by the slow component,
and a mesodomain created by the cosolvents like DMSO or the substrates aminoethanol and 2-
aminopropanol characterized by the fast component.[79] In the present case for TEMPOL with
EAL and 10 mM 2-aminopropanol, the T-dependence of the zc and W of the two components
suggests that the substrate 2-aminopropanol creates a mesodomain around EAL at low T values.
At T<230 K in region I, the two components describe rigid phases with correlation times that lie
above the motional detection limit. The transition in region Il is marked by the T value of 230 K
when the local fluidization enables the detectability of the fast, dominant component which
represents the population of TEMPOL that is present in the mesodomain. This component
comprises ~90 % with the remaining ~10 % being trapped in the PAD. The transition to region IlI
is concluded at 235 K where the Ws and Wr undergo a flip in dominance indicated by the relatively
large drop in W with compensating increase in Ws. In the absence of a substrate and at different %
v/v DMSO a similar type of transition was described previously[78] as the order-disorder transition
(ODT) that occurs in the PAD upon T increase. Over 20 K, both components in region Il are
described by detectable decreases in zcs and zc s and, relatively constant values for Ws and Ws (Ws:Ws

is ~0.6:0.4). This behavior is explained by the ODT in the PAD phase upon T increase which leads
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to partitioning of TEMPOL into PAD. Similar to previous results, at 250 K the ice wall starts
melting and the mesodomain volume expands with increase in T, exceeding the volume of the
PAD. This is suggested by the increase in TEMPOL population in the mesodomain phase with

compensating decrease in the PAD while the zcs and .t continue to decrease.

2.4.2. Addition of 2 % v/iv DMSO to the 10 mM 2-aminopropanol increases the

mesodomain volume

The presence of 2 % v/v DMSO in the sample of TEMPOL with EAL and 2-aminopropanol
increases the volume of the mesodomain around EAL, shifting the ODT temperature (Topt) to
lower values as demonstrated previously.[78, 79] The reported T dependence of the zc and W for
the fast and slow components detected for TEMPOL spin probe in solution of EAL in the presence
of cosolvents 10 mM 2-aminopropanol and 2 % v/v added DMSO follow the same behavior as the
samples with only DMSO present as cosolvent. In the presence of substrate and DMSO, the
transition from region I to region Il at 205 K is shifted up by 10 K when compared to DMSO only
and down by 25 K when compared to substrate only, where the mobility of the fast phase becomes
detectable with a high population of TEMPOL in the mesodomain (Ws:Ws is ~0.1:0.9). The T
transition from region 1l to 111 (Topt) for 2 % v/v DMSO condition has been reported at 205 K.
With the addition of only 10 mM 2-aminopropanol the transition is shifted by 5 K to 210 K.
Relative to the 10 mM 2-aminopropanol only the Topt value is shifted down by 25 K. This
transition marks a change in the PAD fluidity where the spin probe population becomes detectable
and increases with compensating decrease in the mesodomain spin probe population (a ratio Ws:Ws
of 0.29:0.71). The large volume of mesodomain formed by 2 % v/v DMSO recruits a large

TEMPOL population.
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At the Topr, there is a decrease from about 80 % to 65 % in the TEMPOL that partitions
into the mesodomain with T decrease when 2 % v/v DMSO is added, while samples with only 2
% v/iv DMSO or 100 mM 2-aminoethanol substrate have a migration of spin probe of about 70 %
and 58 % respectively. At T> 210 K, above the boundary of ODT in the region Ill, the zcs and zc¢
decrease while Ws and Ws remain constant. The T value that marks the ice wall melting and
beginning of expansion in the mesodomain volume is maintained at 250 K where TEMPOL
concentration in the mesodomain is increasing with compensating decrease in the PAD.

The Arrhenius dependencies of the rotational correlation times for TEMPOL in the PAD
and mesodomain for EAL, 2-aminopropanol and 0 % and 2 % v/v DMSO quantify the composition

and dynamical properties of the two phases. The Arrhenius equation:

E
log(t.) = log(7cp) — > 3;7, 2.1)

describes the properties of the system through two parameters, the activation energy barrier to
rotational motions (Ea) and the correlation time at the high T limit (zc,0), obtained from the slope
and intercept of the linear fits.(Table 2.1.) The Arrhenius relationship observed before, where the
slope for PAD is higher than for the corresponding slope for mesodomain, is maintained here. The
linearity of log(z) versus 1/T is consistent with the T-dependence described previously [78] which
indicates constant solution properties (uniform composition) over the indicated T range in both
solvent components, PAD and mesodomain. Additionally, the T-dependence for the two phases
described for 10 mM 2-aminopropanol cosolvent represent new results. The high values for the Ea
for 10 mM 2-aminopropanol condition are in agreement with the very small mesodomain that is
inferred, suggesting strong ice-boundary confinement effects on the PAD solvent dynamics not
observed previously for low % v/iv DMSO. Addition of 2 % v/v DMSO to the 10 mM 2-

aminopropanol considerably reduces these effects. This is indicated by the decrease in Ea and
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increase in log(zc,0) parameters with addition of 2 % v/v DMSO, in agreement with previous reports
[79] that propose vanishing of the ice-boundary confinement effects on the PAD by increase in
mesodomain volume. This confirms the tunability of the solvent dynamics of the PAD in the
presence of 2-aminopropanol and added DMSO. Moreover, it was observed that for EAL and 10
mM 2-aminopropanol combined with 2 % v/v DMSO, the mesodomain and PAD present higher
values for Ea and log(zc,0) parameters than for the case where EAL is in only 2 % v/iv DMSO

condition (AEa = 2 kcal/mole and Alog(zc) = -2 s.

Table 2.1. Arrhenius parameters obtained from the T-dependence of the rotational correlation times for
TEMPOL tumbling motion in EAL and 10 mM 2-aminopropanol system with or without DMSO at T values
where . is detectable (<107). R? for the linear fits are 0.9931 and 0.9944 for PAD, and 0.9985 and 0.9994

for mesodomain for 0 % DMSO and 2 % DMSO, respectively.

DMSO (% Ea (kcal/mol) -log[zc0 ()]
vIv) PAD mesodomain PAD mesodomain
0 19.71+15 | 18.48+0.7 25.31+1.3 25.02 + 0.6

2 11.72+0.4 10.17+0.1  19.28+0.4 18.38 £ 0.1
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Figure 2.4. Arrhenius plot for rotational correlation times that characterize the TEMPOL in solution of

EAL, 10 mM 2-aminopropanol and the different DMSO %: 0 % (triangles) and 2 % (circles) v/v added

DMSO. The slow and fast tumbling components are shown in open and filled markers. Overlaid are the

linear fits with extrapolation (dotted line). The error bars are the standard deviations for three separate

measurements. The TEMPOL tumbling motion upper limit for X-band CW-EPR is represented by the

horizontal line at log z.=-7.0.
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2.4.3. Estimations for the relative dimensions of the mesodomain

The PAD has been characterized to be independent on the mesodomain and to have a
volume that corresponds to a shell that is roughly two water molecules thick (trap = 6 A), Veap =
3 ul.[79] These values correspond for the entire 300 pl volume of sample and a total concentration
of EAL oligomer of 20 uM which translates to 4.0 x 10> EAL molecules, each EAL oligomer
being characterized by a surface area of 1.3 x 10° A2.[62] However, for DMSO the mesodomain
was proven to depend on the volume of the cosolvent and a proportionality constant, ymeso, that is
related to the maximum freeze concentration [126] of the cosolvent. Considering that:

Vimeso = Ymeso X Vcosotvent (2.2)
and that ymeso Was approximated to 1/0.65, the Vimeso for 2 % v/v DMSO was calculated to be 9.2 pl
with a thickness of 18 A. The 10 mM 2-aminopropanol corresponds to 0.08 % v/v cosolvent
(Vcosolvent of 0.23 ul) which is 6.5 times lower than the lowest DMSO concentration (0.5 % v/v)
studied previously.[79] Even if the lowest concentration of DMSO cosolvent that would form a
mesodomain was not experimentally determined, the results indicate that 10 mM 2-aminopropanol
is enough to form this interstitial phase. In order to determine the characteristic Vmeso formed by
the substrate the maximum freezing concentration of aqueous 2-aminopropanol solution is needed.

Previous work has investigated the thermal properties and glass formation of amino-
alcohol compounds for developing methods for long-term organ preservation.[127, 128] For
different cooling rates the solutes presented crystallization tendencies from which a volume w/w
for solute to water is extracted for the crystals to be suppressed. For both aminoethanol and 2-
aminopropanol, the maximum freeze concentration for glass formation is about 40 % w/w which
represents 40 % v/v considering that their density is close to 1g/ml. Under these considerations the

Vmeso iN the presence of 10 mM 2-aminopropanol is expected to be 0.58 pl, with a tmeso of 1.1 A



49

considering that ymeso = 1/0.4 . Thus, volume and thickness of the mesodomain formed by 2-
aminopropanol are five times smaller than the PAD if we consider that the volume of mesodomain
covers a planar surface area equal to the solvent accessible area of 20 uM EAL. Because TEMPOL
was reported to have a diameter of 7 A, at low T, below 230 K, the mesodomain is proposed to be
not well defined in a uniform concentric disk around EAL. Small volumes of mesodomain isolate
TEMPOL from the ice-crystallite region in the protein proximity such that, at increased T, when
PAD goes through ODT, the TEMPOL from these local mesodomain formations partition into the
PAD. As T increases the mesodomain volume expands forming the uniform concentric disk around

EAL and recruiting a larger TEMPOL population.

2.5. Conclusions

The results herein indicate that 10 mM 2-aminopropanol in the presence or absence of 2 %
v/v DMSO create two phases around EAL with solvent dynamics coupling, and confirm the results
reported previously for EAL in solution of different % v/v DMSO and no substrate added.[78, 79]
Therefore, not only DMSO but also the substrates aminoethanol and 2-aminopropanol reported for
the Bio-dependent EAL create a mesodomain around the protein. The solvent dynamics of the
mesodomain and PAD can be manipulated by changing the volume of the mesodomain by adding
different % v/v cosolvent DMSO and this is quantified by the T region of ODT in PAD. Thus, an
increased PAD solvent dynamics was detected upon addition of 2 % v/v DMSO to the 10 mM 2-
aminopropanol which induces a decrease in the Topr region by 25 K. Similar to 100 mM
aminoethanol which has a Topr at 225 K, the 10 mM 2-aminopropanol also presents an order-to
disorder transition region which is 10 K higher than Topt for aminoethanol. These results advance
the understanding of the reaction kinetics of EAL by further investigating the solvent-protein

coupling effects on the chemical reaction steps induced by manipulating solvent dynamics.
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3.1. Introduction

The adenosylcobalamin (coenzyme B12) —dependent ethanolamine ammonia-lyase (EAL,;
cobalamin (vitamin B12)-dependent enzyme superfamily)[129, 130] is the signature enzyme that
starts the ethanolamine catabolism in the ethanolamine utilization (Eut) metabolic pathway [13]
associated with microbiome homeostasis. [131] The pathway is suggested to be highly used by
pathogens like enterohemorrhagic and enteropathogenic Escherichia coli and Salmonella enterica
to process ethanolamine as sole nutrient source and induce disease conditions in the human gut.[23,
116, 117] Native reactions in EAL proceed over a wide low-temperature (T) range of 190 — 250
K, which allows kinetic resolution of intermediate and individual steps in the core catalytic
sequence of aminoethanol [64, 68, 76, 107] and (S)-2-aminopropanol [77] conversion to the
corresponding aldehyde and ammonia, by using time-resolved, full-spectrum electron
paramagnetic resonance (EPR) spectroscopy.[61] EAL also represents a model enzyme for
understanding fundamental physical features of the contributions of dynamics to catalysis. Recent
spin probe EPR experiments under the same conditions show that the persistence of the native
reaction properties deep into the cryo-regime (rate constants adhere to the same Arrhenius relation
from physiological, ~295 K T values to at least 220 K) is promoted by the formation of a fluid
mesodomain around EAL in the frozen aqueous solution, which maintains the protein hydration
layer.[78] The cosolvent-tunable dynamics provide a powerful probe of solvent-protein dynamical
coupling to the EAL reactions with single-step resolution. Here, we address the role of solvent
dynamics in the native, productive substrate radical reaction and a well-defined, non-native
destructive pathway of substrate radical reaction in EAL from S. enterica serovar typhimurium.
The solvent dynamic results reported in Chapter 2 are used to reveal and characterize the solvent-

protein-catalysis dynamical coupling.
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The cob(I)alamin (Cbl(I1))-substrate radical pair state accumulates during steady-state
turnover at room T, and is cryotrapped as the only paramagnetic state.[61] Reactions are initiated
by subsequent T-step up to T values in the wide range of 190 — 250 K. The substrate radical decay
reaction at cryogenic T values occurs from two substrate radical microstates, denoted as S:° and
S2*, for 2-aminopropanol from 220-250 K [77] and for aminoethanol at T<220 K [76]. S1* and S2°
are proposed to represent two protein configurational states that are sequential intermediates on
the native pathway of the radical rearrangement to the product radical state (P*) and subsequent
hydrogen transfer-mediated formation of the diamagnetic product state (PH).[68] S1° is poised to
capture the nascent substrate radical formed by the initiating radical pair separation event, and S2*
is the enabling state for radical rearrangement. For aminoethanol substrate, when the
configurational interconversion of Si1* and S2° is blocked at T<220 K, reaction from S1* proceeds
with slower rate constants but with radical rearrangement and hydrogen transfer steps that lead to
diamagnetic products. A rapid S1* and S2° transition holds at T>220 K, and reaction occurs from a
proposed macroscopic S° state with monoexponential Kinetics.[76] In contrast, 2-aminopropanol
displays reaction from both S1* and S2" at low T values, and reaction from S1° leads to a non-native
uncoupled Cbl(I1) and free radical species.[77] This pathway shows that the enzyme misfires when
the specific, reaction-guiding protein configuration (i.e., S2°) is not present. The cryo-T reaction of
2-aminopropanol occurs with observed rate constants that are approximately 102-fold slower than
for aminoethanol. The lower rate may arise from imprecise positioning/steric restrictions on the
rearrangement process of 2-aminopropanol, owing to the bulk of the 2-methyl moiety. The
catalytic machinery of EAL is exceptionally sensitive to substrate structure — only the S-isomer of
2-amino-1-propanol, of the four 1,2-heteroatom aminopropanols was reported to undergo direct

turnover. Therefore, 2-aminopropanol provides a stringent test of specificity of the protein
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guidance mechanism, and specifically, the role of fluctuations/dynamics. This structural effect
might also lead to a desynchronization of the reaction and protein dynamics. Further, the influence
of protein and coupled solvent dynamics on the native (Sz2°) and non-native (S1°) reaction pathways
can be compared. A comparable influence would suggest that reaction dynamics are generic with
respect to driving the reactions.

The fluidity of the mesodomain phase that surrounds EAL in frozen aqueous solution can
be tuned by using cosolvents and temperature.[79] The substrates themselves act as cosolvents. In
the aminoethanol reaction system, the bifurcation of the reaction kinetics is associated with an
order-disorder transition (ODT) in the protein associated domain (PAD, also known as hydration
layer) at T~220 K. This T value of the ODT is established by the aminoethanol substrate, present
at 101 M prior to sample freezing. In the previous chapter it was determine the T-value of the PAD
ODT for the 2-aminopropanol concentrations used here in kinetics measurements (102 M), and
the ODT was tuned to lower T-values by using added dimethylsulfoxide (DMSO) cosolvent. The
influence of these variations in solvent conditions on the kinetics of the resolved protein
configurational change and the 2-aminopropanol substrate radical rearrangement reaction steps are

used to address the coupling of solvent, protein, and reaction dynamics.

3.2. Materials and Methods

3.2.1. Protein and EPR sample preparation

The EAL enzyme expression, isolation and purification was done as described in Chapter
I1. The procedure for samples with cryotrapped Cbl(I1)-substrate radical pair has been detailed in
previous work. [61] Similarly, the samples for EPR spectroscopy were aerobically prepared in

small vials, on ice, under dim red light to ensure no photochemical degradation of the coenzyme
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B1> (adenosylcobalamin, AdoCbl) cofactor.[41, 65] All reactions were prepared in 10 mM
potassium phosphate buffer (pH 7.5). When present, DMSO was added to 2 % and 4 % v/v relative
to the sample final volume size of 300 pL. The purified enzyme, EAL, was added to a final
concentration of 10 mg/mol (20 uM or 120 uM active sites) together with a four-fold molar excess
of AdoCbl per active site. After each component addition to the buffer solution with DMSO (if
present) the composition was mixed for 4 s by using a vortex mixer. The substrate (S)-2-
aminopropanol was added to the reaction mixture to a final concentration of 10 mM during the
final 4 s vortexing, then immediately loaded into 4 mm outer diameter EPR tubes and rapidly
submerged in liquid nitrogen isopentane pre-cooled to 140 K. The time interval for the process
from adding the substrate to freezing took in average about 18 s +3s. The freezing method has a
characteristic cooling rate of 10 K/s. [61] Samples were stored in liquid nitrogen until

measurements.

All chemicals and reagents used are commercially available and they did not need further
purification. DMSO (purity, >99.9 %) was purchased from EMD Chemical, the deionized water
(resistivity, 18.2 MQ-.cm) was obtained from a Nanopure system from Siemens, (S)-2-
aminopropanol and coenzyme Bi. are products of Sigma-Aldrich, and the EPR tubes were

purchased from Wilmad-LabGlass.

3.2.2. Continuous Wave-EPR spectroscopy

The CW-EPR spectra were collected by using a Bruker E500 ElexSys EPR spectrometer
equipped with a Bruker ER4122 SHQE X-band cavity resonator. The temperature was controlled
by using a Bruker ER4131VT temperature controller and cooling system that consists of a nitrogen

gas flow through a coil immersed in ethanol dry ice bath at ~ 200 K, contained in a 4 L dewar. The
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cooling procedure maintains the desired temperature stable for longer times, requiring addition of
dry ice to the bath at longer time intervals (40 min to 1 h) when compared to liquid nitrogen bath
(20 min). For shorter time experiments, at 120 K the cooling system consisted of a nitrogen gas
flow through a coil immersed in liquid nitrogen. Across the EPR sample cavity the temperature
stability is within 0.5 K. [61] For each decay experiment, the temperature value readout on the
controller was calibrated by using a 19180 4-wire RTD probe (+ 0.3 K accuracy) and an ITC503

unit from Oxford Instruments as previously described. [61]

3.2.3. Time-resolved full-spectrum EPR spectroscopy of substrate radical decay at

cryogenic temperatures

Measurements in the region 220-240 K. The experimental protocol for time-resolved full-
spectrum EPR spectroscopy of Cbl(Il) - substrate radical pair at low cryogenic temperatures was
described in previous work.[61, 77, 124] For the 2-aminopropanol radical decay, the following
acquisition parameters were used: 9.45 GHz microwave frequency; 2.0 mW microwave power; 10
Gauss magnetic field modulation; 100 kHz modulation frequency; 2600-4000 Gauss sweep width
with central field at 3300 Gauss. A set of three different EPR samples prepared from different EAL
protein purification preparations were measured at the selected temperature value within the range
220-240 K (10 K increments). After calibrating the temperature in the cavity resonator at the
desired decay T, a dummy sample which lacks the substrate was measured (32-64 averaged
spectra). For the different % v/iv DMSO, either the corresponding dummy or an identical
previously decayed sample were used to pre-tune the microwave bridge. This step reduced the
time interval (dead time) from insertion in the cavity of the cryotrapped radical pair state sample
to start of the acquisition to 1-3 minutes, by facilitating a faster tuning process. For the entire

duration of the decay, which ranged between 2.5 x 10* to 9 x 10* s for the different temperatures,
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the EPR spectra were continuously measured with a sweep time of 41.9 s and a time constant of
10.2 ms (conversion time, 81.9 ms) for 512 points/scan and a delay time between scans of 10-100

ms.

