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Abstract

The cblC disease is a rare inborn disorder of the vitamin B12 (cobalamin, Cbl) metabolism
characterized by combined methylmalonic aciduria and homocystinuria. The clinical
consequences are heterogenic and severe, and even when early treated with current therapies,
the affected children manifest neurocognitive, ophtalmological and cardiovascular

dysfunctions.

The molecular genetic cause of the disease was found in the mutations the MMACHC gene
coding for MMACHC, a 282 amino acid protein responsible for the intracellular trafficking and

processing of the various forms of Cbl.

Although the crystal structure of the wild-type protein (WT) has been solved, many molecular
features of MMACHC physiopathology remain to be understood and a study on the effect of

each specific pathogenic mutation on the resulting protein is still lacking.

In this PhD thesis we present a comprehensive methodological approach for the biophysical
characterization of MMACHC-WT and the MMACHC-R161Q variant, resulting from the most

frequent missense pathological mutation found in ¢b/C patients.

The recombinant MMACHC-WT protein produced in Escherichia coli was first characterized
using circular dichroism, UV-visible absorbance, fluorescence spectroscopy, molecular
dynamics, size exclusion chromatography and native gel electrophoresis. These analyses
provided a detailed description of the protein’s secondary and tertiary structure, stability,
oligomerization propensity, and ability to correctly process Cbl. The same experimental
pipeline was applied to the MMACHC-R161Q variant, revealing a different stability and an
impaired dimerization, that directly correlate to its reduced enzymatic activity. These results
were further enriched by calorimetric studies: differential scanning calorimetry unveiled a
complex thermal unfolding pathway that is significantly different among the two variants, while
isothermal titration calorimetry directly quantified the binding of the two proteins to the natural
ligands, confirming the weaker interactions established by MMACHC-R161Q, and provided
the thermodynamic parameters governing these interactions. Moreover, we demonstrated as a
proof-of-principle that the use of non-specific stabilizers (osmolytes) can partially restore
functionality in MMACHC-R161Q, establishing the basis for a therapeutic treatment based on

protein stabilization. In this framework, we also performed an in silico screening of drug-like



small molecules to identify potential pharmacological chaperones, followed by an in vitro

evaluation of their effects on the isolated protein.

Taken together, these results provide a molecular interpretation of the MMACHC-R161Q
pathogenic mechanism and establish a biophysical platform suitable for investigating disease-
causing variants. This comparative approach also provided the opportunity to investigate
previously unexplored biophysical aspects of the wild-type enzyme, thereby deepening our
understanding of the molecular mechanisms responsible for MMACHC function and
dysfunction. Our results not only advance the current knowledge of the alterations underlying
the disease but also represents the first step toward the rational design of personalized
therapeutic strategies. Furthermore, the biophysics-based methodological toolbox presented
here may be extended to the study of other rare disorders sharing similar molecular mechanisms

driving the pathogenic events.
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1. Introduction

This chapter provides a general introduction to cobalamin (vitamin B12) and its central role in
human metabolism. MMACHC, a key protein in the intracellular processing of vitamin B12
and the main focus of this research, is then introduced, as its pathogenic mutations cause the
rare inherited disorder known as ¢bIC disease. The structural and biochemical features of
MMACHC, together with the pathological variants most frequently associated with the disease,
are described. Finally, the current state of the art in the field is then reviewed, highlighting the

molecular mechanisms proposed so far.

1.1. Vitamin B12

1.1.1. Chemical structure

Vitamin B12 is a complex organic cofactor and the only known biomolecule with a stable
cobalt-carbon bond, which gives the alternative name of cobalamin (Cbl).

Referred as “Nature’s most beautiful cofactor” [1], its crystallographic structure was first
determined by Dorothy Hodgkins in 1958 [2], for which she was awarded with the Nobel Prize
in Chemistry in 1964.

Structurally, vitamin B12 consists of a corrin ring coordinated by its four nitrogen atoms to a
central cobalt ion and decorated with three acetamide and four propionamide groups, one of
which phosphorylated by a ribose moiety and further connected to a 5,6-dimethylbenzimidazole
(DMB). The DMB moiety can serve as a lower axial (a-axial) ligand to the cobalt, determining
the base-on configuration of cobalamin (Fig. 1A). When this binding does not occur, the DMB
forms a flexible tail, and the cobalamin adopts its base-off configuration (Fig.1C). The cobalt
can be further bound to a variety of upper axial (B-axial) ligands, which determines the specific
form of the vitamin, i.e., the mnatural occuring, hydroxocobalamin (OHCbl), 5-
deoxyadenosylcobalamin (AdoCbl), and methylcobalamin (MeCbl) and the synthetic
cyanocobalamin (CNCbl) (Fig. 1B) [3].
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Figure 1. Chemical structure of vitamin B12. A. The diagram displays the corrin ring (magenta) system centered
around a cobalt ion, flanked by axial ligands including the 5,6-dimethylbenzimidazole group (green) and the [3-
axial ligand R (violet). B. B-axial ligands C. Schematic representation of base-on and base-off configuration of
cobalamin

1.1.2. Spectroscopical properties

Vitamin B12 exhibits complex and versatile spectroscopic properties due to its unique
tetrapyrrole corrin ring system and central cobalt ion. The absorption spectra are classified by
three main bands: two visible bands designated as o and B bands and the NEAR-UV vy band.
While the absorption bands are attributed to transitions involving electrons of the conjugated
corrin chromophore rather than the cobalt atom itself, they are significantly influenced by the
axial ligands bound to the cobalt, making them diagnostic of the form of Cbl in solution [4]. In
Fig. 2A spectra of base-on OHCbl, CNCbl, AdoCbl and MeCbl are shown. UV-VIS spectra of
cobalamins are also a powerful tool to monitor both the conformational base-on/base-off
transition (Fig. 2B) and the conversion of one cobalamin form into another (Fig. 2C), e.g. after

an enzymatic reduction.
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Figure 2. Absorption spectra of different forms of cobalamin. A. Spectroscopical differences among OHCbl,
CNCbl, AdoCbl and MeCbl. B. base-on/base-off transition of AdoCbl upon binding to MMACHC C.
Spectroscopical changes associated with the enzymatic reduction of CNCbl. Panel A adapted from Juzeniene et
al., J Photochem Photobiol B (2013) and panels B and C adapted from Li et al., J Biol Chem (2014)

1.1.3. Gastroenteric absorption

Humans rely on dietary supplements of the vitamin since its biosynthesis is missing in higher
organisms, and only few Archaea and Bacteria are able to synthesize it de novo [5]. The dietary
intake derives from animal sources, with a recommended daily allowance (RDA) of 2.4 pg/day
[6]. After its release from dietary proteins, Cbl is bound in the stomach by Haptocorrin (HC)
[7], to prevent the acidic gastric hydrolysis. The Cbl is then released from the HC:Cbl complex
in the duodenum after the proteolytic pancreatic degradation of HC and bound by the Intrinsic
Factor (IF) [8], forming a complex required for receptor-mediated endocytosis in the terminal
ileum via the cubam receptor. Once inside the enterocyte, the IF is degraded and the Cbl is
released in the bloodstream via multidrug resistance protein 1 (MDR1) [9], where it binds its
systemic carrier transcobalamin (TC) [10]. A graphical representation of cobalamin absorption

is presented in Fig. 3.
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Figure 3. Graphical representation of cobalamin gastro-enteric absorption. Cobalamin is represented as a purple
triangle and enzymes as coloured circles

1.1.4. Intracellular metabolism

In mammals, vitamin B12 plays an essential role in DNA synthesis and in the catabolism of
both odd-chain fatty acids and branched-chain amino acids, serving as a cofactor for cytosolic
Methionine Synthase (MS) in the form of MeCbl and for mitochondrial Methylmalonyl-CoA
Mutase (MUT) in the form of AdoCbl [11].