Measurements at 210 K. Measurements for the decay of Cbl(11)-2-aminopropanol substrate
radical pair at the temperature of 210 K were performed over a time length of ~80 x 10* s which
is equivalent to ~ 9 days. Similar EPR parameter to the T region 220-240 K were used. The decay
procedure included a temperature controller -100° C ISIS Dry Block Calibrator (Isotech, model
525 ) with sample insert type B. The controller is designed to maintain a constant temperature in
the range -100 to 40 °C with high stability within 0.04 °C. The instrument was previously calibrated
using a thermocouple thermometer and type K thermocouple probe. For accurate calibration and
to mimic the temperature at the probe, an assemble containing the probe placed in a 4 mm diameter
EPR tube filled with 300 ul deionized water was frozen in isopentane cooled by liquid nitrogen at
140 K. The calibration step included testing the accuracy of the probe in water at room temperature,
ice and liquid nitrogen, and calibrating the temperature at the sample holder inserts of the
controller. The temperature controller was set at the corresponding 210 K (or -63.15 °C) calibrated
T 0f 61.9 °C. For a week the controller was keeping the temperature set constant with no variations
recorded (T stability determined was within 0.3 °C). Similarly, three samples were measured at
this T. First, they were each measured continuously for ~18 h using the same parameters and
procedures as for the other T, then stored in liquid nitrogen. In addition, for the 210 K experiments
the time span from when the experiment was stopped until the sample was placed in liquid nitrogen
was recorded and added to the decay time scale. After this decay step, all samples were taken out
of the liquid nitrogen and incubated in the temperature controller (Tset = -61.9 °C) in the large 13

mm diameter insert where they continued to decay for the rest of 8.5 days. After each 3-6 h the
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samples were measured in the Bruker E500 ElexSys EPR spectrometer at T of 120 K with an
average of 4-8 scans. At 120 K, the decay of the cryotrapped radical pair is negligible when
compared to the time scale of the experiments. Samples were kept in liquid nitrogen when they
were out from the temperature controller and EPR cavity. The time of decay was stopped every
time the samples were out for EPR measurement and started each time the samples were placed
back into the temperature controller for incubation. A dummy sample which was lacking the
substrate was measured each time with the samples (average of 4-8 scans), being taken through
the same steps, for background signal correction. In addition, a control sample and a dummy
sample identical with the experimental ones were kept in liquid nitrogen for the entire experiment
and measured each time at 120 K for signal calibration. At all times during the experiment the
position of all samples was maintained the same by using the label on the EPR tube as a reference

point.

3.2.4. Steady-State Kinetic Measurements

Room temperature (RT) kinetic measurements were performed for samples containing 20
UM purified EAL (120 pM active sites), 480 uM AdoCbl and 10 mM (S)-2-aminopropanol in 10
mM potassium phosphate buffer (pH 7.5). Five samples were prepared as specified above. After
reaction mixture the samples were loaded into the 4 mm diameter EPR tubes. Each of the samples
were incubated for a set time interval in isopentane at RT (~ 288 K) to react, then quickly emerged
in liquid nitrogen isopentane pre-cooled to 140 K, for freezing and substrate radical trapping. The
five samples corresponded to five time intervals of decay: 1, 5, 10, 20 or 30 min. A time ‘0 s’
sample was prepared by rapidly freezing after loading into the EPR tube. All samples were
measured at 120 K with a 4-8 averaged spectra. The EPR measurement conditions and parameters

were the same as for low temperatures decay experiments.
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3.2.5. Transient kinetics analysis

The continuous EPR spectra collection exhibit over time a decay of the Cbl(ll)-substrate
radical pair feature at high field around g = 2.0. The time-dependence of the amplitude of this
feature relative to the baseline from the EPR spectrum with background subtracted was fitted to a

biexponential function (n = 2) that has the expression:

A(t) n

—= = Ae~kit 3.1

a0) - L™ Gy
where % is the normalized observed EPR amplitude, A4; is the normalized component amplitude

associated to the first order rate constant k;. The data processing and fitting were developed in

Matlab.

3.2.6. Temperature dependence of observed rate constants

The first-order rate constants obtained from fitting the normalized observed amplitudes
have a temperature dependence which can be described by the Arrhenius (Equation 3.2) or Eyring

(Equation 3.3) expression of the reaction-rate theory:

k(T) = Ae_g_?‘
3.2)

kT AH¥ As#
k(T) = %e_WeT (3. 3)

where A is the Arrhenius prefactor with units of s, E, is the activation energy, R is the universal
gas constant, k and h are the Boltzmann and Plank constants, and AH* and AS* are the activation

enthalpy and entropy which give a free energy of AG* = AH* — TAS*. The linear dependence of
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the logarithmic plots of the rate constants as a function of 1/T gives information on the activation

energy, enthalpy, entropy and free energy of activation.

3.2.7. Numerical simulations and fitting of the minimum kinetic model

The experimental results were simulated and fitted to a four-state (S1°, S2°, X* and P), three-step
(kz, ko, ks, ka) microscopic kinetic model. The set of differential equations that describe the model
was solved explicitly in Matlab using dsolve function under the initial conditions, [Si‘]o=as,
[S2lo=a2=1-a1, [X*]o=0 and [P]o=0, where []o represent the concentration of the species in the
respective state at time 0. The set of ordinary differential equations that describe the time

dependence of the states is:

ds; (3.4)
—_— = _klsl - k351 + k452
dt
as, (3.5)
i _kzsz - k452 + k3S1
dt
dx (3. 6)
Frames
dp 3.7)
dr k2S;

The set of solutions that describe the time evolution of each S1°+S2'= S* decay and growth of X*
and P were separately fit to the corresponding experimental data by using the Isgcurvefit function.

The fitting function uses the least squares regression analysis equation

: 2
" IF (x, xdata) - ydatal|; = Z(F (x, xdata,) — ydata;)* (3.8)
i

Where the xdata and ydata are the time and experimental amplitude matrices of the corresponding

species (S°, X* and P), and x are the parameters that describe the model, the microscopic rate
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constants (ki, ko, ks, ks) and [S1'Jo. A global search of the unique set of parameters that
simultaneously fit all three solutions to their respective data set was performed using the
optimization algorithm known as patternsearch. Paternsearch is a global optimization routine that
searches for the minimum of the objective function based on an adaptive mesh. Thus, seeding the
starting points in the optimization procedure with the parameter sets obtained from the individual

fits, increased the likelihood that a starting parameter set occur near a global minimum.

3.3. Results

3.3.1. Time-resolved, full-spectrum EPR of the cryotrapped 2-aminopropanol

substrate radical intermediate in EAL

The EPR spectrum at 120 K for the Cbl(ll) — substrate radical pair generated in EAL
following cryotrapping step during turnover on 2-aminopropanol is shown in Figure 3.1. The
characteristic features discussed in Chapter 1 for Cbl(11)-2-aminopropanol substrate radical pair at
X-band CW-EPR extends over the range of 140 mT. The line shape reveals the broadened Cbl(1I)
features from the dipolar interaction with the substrate radical as well as splits in the prominent
peaks of the Cbl(Il) at g, = 2.32 (or 290 mT) and substrate radical at gi = 2.0 (or 335 mT). As
mentioned earlier in Chapter 1 quantifications of the magnetic dipolar interaction resolved the
electron-electron distance of the radical pair which was approximated to 11 A. [58, 59] The line
shape and signal amplitude at 120 K are consistent throughout all samples with and without
DMSO.

In Figure 3.2 the time-dependence of the EPR signal of the Cbl(ll)-substrate radical pair
formed on 2-aminopropanol substrate in EAL is shown for the temperature step at 230 K. The

zero-time line shape is identical to the 120 K measurement with identical features (Figure 3.2 A).
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As the decay of the radical pair progresses the EPR line shape is changing exposing new features
which are mentioned in previous work.[77] In brief, the Cbl(Il)-substrate radical pair (Figure 3.2
B) with features described by the 120 K data has a decrease in the amplitudes of both Cbl(lI) and
substrate radical species while an isolated Cbl(Il) feature (Figure 3.2 C) is arising in the overall
signal reported by a single narrow peak at g; = 2.32 (or 290 mT) and this is accompanied by an
additional narrow radical feature at g = 2.0. Both of these new growing features were resolved

through spectral deconvolution methods as described further.
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Figure 3.1. EPR spectrum of the cryoptrapped Cbl(Il)-2-aminopropanol substrate radical pair in EAL.
Measurement conditions:120 K; 9.45 GHz microwave frequency; 2.0 mW microwave power; 10 Gauss
magnetic field modulation; 100 kHz modulation frequency; 2600-4000 Gauss sweep width; 4 averaged

scans.
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Figure 3.2. Time-resolved, full-spectrum EPR of the cryotrapped 2-aminopropanol substrate radical
intermediate in EAL resolved by X-band EPR at 230 K. A. The observed time-dependence EPR signal of
the radical pair. B. The deconvoluted time-dependence decay signal of the Cbl(11)-substrate radical pair. C.
The deconvoluted time-dependence rise signal of the Cbl(I1) radical species. Measurement conditions: 9.45
GHz microwave frequency; 2.0 mW microwave power; 10 Gauss magnetic field modulation; 100 kHz
modulation frequency; 2600-4000 Gauss sweep width; 41.9 s sweep time; 10.2 ms time constant

(conversion time, 81.9 ms); and 512 points/scan with a delay time between scans of 100 ms.
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3.3.2. EPR spectra of the deconvoluted Cbl(l1)-radical pair species

The magnetically isolated Cbl(Il) feature was resolved by spectral deconvolution. The
method was developed in Matlab and implemented for each time-dependence measurement over
the T range of 210-240 K. As mentioned earlier the zero-time EPR spectrum is the characteristic
signal of the Cbl(Il)-substrate radical pair. Therefore, the zero-time EPR spectrum from the set of
EPR spectra continuously collected during the decay was isolated and scaled to each of the
remaining spectra with respect to the second trough amplitude. Further the corresponding scaled
spectrum was subtracted from the subsequent spectra from the measured data set. The result of the
subtraction is a time-dependence of the uncoupled Cbl(11) and radical species (Figure 3.2 C and
Figure 3.3). The deconvolution reveals the temporal growing of the uncoupled Cbl(ll) as the
radical pair decays. In Figure 3.2 the amplitude of the uncoupled species is reported with respect
to the initial total amplitude of the EPR signal as recorded and it shows an overall small magnitude.
However, taken separately the growth is significant and gives important information about the

system as discussed further.
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Figure 3.3. Time-dependence EPR signal of the uncoupled Cbl(11) radical species component of the Cbl(11)-
substrate radical pair state in EAL when using 2-aminopropanol substrate. The signal is deconvoluted from

the time series measurements at 230 K and is the same signal shown in Figure 3.2.111.
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3.3.3. Quantification of the radical species contribution to the EPR spectra.

Proportions of the diamagnetic product states

The zero and final time EPR spectra from the time-dependence measurement at the selected
T value are used to determine the relative proportions of the components of the radical species that
contribute to the EPR derivative signal throughout the decay. The double integration of the selected
spectra was applied to obtain the area under the corresponding absorption spectra (first integration
of the signal) which is known to be proportional to the amount of spins of the respective
components. Because the relative proportion are of interest for this study, the exact concentrations
of the spins are not necessary. The double integration was performed by using Matlab. As shown
previously the broad peak at low field in the absorption line is given by the CbI(Il) while the peak
at high field is from the substrate radical, with 1:1 ratio for the Cbl(I1)-substrate radical pair signal
at zero-time spectrum.[77] Because the coupled and uncoupled species will reside under the same
absorption line (at t>0) the deconvoluted spectra are used in quantifying the uncoupled radical
species existent at the final of each measurement. In Figure 3.4 it is shown the selected area under
the curve (AUC) for each component of the EPR signal, Cbl(Il) and substrate radical: at zero-time
(A) the spectrum is given by the radical pair; and in the final scan (B) the signal convolutes the
radical pair (D) with uncoupled species (C). The relative proportions of the components for each
data set are obtained relative to zero-time spectrum. The values are included in Appendix C, Table

C.1 as mean values from the three measurements at each T-step.
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Figure 3.4. The absorption spectra of the EPR signal of the Cbl(Il)-substrate radical pair measured at 230
K (blue line contours the entire absorbtion): A. The absorption of the zero-time EPR spectrum from the
series of time scans, with 1:1 for Cbl(Il): substrate radical from the radical pair; B. The absorption of the
final EPR spectrum from the series of time scans which include coupled and uncoupled Cbl(Il), substrate
radical and radical species. C. The absorption of the deconvoluted Cbl(I1) and radical species components
from the final EPR spectrum from the series of time scans; D. The absorption of the deconvoluted Cbl(I1)-
substrate radical pair component from the final EPR spectrum from the series of time scans. Depicted by
each area are the Cbl(I1) species (orange) and the substrate radical species (yellow). The dashed black line

indicates the level for the area calculation of the substrate radical species.
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3.3.4. Time-dependence of the Cbl(l1)-substrate radical pair decay component

3.3.4.1. Cryotrapped 2-aminopropanol substrate radical intermediate in EAL with

0 % v/v DMSO solution, measured over 210-240 K

The decay of the Cbl(11)- substrate radical pair is studied through monitoring in time the
amplitude of the second trough, which is the substrate radical feature in the g=2 region, relative to
the baseline at high field. The method for analysis was developed in Matlab and it uses the analysis
approach reported in previous work.[68, 77] As observed in Figure 3.2 this feature is absent in the
time-dependence uncoupled signal and, thus is associate with the radical pair and more specifically
with the substrate radical. The measurements are performed to a decay level of ~ 8 % from the
initial amplitude for the substrate radical of each sample in order to resolve for all components that
are involved in the kinetics. Therefore, the time scales of the decays vary from ~ 2.5 x 10* s for
240 K to ~ 80 x 10* s for 210 K as it can be seen in Figure 3.6 which shows the decay of the
amplitude of the radical pair for T values over the range 210-240 K. The overlaid fits presented in
the figure represent the best fits of the biexponential function which gives information on the
kinetics of the components that describe the process. The values of the first-order rate constants
and normalized amplitudes for the two components (slow- and fast-phase observed rate constants
Kobs,s and K obs f, and corresponding normalized amplitudes Ans and An¢) are reported as mean values
from three measurements at each T-step, together with the statistical measure of the fitting given

by the mean of the Pearson’s correlation coefficient R? over the three measurements (Table 3.1.).
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Figure 3.5. The time-dependence of the EPR amplitude of the substrate radical component at the measured

temperatures (black dots) overlaid with the best-fit biexponential functions (red line). The EPR amplitude

is normalized to the zero-time value.



68

3.3.4.2. Cryotrapped 2-aminopropanol substrate radical intermediate in EAL with

2 and 4 % v/v DMSO solution, measured at 230 K and 240 K

The amplitude of the decay of the cryotrapped 2-aminopropanol substrate radical species
is measured at T of 230 K and 240 K in solution of EAL with 2 or 4 % v/v DMSO. The time-
dependence of the radical pair amplitude decay is shown in Figure 3.7 (A and B for 2 % v/v DMSO
and C and D for 4 % v/v DMSO). The high field trough is monitored to a decay level of ~ 9 %
from the initial amplitude for the substrate radical to identify all components that are involved in
the Kkinetics of the system. The best fits to theoretical decay functions are overlaid (red line) with
the experimental data (black dots). The time-dependence amplitude curves are well fitted by a
biexponential function at the measured T values, 230 K and 240 K. The information from the fits
describe the kinetic process through the first-order rate constants and normalized amplitudes for
the two components (slow- and fast-phase observed rate constants kobss and Kk opsf, and
corresponding normalized amplitudes Ans and A ng). In Table 3.1. the mean values from three
measurements at each T-step are reported together with the statistical measure of the fitting given

by the mean of the Pearson’s correlation coefficient R? over the three measurements.
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Figure 3.6. The time-dependence of the EPR amplitude of the 2-aminopropanol substrate radical component

in the presence of 2 % v/iv DMSO (A&B) and 4 % v/v DMSO (C&D) at selected temperatures (black dots)

with overlaid best-fit biexponential functions (red line). The EPR amplitude is normalized to the zero-time

value.
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Table 3.1. First-order rate constants and normalized amplitude parameters for the biexponential fitting to

the decay kinetics of the Cbl(I1)-substrate radical pair at indicated temperatures and added % v/v DMSO.

Parameters represent the mean values, * standard deviation, for three separate decay measurements.

%V T(K)  Koss X 1074 (57)  Kobss X 107 (s7) Asn At R?
DMSO
0 210 0.027+0.005  019+004 016+005 0.84+0.05 0.9992 + 0.0004
220 0.15+0.01 1.06+0.07 045+001 055+0.01  0.9992+0.0003
230  0.36+0.06 21+044  055+006 045+0.06  0.9990 + 0.0005
240  0.69 % 0.09 357+0.32 042+004 058+0.04  0.9994 +0.0002
2 230  0.22+0.02 077+027 063+010 037010  0.9993 +0.0001
240  0.34+0.04 254+031 034+004 066+0.04 0.9976 + 0.0003
4 230  0.19+0.05 071+026 065+024 035+024  0.9985+0.0001
240  0.28+0.10 254+035 043+003 057+0.03 0.9927 +0.0034

3.3.5. Time-dependence of the growth of the uncoupled Cbl(II)

3.3.5.1. EPR measurements for EAL and 2-aminopropanol in 0 % v/v DMSO

solution at T in the range 210-240 K

The formation of the uncoupled Cbl(11) and radical species is studied through monitoring
in time the growth of the Cbl(I1) feature at g, = 2.32 from the deconvoluted EPR spectra. The time-
dependence of the amplitude of the uncoupled Cbl(I1) peak relative to the baseline at low field for
T values over the range 210-240 K is shown in Figure 3.8. The exponential growth curves are well
fitted by a monoexponential function for the measurements at 210 K and biexponential function
for the experiments over the range 220-240 K. The best fits are overlaid with the experimental
data. The values of the first-order rate constants and normalized amplitudes for the two

components (slow- and fast-phase observed rate constants Kopss and K obsf, and corresponding
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normalized amplitudes Ans and A n¢) are reported as mean values from three measurements at each

T-step, together with the statistical measure of the fitting given by the mean of the Pearson’s

correlation coefficient R? over the three measurements (Table 3.2.).
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Figure 3.7. The time-dependence of the EPR amplitude of the uncoupled Cbl(ll)- radical state component

at the measured temperatures (black dots) overlaid with the best-fit mono or biexponential functions (red

line). The EPR amplitude is scaled to the AUC for the uncoupled Cbl (I1) radical species.
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3.3.5.2. EPR measurements for EAL and 2-aminopropanol in 2 and 4 % v/v DMSO

solution at T of 230 K and 240 K

The growth of the Cbl(11) feature at g, from the deconvoluted EPR spectra of the uncoupled
CbI(I1) and radical species is measured at T of 230 K and 240 K in solution of EAL with 2 or 4 %
v/v DMSO. The time-dependence of the uncoupled Cbl(I1) formation is shown in Figure 3.9 (panel
A 2 % v/iv DMSO and panel B 4 % v/iv DMSO). The growth curves are well fitted by a
monoexponential function at the measured T values, 230 K and 240 K, with the best fits overlaid
with the experimental data. (red lines in Figure 3.9) The kinetic process is described by the
observed first-order rate constant (Konss) and normalized amplitude (Ans) reported in Table 3.2 as
the mean value of three measurements at each T-step. The statistical measure of the fitting at each

T is given by the mean of the Pearson’s correlation coefficient R? over the three measurements.
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Figure 3.8. Time-dependence of the EPR amplitude of the uncoupled Cbl(l1l) (black dots) deconvoluted
from the total EPR signal recorded during decay of the cryotrapped 2-aminopropanol substrate radical
intermediate in EAL in the presence of 2 % v/iv DMSO (A) and 4 % v/v DMSO (B) at selected temperature.