Although only two enzymes utilize Cbl as a cofactor, the cobalamin metabolic pathway is
complex and involves several different proteins, each of them responsible for transporting
and/or processing a specific conformation of Cbl [12]. The circulating TC:Cbl is internalized
by receptor-mediated endocytosis after the recognition of the complex by the TC-receptor
(TCR) on the cell surface, followed by the lysosomal acidic degradation of the TC [13]. The
free Cbl is released from the lysosome via two integral membrane proteins: lipocalin-1
interacting membrane receptor domain-containing protein 1 (LMBDI1) and adenosine
triphosphate (ATP)-binding cassette subfamily D member 4 (ABCD4) [14]. Impaired function
of either protein results in lysosomal accumulation of free Cbl and is associated with the
inherited defects chl/FF (LMBD1) and cblJ (ABCD4) [15]. The cytosolic entry of the Cbl is
mediated by MMACHC (methylmalonic aciduria type C and homocystinuria protein),
responsible for processing and transporting whatever form of cobalamin it encounters.
Deficiency of MMACHC is associated with the inherited defect cbIC [16]. The transport of
MMACHC-processed Cbl to the final users requires MMADHC (methylmalonic aciduria type
D and homocystinuria protein), associated with the cb/D defect [17]. The formation of the
MMACHC:Cbl-MMADHC heterodimer guarantees the delivery of the cobalamin to the end-

4



users [18], [19], which are MS and MUT, associated with cb/G [20] and inherited
methylmalonic aciduria (mut) [21] respectively. In the cytosol the MS catalyzes the
methylation of homocysteine involving the transfer of a methyl group from 5-
methyltetrahydrofolate to Cbl in the +1 reduced state (cob[I]alamin), forming
methylcob(IIT)alamin that in turn transfers its methyl to homocysteine, ultimately producing
methionine [22]. It is currently not known how the Cbl digresses from the cytosol and enters
the mitochondria, but once there the protein MMAB (methylmalonic aciduria type B protein)
is required for the generation of AdoCbl, which transfers it to the MUT with the help of MMAA
(methylmalonic aciduria type A protein), related respectively with the cb/B [23] and cblA [24]
disorders. The mitochondrial MUT exploiting the radical nucleophile of AdoCbl finally
catalyses the isomerisation of methylmalonyl-CoA to succinyl-CoA [10], [25]. A graphical

summary of the cobalamin intracellular metabolism is reported in Fig. 4.
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Figure 4. Graphical summary of cobalamin intracellular metabolism. Inherited disorders associated with the
different enzymes are reported in red

1.2. ¢blC disease (OMIM #277400)

1.2.1. Causes and phenotypes of the disease

Mutations in the genes coding for the proteins involved into the vitamin B12 cellular trafficking
lead to inborn errors of cellular cobalamin metabolism (IECM), classified as chlA-J and mut
[26], [27]. Among these proteins, MMACHC plays a crucial role into vitamin B12 metabolic
pathway, since it binds the Cbl in whatever form it was assimilated, and catalyzes the removal
of the B-axial ligand, a mandatory step to ensure a proper partition into MeCbl and AdoCbl
[28].



Since its enzymatic role is performed upstream the divergence between the cytosolic and
mitochondrial pathway of the Cbl metabolism, pathological mutations in the MMACHC gene
will lead to combined methylmalonic aciduria and homocystinuria, cbIC type [29], with
autosomal recessive inheritance. This rare genetic disorder, that is the most common among the
IECM [30], with an estimated incidence rate of 1/200.000 births [31], is characterized by severe
and heterogenic clinical manifestations, including neurocognitive, ocular and cardiovascular
dysfunctions [32], [33].

Two distinct phenotypes have been recognized: the early-onset form (within the first year of
life) is characterized by a systemic disease with neurological, and haematological abnormalities
accompanied by ophthalmological deterioration, while patients with the late-onset form (after
the fourth year of life) present progressive neurological symptoms and behavioral disturbances,
and usually respond better to treatment [34]. The long-term outcome however is usually poor,
leading to neurological impairment [35] and degenerative maculopathy [36].

At the cellular level, ¢b/C mutant fibroblasts suffer from increased apoptosis likely owing to
the overproduction of reactive oxygen species (ROS) [37]. Proteomic analysis of chlC
fibroblasts revealed alteration of proteins related to cytoskeleton, the nervous system and
cellular detoxification [38]. Low expression of vimentin in cb/C fibroblasts could be
responsible for the altered cellular morphology, while high levels of collagen, typical of
homocystinuria, can be related to the cardiovascular dysfunctions because of the formation of
collagen-rich atherosclerotic plaques. A severe downexpression of ubiquitin carboxy-terminal
hydrolase L1, one of the most abundant neuronal proteins, that is not restored to normal levels
upon therapeutic treatment, can explain the neurocognitive impairment and the poor
improvement observed after treatment. Lastly, reduced expression of Glutathione S-
transferases may compromise the detoxification of metabolites and explain the altered
GSH/GSSH pool observed in patients, leading to severe oxidative stress. In summary,
dysregulation in the proteome may also contribute to oxidative damage and aggravation of c¢bI/C
manifestations [39].

The biomarkers of the c¢h/C disease are elevated concentrations of total homocysteine and
urinary/plasma methylmalonic acid, accompanied by normal or elevated vitamin B12 levels.
Confirmation of the diagnosis is primarily done by molecular genetic analysis in dermal
fibroblasts obtained from skin biopsy. Once the diagnosis is confirmed, therapy must be
immediately initiated, since early treatment was found to improve long-term outcomes in cb/C
patients. In addition, regular follow-up is required to monitor and adapt the treatment and ensure

early recognition of possible complications [40]. In light of the cruciality of early therapeutic
6



intervention, mandatory newborn screening for ¢h/C was introduced in Italy and several other

European countries in 2016.

1.2.2. Mutation spectrum

To date 115 pathogenic mutations have been identified, with genotypes and disease frequency
differing significantly between populations. Among these, the most common mutation is
c.271dupA (p.Arg91LysfsTer14), causing an arginine to lysine substitution at position 91
followed, 14 sites downstream, by a premature termination codon due to a frameshift and thus
to a truncated protein. In homozygous states and in several heterozygous combinations it is
associated with early onset disease and probably subjected to nonsense-mediated mRNA decay
(NMD) [41]. The second most prevalent mutation is ¢.394C>T (p.Argl32Ter) in Caucasians
[41] and c.609G>A (p.Trp203Ter) in Asians [42], both leading the to the formation of
premature stop codons and thus to truncated proteins. Although these mutations often occur in
heterozygosity with c.271dupA, they are related to late-onset disease and seems to be not
involved in NMD. Whereas the disease more frequently results from frameshift and nonsense
mutations, the majority of pathogenic mutations are missense [43], among which c.482G>A
(p-Argl61Gln) is the most common. This mutation is always found in heterozygosity with a

variety of other mutations, and is usually related to the late-onset form [42].

1.2.3. Current treatment

The only existing therapy for the chIC consists in betaine, folic acid, and L-carnitine
administration, and in hydroxocobalamin (OHCbl) injections, which just mitigate the
symptoms and cannot stop the progression of the disease [44]. Among the various forms of Cbl,
parenteral administration of high-dose OHCDbI, generally by painful intramuscular injections,
was clinically proved as the most effective treatment among the various forms of Cbl to
compensate for the deficiency. Oral betaine is recommended since it enables the hepatic MeCbl-
independent remethylation of homocysteine to methionine via betaine homocysteine-
methyltransferase [45]. Folate compounds as well as L-carnitine, are generally very well
tolerated, yet clinical benefit remains unclear as case numbers are low and long-term data is

missing [40].

1.2.4. Innovative therapies

The most common variant found in cb/C patients, ¢.271dupA, is a frameshift mutation

combined with the introduction of a premature termination codon (PTC), and generated a



protein, p.Arg91Lysfs* 14, that is supposed to undergo nonsense-mediated RNA decay (NMD)
[41]. For this mutation, gene therapy or enzyme replacement seems the only available
perspective. However, different pharmacological approaches could be contemplated for the
several missense or nonsense mutations not associated with the gene's reading frame change

and not leading to NMD.

Wingert et al. proposed a therapy based on substrate replacement using synthetic
thiolatocobalamins, that have been shown to undergo facilitated B-deligation and serve as

antioxidant agents in vitro [46].

Concerning missense mutations, using small molecules to correct the protein misfolding defects
and thus helping proteins to recover their activity, has revealed a successful therapeutic route
for other rare conditions [47], [48], [49], [50]. The same approach is auspicious for the enzymes
involved in metabolic disorders since exposure to pharmacological chaperones enhances many
clinical mutants’ stability and enzymatic activity [51]. In this respect, the affected stability
profile shown by some MMACHC mutants [52], [53], [54] suggested that the folding correction

could also have an impact on the ¢b/C therapeutic approach.

Regarding chIC nonsense mutations, a therapeutic strategy could be represented by the use of
translational readthrough-inducing drugs (TRIDs), which enhance ribosomal readthrough of
premature termination codons (PTCs), partially restoring the production of a full-length protein
[55]. This strategy has proven effective in reconstituting the biosynthesis of the full-length
protein involved in another pathology of vitamin B12 metabolic pathway, cb/D, in pathogenetic
nonsense mutations harboring PTCs [56]. An example of TRIDs is Ataluren, capable of
promoting the readthrough of TGA, TAG, and TAA codons, with the highest readthrough
activity for the TGA codon and conditionally approved as therapy for some cases of Duchenne
muscular dystrophy [57], [58]. Pibiri et al. recently designed and synthesized new oxadiazoles
Ataluren-like compounds, which are able to induce readthrough of PTC in CFTR mutations
involved in Cystic Fibrosis [59]. The most frequent nonsense mutation found in cb/C patients,
¢.394C>T, associated to a significantly increased level of MMACHC transcript compared to
c.271dupA (10), results in the production of a truncated MMACHC product, p.R132X. The stop
codon associated with this mutation, UGA, and its position relative to the exon-exon junction
supposed to elude NMD renders ¢.394C>T an ideal candidate to be corrected by readthrough
activity. Other PTCs found in ¢bIC variants (c.331C>T, ¢.609G>A, c. 666C>A) also have
characteristics that make them suitable for readthrough activity. Since the readthrough strategy

via TRIDs associates a different amino acid than the one present in the WT protein [58], [60],



if necessary, folding correctors for missense mutations can be used in combination with the

TRIDs.

1.3. MMACHC protein

1.3.1. Structure

According to the crystal structure [61], human MMACHC is a 282 aminoacid protein (M.W. =
34 kDa) with an alpha/beta-scaffold that comprises two modules: N-terminal (a.a. 1-172) and
C-terminal (a.a. 183-282), connected by a long unordered linker (a.a. 173-182). The N-terminal
module contains a four stranded antiparallel beta-sheet flanked by a-helices and a short
antiparallel two-stranded B-sheet. The C-terminal module is composed of four helices that cap
the N-terminal core and a disordered tail, rich in proline. Three disordered protrusions (Prl,
Pr2, Pr3) were also found in the protein structure. Upon cobalamin binding, the main structural
modifications consist in the movement of Pr2 toward Cbl, creating the floor of the pocket and
the repositioning of the L1J loop of the cap to form part of the Cbl-binding site. Cobalamins are
found in the base-off configuration when bound to the MMACHC. In this configuration, the
cobalamin tail resides in a hydrophobic crevice, which is formed between helix HF and the two-
stranded antiparallel B-sheet, while the side chains of the corrin ring have polar interactions
with the cavity surface, which is defined on the top by part of the cap module, on the bottom
by the Pr2 and on the side by Pr3. The GSH binding site consists in an electro-positive, arginine
rich pocket, where the residue R161 plays a major role in anchoring the cofactor to the protein
by the interaction between the guanidinium group of arginine and the carboxamide group of the
cysteine residue in GSH, assisted primarily by the help of residues R230 and R206 [62], [63].
MMACHC in complex with MeCbl and GSH is presented in Fig. 5; a QR code linking to a
video showing the 3D structure is also provided. The putative binding site for the flavins
(FMN/FAD) could reside between helix HE and the first B-sheet [61], but no crystal structure
of the complex is currently available, and Froese et al. suggests that this binding mode would

not guarantee an effective electron transfer [62].



N-terminal

Figure 5. MMACHC in complex with MeCbl (magenta) and GSH (orange). The N-terminal module is shown in
green, the unordered linker in blue and the C-terminal module in cyan; the QR code links to a video showing the
3D structure of the complex. Figure adapted using ChimeraX from SUOS and 3SCO

1.3.2. Dimeric assembly

Initially believed to exist exclusively in a monomeric state [61], in 2012 Froese et al. found that
MMACHC is able to homodimerize both in vitro and the crystal in the presence of AdoCbl
[62]. Two ligand-binding monomers can assemble into a homodimer, which is largely mediated
by protrusions Prl and Pr2 from both subunits. In particular, Pr2 from each subunit, crosses
over, and interacts with the Ado moiety of AdoCbl in the opposing monomer, forming a cap
for the upper axial ligand. The involvement of active site regions into the dimer formation,
suggests a functional role, however the purpose of the dimerization process still remains

elusive.

adapted using ChimeraX from 3SOM
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1.3.3. Biochemical role

MMACHC protein is the downstream acceptor of the Cbl exiting the lysosome and the protein
responsible for processing the upper-axial ligand of Cbls, in order to obtain an intermediate that
will be further converted into the bioactive forms, i.e. MeCbl and AdoCbl.

The lysosome-to-cytosol transfer of Cbl is mediated by the interaction of the cytosolic
MMACHC protein with the lysosomal transporters LMBD1 and ABCD4 [64]. Once bound to
the Cbl, MMACHC catalyzes the removal of its upper-axial ligand, leading to the reduction of
the central cobalt. Depending on the nature of the encountered cobalamin, this reaction consists
in a dealkylation, using GSH as cofactor [65], or in a decyanation in the presence of flavin
redox system [66], [67]. Both the reactions are favored by the binding of the cobalamins in the
base-off configuration, that guarantees an easier scission of the Co-C bond [68]. The
dealkylation consists in the nucleophilic attack of the Co-C bond by the thiolate anion of
glutathione, giving as a product the S-alkylated variant of GSH and the so called superreduced
cob(I)alamin, which spontaneously undergoes one-electron oxidation to form the more stable
reduced cob(Il)alamin. The reduced cob(Il)alamin is instead the direct product of the cyanide
reductive elimination in the presence of FMN/FAD and nicotinamide adenine dinucleotide
phosphate (NADPH).

The enzymatic activity of MMACHC, capable of both reductive dealkylation and decyanation,
makes it the first member of a novel subfamily of both the Glutathione S-transferases (GSTs)
[69] and the Flavin reductases [61]. In particular, MMACHC lacks the active serine or tyrosine
residue that induces the deprotonation of GSH typical of the GSTs and although its N-terminal
core exhibits a fold characteristic of the flavin reductase, it shows poor structure alignment with
other members of this family. Hence, MMACHC represents a novel structural solution for both
the decyanation and dealkylation activities.

After the obtainment of the reduced cobalamin, this can form can be delivered to the end-user
MS and MUT through the help of MMADHC protein, that is likely involved into the partition
of the Cbl between the cytosolic and the mitochondrial route, although the mechanism is still
unknown [19]. MMADHC can coordinate its Cys261 to cob(Il)alamin bound to MMACHC,
that rapidly oxidizes to thiolato-cob(Ill)alamin. This is the only known example of a
heterodimer consisting in an interprotein coordination complex involving a rare Co-S bond
[70].

The final delivery of Cbl to the cytosolic MS is probably favoured by a direct interaction with
MMACHC [71], while it is currently not known how and when Cbl moves from the cytosol
and enters the mitochondria [72]. A schematic representation of the reactions catalyzed by

MMACHC protein is reported in Fig.7.
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Figure 7. Biochemical reactions catalyzed by MMACHC. Figure adapted from Esser et.al, iScience (2022)

1.3.4. State of the art

Since the discovery of the MMACHC gene coding for the MMACHC protein, whose mutations
are responsible for ¢bI/C disease in 2006 [16] two major research groups have focused their
interest in uncovering the mechanisms underlying the function of the wild-type protein. After
demonstrating its decyanase [66] and dealkylation activity of vitamin B12 [69], the first crystal
structures in both apo and MeCbl-bound forms were obtained in 2011 by Koutmos et al [61],
revealing the organization of the cobalamin binding pocket. In parallel, Froese et al.
demonstrated the thermolability of the wild-type protein [52], and in 2012 obtained a crystal
structure of the wild type revealing an homodimeric assembly when bound to AdoCbl and an
arginine-rich region, that was addressed as the GSH binding pocket [62]. This latter supposition
was confirmed five years later by the first crystal structure of MMACHC bound to GSH by
Ruetz et al. [63], obtained by binding the protein to an anticobalamin (i.e. an inactive form of
vitamin B12) thus allowing the co-crystallization of the cofactor. The research subsequently
focused on the understanding of the interaction between MMACHC and the other proteins of
the vitamin B12 metabolic pathway, leading to the discovery of the formation of a MMACHC-
MMADHC heterodimer [19], [70], [73] and the subsequent interaction of the complex with the
MS [71]. These findings proposed a new role of MMACHC, not only responsible for chemically
processing the vitamin B12, but also for transporting it.