Overlaid are the best-fit monoexponential functions (red line). The EPR amplitude is scaled to the AUC for

the uncoupled Cbl (1) radical species.
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Table 3.2. First-order rate constants and normalized amplitude parameters for the mono- and bi-exponential
fitting to the growth curves of the uncoupled Cbl(Il) at indicated temperatures and added % v/v DMSO.

Parameters represent the mean values, + standard deviation, for three separate measurements.

%V T(K)  Kopss X 107 (51)  Kobss X 10° (s7) Asn Ain R?
DMSO
0 210 - 0.21 +0.07 - 1+0.00 0.9613 +0.020

220 0.30+0.13 1.84+£0.89 059+0.08 0.41+0.08 0.9888+0.007
230 0.40+£0.22 3.00+166 0.60+0.13 0.40+0.13 0.9912 + 0.007
240 0.96 +0.16 434+134 048+0.03 0.52+0.03 0.9933+0.004

2 230 0.51+0.12 - 1+0.00 - 0.9436 + 0.028
240 1.12+0.23 - 1+0.00 - 0.8281 £ 0.041
4 230 0.36 +0.05 - 1+0.00 - 0.9333 £ 0.009
240 0.65+0.30 - 1+0.00 - 0.7645 £ 0.072

3.3.6. Steady-state kinetic measurement

Figure 3.9 shows the EPR signal of the Cbl(ll)-substrate radical pair measured at 120 K
from samples incubated at 288 K for different time intervals. The stack plot shows from the top to
bottom the normalized signal recorded from each sample with the corresponding incubation time
(0, 1,5, 10, 20, 30 min). The time evolution of the signal amplitude (better depicted in Appendix
C, Figure C.1) and line shape shows both an abrupt decrease in the signal amplitude of the substrate
radical (second trough of the lineshape) and change in lineshape of the first two peaks from 10 min
incubation time to 20 min and 30 min respectively. The line shape change in both, the low field
peak of Cbl(Il) from a broadened split feature to a single peak, and the substrate radical peak
feature that loses amplitude and splits, are indicative of the formation of uncoupled Cbl(Il) and
radical species as described earlier. The lineshape of the Cbl(I1) low field peak feature has a visible

change from the first minute and a half of incubation. It is interesting to observe that the high T
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reveals the presence of the uncoupled Cbl(11) and radical species identified at low T which has not
been reported previously. The uncoupled Cbl(1l) was deconvoluted as described earlier and the
proportion of the species was determined from AUC values at each decay time measured. The time
evolution of the uncoupled species was plotted with the ERP amplitudes scaled to the AUC value

determined for the final decay time measured considering that time zero has 100 % radical pair.

The time-dependence of the amplitudes of the substrate radical and uncoupled Cbl(II)
features indicates that the 10 mM concentration of substrate in the sample is consumed over 20
min. (Figure 3.10) At 288 K the substrate radical shows a linear decrease in amplitude over time,
while the rise of uncoupled Cbl(I1) follows a monoexponential growth with the best fit indicated
in figure 3.10. The product formation which is the remaining of the % normalized amplitude is
also represented in the time-dependence plot. The linear behavior of the substrate radical signal
over time in the steady-state experiment at 288 K suggests the presence of underlying processes
that drive the substrate consumption and enzyme function in the high physiological T region. As
the substrate is being consumed diamagnetic product and Cbl(Il) and radical species are formed,
with the latter acting as a suicide pathway for the sites that produce it which become inactive.
However, formation of diamagnetic product leads to available active sites upon its release, and
they can be replenished by the available substrate. The process of product release and
replenishment of the active site is continuous at 288 K and in the 10 min the active sites are
populated in high percentage, but with every substrate turnover less substrate and less active sites
being available. The overall dependence shows that over time as the substrate is consumed less
sites are being replenished. The linear time-dependence of the substrate radical signal is also
associated with the presence of a backpressure created by accumulation of product in the sample

solution which acts as an inhibitor suppressing the replenishment of the active sites.
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Figure 3.9. Time-dependence of the Cbl(ll)- 2-aminopropanol substrate radical pair state in EAL. The
signal was measured at 120 K and each scan corresponds to a sample incubated at 288 K for the
time interval indicated. The EPR amplitude is normalized to the peak-to-trough amplitude of the

radical signal in each scan.
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Figure 3.10. The time-dependence of the EPR amplitude of S* (red), X" (blue) and PH (black) from the EPR
signal measured at 288 K. The EPR amplitude of the substrate radical feature is normalized with respect to
the zero-time value and the amplitude of the uncoupled Cbl(Il)- radical state feature is scaled to the AUC
determined for the uncoupled Cbl (1) radical species as indicated above. The best-fit monoexponential

function to the growth of X" is shown in dash light blue line.
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3.4. Discussion

3.4.1. Kinetic Model. Microscopic rate constants for protein configurational change

and rearrangement reaction steps

The time-dependence of the Cbl(11)-substrate radical pair decay and of the growth of the
uncoupled Cbl(I) components were modeled using a minimal three-step/ four-state Kinetic
mechanism previous applied to the EAL kinetics when using aminoethanol and 2-aminopropanol
as substrates(Figure 3.11).[76, 77] The Cbl(Il1)-2-aminopropanol substrate radical pair decay
occurs from two sequential protein configurational states, Si:* and S2°, which interchange at the
rates of ks and ks. The protein misfires and forms uncoupled Cbl(11) and radical species from the
decay of the nascent substrate radical state, Si* with the first-order rate constant ki, while the
diamagnetic product formation was enabled by the radical rearrangement state, S2* with the rate
constant kz. The evolution of states is conserved in time (equation 3.9), as at any t>0 the sum of
the concentration of the species equals the initial concentration of the radical pair as determined

by the AUC values for each sample.

[$*t0elo = [8"1 + 8°2]: + [X']: + [P]; (3.9)

The substrate radical decay is measured as the disappearance of the combined EPR signal
of the indistinguishable Si* and Sz’ states. Thus, the numerical simulations of the time dependent
amplitudes of the decay are done considering the form of a total S* state, S1*+ S2°. The diamagnetic
product is obtained from subtracting the uncoupled Cbl(I11) amplitude from the inverse of substrate
radical decay amplitude, as indicated by the conservation relation, equation 3.9. The set of
solutions of the differential equations that describe the model defined by S°(t), P(t) and X'(t)

(equations C1-C3 in Appendix C) are simulated, presenting a good fit to the experimental
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data.(Figure 3.12) A slightly modified kinetic model was also considered and the results are
reported in the Appendix C. This model maintains the same number of states and steps, but the
diamagnetic product and uncoupled species pathways both occur from the radical rearrangement
state, S2° (Figure C.2 in Appendix C). Although the alternative model captures the experimentally
observed growth of the fast component of the uncoupled Cbl(I1) or product, it considers two hybrid
conformations of the substrate radical in the radical rearrangement state Sz° (S2*” and S2*’) that
determine the fate of the pathway. In order for this model to be valid a method for distinguishing

between the two S2* conformations of the substrate radical would be required.

X* P
Figure 3.11. Microscopic kinetic models tested for the mechanism of the Cbl(11)-2-aminopropanol substrate

radical pair decay in EAL.
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Figure 3.12. Time-dependence of the deconvoluted Cbl(11)-2-aminopropanol substrate radical pair decay
components in EAL and % DMSO at the corresponding measured T values overlaid with simulated
components of the kinetic model: A. 0 % v/iv DMSO, B. 2 % v/iv DMSO and C. 4 % viv DMSO.
Representative single data set for each T is shown. The components obtained from measurement (decay of
substrate radical and growth of uncoupled CbI(Il)) are indicated in grey dots with the corresponding
overlapped black lines for S*(t) and X*(t) simulations. The diamagnetic product is shown in light red dots

with the simulated P(t) in red line.
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3.4.2. Arrhenius behavior of the observed rate constants

Figure 3.13 shows the Arrhenius plot of the observed rate constants determined from the
exponential fits to the decay of the Cbl(Il)-2-aminopropanol substrate radical pair state and to the
growth of the uncoupled Cbl(11) and radical species in EAL in the absence of the cosolvent DMSO
from 210 to 288 K. Over 220-240 K, the kinetics of both the radical pair decay and the uncoupled
species rise display biexponential evolution, with the observed rate constants, Kobss and Kobsf, for
both species overlapping within approximately one standard deviation. This congruence indicates
that the two microstates, Si1* and S2°, interconvert rapidly on the time scale of the reactions from
S1”and Sz2°. For 220- 240 K, the substrate radical decay is measured as the disappearance of the
combined EPR signal of the indistinguishable S:* and S2* signals, which gives a two-component
decay. The growth of the uncoupled species is measured as the increase in the single branch
species, X*, which also displays the biphasic kinetics, owing to the Si1* and S2* exchange. Thus,
measurements of both S* (S1° + S2°) and X" provide the same slow and fast observed rate constants.
The rate constants determined from empirical fittings are not the microscopic rate constants, but
composites of the first-order rates (ki,kz, ks, ks) that describe the kinetic model, denoted as «+ (for
Kobsf) and x- (for Konss). Thus, the T-dependence of x+ and «. over 220-240 K in Figure 3.13 does

not correspond to an Arrhenius relation for a single step, first-order rate process.

At 210 K, the radical pair decay has a biexponential kinetics, while the uncoupled species
grow monoexponentially with the observe rate constant identical to the fast component of the
radical pair decay. This result suggests that each of the two microstates is responsible of only one
of the two outcomes of the reaction: forming the diamagnetic product state, P, or forming the
uncoupled species, X°. This indicates that the exchange between the microstates Si1* and S2° is

quenched on the time scale of the S1*—X* and S2°—P reactions. The biexponential kinetics in the
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decay process indicates the observation of the loss of the (S1* + S2°) EPR signal which give the
components for the reaction from each microstate. The monoexponential kinetics is characterizing
only one pathway, namely the formation of X*from S:°. This suggest that the fast component of
the (S1° + S2°) decay represents the S1°— X" reaction, ki, while the slow component identifies with
the S2*—P reaction, ko. Under this considerations, and following the kinetic model results we
identified that transition S2° to S1* was considerably slowed down at 210 K, by approximately 10-
fold, essentially quenched on the time scale of the reaction. The apparent deviation of the 210 K
data from a linear extrapolation of the 220 — 240 K data in Figure 3.13 is caused by the different

exchange regimes.
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Figure 3.13. Arrhenius plot of the mean first order rate constants from the mono/biexponential fittings of
the substrate radical decay (circles) and deconvoluted uncoupled Cbl(I1) radical species (triangles). The 288
K rate constant for the uncoupled CbI(Il) is indicated in diamond. The fast (solid) and slow (open) rate
constants correspond to the reaction kinetics measured in the T range 210-240 K in the absence of DMSO.

The error bars represent the relative standard deviation for three separate decay measurements.
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At 288 K only the growth of the uncoupled radical species is resolved, and it has a
monoexponential Kinetics with the rate constant of 4 times magnitude higher than the low T fast
component. The determined rate constant at (1.8 x 10 s) at 288 K is ~30-fold less than the first-
order decay of the Cbl(ll)-substrate radical pair to the adenosylcob(lll)alamin resting state in
solution at 278 K (5.6 x 102 s%). The significant difference between these values is consistent with
a rapid exchange condition, ks, ks >> ki, ko. Thus, at room T the exchange rates between the
microstates S1* and Sz" are fast relative to the P and X* formation. The linear time-dependence of
the substrate radical pair signal is given by the exponential reduction in available active sites due
to formation of the uncoupled radicals and to the product inhibition. The high T reveals the
presence of the uncoupled Cbl(11) and radical species identified at low T, but in lower proportions
(about 50 % less X* produced, ~ 25 %), the formation of diamagnetic P being the dominant
pathway of the reaction. In this case, the observed rate constants represent «. and «+ in the high-T
limit. The relatively slow growth time scale of the uncoupled species is dominated by the «.
component, but the x+ component is not resolved. The decay of the Cbl(ll)-substrate radical pair
is driven chiefly by the rapid depletion of substrate through the more rapid product formation

reaction, which is dominated by «-.
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Figure 3.14. Kinetic scheme. The kinetic model for the decay of the 2-ampropanol substrate radical in EAL
at 210 K and over the T range of 220-240 K. Black arrows correspond to reactions that contribute to the
kinetics measured by the decay of Si" + Sy". Grey pathway corresponds to states that contribute to kinetics

measured by the rise of X°. The grey arrow indicates slow/quenched reaction.

In the presence of cryosolvent, the decay of the 2-aminopropanol generated substrate
radical pair follows a biexponential while the growth of the uncoupled CbI(Il) has a
monoexponential behavior. This was observed for EAL in the presence of 2 % and 4 % v/v DMSO
at measured T values of 230 K and 240 K. Under these conditions, the Arrhenius type plot of the
observed rate constants (Figure 3.15) indicates that the rate of growth of the uncoupled species do
not overlap with neither of the rate constants of the substrate radical decay and falls in between
the two components of S*. However, the 2 % v/v DMSO results for the S* decay and X* growth
overlap with the respective rates for S* and X" determined for 4 % v/v DMSO within one standard
deviation. Overall, the % v/iv DMSO lowers the rate constants for S* decay but maintains the rates
for X" rise at the values of the slow rates determined for samples in the absence of DMSO at the
corresponding T values. The presence of DMSO increases the fluid dynamics in the PAD and
favors a rapid exchange condition, comparable to the direct reactions from S:° and S2° states to P

or X', k3, ks = ky,ko.
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Figure 3.15. Arrhenius plot of the mean first order rate constants from the mono/biexponential fittings of
the substrate radical decay (circles) and deconvoluted uncoupled Cbl(I1) radical species (triangles). The fast
(solid) and slow (open) rate constants from the reaction kinetics measured at T values of 230 K and 240 K
in the 2 % and 4 % v/v DMSO system are shown in blue and orange. The error bars represent the relative

standard deviation for three separate decay measurements.

3.4.3. Contributions of the protein-solvent dynamical coupling to protein

configurational change and rearrangement reaction steps

The TEMPOL spin probe detects the ODT in the PAD solvent dynamics in the T interval,
230-235 K for EAL with 10 mM 2-aminopropanol, and 205-210 K for EAL with 10 mM 2-
aminopropanol and 2 % v/v DMSO. The Arrhenius plot of the first-order rate constants, or
microscopic rate constants, determined from numerical simulations is presented in Figure 3.16 for
reaction kinetics in the absence (0 %, panel A) or presence (2,4 % v/v, panels B and C) of DMSO.

For 0 % v/v DMSO condition, the microscopic rate constants differ by less than 100-fold at 220,
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230 and 240 K, showing that the system is in the exchange regime, where ki > k3, k2 = ka. In the
210-240 K region ks and k4 display non-linear, non-Arrhenius behavior. The values are constant
over 230-240 K, and then begin to decrease at 220 K. In order to accommodate the isolated decays
from S1°and S2° at 210 K, and therefore the condition ks, ks <<k, k2, the ks, ks relation extrapolates
to below the measured data points at 210 K as shown in Figure 3.16 panel A. The T-dependence
of ks, ks indicates the emergence of a free energy barrier to S2°, S1° interconversion, with decreasing
T, at the T value of the ODT. Therefore, fluctuations in the PAD solvent are coupled to the protein
configurations and fluctuations that conduct and define the Si1°«<>S2" interconversion. Over the T
range of the ODT from 230 — 240 K, the plateau in ks, ks T-dependence indicates an approximately
constant activation free energy (AG*), that arises from a compensation of activation enthalpy (AH*)
and entropy (TAS*) terms. Specifically, both AH* and AS* increase with decreasing T. This
suggests that the plateau in the Ink versus 1/T dependence resolves the formation region of the free
energy barrier to S1°<>Sz" interconversion. The transition in PAD solvent dynamics also raises the
free energy barriers to chemical reaction, S1*—X". This is shown by the increasing negative slope
of the ki relation with decreasing T. The less dramatic increase in free energy barrier to the
reactions, relative to the barrier for the S1°<>S2* configurational interconversion, may arise from a

dominant energetic contribution of the intrinsic bond-breaking and re-making events.

The T values at which the kinetics in % DMSO solution is measured is well above the
ODT temperature determined in the PAD for EAL with 10 mM 2-aminopropanol and 2 % v/v
DMSO. The decreased ODT T region to 205-210 K by the addition of 2 % v/v DMSO, was
proposed to drive the reaction to all monoexponential decay into only productive pathway with no
site inactivation which would have been observed at higher T in the 0 % DMSO, above the

measured T values. However, the only reaction that becomes monoexponential is the destructive
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pathway, the decay maintaining its biphasic characteristics. Above the ODT, the system is in the
exchange regime with the rates between the two microscopic states S:* and S2* being comparable
to the reaction rates of P and X* formation. For reaction solution with 2 and 4 % v/v DMSO the
first-order rate constant that characterize the Si1°—X" reaction, ki1, remains constant with increase
in T, the plateau suggesting a constant activation free energy. In contrast, ko increases by 10-fold
with increase in T, indicating a rise in the free energy barrier to product formation. In addition, in
2 % DMSO solution the T increase does not affect the reverse reaction of the exchange step, ka,
but causes a decrease in the forward reaction, ks. In 4 % DMSO solution the Si1°>S2°

interconversion step keeps ks constant at increase T while increasing ka.
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Figure 3.16. Arrhenius plots for the microscopic rate constants determined from the proposed kinetic model
for Cbl(I1)-substrate radical decay in EAL. The parameters (ki (red), ko (purple), ks (black) and ks (blue))

are determined for three data sets at each T value and are plotted for the different % v/v DMSO condition:

0% (A), 2 % (B) and 4 % (C).
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3.5. Conclusions

The pathway to non-productive (destructive), turnover-ending uncoupled Cbl(Il) and
radical species is consistent with the >100-fold lower reported kcat for 2-aminopropanol versus
aminoethanol, and the high substrate specificity of EAL and other Class Il, eliminase Bio-
dependent enzymes. In particular, of the two aminopropanol isomers (e.g., 2-amino-propan-1-ol
and 1-amino-propan-2-ol) and their enantiomers, only [S]-2-amino-propan-1-ol has been reported
to be converted directly to products by EAL. Therefore, the steric requirements for rearrangement
catalysis are stringent. We propose that the steric effect of the 2-methyl group contributes to an
increase to the barrier for S1°—S2" interconversion that adds to the native protein configurational
barrier (which is manifested as the sole barrier for aminoethanol substrate). This leads to the
persistence of the biexponential decay at T values above the ODT, for 2-aminopropanol, but not
for aminoethanol. As the T decreases through ODT, the protein configurational contribution to the
barrier begins to dominate, and below the ODT, the protein configurational contribution
effectively quenches the S2*<-Ss1* interconversion on the timescale of the decay reactions.