Regarding the biophysical and biochemical characterization of pathological mutants involved

in ¢blC disease, Gherasim et al. demonstrated that mutations affecting the GSH-binding pocket
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(R161Q and R161G) lead to a loss-of-function of MMACHC and induce an increased redox
cycling that could explain the oxidative stress observed in the patients’ cells [54]. Later they
found synthetic cobalamins able to repair the enzymatic activity of these mutant in vitro [46].
To be thorough, we report that in 2013 Backe et al. found the novel mutation AGIn131 that
induces the deletion of one of the aminoacid involved in binding the cobalamin tail and
suggested that this mutation induces a misfolding of the resulting protein and a reduced
enzymatic activity [74], However, the biophysical data presented in this study have certain
limitations. Last, in 2022 Passantino et al. characterized the R132X mutant, finding that while
it retains secondary structure elements and remains compact in solution, its stability is affected
by the mutation [53].

Overall, these findings have provided a solid framework for understanding MMACHC role and
function in the vitamin B12 metabolic pathway. At the same time, studies on pathological
variants have highlighted how mutations can compromise folding, stability, and enzymatic
activity of the resulting proteins, thereby leading to the manifestations of cbh/C disease.
Nevertheless, many aspects of the molecular mechanisms underlying MMACHC function, and
the genotype—phenotype correlations of its variants, are still poorly resolved, thus requiring

further investigation.
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2. Aim of the thesis

A rare disease is defined by the European Union as a condition affecting fewer than 5 people
per 10,000. Despite their rarity, these diseases pose a significant societal challenge, as effective
treatments are often lacking due to limited investments. The cbI/C defect is a genetic disorder
that, like many other rare diseases, is often overlooked by the pharmaceutical industry, so that

the efforts of the scientific community in this framework are invaluable.

Given the key role of MMACHC in the complex vitamin B12 metabolic pathway,
understanding the molecular mechanisms underlying cb/C disease requires a detailed
characterization of the wild-type protein and its pathogenic variants. In particular, although the
crystal structure of the wild type has been resolved, many molecular features of cb/C
pathogenesis remains to be understood and the study of the precise impact of the pathological

mutations is still lacking.

The present work aims to implement an experimental strategy, complemented by computational
studies, to investigate the structure-function relationship of MMACHC-WT protein and the
pathological MMACHC-R161Q mutant, resulting from the most frequent missense mutation
found in ¢blC patients. We aim to characterize in vitro the impact of this missense mutation on
the MMACHC molecular properties, such as structure, stability, binding to substrates and
cofactors, oligomerization propensity and catalytic activity, in order to reveal previously
unexplored aspects of MMACHC chemico-physical properties and provide a strong basis for
further therapeutic development. The experimental workflow consisted in the production of the
recombinant proteins from E. coli and their characterization by spectroscopical (Circular
Dichroism, UV-Visible spectroscopy, fluorescence spectroscopy), calorimetric (Differential
Scanning Calorimetry and Isothermal Titration Calorimetry) and separation (Blue-Native gel
electrophoresis, size exclusion chromatography) techniques, assessing the effect of different
cobalamin forms and glutathione. Our experimental findings were also supported by Molecular
Dynamics simulations, that allowed a better understanding of the different behaviour of the two
proteins and provided a molecular explanation of the misfolding of MMACHC-G147A, an
insoluble pathological mutant protein. Moreover, we evaluated the effect of chemical
chaperones on the functionality of the MMACHC-R161Q mutant, in order to suggest a

therapeutic approach based on the stabilization of the protein structure. In this regard, we also
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conducted preliminary studies on the effect of small molecules selected through in silico
approaches, with potential therapeutic effect for missense mutations. Last, we generated a

reporter system that will be used to assess the potential effect of TRIDs in model cells.

Our findings contribute to a better understanding of the molecular mechanisms underlying cb/C
pathogenesis and, at the same time, demonstrate how the combination of experimental and
computational biophysical approaches can offer new insights on the study of this rare condition.
Furthermore, since many rare diseases share common molecular mechanistic features driving
the pathogenic events, the biophysics-based methodological toolbox presented here could also

be valuable for investigating other rare diseases.
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3. Methods

This chapter provides an overview of the biophysical techniques adopted to characterize wild-
type MMACHC and its pathogenic variants, followed by the specific description of the
experimental setup used. The approaches used for protein production and purification are
described, along with the techniques applied to assess protein folding, stability, cofactor
binding, dimerization propensity and effect of small molecules. Computational analyses
complement the experimental data, offering additional insights into the molecular mechanisms
underlying MMACHC dysfunction in c¢bIC disease. Unless otherwise specified, each

experiment was performed in triplicate.

3.1. Plasmids and site-directed mutagenesis

The generation of the plasmid coding for MMACHC-R161Q for the recombinant production
of the protein in E. coli was generated from the plasmid coding for the WT by site-directed

mutagenesis.

Polymerase Chain Reaction (PCR) is a technique used to amplify a specific DNA fragment

in vitro [75]. Each amplification cycle consists of three steps:

1. Denaturation at high temperature that separates the two DNA strands of the template
2. Annealing of synthetic primers to complementary sequences on the template

3. Extension by a thermostable DNA polymerase (Taq Pol) that synthesizes new DNA

strands.

By repeating these steps 25—40 times, the target DNA fragment is exponentially amplified.

In site-directed mutagenesis (schematic representation in Fig. 8), a modified version of PCR
is used. Instead of standard primers, mutagenic complementary primers containing the desired
base changes are employed. During thermal cycling, the DNA polymerase incorporates these
mutations into newly synthesized plasmids. After digestion of the parental plasmid DNA with
Dpnl (an endonuclease specific for methylated DNA), the resulting mixture is enriched in

mutated plasmids, which are then transformed into competent E. coli [76].
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Figure 8. Schematic representation of site-directed mutagenesis

The plasmid pNIC28-Bsa4d-MMACHC expressing the human MMACHC-WT as a
TEV protease cleavable N-terminal His-tag protein was a gift from Nicola Burgess-Brown
(Addgene plasmid #39096; the map of the plasmid is reported in Fig. 9). R161Q mutant
sequence was generated by site-directed mutagenesis of the wild-type vector using QuikChange
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies, Inc.) and the primers
GCTGGTTTGCCATCCAAGGGGTAGTGCTGCT and
AGCAGCACTACCCCTTGGATGGCAAACCAGC, where the letters in bold represent the
mutated nucleotides. The resulting plasmid pNIC28-Bsa4-MMACHC-R161Q leads to the
expression of MMACHC-R161Q, a protein where the arginine residue in position 161 is

substituted by a glutamine. The nucleotide sequence was confirmed by Sanger sequencing.

T7 promoter! RBS
6xHis
- __-TEV site

Figure 9. Map of pNIC28-Bsa4-MMACHC plasmid
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3.2. Expression and purification of MMACHC-WT and MMACHC-R161Q

In order to perform the biophysical analyses presented in this thesis, we produced recombinant
MMACHC-WT and MMACHC-R161Q proteins using E. coli BL21-Gold (DE3) as expression
system. The proteins were purified from the soluble fraction of the bacterial lysate by affinity

chromatography followed by a buffer exchange, and their purity was verified by SDS-PAGE.

Immobilized affinity chromatography (IMAC) is a specific separation technique that exploits
the reversible interaction between a target molecule and a ligand immobilized on a solid matrix.
The mixture containing the molecule of interest (i.e. the protein containing a polyhistidine tag,
so called His-tagged protein) is passed through a column containing a matrix functionalized
with bivalent metal ions (e.g., Ni**, Co?"), that only the His-tagged protein binds due to its
specific affinity. Unbound molecules are washed away, and the target molecule is subsequently

eluted with a buffer containing imidazole, the competing ligand of histidine (Fig. 10) [77].
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Figure 10. Schematic representation of the principle of IMAC

Gel electrophoresis is a technique that uses an electric field to drive the migration of charged
molecules through a gel matrix. In SDS-PAGE, the gel is made of cross-linked acrylamide and
bis-acrylamide, creating a porous structure that acts as a molecular sieve. By adjusting the ratio
of acrylamide to bis-acrylamide, the pore size can be controlled, making the gel able to separate
proteins within specific size ranges. Sodium dodecyl sulfate (SDS) is an anionic detergent that
denatures proteins by disrupting non-covalent bonds, linearizing them, and conferring a
uniform negative charge to the proteins, ensuring that the migration depends only by size, as
the charge-to-mass ratio is constant. In addition, the samples are boiled to ensure denaturation
and a reducing agent, such as f-mercaptoethanol or dithiothreitol, is added to disrupt disulfide

bonds. Proteins are loaded into wells at the top of the gel, and an electric field is applied to
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make them migrate towards the anode. The polyacrylamide gel consists of two parts: the
stacking gel, which has a lower acrylamide concentration and a pH around 6.8, that concentrates
the proteins into well-defined bands and the resolving gel, with a higher acrylamide
concentration and a more basic pH (around 8.8), that resolves the proteins based on size.
Smaller proteins pass more easily through the gel pores and move faster, while larger proteins
migrate more slowly, resulting in separation. A molecular weight marker, composed of proteins
with known sizes, is run alongside the samples. By comparing the migration distances of
unknown proteins to these standards, their approximate molecular weights can be determined.