The contribution of the methyl-group steric impediment to the barrier to Si1*S2’
interconversion also accounts for the difference in the manifestation of ks, ks effects for no DMSO
or k» effects for 2 and 4 % DMSO on the T-dependent reaction rates. For aminoethanol, the barrier
to S1°—Sz" interconversion changes from insignificant (ks, ka>>k1, k2) to dominant (ks, ka<<ki, k2)
with decreasing T over the narrow range between 220 and 214 K. This is because the barrier
depends only on the solvent-coupled protein configurational barrier, and the solvent-coupling is
linked to the sharp T-dependence of the effective quenching of collective, cooperative-cluster
motions in the solvent. In contrast, the methyl-group steric contribution to the free energy barrier

is expected to display a normal, linear Arrhenius T-dependence (AH* and entropy AS*
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contributions independent of T). The AG* for S1*<S2" interconversion is comparable to the AG*
for the reactions of Si1* and Sz2°. The comparable values between the ki may be related to similar
steric penalties for configurational interconversion and reaction. The comparable values of the ks,
ks , k1 and k2 are expected to extend by 30 — 40 K into the physiological T range. Therefore, the
results predict that the uncoupled Cbl(ll) and radical species will be formed during steady-state

turnover at physiological T values, in solution.
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4.1. Introduction

The Bio-dependent ethanolamine ammonia lyase (EAL) is the signature enzyme of the
ethanolamine utilization (Eut) pathway [13] in pathogenic strains of Salmonella and Escherichia
coli [23, 117] associated with microbiome disease conditions in the human gut, that catalyzes the
conversion of substrate aminoethanol or the enantiomers, (S)- and (R)-2-aminopropanol, to
acetaldehyde and ammonia,[52, 53] through a multi-step reaction cycle that uses radicals generated
from the homolytic cleavage of the metal-carbon bond, Co-C, of the coenzyme-B12.[48, 50, 61] In
the Kkinetic reaction of Cbl(Il)-substrate radical pair in EAL, the reaction is 100-fold slower when
the substrate aminoethanol is substituted with 2-aminopropanol. With this substitution, the enzyme
misfires when the native, specific protein configuration is not present, forming a non-native
uncoupled Cbl(I1) and free radical species. The isolated EAL strain from Salmonella typhimurium
has been investigated by electron paramagnetic resonance (EPR) spectroscopy to gain insights into
the fundamental aspects of its molecular mechanism and the modulation of its function by the
surrounding environment. [61, 76, 77] The reaction kinetics were investigated over a wide low
temperature (T) range (210-240 K) and leads to the resolution of individual steps in the core
reaction-enabling and adiabatic-chemical events by using time-resolved, full-spectrum EPR
spectroscopy.(Chapter 3) Spin probe EPR experiments under the same conditions showed that the
persistence of the native reaction properties deep into the cryo-regime is promoted by the formation
of a fluid mesodomain around EAL in the frozen aqueous solution, which maintains the protein
hydration layer. The cosolvent-tunable dynamics provide a powerful probe of solvent-protein
dynamical coupling to the EAL reactions. Here, we introduce the temperature dependence of the
EPR amplitude as a probe of solvent dynamics, toward characterization of the solvent-protein-

reaction dynamical coupling in EAL from S. enterica serovar Typhimurium.
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The EAL protein in the frozen aqueous system is surrounded by concentric layers: a vicinal
protein-associated domain (PAD, or hydration layer) and an aqueous mesodomain, whose
thickness can be varied by the amount of added cosolvent.[78, 79] The substrates, which are akin
to cryosolvents, are present in the mesodomain. The PAD undergoes a disordered-to-ordered
transition (order-disorder transition, ODT) in the direction of decreasing temperature (T) that is
detected by the EPR spin probe. In the aminoethanol reaction system, the ODT occurs over 219-
220 K, and it is coupled to an energy barrier rise that leads to the kinetic bifurcation. In Chapter 2
it was shown that in the presence of 10 mM aminopropanol the ODT occurs over 230-235 K, and
it is shifted by 25 K to 205-210 K by the addition of 2 % v/v dimethylsulfoxide (DMSQ) cosolvent.
Here, we address the influence of temperature, and the ODT in the PAD, on the EPR amplitude of

the endogenous uncoupled Cbl(11) and the substrate radical in the radical pair in EAL.

4.2. Materials and methods

4.2.1. Sample preparation

The samples used for the experiments are the same samples that were measured for the
kinetics reported in Chapter |11 and decayed to ~ 8-9 % from the initial amplitude for the substrate
radical. At this low proportion of the radical pair (8-9 %) the sample is in the slow phase decay
regime which allows measurements over a wide range of temperatures without losing signal due
to reaction kinetics. All samples are stored in liquid nitrogen in 4 mm outer diameter EPR tubes
(Wilmad-LabGlass) and contained a mixture of 20 uM purified EAL (120 uM active sites), with
the initial concentrations for cofactor and substrate of 480 UM (adenosylcobalamin) and 10 mM
((S)-2-aminopropanol) in solution conditions of different percentages of DMSO (0 %, 2 % and 4%

v/v) in 10 mM potassium phosphate buffer (pH 7.5).
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4.2.2. Continuous wave-EPR Spectroscopy

The CW-EPR spectra were collected by using a Bruker E500 ElexSys EPR spectrometer
equipped with a Bruker ER4122 SHQE X-band cavity resonator as described in section 2.1.2 of

Chapter 2.

Temperature dependence. The experimental protocol is similar to the protocol for
TEMPOL spin probe measurements which was described in section 2.1.2 of Chapter 2 and in
previous work. [78, 79, 96] In brief, after calibration the T was set at the lower or higher limits of
the measurement range (190-240 K) and a first EPR spectrum was collected. The next temperature
was set and before collecting the spectrum the system was left at least 5 min to equilibrate and the
cavity retuned. A dummy sample which was lacking the substrate was measured in a similar
manner at each T value for baseline correction. The T was incremented in a 2 K step within a 10
K window around the Topr and a 5 K step outside this window. At the beginning and at the end of
the T range a spectrum was collected at 120 K to monitor the consistency of the experiments. The
EPR acquisition parameters used for these experiments were: 9.45 GHz microwave frequency; 2.0
mW microwave power; 10 Gauss magnetic field modulation; 100 kHz modulation frequency;
2600-4000 Gauss sweep width; 1024 points and 4-8 spectra were averaged at each T value. The
temperature was controlled by using a Bruker ER4131VT temperature controller and cooling
system that consists of a nitrogen gas flow through a coil immersed in liquid nitrogen bath

contained in a 4 L dewar.

Power saturation. The experiments were done at 200 K and 235 K, over a microwave
power range of 0.002-205 mW, which correspond to the attenuation settings of 50 - 0 dB of the
Bruker microwave bridge (model ER 049X Super X). The parameters for the spectra acquisition

were: 9.45 GHz microwave frequency,10 Gauss magnetic field modulation, 100 kHz modulation
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frequency, 2600-4000 Gauss sweep width; 1024 points. Each spectra consist of 4-16 averaged

Scans.

4.2.3. Progressive power saturation analysis

The EPR signal intensity dependence of the microwave power can be analyzed in terms of
the degree of homogeneous/inhomogeneous broadening and the power for half-saturation. The

empirical equation used to fit the experimental data is [132-135]:

P
I(P) = k(1 + T/Z)_b/z (4. 1)

where P is the incident microwave power, I(P) is the normalized EPR amplitude divided by the
square root of P, Py is the power at which the EPR signal is reduced to half of the maximum
achievable intensity and k is a constant. The equation allows for determining the parameters b and
P12. The inhomogeneity parameter, b, can take values from 1 to 3, which describes the extreme
cases of purely inhomogeneous broadening (b=1) or purely homogeneous broadening (b=3). The

method allows for the determination of P1/> values outside of the instrument power range.

Because the EPR signal of the EAL-bound paramagnets is inhomogeneously broadened,
the inhomogeneity parameter b was fixed to 1 when fitting the progressive saturation curves for
each of the studied species. The parameter P1> was determined for all % DMSO conditions and
each paramagnetic species in EAL by fitting the equation 4.1 to the corresponding experimental
data by using the Isqcurvefit function. The fitting function uses the least squares regression analysis

equation described in section 3.2.7 of Chapter 3.
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4.3. Results and Discussion

4.3.1. Paramagnetic species in EAL after reaction with 2-aminopropanol

Figure 4.1 shows a representative set of spectra that indicate the origin of the signals
observed in the T-dependence and power saturation measurements of the decayed cryotrapped
Cbl(11)-2-aminopropanol substrate radical pair in EAL solution in the presence of different added
% v/iv DMSO. Panel A shows the zero-time and final-time spectra from a time-dependence
measurement together with the deconvoluted signal from the final spectrum that grew upon decay,
the uncoupled Cbl(I1) and radical species. The final-time spectrum which is the decayed radical
pair signal of the zero-time spectrum exposes new features as mentioned in Chapter 3. The new
features can be resolved through spectral deconvolution methods described in section 3.4.2 of
Chapter 3. The final-time spectrum is the type of signal that will be recorded at the different T and
power values, and the features that will be analyzed are discussed further. The zero-time spectrum
shows at low field the CbI(I1) feature of the radical pair, split by the interaction with the substrate
radical. The final-time spectrum consists of a lower population of coupled Cbl(Il) proportional to
the population of substrate radical, and uncoupled Cbl(I1) and radical species which dominate. The
proportions of the coupled and uncoupled species for the samples measured are reported in Table
D.1 of Appendix D. The deconvolution of the later species (black) is shown in panel B overlapped
with the final-time spectrum (blue) to indicate the origin of the signals in the observed spectra. The
uncoupled Cbl(Il) signal has a strong low field feature in the absence of coupling with other
paramagnetic species characterized by a single narrow peak that comes from the g;. As it can be
seen from the overlaid signal the low field (~290 mT) peak amplitude and its line shape are not
changing upon deconvolution whereas the second peak (~330 mT) and second trough (~345 mT)

are disappearing. Therefore, it can be argued that the features which are vanishing upon
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deconvolution belong to the Cbl(ll)-substrate radical pair species. Although the final-time
spectrum has both coupled and uncoupled Cbl(ll), it can be seen here that the amplitude on the
uncoupled Cbl(Il) dominates. Thus, the low field peak can be associated with the uncoupled
Cbl(11) signal referred further as Cbl(Il). However, the central feature (~335 mT) is losing some
amplitude and it is associated with the uncoupled radical species that are formed during decay.
Considering these characteristics, the analysis of the T-dependence and power saturation of the
signal is focusing on the amplitudes of the low field peak, Cbl(ll), and of the high field trough,
substrate radical (S*). In the present study this method and final-time types of spectra were

measured at each T value, and the amplitudes are plotted in Figure 4.3.
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Figure 4.1. Representative EPR spectrum of the cryotrapped Cbl(11)-2-aminopropanol substrate radical pair
and uncoupled species in EAL. Measurement conditions: 0% v/v DMSQO; 220 K; 9.45 GHz microwave
frequency; 2.0 mW microwave power; 10 Gauss magnetic field modulation; 100 kHz modulation
frequency; 2600-4000 Gauss sweep width; 1 scan. In blue is the observed measured EPR signals and in
black the deconvoluted EPR signal. A. The spectra from the time-dependence measurement show the
observed zero-time (top) and final-time (middle) spectra, and the uncoupled signal (bottom) from the
observed final time scan. The middle and bottom spectra are scaled by a factor of 3.7 for clarity. B. The
final time observed (blue, middle in A) EPR spectrum overlaid to the corresponding deconvoluted spectrum
of the uncoupled Cbl(11) and radical species (black, bottom in A). The radical species are indicated in black
for the deconvoluted spectrum and in blue for the measured EPR signal. The Cbl(Il) peak and S’ trough are

the signals that will be analyzed further.
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4.3.2. Cbl(I1)-substrate radical pair EPR line shape. Temperature dependence in
frozen aqueous solution after EAL reaction with 2-aminopropanol in the presence

of DMSO: 0, 2 and 4 % v/v

As introduced in Chapter 1, the line shape of the cryotrapped cob(ll)alamin (Cbl(1l))-2-
aminopropanol substrate radical pair in EAL presents features of the superhyperfine coupling of
the Cbl(I1) electron spin and **N nuclear spin from dimethylbenzimidazole (DMB) as well as the
strong dipolar interaction with the substrate radical species. In the temporal decay of the Cbl(I1)-
substrate radical pair the substrate radical feature loses amplitude while uncoupled Cbl(Il) and
radical species features grow (see Chapter 3). The very low rate of decay at the end of the
experiment allows to study the paramagnetic species in EAL over a wide T range, with negligible

further decay during the EPR amplitude versus T and microwave power saturation measurements.

The superhyperfine coupling of Co(ll) electron spin (S=1/2) with the nuclear spin of the
nitrogen (I1=1) on the DMB tail in the CbI(Il) is usually not manifested in the radical pair EPR
spectra. However, in the decayed samples the 21 +1 split of the hyperfine lines of Co(ll) are
observed in the EPR line shape, and they became less pronounced with increase in T and % v/v
DMSO. For example, at 310 mT the superhyperfine features are manifested in the EPR signal of
the samples without DMSO at all T values measured (120-240 K), while in 2 and 4 % v/v DMSO
the split is distinguishable up to 225 K and 220 K. At high filed, 369 mT, the 3 line split is not
manifested at T>190 K in the EPR signal of samples with 2 and 4 % v/v DMSO conditions, but
shows up to 200 K in the samples without DMSO. This dipolar interaction indicates a significant
presence of uncoupled Cbl(I1) in the samples. The vanishing superhyperfine features with increase

in DMSO is a consequence of the low signal-to-noise ratio induced by a reaction-solvent coupling.
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Figure 4.2. Temperature dependence of the Cbl(l1)-substrate radical and uncoupled Cbl(l1) + radical species
spectra for the decayed cryotrapped Cbl(I1)-2-aminopropanol substrate radical pair in EAL solution in the
presence of different added % v/iv DMSO: (A) 0 %; (B) 2 %; (C) 4 %. Spectra are normalized to the peak

amplitude of the Cbl(lI).

4.3.3. Temperature dependence of the EPR amplitudes of residual and terminal species

in EAL after reaction with 2-aminopropanol

The T-dependence of the EPR amplitude over the range of the kinetic and spin probe
measurements for the substrate radical in the radical pair and the uncoupled Cbl(I1) and radical in
the absence and presence (2 or 4 % v/v) of cryosolvent are presented in Figure 4.3. The amplitudes
of all species show a general trend of a decrease with increased T value, which is consistent with
the effect of a T-dependent decrease in the spin-lattice relaxation time (T1) under the weak

saturation condition and constant incident microwave power (2 mW). In addition, each species
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shows a kink in the dependence at the same T value. Pairs of lines fitted to the linear regions on
either side of the kinks intersect at Tintersect=Ay/Am K (Table 4.1), where dy represents the
difference in the Ay intercept for each line and Am represents the difference in the slopes. The
results suggest that the T1-relaxation processes at T values higher than the kink are enhanced. The
T values of the kink and ODT are the same for both radical species measured in the 0 and 2 % v/v
DMSO condition, to within the measurement uncertainties. For the 4 % v/v DMSO the correlation
between the kink and ODT is maintained only for the substrate radical feature. The uncoupled

CbI(1) kink is shifted to above the ODT values.

Table 4.1. Parameters of the linear fits to the T-dependence amplitudes of the uncoupled Cbl(Il) and

substrate radical features at different % v/v DMSO in the regions below and above the Topr.

* *

Radical % v/v T<T opy T>T opy T, nrersecr
species  DMSO0 mi Yo, ms Yoy (K)
0 -0.004 1.476 -0.009 2.522 230
CbI(II) 2 -0.005 1.579 -0.012 3.127 212
4 -0.005 1.586 -0.010 2.819 214
0 -0.004 1.515 -0.015 4.134 232
S 2 -0.005 1.639 -0.015 3.831 214
4 -0.004 1.403 -0.014 3.501 199

T"opr is represented in Figure 4.3 as vertical bars and its value is a characteristic of the % v/v DMSO present in sample solution.
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Figure 4.3. T-dependence of the amplitude of the uncoupled CbI(Il) (A) and substrate radical (B) features
at constant microwave power and at different % v/v DMSO: 0 % (black), 2 % (blue) and 4 % (red). The
uncoupled Cbl(1I) feature is shown as open circles and the substrate radical feature as solid circles. The data
are normalized to the amplitude at 120 K. The vertical bars represent the Topr as determined in chapter 2
and in previous work[79] for the different % v/v DMSO: 235 K for 0 % , 210 K for 2 %, and 200 K for 4
%. The 5 K width of the bars originates from the T-step increment in the experimental methods. The lines
represent linear fits for the amplitudes in the two regions, below and above ODT temperature. The vertical
dashed line indicates the intersection point of the fitted lines for the uncoupled Cbl(1l) feature, determined

from samples in 4 % DMSO solution, which deviates from the characteristic Topr.
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4.3.4. Progressive Power Saturation

When not in the saturation regime, the intensity of the EPR signal increases linearly with
the square root of the microwave power. The microwave power saturation occurs when the rate of
absorption exceeds the rate at which the system returns to equilibrium, and the degree of saturation
is dependent on the type of paramagnetic center, the temperature and the spin-relaxation times. In
this regime, the increase in the EPR signal is not linear with increasing microwave power, but
instead follows a trend that can be fit to analytical expressions to extract information of relaxation
properties. [136] For the spin-spin interaction between the rapidly relaxing metal center coupled
[CbI(11)] to a slowly relaxing organic radical (substrate radical) in EAL, the method of microwave
progressive power saturation is used to evaluate the relaxation mechanism. The complex relaxation
behavior of the Cbl(I1)-substrate radical pair leads to inhomogeneous broadening of the EPR signal
and T1 and T2 cannot be determined. However, P12 is proportional to 1/(T1T2) meaning this method
allows for the observation of trends in relaxation properties through monitoring trend in Py, for

the different % v/v DMSO conditions.

In figure 4.4 the log (I(P)) versus logP plot shows the saturation curves for the two
paramagnets in EAL, uncoupled Cbl(Il) and substrate radical in the radical pair, in the different %
DMSO and T conditions. The presented data correspond to measurements for which the signal-to-
noise ratio (SNR) of the EPR signal is greater than 10. The saturation data show two linear regions
which intersect at P= P12. The progressive saturation data for the substrate radical feature
measured at 235 K in solution of 2 and 4 % DMSO display noise and the saturation curve is not
well defined. Thus, the fitting results for these data present low values for R? (0.49 and 0.25) and
this is a result of a low SNR (<10) of the measured EPR signal at power values lower than 6 mW.

The values for P12 obtained from the saturation equation fits are shown in Table 4.2. The increase
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in T, from 200 to 235 K, causes an increase in the Py values. At the 0 % DMSO condition the
increase is larger for the substrate radical (AP12 = 114 mW) than for Cbl(Il) (AP12 = 24 mW),
while for 2 % DMSO condition the T increase has a more pronounced effect on the Cbl(ll) (AP
~ 283 mW) relaxation rate than on the substrate relaxation rate increase (AP12 = 163 mW).
Similarly, the effect of DMSO on the spin relaxation rate of Cbl(l11) and substrate radical is revealed
by the increase value of P1,. Therefore, when comparing the samples without and with 2 % v/v
DMSO the half-saturation power of the substrate radical is increased by 9 mW at 200 K and 58
mW at 235 K. Moreover, uncoupled Cbl(11) shows a more pronounced effect of the DMSO with

an increase in the P12 by 31 mW at 200 K and 290 mW at 235 K.

Table 4.2. Progressive power saturation parameter, P1, determined at 200 K and 235 K for uncoupled

CbI(I) and substrate radical, S°, in EAL and different % DMSO.

P12 (MW)
S CbI(11)
% viv DMSO
200K 235K 200K 235K
0 107 221 216 456
2 116 279 53.5 336

4 109 336 266 138
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Figure 4.4. Progressive power saturation for the decayed EAL-bound paramagnets [substrate radical (A)
and uncoupled CbI(I1) (B)] in reaction solution with different % v/v DMSO: 0 % (black), 2 % (blue) and 4
% (red). The Y axis, log(l(P)), is the log of normalized EPR amplitude divided by the square root of P. The
data were measured at 200 K (solid circles) and 235 K (open circles), respectively. The lines (solid for 200

K and dashed for 235 K) represent fits to the respective data set using Eq 4.1.

4.4. Conclusions

The TEMPOL spin probe detects the ODT in the PAD solvent dynamics, in the presence
of 10 mM (0.075 % v/v) 2-aminopropanol in the T interval, 230-235 K for 0 % DMSO, 210-215
K for 2 % DSMO and 200-205 K for 4 % DMSO as determined in Chapter 2, and in agreement
with previous work in which only DMSO was present as cryosolvent.[79] The kink in the T-
dependence of the EPR amplitude at 230 K for 0 % DMSO and at 214 K for 2 % DMSO falls in
the T interval for the ODT, as determined for the spin probe method. For the 4 % v/v DMSO
condition, the kinks lies just outside of [uncoupled Cbl(I1)] and at the boundary (substrate radical)
of the range of the ODT defined by the T-region of the spin probe component weight tranzition.

Overall, comparison of the T values of the TEMPOL spin probe-detected W and logzc s transitions
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with the T values of the kinks in EPR amplitude versus T dependence shows that they are

comparable. Therefore, the events are all associated with the previously assigned ODT in the PAD.

Insight into the origin of the kinks in the T-dependence of the EPR amplitudes of the
endogenous paramagnetic species in EAL is provided by the T-dependence of the EPR line shapes,
and by the microwave power saturation. The EPR line shapes of the different species in Figure 4.2
are independent of T, which suggests that the spin-spin relaxation, T, does not change significantly
across the kink. This is consistent with the microwave power saturation studies, which show that
the P value of 2 mW for collection of the T-dependence lies well below the P1 values for
saturation. Therefore, contributions of T» and the spin-lattice relaxation time, Ty, to the kink in the
T-dependence of the EPR signal intensity can be neglected.[137] For these non-lossy,
paramagnetically dilute samples, changes in magnetic permeability and the distribution of the
microwave electric field in the resonator over the examined T-range are also expected to be
negligible.[137] Therefore, the kink in the T-dependence of the EPR amplitude is proposed to arise
from a change in the sample dielectric properties at the ODT, that is detected in the measurement
circuit, through a change in the interaction (capacitive and inductive coupling) of the microwave
radiation with the sample in the EPR experiment configuration.[137, 138] This change in the
dielectric properties, and specifically, the imaginary part of the complex electric permittivity
(dissipative or loss component; corresponding to the microwave frequency of 9.5 GHz), ¢,
influences the detection sensitivity through modification of the resonator quality factor, Q. [138]
It is proposed to arise from the change in solvent freedom in the coupled mesodomain and PAD
phases, that occurs at the ODT. In the direction of increasing T, an increase in solvent freedom
(order-to-disorder) would increase ¢”, and lower Q, which is consistent with the observed decrease

in slope of the EPR amplitude versus T dependence, above the ODT. The T-dependence of the
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EPR amplitude of endogenous paramagnetic species in EAL therefore provides a direct probe of

the solvent dynamical behavior.
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Chapter V
Preliminary Studies Towards Structural Investigation in
Bacterial Microcompartment Proteins EutL and EutS by

Electron Paramagnetic Resonance Spectroscopy
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5.1. Introduction

Bacterial microcompartments (BMCs) are polyhedral, protein-based organelles that isolate
specific metabolic processes within the cell, and can play a role in survival in inhospitable
environments.[33-37] These BMCs encapsulate enzymes which form the core structure and are
involved in different metabolic pathways. The encapsulation enhances the enzymatic reaction
efficiency and sequesters toxic and/or volatile intermediates, enabling growth in a nutrient-
depleted environment. This adaptability to low nutrient conditions enabled by BMCs affords a
competitive advantage to bacterial pathogens that encode these organelles.[37] The proteins that
form the shell of these organelles are hexamers or trimers of dimers and some present central pores
that are thought to mediate transport of substrate, cofactors or products.[85, 86] These shell
proteins are categorized into three types, BMC-H (hexamers), BMC-T (pseudohexamers) and
BMC-P (pentamers).[34] The most abundant, BMC-H, is a homohexamer with a concave and a
convex side that together with BMC-T, a pseudohexamer of a trimer of dimers with a central pore,
form the facets of the shell. In addition, BMC-P, a pentameric protein, is suggested to form the

vertices, completing the icosahedral shape of the BMCs.

Under anaerobic, nutrient-depleted conditions in the human gut, pathogenic Escherichia
coli and Salmonella bacteria disrupt the epithelial layer to extract ethanolamine (EA), which is
processed in the ethanolamine utilization (Eut) BMCs by the Biz-dependent ethanolamine
ammonia-lyase (EAL) and other enzymes, and used as a carbon and nitrogen source.[13, 30, 32]
Moreover, in the EA metabolic pathway acetaldehyde has been reported to be a volatile and toxic
intermediate for the cells. [30] The proteins that form these Eut BMCs are encoded in a 17-gene
eut operon and five proteins build these shells (EutS, EutK, EutM, EutL and EutN). The BMC

shell proteins adopt a hexameric (EutS, EutM, EutL and EutK) or a pentameric (EutN) structure,
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and with the exception of EutK, they all oligomerize in solution at physiological pH.[37, 85] The
EutL hexamer is formed by a trimer of dimers with two domains in its monomeric structure.(Figure
1.8 from Chapter 1) Additionally, lateral interactions between identical proteins were suggested
for EutM, EutL and EutS shell proteins as each crystalizes in a 2-dimensional (2D) sheet.[37]

However, a 2D structure of both EutL and EutM was not successfully obtained.[37]

EutL is hypothesized to be involved in transport of substrate and cofactor [83, 91] while
EutS has been shown to form shells alone.[88, 139] EutS crystal structure showed an asymmetric
assembly of the monomers into a homohexamer which can be visualized as two trimers that form
a concave bend with respect to each other of 40°.(Figure 1.7 from Chapter 1) The homolog shell
protein PduU from propanediol utilization microcompartment has a flat structure with a valine at
position 39 that is not conserved for EutS, which has a glycine. The EutS mutant G39V crystallized
into a flat structure indicating the importance of the glycine in the bending of the protein. The bend
has been proposed to form the edges in the BMC shell structure, and its is suggested that this
feature allowed to engineer BMCs in cells from EutS expression alone.[85, 88] EutL structure was
solved for two conformations associated with a closed state and an open state for the EutL trimer
of dimers.[83, 85] The functional protein structure shows three small pores (2.2 A in diameter) in
the closed state and a central triangular pore (11 A and 8 A sides) in the open state.[83] The
rearrangement that shifts the conformation from closed to open induces a backbone movement of
15 A in the two loops of each monomer that form the pores. The repositioning of the loops upon
conformational change indicated structural flexibility.[89, 140] Studies that reveal the structure of
the EutL protein and characterize the conformational change and assign a transport function to the
pores do not explain the mechanism of opening or the mechanism of transport. How the open or

closed conformations are triggered still remains an unanswered question. In addition, the
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mechanism of association and the spatial arrangement of the shell proteins in the BMCs is not
well-characterized. Nucleation of the core enzymes is suggested to be promoted by encapsulation
peptides, extensions at C- or N-terminal of the enzymes that interact with shell proteins.[88, 141]
Through these interactions structural proteins are recruited around the core forming the shell.

However, the Eut BMC shell proteins have not been fully characterized.

The aim of the project is to identify and structurally characterize the proposed
conformational shift in EutL and to characterize the interactions that promote shell formation by
EutS alone. Here we employ site directed spin labeling (SDSL) in combination with X-band,
continuous wave - electron paramagnetic resonance (CW-EPR) spectroscopy in an attempt to
characterize Eut shell proteins and the assembly mechanism and structure of the BMC. An E. coli
overexpression system for the Salmonella Enterica LT2 EutS and EutL proteins has been created,
and the proteins have been isolated. EutS protein alone can form BMC shells in E. coli, and our
preliminary results confirm its propensity to form higher-molecular mass entities. The
reorientation correlation times and component amplitudes, and electron spin-spin interactions of
sulfhydryl-specific spin labels, at the single cysteine (Cys, C) site on EutS and EutL have the
potential to reveal site-specific dynamics and inter-protein distances, that can be used to generate
models for the structure of EutS BMCs as well as models for structure and dynamics involved in
the EutL conformational change. SDSL CW-EPR is highly sensitive to the distance between the
labeling residues, with a distance-dependence of 1/r3, where r is the distance between the electron
spins.[97, 142-144] An understanding of the shell structure and assembly mechanism of EutS
BMCs, and transport properties for EutL, will provide a path to new drug targets, and information

applicable for nano-bioreactor engineering. [139, 145-147]
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5.2. Materials and methods

5.2.1. Protein cloning and expression

EutS and EutL protein genes were cloned from the genomic DNA of Salmonella enterica
serovar Typhimurium LT2 (ATCC® 700720™), The dried genomic DNA was rehydrated before

use in 1 ml deionized water (resistivity, 18.2 MQ-cm; Nanopure system, Siemens).

The pET-22b expression vector from Millipore () was used. This vector is ampicillin
resistant and incorporates a noncleavable His6 tag at the C-terminal of the expressed proteins.
Restriction sites Ndel (CAT ATG) and Xhol (CTC GAG) were used to insert the DNA fragment.
The plasmid was transformed into TOP10 Chemically Competent E. coli (Invitrogen, Life
Technologies) for storage and further use. For protein overexpression system, the E. coli BL21

(DES3, ThermoFisher) was used.

Genes of interest (eutS and eutL) were amplified from the genomic DNA by PCR using
specific gene primers (Integrated DNA Technologies): eutS FWD — GGG CAT ATG GAG ACG
GTG AGC AAT GAATAA AGA ACG, eutS_Rev-GGG GCT CGAGACTTTTTG TTAACT
CAC ACA GGG TAA AGT TTA, eutL_FWD — CAT ATG AGG AGA CAT CAT GCC TGC
ATT AGA, and eutL_Rev—-CTC GAG CGC ACG CTG GAC AGG GTT ACG. The PCR product
was purified from 1.5 % agarose Tris-Acetate-EDTA gels by using the illustra GFX PCR DNA
and Gel Band Purification kit (GE Healthcare, Life Sciences). The nucleotides presented in bold
at the 5’ end of the forward and reverse indicated primers encode the restriction sites for the
enzymes Ndel and Xhol (Millipore) which in the digestion process create sticky ends in the PCR
DNA products. A T4 DNA ligase inserts the DNA fragments into the digested pET-22b. All

constructs were verified via DNA sequencing (GeneWiz) and plasmids with 100% sequence
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purified plasmids were further transferred into BL21 cells, and 50% glycerol stocks of TOP10 and

BL21 cells were stored at -80° C.

For protein expression, cells from glycerol stocks were plated on Luria Bertani (LB) Agar
(EMD Millipore, Merck kGaA) plates with 50 mg/ml ampicillin (Sigma-Aldrich). Cells were
inoculated in 1 L LB broth (EMD Millipore, Merck kGaA) with 50 mg/ml ampicillin from an
overnight LB culture of BL21 colony from plate and were grown at 37° C while shaking at 225
rpm. When the ODeoo reached 0.7, protein overexpression was induced by adding 0.8 mM of
isopropylp-d-1-thiogalactopyranoside (IPTG, TEKnova) while shaking at 225 rpm and 30° C.

EutS expression was induced for 4 h, while EutL required overnight expression.

5.2.2. Site directed mutagenesis

Site-directed mutagenesis (SDM) was carried out by using the Q5 High-Fidelity 2X Master
Mix site-directed mutagenesis kit (New England BioLabs) according to manufacturer instructions.
Mutations in the eutS and eutL genes targeted amino acids substitutions in the EutS (Gly 39 for
Val) and EutL (Ala at position 73 for Cys, Cys at position 201 for Ser) proteins. The plasmids
containing the DNA inserts of the wild type (WT) proteins were used as template for the respective
primers that contain the substitution. The oligonucleotide primers were designed using the Agilent
Technologies primer design tool and NEB for Trm calculator: EutS-G39V_FWD — CCC GAT GCT
GTC GCG ATT GGC, EutS-G39V_Rev - AAC GCC GATCTT TTT CGC, EutL-A73C_FWD -
CTA TGC CGG GTG CGC TCA CGG, EutL-A73C_Rev — AGG GAG CGG CCA TAG ACC,
EutL-C201S_FWD - GTA AAG CCG CCT CCA ACG, and EutL-C201S_Rev—ACG CGG CCT
GGC TTC. A73C was achieved through a codon change (gcg->tgc), while a nucleotide was
changed in the codon for C201S (tgc->tcc) and G39V (ggc->gtc). Double mutant for EutL A73C

C201S protein was constructed from the plasmid containing the EutL A73C mutation as template
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for the primers with C201S mutation. The sequence for all mutant plasmids were verified via gene
sequencing and plasmids containing the correct constructs were then transformed intoTOP10 and
BL21 (DES3) cells. Protein overexpression was induced in BL21 cells by using IPTG and same

procedure steps as their respective WT.

5.2.3. Protein purification

The cultures expressing the desired proteins (1-1.5 L culture) were centrifuged for 30 min
at 5000 rpm and 4° C by using a RC5C centrifuge (Sorvall Instruments) with a GSA rotor, and the
supernatant was discarded. The protein EutS and EutL extraction was reported previously by either
French press or cell lysis.[83, 148-150] Here the pellet was homogenized at room temperature for
30 min by stirring in 20 ml buffer (20 mM Tris, 300 mM NaCl) at pH 8 mixed with 1 mM
phenylmethylsulfonyl fluoride (PMSF, Sigma-Aldrich), 10 mg/20 ml lysozyme (Sigma-Aldrich),
2 mM mercaptoethanol (BME, Sigma-Aldrich). The supernatant was collected after 15 min
centrifugation at 12000 rpm using the SS34 rotor, and run on a gravity nickel-nitrilotriacetic acid
(Ni-NTA) agarose (Qiagen) column for purification. The Ni-NTA agarose resin is a
chromatography matrix with four Ni ions bound to NTA. The hexahistidine tag or imidazole have
high affinity for Ni. Thus, in the purification process low concentrations of imidazole in the buffers
avoid binding of host cell proteins allowing for only the recombinant proteins to bind, while high
imidazole concentrations elute the purified protein. The purification procedure includes three
steps: sample loading (supernatant containing the overexpressed protein of interest); binding of
the His-tag protein to the column; and washing the His-tag protein out of the column. Previous to
sample loading, the column was washed with buffer to clean the storage solution (water/ethanol).
For the binding step a buffer (20 mM Tris, 300 mM NaCl, 2 mM BME, pH 8; 50 ml for a 3 ml

resin column) with low imidazole concentration (10 mM imidazole) was used, while for the
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washing step a 300 mM imidazole buffer was used. The washed (eluted) protein sample was
dialyzed overnight at 4° C in 3.5 K dialysis cassettes (Slide-A-Lyser, Thermo Scientific) or 6 K
membrane dialysis tubing (Thermo Scientific) against 1 L buffer (20 mM Tris, 100 mM NacCl, pH
8) with two buffer changes. In addition, if protein concentration was needed, after dialysis the

sample was incubated in aquacide up to 5h.

5.2.4. Fast protein liquid chromatography (FPLC)

Protein purification and separation of oligomer compounds were performed by using a fast
protein liquid chromatography (FPLC, AKTA GE Healthcare) and Superdex 200 Increase 10/300
GL (GE Healthcare, Life Sciences) column. The size exclusion chromatography column provides
high-resolution analysis for biomolecules with molecular weights in the range 10 — 600 kDa.
Volumes of 1-2 ml of purified protein were injected into the column preequilibrated with buffer
(20 mM Tris, 300 mM NaCl, pH 8) and run at a flow rate of 0.5 ml/min while monitoring the
absorbance at 280 nm of the eluted solution. The column was calibrated in buffer at a flow rate of

0.5 ml/min. (Figure E.10 in Appendix E)

5.2.5. SDS and native PAGE

Sodium dodecyl sulphate (SDS) and native polyacrylamide gel electrophoresis (PAGE)
was carried out for denatured and native protein samples by using a 12 % and 10 % Mini-
PROTEAN TGX (Tris-Glycine eXtended) Precast Protein Gels (Bio-Rad Laboratories). For SDS
PAGE protein aliquots were denatured by incubation at 99° C for 20 min after 1:1 mixing with 4x
Laemmli Sample Buffer (Bio-Rad Laboratories). After running the probes on the SDS gel in 1XTG
SDS buffer (Bio-Rad Laboratories), the bands were fixed in solution of 40 % methanol, 10 %

acetic acid and 50 % water, for 30 min, then stained in Coomassie Brilliant Blue dye (Bio-Rad
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Laboratories) for 1-2 h and destained overnight. Native PAGE was carried on the non-denatured
protein samples following the same steps, but in the absence of SDS in the running buffer, loading

sample buffer and gels.

5.2.6. SDSL

SDSL is a technique where a stable free radical is chemically tethered to a defined site in
a biomacromolecule.[94, 142, 151, 152] The labeling occurs through covalent bonding to the
sulfhydryl group of Cys residues. Among the spin labels available for these studies, the maleimido-

nitroxide, 4MT, is used.

Simulations of the spin label configurations at Cys residues. MMM
(www.epr.ethz.ch/software/index) is a Matlab program that allows modeling of macromolecular
systems or manipulating the existent macromolecular assemblies using Protein Data Base (PDB)
files. The program describes the configurational mobility of the spin labels through rotamers,
which are alternative conformations of the label within the protein. MMM currently supports
rotameric libraries for only two spin labels, methanethiosulfonate (MTSL) and iodoacetamido-
PROXYL (IA-PROXYL). The rotamer predictions take into consideration the spin label internal
energy and the interaction energy with the protein at 175 K, providing a good estimate of its
position without clashes with atoms or residues within the protein. PDB files of the EutS and EutL
BMCs together with MMM were used to model spin labels at desired sites in the proteins.
Specifically, the MTSL spin label was modeled into the protein structure at the desired sites using
the rotamer library approach. MTSL was chosen over IA-PROXYL due to its flexibility and
specificity. Although the choice was limited for modeling the configurational mobility of the label,

the experiments were done using 4MT spin label which is a stable thioether bond with irreversible
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reaction. Possible rotamers at the selected sites in the proteins are shown in Figures E.5- E.7 of

Appendix E.

PyMol, which is a program for visualization and manipulation of molecular
structures[153], was used to construct the EutS hexamer and EutL trimer from the PDB files
available. The PDB library gives access to crystal structures of different EutS and EutL homologs,
available in each of the conformations, bent and flat (EutS ), open and closed (EutL). The E. coli
EutS and EutL PDB structures were used for these studies.[85] In PyMol, the mutagenesis function
allowed substituting amino acids at desired positions in the PDB structure files. With this
substitution in our protein sequence the new file was used in the MMM program to simulate the
rotamers for the MTSL. This approach was applied to EutL in both open and closed conformation
files, 3i87.pdb and 3i82.pdb. The EutS PDB file 3i96.pdb was used without changes in the MMM
program. MMM together with PyMol were used for visualization of the rotamers at the desired
positions, and for determination of approximate distances and orientations between nitroxides in
each protein. The distances can be then translated to interactions between the spin labels which
together with orientations, the electron-electron spin-spin coupling matrices and their orientation
in the tensor frame described by Euler angles are defined to simulate EPR spectra expected in the

SDSL CW-EPR spectroscopy expriments.