After the course, proteins are visualized using a stainer [78].

Expression and purification of recombinant MMACHC-WT and MMACHC-R161Q proteins

were carried out following the procedure previously described, with minor modifications [53].

Briefly, E. coli BL21-Gold (DE3) harboring pNIC28-Bsa4-MMACHC was grown at 37 °C in
Terrific Broth (TB) medium supplemented with kanamycin (30 pg/mL). When ODgoo of the
culture reached 2, expression was induced by addition of 0.1 mM isopropyl 1-thio-B-d-
galactopyranoside (IPTG) overnight at 18 °C. Upon harvesting, cells were suspended in pre-
chilled lysis buffer 20 mM PB (10 mM Na;HPO4, 10 mM NaH>PO4) pH 7.4, 0.5 M NacCl,
supplemented with 25 U/mL Benzonase ® (Merk-Millipore), S5mM MgCly,
0.4 mg/mL lysozyme, one tablet of cOmplete™ EDTA-free protease inhibitor mixture
(Roche), 5% (v/v) glycerol and 10 mM imidazole. The cells were disrupted on ice by
sonication (Bandelin HD 2070) and the supernatant was collected after centrifugation at
20.000 xg, 4 °C for 30 min, filtered using 0.2 pm filter, and loaded onto a 5 mL HiTrap TALON
crude (Cytiva) column equilibrated in the same buffer of the protein sample. The His-tagged
protein was eluted, on a FPLC AKTA Primeplus GE Healthcare, with a linear gradient from 10
to 300 mM of imidazole in 10 CV at room temperature, using prechilled elution buffers. A

buffer exchange was then obtained using a HiPrep Desalting 26/10 column (Cytiva).

Purity of both proteins was verified by SDS-PAGE using NZYtech BlueSafe as stainer. Proteins
were stored in 20 mM PB, pH 7.4, 0.3 M NaCl, 5 % (v/v) glycerol, at =80 °C.

3.3. Circular dichroism (CD)

Circular dichroism spectroscopy is a widely used technique to investigate the secondary

structure and the folding of proteins in solution [80].
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Plane polarised light can be viewed as being made up of two circularly polarised components
(Fig. 11) of equal magnitude, one rotating counter-clockwise (left handed, L) and the other

clockwise (right handed, R).

Figure 11. Illustration of circularly polarized light showing the helical rotation of the electric field vector along

the propagation axis.

Circular dichroism (CD) refers to the differential absorption of these two components. Over
corresponding wavelengths, a circular dichroism signal can, therefore, be positive or negative,
depending on whether L light is absorbed to a greater extent than R light (CD signal positive)

or to a lesser extent (CD signal negative).

The linearly polarised light becomes elliptically polarised when the magnitudes of the two

components are differently absorbed:

CD = AA = A, — Ag
This is what happens, for example, when the two circular components encounter a chiral
molecule, which interacts differently with left- and right-circularly polarized light.
The ellipse of the resulting elliptically polarised light can be described by the lengths of its axes
(Fig. 12):

e The length of the major axis is the sum of the magnitudes of the electric field vectors of

the R and L circularly polarized light, Er + EL

e The length of the minor axis is the difference between the magnitudes of the electric

field vectors of the R and L circularly polarized light, Er - EL.

Ellipticaly
Polarised

Figure 12. Components of the elliptically polarized light (purple). Figure adapted from Applied Photophysics
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The degree of ellipticity is then defined as the tangent of the angle 6, whose tangent is equal to

the ratio of the minor to major elliptical axis:
tan6 = (Er — E.)/(ER +E)) =0
As the difference in absorbances of L and R circularly polarized light is typically very small,

tan 6 can be approximated as @ (in radians). From the logarithmic definition of absorbance, the

following relationship is obtained:
O(degrees) ~ AA x 32.982

Due to the small magnitude of CD signals in most measurements, & is often expressed in

millidegrees.

In the case of a protein solution, the ellipticity value can be normalized for the number of

aminoacids of the protein, giving the mean residue ellipticity (MRE):

MW
MRE = N = N-—1%°
10X [xC

where MW is the molecular weight of the protein, N the number of aminoacids, 1 the pathlength
in cm and C the concentration in mg/mL. This normalization makes the MRE independent of
both the path length and the protein concentration, allowing direct comparison between spectra

of different proteins or experimental conditions

In the far-UV region (240-180 nm), the chromophore that dominates the spectral signal of
proteins is the peptide bond (Fig. 13); the chiral center is the a-carbon atom in the protein
backbone (i.e. the continuous chain of atoms that forms the structural framework of a
polypeptide, consisting of the repeating sequence of amide nitrogen, alpha carbon, and carbonyl
carbon N-Co—C’ from each amino acid residue). There is a weak but broad n — n* transition

at ~ 210-230 nm and a more intense = — w* transition at ~ 190 nm.
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Figure 13. Peptide bond

Depending on the orientation of the peptide bonds within the array, the optical transitions of the
amide bond can be split into multiple components. The wavelengths of these transitions may
shift to higher or lower values, and their intensities can either increase or decrease. As a
consequence, the far-UV CD spectrum of a protein provides a fingerprint of its secondary
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structure. The secondary structure of a protein is formally defined as the pattern of hydrogen
bonds between the amino hydrogen and carboxyl oxygen atoms in the backbone. The two most
common types of secondary structure are a-helices and B-sheets [79]. In an a-helix, hydrogen
bonds between the carbonyl oxygen of residue i and the amide hydrogen of residue i+4 form a
right-handed helical structure, while a B-sheet is formed by the side by side alignment of two
or more [-strands stabilized by hydrogen bonds between backbone carbonyl and amide groups.
These secondary structures provide rigidity to the protein molecule, that can be counterbalanced
by the flexibility induced by random coil regions. The different types of regular secondary

structure found in proteins give indeed rise to characteristic CD spectra (Fig. 14) [80]:
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Figure 14. Standard CD spectra of polypeptides/proteins with representative secondary structures. Figure adapted
from Greenfield, Nat Protoc (2006)

The a-helices spectrum is characterized by two typical minima near 222 nm and 208 nm, and a
positive band near 192 nm. B-sheets spectrum presents a negative band near 218 nm, and
positive peak around 195 nm. Random coils spectrum shows a strong negative band with a
broad peak around 200-205 nm. An estimation of the secondary structure composition of a

protein can be provided by some algorithms.

The CD spectrum in the region 260— 320 nm arise from the aromatic amino acids. The actual
shape and magnitude of the near-UV CD spectrum of a protein will depend on the number of
each type of aromatic amino acid present, the nature of their environment (H-bonding, polar
groups and polarisability) and their spatial disposition in the protein. Tryptophan (Trp) shows
a peak close to 290 nm with fine structure between 290 and 305 nm, tyrosine (Tyr) a peak

between 275 and 282 nm, with a shoulder at longer wavelengths often obscured by bands due
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to Trp and Phenylalanine (Phe) shows weaker but sharper bands with fine structure between
255 and 270 nm. The near-UV CD spectrum gives information on the tertiary structure of the
protein [80]. The tertiary structure of a protein is the three-dimensional spatial conformation
that it adopts, that is determined by the interactions between the residues and interactions with
the solvent. The specific arrangement of these interactions creates a unique conformation that

is critical for the protein function [81].

Proteins indeed virtually regulate every biological process. Their biological activity depends on
their intrinsic dynamics and ability to adopt and maintain a defined three-dimensional
conformation. Protein folding is the physical process by which a protein, after its synthesis by
a ribosome as a linear chain of amino acids, changes from an unstable random coil into a more
ordered three-dimensional structure. This process is governed by the interplay of numerous
non-covalent interactions, including hydrogen bonds, hydrophobic effects, electrostatic forces,
and van der Waals interactions, which collectively drive the polypeptide chain toward its native
folded state, a thermodynamically favorable conformation corresponding to the global
minimum of the free energy of unfolding (AG = AH — TAS). Conformational stability reflects
the balance between enthalpic contributions (AH) that favor the stabilizing interactions of the
folded state and entropic factors (— TAS) that promote disorder of the unfolded state, and it is
influenced by both intrinsic properties (the aminoacidic composition) and extrinsic conditions
(including temperature, pH, ionic strength, and ligand binding). Temperature plays a key role
in modulating this equilibrium: as temperature increases, the entropic contribution becomes
more significant, gradually destabilizing the folded state until leading to the unfolded state. The
thermal unfolding process of small proteins is typically cooperative, following a two-state
model involving one transition in which the native folded structure converts to a fully unfolded
state without stable intermediates. However, for most proteins, additional intermediate
conformations (less folded than the native state but more folded than the denatured state) are
populated during the thermal denaturation process. For proteins displaying equilibrium
intermediates, the global equilibrium between the native and the unfolded states can be divided
into partial equilibria between the different species, each one governed by an equilibrium
constant and, therefore, by a free energy difference. The study of temperature-dependent
conformational changes represents a powerful approach to quantify protein stability and to

assess how mutations and ligand binding affect the energetic landscape of folding [82].