Labeling procedure. Purified WT EutS constructs were mixed in 1:1 ratio with 4MT spin
label nitroxide at room temperature under aerobic conditions in buffer of 20 mM tris, 100 mM
NaCl, pH 8. Samples without and with 2 M urea were prepared. For sonicated samples, prior to
adding the other components, EutS protein (120 uM) was subjected to 3 rounds of sonication on
ice bath for 10 s with 30 s incubation on ice. The sonication was used to promote unfolding of the

studied protein and asses the accessibility of the Cys residue for labeling. The samples had a total
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volume of 200 ul and were loaded in 2 mm outer diameter EPR tubes (Wilmad-LabGlass,

Vineland, NJ).

Purified samples of WT EutL and single and double mutants (A73C and C201S) of EutL
were used to make 120 uM labeled protein samples. The protein was incubated with 1 and 10-fold
molar ratio of 4MT for 2 h at room temperature. Samples with 1 M ZnCl, were prepared and 1
min incubation time was allowed prior to adding 4MT. The labeled probes were then dialyzed in
buffer (20 mM tris, 100 mM NaCl, pH 8) for 4 h by using dialyzers (3.5 MWCO 0.5 ml, Thermo
Scientific), with buffer change every hour, in order to eliminate the excess/unbound 4MT and Zn?*
when used. Three control samples were used and they consisted of protein, protein and Zn?* and
4AMT alone. Samples with a total volume of 300 pl were loaded into 4 mm outer diameter EPR

tubes and frozen by rapidly submerging in liquid nitrogen isopentane pre-cooled to 140 K.

5.2.7. CW-EPR spectroscopy

The CW-EPR spectra were collected by using a Bruker E500 ElexSys EPR spectrometer
equipped with a Bruker ER4122 SHQE X-band cavity resonator. Room temperature (294 K) and
120 K EPR spectroscopy experiments were carried out for EutS and EutL labeled samples. The
120 K temperature (T) was achieved by using a Bruker ER4131VT temperature controller and
cooling system that consists of a nitrogen gas flow through a coil immersed in liquid nitrogen bath
contained in a 4 L dewar. The EPR acquisition parameters used for EutS experiments at 294 K
were: 9.45 GHz microwave frequency; 0.2 mW microwave power; 2 Gauss magnetic field
modulation; 100 kHz modulation frequency; 3300-3440 Gauss sweep width; 1024 points and 16
averaged spectra. EPR acquisition parameters for EutL experiments at 120 K were: : 9.45 GHz
microwave frequency; 0.2 mW microwave power; 2 Gauss magnetic field modulation; 100 kHz

modulation frequency; 3280-3460 Gauss sweep width; 1024 points and 16 averaged spectra.
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5.2.8. CW-EPR simulations

The CW-EPR signal of interacting spin labels was simulated using the Pepper algorithm in
the EasySpin program (http://www.easyspin.org/). [122] The parameters for the simulations were
taken from the modeled structures in PyMOL. A system with three or six pairs of electron spins
and nuclear spins were defined according to specifications. Each of the electron spin systems was
described by a set of g tensor (gx = 2.0120, gy = 2.0130, g, = 2.0073) and axial **N hyperfine tensor
parameters (Ax = Ay = 20.2, Az = 103.2 MHz), isotropic dipolar coupling tensor and its orientations

calculated from the PyMOL determinations of the distances and Euler angles.

5.3. Results and Discussion

5.3.1. Structure and sequence analysis to identify SDSL sites

EutS and EutL proteins from E. coli were crystallized and their structures have been
solved.[83, 85] The homolog proteins from E. coli and S. typhimurium present 95 % and 97 %

sequence identity. (Figure 5.1)
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Euts

E. coli 1 MDKERIIQEFVPGKQVTLAHLIAHPGEELAKKIGVPDAGAIGIMTLTPGETAMIAGDLAL 60
M+KERIIQEFVPGKQVTLAHLIAHPGEELAKKIGVPDAGAIGIMTLTPGETAMIAGDLA+

S.typh. 1 MNKERITIQEFVPGKQVTLAHLIAHPGEELAKKIGVPDAGAIGIMTLTPGETAMIAGDLAM 60

E. coli 6l KAADVHIGFLDRESGALVIYGSVGAVEEALSQTVSGLGRLLNYTLCEMTKS 111
KAADVHIGFLDREFSGALVIYG+VGAVEEAL QTVSGLGRLLN+TLCE+TKS
S. typh. 61 KAADVHIGFLDRFSGALVIYGTVGAVEEALLQTVSGLGRLLNFTLCELTKS 111

EutL

E. coli 1 MPALDLIRPSVTAMRVIASVNADFARELKLPPHIRSLGLISADSDDVTYIAADEATKQAM 60
MPALDLIRPSVTAMRVIASVN FARELKLPPHIRSLGLI+ADSDDVTYIAADEATKQAM

S typh. 1 MPALDLIRPSVTAMRVIASVNDGFARELKLPPHIRSLGLITADSDDVTYIAADEATKQAM 60

E. coli 6l VEVVYGRSLYAGAAHGPSPTAGEVLIMLGGPNPAEVRAGLDAMIAHTENGAAFQWANDAQ 120
VEVVYGRSLYAGAAHGPSPTAGEVLIMLGGPNPAEVREAGLDAM+A IENGAAFQWANDA+
S typh. 61 VEVVYGRSLYAGAAHGPSPTAGEVLIMLGGPNPAEVRAGLDAMVASIENGAAFQWANDAE 120

E. coli 121 DTAFLAHVVSRTGSYLSSTAGITLGDPMAYLVAPPLEATYGIDAALKSADVQLATYVPPP 180
+TAFLAHVVSRTGSYLSSTAGI LGDPMAYLVAPPLEAT+GIDAA+KSADVQL TYVPPP
S.typh. 121 NTAFLAHVVSRTGSYLSSTAGIALGDPMAYLVAPPLEATFGIDAAMKSADVQLVTYVPPP 180

E. coli 181 SETNYSAAFLTGSQAACKAACNAFTDAVLEIARNPIQRA 219
SETNYSAAFLTGSQAACKAACNAFTDAVL+IARNP+QRA

S.typh. 181 SETNYSAAFLTGSQAACKAACNAFTDAVLDIARNPVQRA 219

Figure 5.1. Sequence alignment of amino acids for EutS and EutL proteins from E. coli and S. typhimurium.

The alignment was done using the NCBI tool (BLAST).[154]

Homology model using a protein molecular modeling server Geno3D (http://geno3d-
pbil.ibcp.fr) was done for both EutS and EutL proteins from S. typhimurium. [155] A comparison
of the model to the E. coli structures is described in the Appendix E. (Figure E.1 and Table E.1)
Based on the results and the high residue conservation, the PDB structures were used for closed
(3182) and open (3187) conformations of EutL and, bend (3196) and flat (31AO) structures of EutS.
The structures were manipulated in PyMOL, where the fully functional quaternary structures of
the proteins were constructed. The conformations were analyzed to determine the approximate

orientations and distances between residues and attached nitroxides.

To analyze the structure, dynamics and assembly mechanism of the EutS and EutL proteins
by using SDSL, solvent accessible cysteines are needed to react and cross-link the maleimido-

nitroxide label. The S. typhimurium EutS presents one Cys per monomer at position 106 and EutL
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has two Cys residues at position 197 and 201. In many cases the presence of more than one Cys
residue in a protein may lead to formation of a disulfide bond which is known to have a functional
role in stabilizing the folded structure of proteins.[156] In particular, the crystal structures of EutL
from Clostridium perfringens have indicated the presence of three Cys residues from which two
are involved in a disulfide bond (C127 and C200) suggested to play an important role in opening
and closing of the pore.[157] If this is the also the case for the wild type Cys residues of our EutL,
they cannot be considered as labeling sites. However, the Cys triad is absent among other EutL
orthologs (homologous gene sequence found in different species) and the C127 involved in this
particular case in the disulfide bond is not conserved. In order to better asses the structural
importance of the Cys residues in our protein, a search through different pathogenic strains of E.
coli, Salmonella, Clostridium tetani, Mycobacterium, Klebsiella and Enterococcus indicated the
absence of the disulfide bond and thus the possibility of using the wild type Cys as labeling sites.

(Figure E.2 in Appendix E)

These EutS and EutL corresponding Cys residues were analyzed for SDSL labeling.
Surface accessibility of the residues was evaluated in PyMOL and by using the Protein Data Bank
in Europe Proteins, Interfaces, Structures and Assemblies (PDBePISA) web server.[158] The
analysis indicated an accessible surface area for EutS C106 of 31 A? for WT and 29 A? for the
G39V mutant. For EutL, PDBePISA evaluated no accessible surface area for C197 while C201

has a 1.8 A? accessible surface area for both open and closed conformations.

Solvent accessibility of Cys residues was also evaluated experimentally by using Ellman’s
test on purified EutS and EutL protein samples. The test uses 5,5'-Disulfanediylbis(2-nitrobenzoic
acid) (DTNB) whose thiols react with the accessible Cys. The cleavage of the disulfide bond gives

a 2-nitro-5-thiobenzoate (TNB™) which in water ionizes to TNB? and gives an absorbance at 412
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nm (s=14150 Mcm™). A calibration curve was constructed using cysteine as indicated
previously.[159] (Figure E.3 in Appendix E) The test associates concentrations of TNB? with the
concentration of accessible Cys. For EutS the results indicated low concentrations of accessible
Cys compared to concentrations of protein. Similarly, Ellman’s test for EutL WT indicated an
accessible concentration of Cys on the order of nM, compared to puM range of protein
concentrations. Concentration of protein was most accurately determined by absorption at 280 nm
where the molar extinction coefficients for EutS and EutL are 1490 Mt cm*and 15930 M cm?,

respectively.(https://web.expasy.org/protparam/) Unreproducible EutS concentration

measurements did not allow proper evaluation of the C106 accessibility for SDSL, whereas EutL
concentrations assays were reproducible. This is most likely caused by the low number of aromatic
residues present in EutS (1 tyrosine) compared to EutL (7 tyrosine and 1 tryptophan) which give
absorption in the range 230 — 300 nm. However, the EutS C106 was considered and used for further

labeling.

In addition, for EutL, analysis of surface solvent exposure of C201 done by PDBePISA
and experiments suggested low solvent accessibility. Moreover, this Cys residue does not exhibit
any movement upon conformational shift from closed to open.(Figure 5.2) Thus, SDSL of this
residue would not provide information on the structural and dynamical changes of the protein upon
conformation shift. As a result, the site is not of interest in labeling and to avoid the likelihood of
attaching a nitroxide at this position, C201 was subjected to substitution with a serine to conserve

the hydrophobicity.
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Figure 5.2. EutL monomers in closed (green) and open (light pink) conformations overlapped (PyMol
capture). The Cys residues are highlighted in red and show negligible movement between the two

conformations (0.4 A displacement).

So far, the analysis for EutL wild type Cys residues indicated that none of the two could
be considered for SDSL. Therefore, to analyze the structure and dynamics of EutL by using SDSL,
an engineered cysteine was needed. The choice of a site was done by analyzing the changes in
residue positions between open and closed conformations. The alignment of the open and closed
conformations of the EutL protein in PyMOL gave a RMSD of 0.603 A, with a more unstructured
form in the pore region for the open state of the protein. (Figure 5.3, and Figure E.9 in Appendix
E) The backbone movement of 15 A in the loops from each monomer that participate in the
formation of the pores in the closed conformation and the large pore in the open conformation
happens as follows: the loop between 3-p4 in domain 2 exhibits a movement that repositions
Thr183 at 6.7 A and Glu182 at 10.1 A distance, yielding a path for the loop between B3-B4 in

domain 1 to reposition within the two domains, occluding now the small pores and structuring the
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large central pore. (Figure 5.3 and Figure 1.8 of Chapter 1) The loop in domain 1 rearranges,
exhibiting amino acid movements from Ala71 to Val84 that ranges between 4.2 A for Glu83 to
16.4 A for Ala71. (Table 5.1) All residues in this region are conserved between E. coli and S.

typhimurium.

Table 5.1. Solvent accessible surface area of residues that reposition, revealing movement upon

conformational change between open and closed states of EutL.

Residue Accessible Surface Area of EutL (A?)
Open conformation Closed conformation

AT71 12.4 92.8
G72 0.12 83.1
AT73 35.1 5.7
AT74 2 33.2°
H75 55.97 25

G76 7.7 3.5

P77 845" 19.4
S78 36.9" 16.7
P79 42.9" 122.9
T80 66.3" 8.5"
A81 19.3 28.3"
G82 5.27 31.9°
E83 21.5 97.9"
V84 1.2 13.2°

“ Interfacing residues between monomers.

Candidates for the site directed mutagenesis (SDM) were selected after an analysis of the
structure, interface involvement within the EutL trimer, and possible hydrogen/disulphide bond,
salt bridge or covalent link formation between residues in both conformational states by using
PDBePISA and PyMol. (Table 5.1, and Table E.2 in Appendix E) Among all amino acids, alanine
(Ala, A) presents a nonpolar, non-reactive aliphatic side group with no major contribution to
protein conformation and thus rarely involved in protein function. Thus, Ala is a favorable choice

for cysteine SDM and A73 shows accessibility when the protein is in the functional form (trimer).
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Thus, to assess the conformational change, the mutant EutL A73C C201S will be used. There will

be three spin labels per BMC, each with an unpaired electron.

Figure 5.3. Overlap of the closed (green) and open (light pink) conformations of EutL that shows the
rearrangement in the loop of domain 1. The region is highlighted by yellow for closed form and dark pink
for open form. The insert on the lower left shows the enlarged region of the loop with the movement distance

for A73 residue between the two conformations.

5.3.2. Purified Protein oligomers

EutS monomer has a molecular weight (MW) of 11.6 kDa while the homohexameric
protein has a MW of 70 kDa. In EutL the two domains that form the monomer have a MW of 22.7
kDa and form a trimer of MW of 68 kDa. SDS gels of the purified systems showed associated
bands for EutS and EutL. monomers at corresponding masses. (Figure 5.4 left side) The observation
is consistent with the expected MW increase of about 1.2 kDa per monomer introduced by the 6

His tag.
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Figure 5.4. SDS PAGE and gel filtration on Superdex 200 of purified proteins. Left image shows the SDS
gel (denaturing gel image) where lane (1) has the molecular mass ladder; (2) has the EutL purified protein;
and (3) has the EutS purified protein. The ladder lane has the MW indicated for each band. The bands are
characteristic for monomers. Right image shows the retention profiles for the oligomeric structures of the
proteins: EutS (blue) and EutL (red). The absorbance was normalized to the highest peak of EutS. The
peaks A and B correspond to oligomers with MW of ~1700 kDa and ~72 kDa formed by EutL monomers;
while A’ and B’ retention peaks correspond to oligomers with MW of ~700 kDa and ~55 kDa formed by
EutS monomers. The far-right peaks in the retention profiles for EutS (C’, 6 kDa) and EutL (C, 3 kDa)

corresponds to the aquacade and BME.

EutS and EutL proteins are expressed with a 6 His tag at the C-terminal which allow the
proteins to be selectively purified from the lysate. Purification is performed by using Ni-NTA
gravity column together with Superdex 200 column used on a FPLC system. Purified protein
samples run on the Superdex 200 after His tag purification are shown in Figure 5.4, right panel.
The 6 His tag per monomer is increasing the total mass by 7.2 kDa for EutS (hexamer, 1.2 kDa X

6) and by 3.6 kDa for EutL (trimer, 1.2 kDa x 3). Purified EutS protein show retention times that
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are covered between labeled peaks A’ and B’, associated with MW in the range 700-55 kDa. The
broad range of MW indicates existence of different sizes oligomers in sample solutions, with the
low-end region representing oligomers formed from at least 4 EutL monomers. (left of Figure
E.11 in Appendix E) Similarly, EutL protein shows a pronounced peak (B) at retention volumes
in the region of the trimer (~ 72 kDa) and a much smaller peak (A) for higher order oligomers (~
1700 kDa). (right of Figure E.11 in Appendix E) Because the amplitude of the absorption peaks is
proportional to the concentration of the oligomer eluted Figures 5. 4 and E. 11 indicates that EutL
is mostly forming trimers. Previous studies have reported that EutS and EutL form sheets/tiles and
EutS can also form BMCs alone. [37] The higher MW oligomers indicated by peak A for EutL
(~1700 kDa) and A’ for EutS (700 kDa) can be associated with sheet formation. Circular dichroism
and dynamic light scattering measurements on purified samples of EutS and EutL indicated the
presence of alpha-helices and beta-sheets, and sizes of the particles of 2.6 — 5.7 um which suggest
that the large oligomers are folded. Both purified protein samples presented aggregates in solution
and the dynamic light scattering experiments identified that soluble and insoluble particles were

present. Centrifugation separated the soluble protein in the supernatant.

5.3.3. Predicted nitroxide rotamers at Cys residues in EutL and EutS

MTSL rotamer available in the MMM data base was modeled at the C106 sites in EutS
protein and at A73C sites in EutL protein. This will provide a label per monomer with a total of 6
and 3 labels per EutS and EutL BMC protein. The MTSL was used because MMM does not
provide rotamer libraries for 4MT. Predictions for the most probable rotamers allowed for
visualization of the labeling sites in PyMOL. Compared to 4MT nitroxide, MTSL is les bulkier
and therefore it has more flexibility which will give more possible orientations at the active site

modelled by MMM. (Figure E.4 in Appendix E) However five possible rotations are allowed for
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MTSL, when attached only two bonds are mobile,[151] while 4MT has four rotatable bonds but
considered rigid with limited mobility when attached. Thus, it is expected that MTSL provides
more orientations than 4MT would have and the selection of the rotamers that will be used in the
analysis should be carefully done. Distances and orientations were determined for selected
rotamers and used to calculate the dipolar coupling matrix that describe the interactions between
the spin labels. The interaction strength is a measure of positions between labels and in
consequence between the respective labeled monomers. Therefore, simulations of the EPR
experiments quantify the dipolar coupling between the attached spins and characterize the

conformational structure of the BMC proteins and of their assembly to form sheets.

Using the structural model for the MTSL labeling given by the MMM program, different
rotamers were chosen for EutS C106 and EutL A73C. (Figure E.5 and E.6 in Appendix E) WT
EutS whose structure presents a bend gave two different sets of rotamer populations for the
monomers: four monomers from the hexameric protein had two possible rotameric states of the
MTSL at their C106 while the other two monomers that occupy opposite positions in the EutS
presented about 20 possible orientations of the MTSL. The leading rotamers with the higher
probability were R80 for the four monomers and R84 for the other two monomers. (Figure 5.5 A)
EutS G39V, which is in the flat conformation of the protein, had only one or three rotameric states
at the C106 position and R36 was the most probable rotamer. (Figure 5.5 B) For EutL open and
closed conformations the rotamer libraries gave 27 possible states at each A73C position, and the
most probable ones were R124 for the closed conformation (Figure 5.5 C) and R34 for the open
conformation (Figure 5.5 D). In consequence, distances between nitroxide groups of EutL A73C
within the protein (between neighboring monomers) differ from closed to open by 3.1 A,

resolution, which is a difference that can be resolved by CW-EPR. (Figure 5. 5 and Table 5. 2) For
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EutS WT and G39V protein structures, the distances between nitroxide labels are shown in Figure
5.5, panels A and B. The distances between nitroxide labels on adjacent EutL BMCs that group to
form tiles have values for which the dipolar interaction becomes unresolved in the CW-EPR
spectrum. Similarly, in the WT EutS BMC tiles the distances between the nitroxide labels on
neighboring hexamers are larger than 25 A, the limit of electron-electron dipolar interactions by
CW-EPR. However, the flat EutS structures controlled by mutation G39V have intermolecular
distances for which the electron dipole-dipole interaction can be detected. The ability to distinguish
between the two conformation can be used to gain information on the conformational structure in

tile arrangement for EutS. (Figure 5.6)
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Figure 5.5. PyMOL cartoon representation for the shell proteins EutS and EutL with the most probable

MTSL rotamers. The figure shows EutS WT (A) and mutant G39V (B), and EutL closed (C) and open (D)

conformations. The distances between the most probable rotameric states with the values in A are indicated.