CD spectroscopic measurements for this research were performed by using a Chirascan v100

spectrometer (Applied Photophysics) equipped with a temperature control unit. This allowed
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the study of secondary structure changes in the far-UV region at increasing temperature values,
in order to characterize the conformational stability properties of the proteins.

3.3.1. Far-UV measurements

A quartz cell with a path length of 1 mm was used for recording at 20 °C far-UV (190-250 nm)
spectra of the MMACHC-WT (10 uM) and MMACHC-R161Q (10 uM) protein in the absence
and in the presence of AdoCbl, MeCbl, CNCbl and OHCDbI (Sigma Aldrich) in a molar Cbl to
protein of 2:1. The concentration of the cobalamins was calculated considering the extinction
molar coefficient according to [83]. Spectra were acquired with a 5 nm/min scan rate, band
width 3 nm, response 32 s and data pitch 0.5 nm.

The analysis of thermal denaturation was monitored by measuring the ellipticity values at 222
nm upon gradually heating from 15 °C to 90 °C for both the MMACHC-WT (10 uM) and
MMACHC-R161Q (10 uM), in the presence and in the absence of cobalamins (20 pM) or with
the addition of betaine (0.5 M), with a heating rate of 0.5 °C/min, path length 1 mm, band width

3 nm, data pitch 1 min, response 16 s.
MMACHC-R161Q ellipticities at 222 nm were fitted according to the single-transition

unfolding model. Under equilibrium F < U, at any temperature 7' the conformational
equilibrium constant K is:

K(T) = j—‘; (1)
where Xrand Xy are the molar fractions of folded and unfolded molecules, respectively

and the free energy of unfolding AG is:

AG(T) = —RT InK(T) ()

The temperature dependence of the Gibbs energy is given by:

AG(T) = AH(Ty) (1= 75) +ACp (T =Ty — T In )

Tm
K(T) = exp (— A(;—(TT)) 3)
Xp (1) = 1 Ko (D) = T
where T is the temperature corresponding to denaturation midpoint (at which Xf=Xu).
The observed spectroscopic signal (S) is given by:
S(T) = Sp(T)Xp(T) + Sy (T)Xy(T) “4)

where Sr and Su correspond, respectively, to the signal arising from a protein solution of the

same concentration that would contain only folded or only unfolded molecules [82].
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MMACHC-WT ellipticities at 222 nm were analyzed using the two-transition unfolding model,
assuming a single intermediate state (I). The corresponding equations can be derived similarly

to those for the single-transition by combining equations equivalent to Egs. (1)—(3), considering

that there are three coexisting species in equilibrium (F < I < U) and two conformational

equilibrium constants Ki and K> governing each transition (F < [ and I < U):

AG;(T) = AH,,; (1 - ) + ACp; (T — Ty — T In — )
’_ _ AGi(T) ’
K,(T) = exp( — ) (5)
_ 1 _ K4(T) _ K1(T)K,(T)
(D = emmono 17 = Taoxmono 01 = Taomono
and the observed spectroscopic signal (S) is given by:
S(T) = Sp(MXp(T) + S, ()X, (T) + Sy (T) Xy (T) (6)

where SF, Si, and Su correspond, respectively, to the intrinsic signals for the folded molecules,

partially folded molecules (intermediate state), and unfolded molecules.

3.3.2. Near-UV measurements
A quartz cell with a path length of 1 cm was used for recording at 20 °C near-UV (250-350 nm)
spectra of the MMACHC-WT (14 uM) and MMACHC-R161Q (14 uM) protein. Spectra were

acquired with a 20 nm/min scan rate, band width 1 nm, response 4 s and data pitch 0.1 nm.

3.4. Intrinsic fluorescence

Fluorescence is a physical process in which a molecule absorbs light of a specific wavelength
and subsequently emits light at a longer wavelength. Upon absorption of a photon, an electron
of the fluorophore is promoted from the ground state to an excited electronic state. The excited
molecule rapidly undergoes vibrational relaxation, dissipating part of the absorbed energy as
heat. The electron then returns to the ground state by emitting a photon, a process that typically
occurs within nanoseconds. Because of the prior energy loss, the emitted photon has lower

energy and therefore a longer wavelength than the absorbed one (Fig. 15).
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Figure 15. Jablonski diagram displaying the energy states of a molecule. Figure extracted from Lleres et al., Curr

Protoc Cytom (2007)
A fluorescence emission spectrum represents the intensity of the emitted light as a function of
wavelength, following excitation of the sample at a chosen excitation wavelength. The position

of the emission band is commonly expressed as the maximum emission wavelength.

Proteins exhibit intrinsic fluorescence, which derives from its fluorophores, the aromatic amino
acids: tryptophan, tyrosine, and phenylalanine. These residues are generally located in the
hydrophobic core of the folded protein, and their emission properties are highly sensitive to the
local environment. Most of the intrinsic fluorescence emissions of a folded protein are due to
excitation of tryptophan residues, whose emission spectrum is strongly affected by the polarity
of the surrounding environment and the proximity of other residues, making it a probe of protein

folding, conformational changes, and interactions [84].

Thus, the fluorescent properties of aromatic residues can provide insights into the tertiary

structure and dynamics of proteins.

Fluorescence experiments were performed by using a JASCO FP6500 spectrofluorimeter
(JASCO Corporation, Tokyo, Japan) at T=20 °C. Emission spectra were registered after
excitation at 295 nm, 275 nm and 260 nm (excitation slit width = 3 nm, emission slit width =3
nm, response 2 s, scanning rate 100 nm/min) of a sample containing 0.1 mg/ml (3 pM)

MMACHC-WT or MMACHC R161Q using a quartz cell with a path length of 1 cm.

3.5. Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is the gold standard technique to study thermally
induced transitions in proteins. DSC measures the heat capacity of a solution of the molecule
under study as a function of temperature in a differential mode [85]. Calorimeters are equipped
with two twin cells: the solution containing the protein is placed in the sample cell and an equal
volume of buffer in the reference cell (Fig. 16). The system is heated at a constant rate and the
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instrument continuously monitors temperature differences. When the protein undergoes thermal
denaturation, that is always an endothermic process, the heat capacities of the solution in the
sample cell and the buffer in the reference cell will differ, hence a certain amount of electrical
power is required to zero the temperature difference between the two cells. The power
difference, divided by the scanning rate, is a direct measure of the heat capacity difference
between the solution and the buffer. This generates the typical endothermic peak in the DSC

thermogram.
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Figure 16. Schematic representation of a calorimeter and a thermogram from DSC

The first approach in DSC usually consists in model-free data analysis for discriminating
between different possibilities: single transition unfolding, non-single unfolding, and oligomer
unfolding of the protein. In the thermogram it is possible to estimate the unfolding enthalpy
(AHcal) by the area under the peak, the unfolding temperature (Tm) as the maximum of the
curve and the maximal unfolding heat capacity (CPmax) as its height. From these parameters it
is possible to calculate the van’t Hoff enthalpy (AHvn):

4RTZ CPmax
MM, = CETC nas) ™)

AHcqp

From the ratio AHvi/AHcal three different possibilities may arise:

e AHvH/AHcal = 1, the thermogram would reflect a single transition and the protein
unfolds according to a two-state model

e AHvH/AHcal < 1, the thermogram would reflect at least two transitions and the
protein unfolds according to a non-two model

e AHvH/AHcal > 1, the thermogram would reflect an unfolding transition coupled to
subunit dissociation

The thermal stability of apo MMACHC-WT (17 uM) and apo MMACHC-R161Q (17 uM) was
assessed by differential scanning calorimetry in a MicroCal VP-Capillary DSC (MicroCal,
Malvern-Panalytical). The partial molar heat capacity at constant pressure of the protein
solution was measured as a function of the temperature at a scanning rate of 1 °C/min.
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Several buffer-buffer scans were performed to ensure proper instrument and sample
equilibration. After instrumental buffer baseline subtraction and concentration normalization, a
baseline calculated from the progress of the unfolding process was subtracted to obtain the
excess molar heat capacity of the protein.