Distances are determined in PyMOL between the N-O groups from the MTSL imidazole.

Table 5.2. Distance calculations in PyMOL between modelled MTSL nitroxide labels attached to the

protein at indicated sites.

Interaction type Distances between two interacting nitroxides (A)
EutL A73C EutS C106
Open Closed WT G39V
intramolecular 19.2 22.3 156-21.1 16.3
intermolecular - - 35 - 47 21.4
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5.3.4. SDSL CW-EPR of EutS

The presence of one accessible cysteine at position 106 in each monomer of EutS is an
advantage in studying this protein by using the SDSL technique. The two conformations, WT with
the 40° bend, and mutant G39V with the flat symmetric structure, of the EutS BMC protein are
predicted to be distinguishable by SDSL CW-EPR. In addition, the six labeling sites per hexamer
provide a means to characterize the structural assembly of BMC shell formed by the EutS alone.
Lateral interactions between flat hexamers can be predicted by CW-EPR. Moreover, the
conformation of the protein in the flat or bent forms can potentially be distinguished within the
BMCs. The information from the structural analysis of the two available conformations of EutS
from the PDB structures is used and the distances between the labeling sites were determined and
used to predict the changes in the EPR spectra. Simulations of the dipolar interaction characteristic
for the two sets of distances for EutS WT and G39V were performed for low T conditions. (Figure
5.6) Differences in the predicted EPR line shapes are indicated by the simulation between
noninteracting (WT EutS) and interacting (G39V EutS) spin systems. Similarly, the characteristic
line shape is simulated by the interacting spin systems characterized by dipolar coupling tensors
associated with the distances that describe the two conformations and three flat proteins
association. Figure 5.6 shows differences in the EPR line shapes that distinguish the different

interactions.



131

EPR Amplitude (a.u.)

332 33 340 344
Magnetic Filed (mT)

Figure 5.6. Simulated EPR signal using easyspin for the dipole-dipole interaction between the nitroxide
labels predicted at the Cys106 position: A. the rigid limit spectrum; B. dipolar interaction within the
hexamer of wild type (WT, black) (bend) and mutated (flat, blue) conformation of EutS; and C. the dipole-

dipole interaction between three spin labels from different hexamer of the flat EutS.

EPR measurements of EutS with 4MT in a 1:1 mixture were performed at room T as the
sample used showed aggregates. The results are shown in Figure 5.3. The room T lineshape of the
4AMT EPR spectrum is described by the hyperfine interaction of the unpaired electron spin (S =
1/2) with the * N nuclear spin (I = 1). The electron-nuclear interaction gives three narrow EPR
lines characteristic for mobile, fast motional regime with spectral width that corresponds to the
isotropic hyperfine interaction with 2Ais; of 3.6 mT (or 101 MHz). The attachment of the spin label
was modeled as specified above and one of the possible rotamers is shown in Figure 5.5, A and B.

The low number of rotameric states at the C106 residue suggests restriction of motions and the
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dipolar interaction between labeled C106 would sample a small range of distances. In this case,
the interaction is expected to give broadened EPR line shape at low T values as simulated and
shown in Figure 5.6. At high T, the rapid tumbling of the protein would contribute to averaging
out the anisotropy in the hyperfine coupling and lead to narrow lines. However large aggregates
are expected to slow the motion and introduce broadening in the EPR lineshape, even at high T
values. The experimental results of the 4MT in samples with EutS from purified protein that
presented aggregates, show narrow lines in the EPR signal which suggest mobile components.
This can be an indication of labeled soluble EutS oligomers, or of 4MT free in solution due to lack

of labeling of aggregates which might have the C201 site buried.

In order to investigate the labeling of C106 the protein was exposed to denaturing
conditions. Unfolding the samples and exposing the possible buried sites to 4MT could enable
labeling. Samples that were sonicated shortly before adding the 4MT and samples containing urea

were measured. The EPR signal was identical to the native labeled protein.
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Figure 5.7. 4AMT EPR spectrum for EutS protein at room T. Samples include 1:1 ratio of EutS to 4MT spin

label with (C, D) and without (A, B) 2 M urea. Samples shown in panels B and D were subjected to

sonication.

5.3.5. SDSL CW-EPR of EutL A73C C201S

The EPR lineshape of the 4MT spin label in the presence of EutL. A73C C201S at different
T condition is shown in Figure 5.8. The EPR spectrum at 120 K shows the rigid limit powder
pattern line shape of the 4MT spin label. The dominant spectral features of a nitroxide spectrum
arise from the electron-nuclear hyperfine interaction of the unpaired electron spin with the nuclear
spin which gives 21 + 1 EPR lines associated to the electron spin transitions between m; = 0, £1

energy states. The z-component of the anisotropic hyperfine tensor, Az, characterizes the rigid-
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limit line shape by a spectral width of 2A;; of 7.5 mT (or 210 MHz). The presence of EutL was
expected to broaden the lineshape due to dipolar interaction between the 4MT labels at the A73C
residue within each monomer. The distances between the MTSL models determined from PyMOL
predicted a dipolar coupling of ~ 5 MHz for the closed conformation and ~7 MHz for the open

conformation.

The presence of EutL A73C C201S does not show changes to the 4MT EPR line shape for
120 K condition. The induced open conformation by adding Zn was predicted to cause larger
broadening and that was expected to be observed in the EPR spectrum. However, no significant
changes in the line shape were observed at 120 K. Including Zn to the sample prior to 4MT could
create two different scenarios due to dialysis step: the sample can be locked to the open
conformation by bound Zn; or a closed conformation can be obtained by losing Zn from solution
and consequently from the protein bound state. The spectral width 2A;; was determined to be about
7.6 mT (212.8 MHz) for the sample with EutL in the closed conformation, and about 7.8 mT (218.4
MHZz) for the open induced conformation. Stepping to higher T values the EPR signal of 4MT with
protein or protein and Zn exhibits a characteristic lineshape of a lower mobility nitroxide. The
addition of Zn indicates a rigid-to-mobile transition at higher T which suggest a more restricted

motional environment of the spin label molecule.
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Figure 5.8. 4MT EPR spectrum for EutL A73C C201 labeled protein. EPR lineshape was observed at
different T values, 120 K, 220 K, 250 K and 260 K. Samples contain 1:10 ratio of EutL A73C C201 to
4MT label, and 6 % v/v DMSO. A 4 h dialysis was done for each. The spectra shown for each T value are:
AMT (black) in buffer, 4MT in solution with EutL A73C C201 (red) and 4MT in solution with EutL A73C

C201 and 1 M Zn (blue). The EPR amplitude is normalized to the central feature amplitude.

5.4. Summary

The EutS protein alone can form BMC shells in E. coli,[88, 139] and our preliminary results
confirm its propensity to form higher-molecular mass entities. The engineered EutS shells were
reported to have diameters of 50 nm, which would account for a MW of about 3000 kDa. Only a
fourth of this MW was detected in our EutS purified samples. The size exclusion separation using
the FPLC Superdex 200 suggests the existence of different oligomeric structures in the EutS and
EutL purified samples with the higher MW of ~700 and ~1700 kDa. There is a significant tendency

in forming higher order oligomers of MW of 700 kDa over hexamers for EutS, while EutL is
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mostly purified as trimer. Although EutS higher MW oligomer is only a small fraction of what a

shell would be, this protein can also associate to form tiles.

The distances between the spin labels at selected sites in EutS and EutL A73C C201S
proposed to identify intra- and intermolecular interactions for the shell proteins were determined
using MMM rotameric states models and PyMOL, and were used to simulate the CW-EPR spectra.
The line shape of the EPR simulated signal obtained in the presence or absence of three electron
spins interaction, that describe the distances between EutS hexamers of flat or bent conformation,
show distinction between the two EutS structures. The ability to distinguish between the two EutS
conformations suggests the possibility to characterize the structural composition of the EutS BMC
shell. However, the experimental results do not identify changes in the EPR spectra. EutL labeled
with 4MT did not show evidence of electron-electron spin interactions at 120 K. The 3.1 A
difference in the 4MT labels distances between the open and closed conformations in the EutL
trimer predicted interactions that would identify the conformational change. At higher T values
the EPR lineshape changes between samples, and the transition mobile-to-rigid happens at higher
temperature for 4MT in the presence of EutL and Zn than 4MT with EutL. However,
reorientational correlation times and electron spin-spin interactions of sulfhydryl-specific spin
labels, at the single cysteine site on EutS and EutL could not be determined. Future experiments
that would include better control samples could confirm the labeling. In addition, a repeat of these
experiments can confirm the presented results and could assign the broadening effects to the

specific conformations whose interactions were predicted here.
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Chapter VI

Final conclusions
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6.1. Summary

In an exceptional way, enzymes increase the reaction rate by 6-12 orders of magnitude
relative to uncatalyzed reactions under similar conditions by lowering the activation energy and
thus the transition state energy between reactants and products.[3] The enzyme
adenosilcobalamine-dependent EAL is the signature enzyme of the ethanolamine utilization
pathway (Eut) in pathogenic strains of Salmonella and Escherichia coli [34] associated with
microbiome disease conditions in the human gut, and has been shown to perform at the upper end
of the scale.[65-67] In order to achieve lower energy barriers, it was suggested that EAL undergoes
specific configurational changes during the reaction that are proposed to be coupled to both the
reaction and surrounding solvent.[68] The folded native state of the proteins is strongly controlled
by both intramolecular interactions and dynamics of hydration water through a series of
interactions that couple to maintain the protein structure and function integrity.[69-75] Studies
towards understanding the molecular mechanism of EAL catalysis and modulation by the
surrounding environment by using low-T CW-EPR spectroscopy include advances in
characterizing the kinetics and mechanism of particular steps in the catalytic cycle with insights
on the effect that the solvent has on the protein surface fluctuations and catalysis.

The cosolvent-tunable dynamics determined in Chapter 2 are used to address the role of
solvent dynamics in the native, productive substrate radical reaction and a well-defined non-native
destructive pathway of substrate radical reaction in EAL. The catalytic machinery of EAL is
sensitive to substrate structure — only the S-isomer of 2-amino-1-propanol, of the four 1,2-
heteroatom aminopropanols was reported to undergo direct turnover. The cryo-T reaction of 2-
aminopropanol described in Chapter 3 occurs with observed rate constants that are approximately

102-fold slower than for aminoethanol, and thus provides a stringent test of specificity of the
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protein guidance mechanism, and specifically, the role of fluctuations/dynamics. Additionally, the
non-native destructive pathway enabled by 2-aminopropanol substrate in the EAL catalytic process
generates a stable EPR probe of solvent dynamics, as described in Chapter 4. This provides a
means to interrogate the coupling of the fluctuations in the PAD to configurational fluctuations in

the interior of the EAL protein, and in particular at the enzyme active site.

Furthermore, the ethanolamine metabolism, initiated by EAL in the presence of substrate,
has been associated with disease conditions caused by pathogenic bacteria. The implicated bacteria
developed the ability to survive in low nutrient conditions by isolating the enzymes of the Eut
pathway in the associated bacterial microcompartment (Eut BMC). The BMC shell, with role in
regulation, efficiency and optimization of ethanolamine catabolism [30-32], is composed of five
proteins [33-37] ( EutS, EutM, EutN, EutL and EutK). These Eut BMCs are a topic of ongoing
research due to their potential in therapeutics and new approaches to engineering multi-enzymatic
synthesis. A characterization of the EutS and EutL shell proteins in Chapter 5 attempts to initiate
studies on S. typhimurium native Eut BMC. Preliminary results report on identifying and
characterizing the conformational shift in EutL and the interactions that promote shell formation
by EutS alone. An understanding of how the Eut BMC mediates transport of substrate and products
through its proteins, across the shell and how certain products are sequestered inside the organelle
will provide a path to new drug targets, and information applicable for nano-bioreactor

engineering.

6.2. Solvent-protein-reaction coupling in EAL

The correlation of the solvent and protein order and dynamics with the kinetics of the 2-

aminopropanol substrate radical reactions that form native products and the non-native uncoupled
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species confirms and extends the model of solvent-protein-reaction coupling in EAL.
Measurement of the T-dependance of the EPR amplitude of the paramagnetic reactants in their
protein interior sites described in Chapter 4 provides a new window onto the dynamics in the PAD
and mesodomain, by directly detecting the solvent dynamics. This brings the first direct evidence
that changes in PAD (hydration layer) solvent order and dynamics, heretofore shown to be coupled
to the reactions, are coupled to the protein interior. As found for the native substrate, aminoethanol,
the ODT in the PAD perturbs the microscopic protein configurational change-mediated step of 2-

aminopropanol-generated microstates S1° and S2* interconversion in EAL.

The finding described in Chapter 2 that the ODT in the low-T system with EAL and 10
mM 2-aminopropanol occurs at ~235 K, a T value at which the biphasic behavior of the substrate
radical reaction is fully developed, suggests that the origin of the biphasic behavior (Chapter 3) at
all T values is the interaction of the protein and the 2-aminopropanol substrate. Previous studies
have shown that reaction of 2-aminopropanol with EAL is sensitive to 2-methyl isomer ([S] versus
[R]), and 1-methyl-2-aminopropanols bind to the substrate binding site but are not reactive
(unpublished work). The substitution of a methyl-group at C2 of aminoethanol lowers the rate of
the S1°, S2° interconversion, which is assigned to a protein configurational change step. Thus, the
local intrusion of a relatively small, non-native substituent group significantly alters the ability of
the protein that surrounds the substrate to reconfigure, equivalent to a 10" to 10° s decrease in
rate or +4 kcal/mol in free energy barrier (at 230 K). This suggests that the change in protein
configuration proceeds by a change in a relatively few, selected coordinates. The consequence of
this mismatch is critical: S1° reacts rapidly relative to conversion to Sz° to form dead-end uncoupled
CbI(I1) and radical species, inactivating the enzyme active site. The rates of the chemical reactions

of S1* and S2° are similarly influenced by the 2-methyl substitution, but are less sensitive to the
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ODT, indicating that the steric constraints dominate the determination of reaction rates over the

effect of solvent.

The findings herein provide a significant step in identifying the coupling of the fluctuations
in the PAD to configurational fluctuations in the interior of the enzyme. This was achieved by
investigating the T-dependent kinetics of resolved steps in the catalytic cycle of EAL, and
correlating the reactivity with the T-dependence of the solvent dynamics, measured by using the
spin probe method, and the new approach of direct detection of the solvent dynamics by using the

sensitivity of the EPR amplitude to solvent dielectric properties.
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Appendix

A. Chapter I

A. B. HSC\K\OH

H N OH NH>
oN HaC o~
X OH
NH,
Figure A. 1. The chemical structures of the three AdoCbl-dependent EAL substrates. Panel A. shows EA

and B. the enantiomers of the 2-aminopropanol: (S)-2-aminopropanol (top), and (R)-2-aminopropanol

(bottom).

OH N
HSC CHS H3C CH3
H3C l}| CH3 H3C |TI CH3
o* ’

Figure A.2. Structure of 4-hydroxyl TEMPO (TEMPOL) spin probe (A) and 4-maleimido TEMPO (4MT)

spin label (B).
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Table B.1. The logz. and W values at different T values for TEMPOL in solution of EAL and 10 mM 2-

aminopropanol.

T (K) Logzef (S) Wi Logzes (S) W

220 -5.88£0.14 0.89 £ 0.01 -4.07 £ 0.01 0.11+£0.01
225 -6.79 + 0.09 0.90 £0.02 -4.32+0.01 0.10 £0.02
230 -7.17 £0.02 0.89 + 0.02 -6.40 £ 0.04 0.11 £ 0.02
235 -7.97 £ 0.05 0.38 £0.02 -7.04 £ 0.07 0.62 £0.02
240 -8.30 + 0.02 0.35+0.04 -7.15+0.07 0.65 £ 0.04
245 -8.53 £ 0.07 0.37 £ 0.06 -7.76 £0.11 0.63 £ 0.06
250 -8.82+0.10 0.45 £ 0.05 -8.02+0.16 0.55 £ 0.05
255 -9.14 + 0.08 0.55+0.08 -8.35+0.15 0.45 £ 0.08
260 -9.47 £0.04 0.62 £ 0.06 -8.76 + 0.08 0.38 £ 0.06
265 -9.76 + 0.02 0.70 £ 0.05 -9.05 + 0.06 0.30 £ 0.05

Table B.2. The logz. and W values at different T values for TEMPOL in solution of EAL with 10 mM 2-

aminopropanol and 2 % v/v DMSO.

T (K) Logze (S) Wi Logzes (S) W

200 -6.93+0.21 0.94 +0.02 -5.18 £ 0.01 0.06 +0.02
205 -7.46 + 0.03 0.92 £0.03 -6.60 + 0.05 0.08 £ 0.03
210 -7.71+0.14 0.76 £0.03 -7.13+0.02 0.24 £0.03
215 -8.04 £0.11 0.73+0.03 -7.41 £ 0.09 0.27 £0.03
220 -8.29 + 0.08 0.72 £0.00 -7.63 +0.08 0.28 £ 0.00
225 -8.51 £ 0.08 0.68 + 0.04 -7.90+£0.11 0.32 +0.04
230 -8.69 + 0.08 0.72+0.01 -8.08 + 0.09 0.28 £0.01
235 -8.90 + 0.05 0.73+£0.02 -8.36 + 0.06 0.27 £0.02
240 -9.10 £ 0.06 0.71+0.03 -8.62 + 0.04 0.29 £0.03
245 -9.29+0.04 0.72+0.01 -8.85 + 0.02 0.28 £0.01
250 -9.48 + 0.03 0.75+0.01 -9.04 + 0.02 0.25+0.01
255 -9.65 + 0.02 0.77£0.01 -9.14 +0.04 0.23+0.01
260 -9.84 + 0.02 0.80 +0.01 -9.47 £ 0.03 0.20+0.01
265 -9.98 + 0.01 0.82 £0.01 -9.59 + 0.05 0.18 £0.01
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C. Appendix for Chapter Il
The functions that describe the kinetic time evolution of the measured states

The form of the equations that describe the minimal model of three steps, four states used to
numerically simulate the experimental data was calculated from the set of differential equations
that describe the system (eq 3.4, 3.5, 3.6, 3.7). Under the initial conditions mentioned in the

Chapter 3 these equations are:

kias + kpa, —k_ —kia; — kpa; + K C.1
S(t) =——22 L i ST B (C.1)
K+_K— K+_K_
ki+ ks —k_)a; —ksa, ki(1—e ¥+t (C.2)
x(ey = St ZIOa — ety |l )
K+_K_ K+
+—(k1+k3—K+)a1+k4azxk1(1—e_"—t)
Ky —K_ K_
—kyay + (ky + ky —x_)a, k(1 —e ¥+t (C.3)
P(t): 371 (2 4 )2X 2( )
k —(k, + k, — k(1= e %-t
+ 301 — (ky + ky K+)azx 2( e )
Ky — K- K_
ki+k;—Kx_)a, —ksa —(ki+ ks — Kk )a, + kua C.4
Sl(t)z( LS Jas — ky 2 gyt 4 (ky + k3 — Kk )ag +kpa, _ (C.4)
Ky — K- Ky —K_
Sz(t) _ —k3a1 + (kz + k4 - K—)az e_x+t n k3a1 — (kz + k4_ — K+)a2 e_K—t (C 5)

Ky —K_ Ky —K_

The composite/ observed rate constants that are obtained from empirical fits of the data

have the following dependence on the microscopic rate constants:

_ (kl +k2 +k3 +k4) i\/(kl _kz +k3 +k4)2 _4‘k4(k1_k2)

Ki = 2 (C 6)
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Figure C.1. Time-dependence of the Cbl(ll)- 2-aminopropanol substrate radical pair state in EAL. The
signal was measured at 120 K and each scan corresponds to a sample incubated at 288 K for the time

interval indicated.
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Table C.1. Normalized weights of the substrate radical (S*) and uncoupled Cbi(I1) (X*) components at the
end of the decay at each temperature, relative to the initial cryotrapped Cbl(Il)-substrate radical pair
concentration. The diamagnetic product is calculated according to equation 3.1. The normalized values are
calculated from the AUC values for initial and final EPR absorption spectra. Parameters represent the mean

values + standard deviation, for three separate decay measurements at each temperature.