The thermograms obtained for both MMACHC-WT and MMACHC-R161Q were analyzed
applying a two-transition unfolding model using Origin7 package implemented in Prof. Adrian
Velazquez-Campoy laboratory.

From the estimation of the van’t Hoff enthalpy, both the proteins resulted in a non-single
transition unfolding.

In the case of n independent transitions, each one characterized by the three unfolding

parameters (unfolding temperature 7, unfolding enthalpy AH(7w), and unfolding heat capacity
ACh), the excess average heat capacity is given by:

Ki(T)  AH{(T)?

—yn (T) = "
(ACp) = Ty ACr (1) = Sy E 050 ®)
where the parameters are defined as:
_ _AGi(T)
Ki(T) = exp( —r ) ©)

AH(T) = AH,p; + ACp (T — )

The partition function for the model with two independent transitions (n = 2) is written as a

product of two elemental sub-partition functions:

Z(T) = (1+ K. (M) (1 + K,(T)) (10)
with each factor representing a certain region or domain folding independently within the
protein molecule, and it can be considered as a global partition function:

Z(T) =1 +K1(T) +K2(T) +K1(T)K2(T) (11)
corresponding to a conformational landscape with four conformational states: folded state, first
intermediate state, second intermediate state, and unfolded state. From Z(7) the population of

each state as a function of temperature can be calculated as follows:

1
Pe(T) = Z0
K1(T)
P (T) = Zl(_T)
(12)
_ K(T)
P, (T) = ZT)
Ky (T)Ky (T
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3.6. Isothermal titration calorimetry (ITC)

Isothermal Titration Calorimetry (ITC) is a highly sensitive technique used to directly
measure the thermodynamics of molecular interactions in solution, such as protein—ligand,
protein—protein, or protein—nucleic acid binding. The principle relies on detecting the heat

released or absorbed when two molecules interact [86].

The instrument consists of two identical cells: a reference cell filled with buffer and a sample
cell containing one interaction partner, usually a macromolecule (Fig. 17). The other binding
partner is titrated into the sample cell through a microsyringe in a stepwise manner. Each
injection of the syringe solution triggers the binding reaction and a certain amount of complex
is formed, accompanied by the release (exothermic reaction) or the absorption (endothermic
reaction) of heat, that causes a difference in temperature between the two cells. Then, the
feedback system either lowers or raises the thermal power applied to compensate such
temperature unbalance. After each injection, the system reaches equilibrium and the
temperature balance is restored. Therefore, the recorded signal shows a series of a peaks
(thermogram). The integration of the area under the peak provides the amount of heat associated
with the injection. By integrating the heat signal from each injection, a binding isotherm is
obtained, which can be fitted to a thermodynamic model. This yields quantitative parameters
such as binding constant (Ka) and enthalpy change (AH), from which entropy change (AS) and
Gibbs free energy (AG) can be obtained.
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Figure 17. Schematic representation of a calorimeter and thermograms from ITC
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The interaction between MMACHC-WT or MMACHC-R161Q and their ligands was assessed
by isothermal titration calorimetry using a high precision Auto-iTC200 calorimeter (MicroCal,
Malvern-Panalytical). Protein and ligands were separately dissolved in 20 mM PB, pH 7.4, 300
mM NaCl, 5% v/v glycerol. Compounds were titrated into protein solution by performing 19
injections of 2 uL each, and mixed using a stirring speed of 750 rpm, maintaining a spacing
between injections of 150 s, and applying a reference power of 10 pcal/s.

3.6.1. Titration of AdoCbl
200 uM AdoCbl were titrated into a solution of 10 uM MMACHC-WT or MMACHC-R161Q.

The experiments were performed at 25 °C.
3.6.2. Titration of MeCbl

200 pM MeCbl was titrated into a solution containing 10 uM MMACHC-WT or 15 uyM
MMACHC-R161Q. The experiments were performed at 25 °C.

3.6.3. Titration of CNCbl

400 uM CNCblI was titrated into a solution of 40 uM MMACHC-WT, while 560 uM CNCbl
was titrated into a solution containing 56 uyM MMACHC-R161Q.

3.6.4. Titration of GSH
500 uM of GSH were titrated into a solution of 10 yM MMACHC-WT or MMACHC-R161Q

in the absence and in the presence of 20 uM AdoCbl. The experiments were performed at 25

°C and at 15 °C.
3.6.5. Titration of small molecules

200 uM of molecules M3, M6 and rutin diluted in sodium phosphate 20 mM, pH 7.4, NaCl 300
mM, glycerol 5% w/V from stock solutions in DMSO were titrated into a solution of 10 uM
MMACHC-WT or MMACHC-R161Q mutant, supplemented with the corresponding amount
of DMSO to ensure the same buffer composition between the cell and the syringe. The

experiments were performed at 25 °C.

A model with a single ligand binding site was employed for data analysis. Briefly, the
concentration of ligand and protein inside the calorimetric cell after each injection j are

calculated as follows:

(17 = Wlsyr (1= THey (1= 2)) PIrj = [Pleen ey (1 - ) (13)

-4
where [L]syr 1s the concentration of ligand in the syringe, [P]cen is the initial concentration of
protein in the cell, vk is the volume of each injection, V5 is the cell volume, and j is the injection
number. Normally, a factor » multiplying [P]cen is included in Equation 9 to account for a
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fraction of non-binding-competent protein in the calorimetric cell. The binding isotherm
(ligand-normalized injection heats as a function of the molar ratio) was built by integrating the
injection heat effects recorded in the thermogram (thermal power as a function of time) and the

theoretical heat exchanged for the j™ injection was calculated as follows:

Vi [L]syr

Q = ——V,AH ([PL],- —[PLY—1 (1 - 72)) +Q, (14)

where [PL]; is the concentration of complex formed after injection j and Qq is the background
injection heat (usually called “dilution heat”, but it includes many other unspecific phenomena
such as mechanical mixing and buffer neutralization). The concentration of complex after each

injection was calculated using the following expression:

1K Plr+KalLlr= [(14KalPlr +Ka[Lir)2=4K3(PIr (Ll

2K,

[PL] = (15)

The equilibrium association constant, K., the binding enthalpy, AH, and the binding
stoichiometry, n, were estimated through non-linear least squares regression analysis of the data

in Origin 7.0 (OriginLab) [87]. From K., we also derived AG =—RT InK, and -TAS = AG — AH

3.7. Molecular dynamics (MD)

Molecular dynamics (MD) is a computational technique that simulates the time-dependent
behavior of molecular systems at the atomic level. In classical MD, atoms are treated as
particles whose motions are governed by Newton’s laws. Molecular interactions are described
by a force field, which approximates the potential energy of the system through bonded (bonds,
angles, dihedrals) and non-bonded (electrostatic and van der Waals) terms. By integrating the
equations of motion, MD provides trajectories that describe how the positions and velocities of
atoms evolve over time. Simulations are typically performed within statistical ensembles (e.g.,
NVT, NPT) and under periodic boundary conditions, replicating the box in all directions, to
approximate bulk behavior. A flowchart describing the steps of a typical MD simulation are
reported in Fig. 18. This approach allows the exploration of conformational flexibility, stability,
and interactions of the systems under near-physiological conditions, complementing the

experimental data [88].
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ANALYSIS

Figure 18. Flowchart of classical molecular docking. Figure adapted from Smith et al., Processes (2022)

3.7.1 Simulations of the complexes

The coordinates of the wild type MMACHC, in complex with GSH, were extracted from the
pdb file SUOS [63]. MeCbl coordinates were extracted from the pdb file 3SCO [61]. Charmm-
36 force field was used [89] and integrated with a set of charmm-compatible parameters to
include MeCbl, published by Pavlova et al. [90]. The latter was modified to obtain the
parameters for MeCbl(IIl) in the base-off conformation. Briefly, The DMB tail topology was
extracted from “RESI CO1” (see S.I. of [90]), while the rest of the molecule was obtained from
“RESI CO2”, replacing CO6 with COS5 atom type. The methyl patch was applied manually,
deleting the N of CN group, reassigning the partial charges and adding the hydrogen atoms of
the methyl; the excess of charge was assigned to the Co atom (from 0.382 to 0.674), in order to
obtain null total charge on MeCbl. Parameters for GSH were obtained using Ligand Reader &
Modeler tool from CHARMM-GUI [91], [92]. The protein was solvated using water molecules
such that there is minimum distance of 1.0 nm between the simulation box and the closest
protein atom. Sodium and chloride ions were added to ensure charge neutrality. An adequate
number of Na and Cl ions were added to maintain neutrality and to reach a concentration of
150mM of NaCl. The simulations were performed using GROMACS 2023.1 [93] using

periodic boundary conditions.