% viv DMSO T (K) Normallze(‘j Weights

S X P

0 210 0.03+0.005 0.43+0.076 0.54+0.078
220 0.10+0.017 0.53+0.076 0.37 +0.093
230 0.08+0.019 0.58+0.098 0.33+0.105
240 0.10+0.006 0.62+0.055 0.26 +0.049
288" 0.04 0.26 0.70

2 230 0.12+0.028 0.43+0.094 0.44+0.110
240 0.09+0.017 0.30+0.086 0.61+0.074

4 230 0.12+0.031 0.60+0.041 0.27 +0.057
240 0.10+0.083 0.72+0.195 0.19+0.201

* one sample measured.

Table C.2. Estimates for the total uncoupled Cbl(Il) and diamagnetic product formed after the decay of the
total radical pair. The values are calculated from the normalized weights of the components determined
from the AUC values for initial and final EPR absorption spectra. Parameters represent the mean values +

standard deviation, for three separate decay measurements at each temperature.

% v/iv DMSO T (K) X P
0 210  0.44+0.079 0.55+0.080
220 0.58+0.092 0.41+0.096
230 0.63+0.106 0.36+0.111
240  0.68+0.060 0.29 +0.054
2 230 0.48+0.115 0.49 £0.115
240  0.32+0.090 0.66 +0.083
4 230 0.68+0.054 0.30 +0.059

240

0.78 £ 0.208

0.21+£0.211
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Table C.3. First-order rate constants of the microscopic kinetic model that simulates the Cbl(I1)-substrate

radical pair decay kinetics at the respective T values. The values represent the mean + standard deviation,

for three separate decay experiments fits at each temperature.

% viv T

DMSO  (K) ki x 10% (s1) kpx10%(s?) ks x10%(s?) ks x 107 (s7) R?
0 210 0.18+0.01 013004 6+5(x10% 4+5(x10%)  0.9317 +0.0766
220 185x0.65 0.16+0.01 0.07 £ 0.03 0.07 £0.01 0.9280 + 0.0386
230 331x217 0.30%+0.05 0.29 £0.22 0.23+0.04 0.9566 + 0.0060
240 343+060 0.69+0.14 0.29 £ 0.25 0.28x0.14 0.9762 = 0.0090
2 230 0.66+0.09 0.21+0.02 1.62 £1.08 0.37£0.11 0.9842 + 0.0037
240 0.39x0.11 3.04+£0.69 0.17 £0.06 0.38 £ 0.06 0.9439 + 0.0119
4 230 0.53£0.07 0.14+£0.04 0.59+£041 0.32+0.20 0.9514 £ 0.0122
240 1.15%1.28 3.73+£3.38 0.66 £ 0.99 1.98 +1.36 0.7135 £ 0.1085

Table C.4. The initial concentration of the substrate radical present in the Si1* and S2° states as

calculated by the simulations of the four states, three steps kinetic model. The values represent the

mean + standard deviation, for three separate decay measurements at each temperature.

% vivDMSO T (K) [S17] [S27]
0 210 0.40x0.05 0.60=0.05
220 036+0.14 0.64+0.14
230 0.39+0.21 0.61+0.21
240 053+0.06 0.47 +0.06
2 230 059+0.15 0.41+0.15
240 043+0.10 0.57+0.10
4 230 0.62+0.08 0.38+0.08
240 0.64+0.20 0.36+0.20
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Alternative model tested for Cbl(Il)-2-aminopropanol substrate radical pair decay in EAL in
reaction solution of different % v/v DMSO.
ki » X°

. ks, .
Sl Kk, SZ %P

Figure C.2. Alternative microscopic kinetic model tested for the mechanism of the Cbl(I1)-2-aminopropanol

substrate radical pair decay in EAL

The mechanism considers two sequential microstates with different protein configurations,
S:1* and S2°, where S1° is the substrate radical capture state, and S2° is the radical rearrangement
state. The nascent radical state, S1* populates S2* with a first-order rate constant ks, and S2* enables
the diamagnetic product P or uncoupled radical species X* formation with the rate constants k. and
ki. Under the non-native substrate, the S2* state captures two hybrid indistinguishable
conformations of the substrate radical (S2”" and S2™") which determine the fate of the pathway, into
X* or P formation. The reverse reaction S2* to S1° (ks) is also possible. The set of solutions of the
differential equations that describe the model in Figure C.2 defined by S*(t), P(t) and X‘(t) are

simulated, presenting good fits to the experimental data (Figure C.3).

S(t) _ (k1 + kz)az — K_ oKt 4 _(kl + kz)az + K, g (C.7)
K+_K— K+_K_
—ksa, + (ky + k, + ky — k_ k(1 — e K+t C.8
x(6) = 34 (1K _ZK 4 KD ( Ke ) (C.9)
+ - +
+ k3a1 - (kl + kz + k4_ —_ K+)a2 y k1(1 — e—K_t)
K+_K_ K_
—kya, + (ky +ky + ks — K )a, ky(1—e *+t C 9
p(t) = 34 (1K _ZK 4 )2X 2( _ ) (C.9)
+ - +

n k3a1 - (kl + kz + k4 - K+)a2 % kz(l - e_K_t)
Ky —K_ K_
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Based on this model, the composite/ observed rate constants that are obtained from
empirical fits of the data have the following dependence on the microscopic rate constants (ki, k2,

ks, k4)2

(ki ke ks ky) £/ (kg + k4 ks + ky)? — ks (ky + k)

Ky = > (C.10)

The 210 K data is explained by this model by the following arguments: 1) The
monoexponential kinetics characterizes only one pathway, namely the formation of X*, thus the
fast component of the (S1” + S2°) decay represents the S2”— X" reaction, ki; 2) The amplitude of
the fast component (A=0.84 + 0.05, table 3.1) of the decay is considerably larger than the slow
component (As=0.16 + 0.05, table 3.1), and X" amplitude ([X*]auc=0.43 £ 0.08, Table C.1) is
approximately half of the decaying fast component amplitude. Thus, half of the fast decay
component amplitude together with the slow component makes up the total P amplitude
([P]auc=0.55 + 0.08, Table C.1). 3) This indicates that the formation of X" follows a single process,
which is identified as S2” to X°, while P formation follows two processes: a direct process from
S2*” which has the same microscopic rate constant as Sz” to X°, equal to the observed fast rate
constant; and a decay that follows reactions from Si*to Sz to P which is a much slower process
that describes the observed slow rate constant. 4) Additionally, the initial amplitudes of the
substrate radical pair in the S1* and S2° states are identical to the normalized amplitudes of the two
components that empirically fit the data (0.16 and 0.84, Table C.6 and 3.1). Under these
considerations, the kinetic model results suggest that transition S2° to S1* was considerably slowed

down at 210 K, essentially quenched on the time scale of the reaction and that the initial population
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of S1* which matches the amplitude of the observed slow component contributes towards the final

P concentration.

For 2 and 4 % v/v DMSO reaction condition, the empirical fits of the kinetics experimental
data identify three rate constants from which two are composites of all four microscopic rate
constants that describe the kinetics, while one is a direct measurement of a microscopic rate
constant. The presence of DMSO increases the dynamics in the PAD and favors a rapid exchange
condition compared to the direct reactions from Sz* states to P or X, ks,ks =~ ki,k2. Therefore, the
rate of growth of X* describes a unique pathway for the destructive reaction that occurs in the 2-
aminopropanol substrate radical. At 4 % v/v DMSO the misfire is enabled entirely by the dominant
population trapped upon freeze trapping in the Sz state, and it is characterized by the slower rate
k2 as indicated by the simulated results of the kinetic model. This behavior was observed for the
reaction Kinetics in the absence of DMSO at 210 K, but with the fast rate ki at the expense of the
ks reaction, which is quenched on the time scale of the formation of P and X°. The larger
concentration of uncoupled species generated at 4 % DMSO for both T conditions is supported by
the high initial concentration of the total substrate radical in the S2° state ([S2"]>[ X*]). (Tables C.1
and C.6) In 2 % v/v DMSO situation the concentration of X that is formed reaches roughly 50 %
from the initial trapped radical pair at the measured T of 230 K and 30 % at 240 K. In these solution
conditions, the monophasic uncoupled radicals are initiated from the concentration of Cbl(l1)-
substrate radical pair which accumulates during turnover in the Sz state, a situation that requires

the exchange rate to satisfy the condition ks=k1/2. (Table C.5)

The two proposed hybrid conformations of the substrate radical in the Sz state (S2” and
S2*”) may arise from a steric mismatch of the substrate radical in the active site due to the presence

of the methyl group of the 2-aminopropanol. This kinetic model can be validated by structural
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studies on the EAL- bound radicals that can distinguish possible conformations of the substrate

radical at the active site. These can be done by employing X-ray diffraction or NMR techniques.
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Figure C.3. Time-dependence of the deconvoluted Cbl(I1)-2-aminopropanol substrate radical pair decay
components in EAL and % DMSO at the corresponding measured T values overlaid with simulated
components of the kinetic model: A. 0 % v/iv DMSO, B. 2 % v/v DMSO and C. 4 % v/iv DMSO. The
representative single data set shown for each T corresponds to the same samples reported in Chapter 3 for
the previously proposed kinetic model. The components obtained from measurement (decay of substrate
radical and growth of uncoupled Cbl(I1)) are indicated in grey dots with the corresponding overlapped black

lines for S°(t) and X'(t) simulations. The diamagnetic product is shown in light red dots with the simulated

P(t) in red line.
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Figure C.4. Arrhenius plots for the microscopic rate constants determined from the kinetic model and

proposed mechanism for Cbl(I1)-substrate radical decay in EAL in reaction solution with different % v/v

DMSO: 0 % (A), 2 % (B) and 4 % (C). The microscopic rate constants (ki (red), k> (purple), ks (black) and

ks (blue)) are determined for three data sets at each T value. The kinetic mechanism for the decay at the

indicated T range is shown next to the Arrhenius plots (A) or as inserts to the Arrhenius plots (B, C). The

models indicate reactions that contribute to the kinetics measured by the decay of S;” + S;” (black arrows)

and states that contribute to kinetics measured by the rise of X* (grey pathway). The grey arrow indicates

slow/quenched reaction.
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Table C.5. First-order rate constants of the simulate Cbl(Il)-substrate radical pair decay kinetics at the

respective T values by using the microscopic kinetic model reported in previous work[77]. The values

represent the mean =+ standard deviation, for three separate decay experiments fits at each temperature.

% viv

omso  TH)  kix10%(sh) kex10%(s) kX 10%(s?) ki x 10% (s R?
0 210  0.09+001 0.13+002 0.03+0.006 0.001+0.002 0.9542 + 0.0556
220  068+0.13 046+0.10 0.16+0.02 004003  0.9896+ 0.0094
230  151+045 098+061 039£013  015+0.19 09926+ 0.0015
240  237+033 1.08+029 070£0.14  005+003  0.9938+ 0.0040
2 230 0.50£0.38 0.45+0.19 0.28+0.01 0.09 +0.02 0.9832 + 0.0071
240 071+020 1.68+0.33 047+005 043+011  0.9597 +0.0227
4 230  036+009 0.18+009 041+024  035+027  0.9550+0.0015
240  1.64+076 0.63+037 039+012 0.50+0.001 0.6859 +0.1448

Table C.6. The initial concentration of the substrate radical present in the S;* and S;" states as calculated by

the numerical simulations of the kinetic model. The values represent the mean + standard deviation, for

three separate decay measurements at each temperature.

%viVDMSO T(K)  [S1] [S2]
0 210 0.16+0.03 0.84+0.03
220 0.38+0.01 0.62+0.01
230 0.45+0.10 0.55+0.10
240 0.33+0.04 0.67+0.04
2 230 045%0.25 0.55+0.25
240 0.19%0.05 0.81+0.05
4 230 0.23%0.15 0.77+0.15
240 0.24%0.07 0.76%0.07
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D. Appendix for Chapter IV

Table D.1. Normalized weights of the substrate radical (S°) and uncoupled Cbl(I1) (X*) components at the
end of the decay relative to the initial cryotrapped Cbl(Il)-substrate radical pair concentration for each

sample. The normalized values are calculated from the AUC values for initial and final EPR absorption

spectra.
% v/iv Normalized weights
DMSO S X
0 0.11 0.52
2 0.07 0.39
4 0.15 0.64
A B

A\ f-\ 240K | ' 240K
W. -~ M ~—— 235K
236 K _/\,_,_,/»VV_\EK_
AN M 234 K_| ___/\__,_,_/»Vv_._.giﬁ.

232 K 220 K
230 K _/\_,,,/\V\/__llﬁ_i(_
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215K | _./\_,JV\/_M
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Figure D.1. Temperature dependence of the Cbl(Il)-substrate radical and uncoupled Cbl(ll) + radical
species spectra for the decayed cryotrapped Cbl(11)-2-aminopropanol substrate radical pair in EAL solution

in the presence of different added % v/v DMSO: (A) 0 %; (B) 2 %; (C) 4 %.
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Figure D. 2. Fitting results for the progressive power saturation measurements at 200 K and 235 K for

uncoupled Cbl(1l) and substrate radical, S*, in EAL and different % DMSO.

Radical species s CblI(1T)
% Vv/IVDMSO T(K) Piz R? P R?
200 107 0.9694  21.6 0.8458
° 235 221 0.9004 456 0.8996
200 116 0.9802 525 0.8293
? 235 279 04918 336 0.6636
200 109 0.9378 26.6 0.9795
) 235 336 0.2469 138 0.9662
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E. Appendix for Chapter V

The homology model using a protein molecular modeling server Geno3D (http://geno3d-
pbil.ibcp.fr) was done for both EutS and EutL proteins from S. typhimurium. The model generated
10 possible structures with overall RMSD values from the template structure. The best model was
chosen, and a cartoon structure can be seen in Figure E.1 overlaid with the respective templates.
The templates used are the E. coli PDB structures 3i96 for EutS, 3i82 for EutL closed conformation
(EutLc) and 3i87 for EutL open conformation (EutLo). The alignment function used in PyMOL
was performed for sequence alignment with structural superposition and for C, atoms alignment.

(Table E.1.)

Table E.1. Results for alignment methods performed in PyMOL for modelled S. typhimurium EutS and

EutL structures on template E. coli PDB structures 3i96 (EutSc), 3i82 and 3i87 (EutLo).

Protein sequence alignment Cq atoms alignment

RMSD % atoms aligned RMSD % atoms aligned
EutS 0.78 89.5 0.67 96.4
EutlLc 0.66 84.9 0.55 89.7

EutLo 0.69 89.1 0.57 92.8



http://geno3d-pbil.ibcp.fr/
http://geno3d-pbil.ibcp.fr/
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Figure E.1. PyMOL cartoon representation of EutS (A) and, EutL closed (B) and open (C) conformations

from E. coli template structures (green; 3i96, 3i82 and 3i87) overlaid with the S. typhimurium modelled

structures (blue). The overlay was achieved by structure alignment in PyMOL.
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Figure E.2. Sequence alignment for pathogens reported to cause food poisoning. C127 is absent in all strains

but C. perfringens ortholog.
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Figure E.3. Calibration curve for Ellman’s test performed by using DLCys. The resulted absorption values

at 412 nm are used to determine the concentration of Cys residues from this curve.
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Table E.2. Possible H-bonds indicated by PyMol. The distances suggest moderate H bonding characteristic
for proteins. Amino acids that do not present major bonding formation within the loops structure could be
identified. In addition, based on these distances and H-bonding, the possible amino acids involved in each
state stabilization were determined. All the residues found are conserved between EutL orthologs from E.

coli and S. typhimurium.

H bonds Closed Dist. A Open Dist. A
Arg67 3.1 Tyr49 Ala74 2.7
Glu182
Ser68 2.9 Alal23 Tyrl85 3.2
stabil form St T2 ey [T
Thr80 Thri2 59 Asp46 3
Glus3 Asp45 2.9 Thr80 Asp43 3.1
Ala42 2.9 Val84 Asp4? 3.1
3 Gly76 Ala73 2.9
* His75 Gly72 3.1
Leu69 Gly72 3.2
33 Glugs | Ala73 2.9 Thré0 Clysz 21
Ala81 3.4;3 .
Ser78 Thrso 335 His75 Ala71l 3
Alal87 3 Thr183 3
Vall77 o 186 2.9 Asn184 Tyr185 3
B’4-B’3 Tyrl85 3:3.1 Alal23 Tyrl85 3.2
Ser181 Thr183 3;3.5
Asn184 3
Thr139 Leul36 Thr139 Leul36
Tyrl35 Tyrl35
w1 | M8 sz Serl3s Ser134
Serl34 3 X Serl34 3.6
Serl37 Gly133 Serl37 Gly133
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Figure E.4. The nitroxide labels MTSL and 4MT. MTSL is the available label given by the MMM library
for simulating the rotamer states at the desired residue in the protein. The nitroxide used for the experiments

is 4AMT. MTSL bind to the protein through a link longer than 4MT induced by the disulfide bond.

EutS WT EutS G39V

Figure E.5. Rotamer simulations of the MTSL at C106 within the EutS protein. The probable rotameric
states given by MMM software are shown in grey sticks for both bend (left) and flat (right, G39V)

conformations.
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EutL A73C C201

Closed Conformation Open Conformation

Figure E.6. Rotamer simulations of the MTSL at A73C within the EutL protein. The probable rotameric
states given by MMM software are shown in grey sticks for both closed (left) and open (right)
conformations. The images show opposite sides for the EutL: open structure is visualized from the back of

the closed structure.

EutL A73C C201
Closed Conformation Open Conformation

Figure E.7. Spin label configurations for EutL A73C. Surface map of the protein shows accessibility region
for the MTSL modelled at the residue position. The three molecules shown as sticks are the MTSL most

probable rotamer state covalently linked to the protein.
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Figure E.8. Structural models of the tile formation by the two conformations of EutS BMC protein
generated by using PYMOL (PDB files 3i96 and 3ia0). The right diagram shows the positions of the

cysteines in the modeled tile packing, and the distances between them.
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Figure E.9. Alignment sequence for EutL from E. coli in closed and open conformations. The highlighted

regions are missing in the structure of the open conformation.
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Figure E.10. Gel filtration retention profiles and calibration curve for Superdex 200. Left image is the

retention profiles for known protein masses blue dextran, BSA, trypsinogen and cytochrome C. The

absorbance was normalized to the highest peak. BSA and trypsinogen were ran together on the column.

Each characteristic peak is indicated. Right image shows the calibration curve for the Superdex 200 in 20

mM Tris, 100 mM NaCl pH8 buffer as the retention volume as a function of the log MW. All EutS and

EutL protein masses were determined using this information.
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Figure E.11. Gel filtration on Superdex 200 of purified proteins. The retention profiles of the oligomeric
structures of EutS (left, black lines) and EutL (right, black lines) purified protein are shown overlaid with

the known molecular mass proteins. The two black lines show two different purified samples.