Firstly, the system was minimized using the steepest descent algorithm. Position restraints were

applied to solutes’ heavy atoms, with force constants of 400 kJ-mol™-nm™ for backbone atoms
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and 40 kJ-mol™"-nm™ for side chains. Minimization was performed until the maximum force
converged below 1000 kJ-mol™"-nm™, or for a maximum of 5000 steps. Then an equilibration
was performed in the NVT ensemble maintaining positional restraints on solute heavy atoms.
Equilibration was carried out using a leap-frog integrator with a 1 fs timestep, for 2.5 ns or

1.25 ns.

For the production MD the Verlet cutoff scheme was employed for neighbor searching, with
the neighbor list updated every 20 steps. Electrostatic interactions were calculated using the
particle-mesh Ewald (PME) method [94], with a real-space cutoff of 1.2 nm. Van der Waals

interactions were tapered between 1.0—1.2 nm to 0, and the cutoff distance was set to 1.2 nm.

Temperature was maintained at 303.15 K using the Nosé—Hoover thermostat with a coupling
constant of 1.0 ps, applied separately to solute and solvent groups. Pressure was maintained at
1 bar using the Parrinello-Rahman barostat with isotropic coupling, a relaxation time of 5.0 ps,

and a compressibility of 4.5 x 1075 bar™.

All bonds involving hydrogen atoms were constrained using the LINCS algorithm [95],
allowing the use of the 2 fs integration time step. Energies were written to the trajectory every

1 ps, while coordinates were saved every 20 ps for the analysis.

Four 500 ns long independent simulations were run for a total length of 2 ps.
To model the MMACHC-R161Q mutant Arg-161 was changed to Gln using the rotamers tool

in UCSF ChimeraX 1.5. The simulation of the mutant was run in the same conditions as the

wild type.
3.7.2. Simulation of the apo forms

The coordinates of the wild type MMACHC were extracted from the pdb file 3SB0 [61]. The
model included three malonate ions that were present in the crystallographic cell. The input was
generated using the module “Solution Builder” on CHARMM-GUI, using ParamChem NSF
[96] service to parametrize the malonate ions. Ten parallel simulations of a total length of 300
ns were run as described above. The last simulation was prolonged to 1 ps and the configuration

of the latter was used as a starting point for ten additional independent simulation of 300 ns.

To model the MMACHC-R161Q and the MMACHC-G147A mutant Arg-161 was changed to
Gln and Gly-147 to Ala respectively using the rotamers tool in UCSF ChimeraX 1.5. The
simulations of the mutants were run in the same conditions as the wild type, extending them to

2 us in the case of MMACHC-R161Q and 1 ps in the case of MMACHC-G147A.
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3.7.3. Simulations of the apo forms at high temperature

For MMACHC-WT and MMACHC-R161Q the configurations at # = 1 ps from the simulations
described in the above subparagraph were used to perform a 40 ns simulation increasing the
temperature from 303.15 K to 343.15 K at a constant rate. After 100 ns of simulation at
343.15 K, the temperature was further increased to 383.15 K in 40 ns as described above and
then 1 ps of simulation was run. The MD simulation protocol is presented in Fig. 19. The

stepwise increase in temperature allowed us to monitor the degree of disorder at different

simulated temperatures.
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Figure 19. Schematic representation of the MD simulation protocol used to reach 383.15 K through two thermal
jumps of 40 ns each

The analysis of the resulting trajectories was performed using VMD 1.9.4 [97], UCSF
ChimeraX 1.5 and homemade code using the python library MDAnalysis [98].

To run the simulations and the analysis we used initially nodes of the Galileo supercomputer

and then, for most of the work, a local server featuring nodes each with two AMD EPYC 7552

48-core processors.

3.8. Oligomer formation

The investigation on the oligomer formation of MMACHC-WT and MMACHC-R161Q was
performed by using two separation techniques: Blue Native polyacrylamide gel electrophoresis

(BN-PAGE) and size exclusion chromatography (SEC).
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3.8.1. Blue native gel electrophoresis (BN-PAGE)

Native PAGE is an electrophoretic technique specifically designed to separate protein
complexes under native conditions, thus preserving their structure and functional interactions.
In Blue Native PAGE (BN-PAGE) proteins are bound by the anionic dye Coomassie Brilliant
Blue G-250, which confers a uniform negative charge proportional to protein mass and
independent of their isoelectric point, without disrupting their native conformation. As a result,
the migration and the separation depend primarily on the hydrodynamic size of the species in

the sample [99].

Blue native-PAGE was conducted using 12 uM protein (wild type MMACHC or R161Q
mutant) in the presence or absence of 120 pM AdoCbl, MeCbl, CNCbl, and/or 4 mM GSH.
Samples were pre-incubated in the dark at room temperature for 1 hour before being loaded on
a native 4—16% Bis-Tris polyacrylamide gel (Life Technologies).

Electrophoresis was performed at 4°C, initially in Dark Blue Cathode Buffer for 40 minutes at
150 V. The buffer was then replaced with Light Blue Cathode Buffer, and the run continued at
250 V for 60 minutes. Gels were stained with InstantBlue™ and scanned using the LiCor
Odyssey Imaging System 9120. Band intensities were analyzed using Image J software for

densitometric quantification [100].

3.8.2. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) is a chromatographic technique that allows the
separation of the components of a solution based on their size. Unlike other chromatograpic
techniques, molecules do not bind to the resin, that consists of a porous matrix of spherical
particles (beads) that act as a reverse sieve. After sample has entered the column, molecules
larger than the pores are unable to diffuse into the beads, so they elute first, while smaller
molecules will penetrate the pores to varying degrees based on their size and elute after (visual
representation in Fig. 20A). The choice of the resin depends on the molecular-mass range that
has to be separated. In the case of polar elution solvents, the technique is known as gel filtration

chromatography.

The visual output of the chromatography is the chromatogram, that plots the detector response
(in our case, the Abs at 280 nm) vs the retention time or volume (Fig. 20B). An optimal
separation consists into well-resolved peaks, each of them corresponding to a single component

of the mixture. The area under the peak is proportional to the concentration of the analyte.
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Figure 20. Schematic representation of the principle of size exclusion chromatography (A) and exemplificative
chromatogram (B). Panel A adapted from Sino Biologicals and panel B from Hung et al., PLoS One, (2013)

Analytical gel filtration was performed using Superdex 200 Increase 10/300 GL (Cytiva) pre-
equilibrated with 20 mM PB pH 7.4, 300 mM NaCl, 5% v/v glycerol, on a modular Prominance
Shimadzu HPLC device, equipped with a mobile phase degasser (DGSU-20As), a quaternary
pump (LC-2010 AT) and a photodiode array detector (SPD-M20A). MMACHC-WT or
MMACHC-R161Q (15 pM) were incubated for 10 min at room temperature with AdoCbl in a

molar ratio 1:10 and eluted with the same buffer used for the equilibration.

3.9. Dealkylation assay

Ultraviolet—visible (UV-Vis) spectroscopy is an analytical technique based on the absorption of
electromagnetic radiation in the ultraviolet (200400 nm) and visible (400—800 nm) regions of
the spectrum. When a photon of suitable energy interacts with a molecule, it can promote an
electron from a lower-energy orbital to a higher-energy orbital, thus inducing an electronic

transition.

The recorded spectrum represents the absorbance as a function of wavelength and provides

information on the electronic structure of the analyte.

The position of the absorption maxima (Amax) is characteristic of the specific chromophores
present in the molecule, whereas the intensity of the bands is proportional to the concentration

of the absorbing species according to the Lambert-Beer law:
A= xC x1

where 4 is the absorbance, ¢ the molar extinction coefficient, C the concentration, and / the

optical path length.

In the context of proteins, UV absorbance is mainly due to aromatic amino acid residues (the
absorbance at 280 nm, for example, is routinely used to estimate protein concentration) and to

the peptide bond, which strongly absorbs at 190—220 nm. Regarding the vitamin B12, the
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absorbance in the far-UV is related to the corrin m system, in the near-UV to the n—n*
transitions of the corrinic ring, while the bands in the visible region are strongly influenced by
the oxidation state of the cobalt and the nature of the B-axial ligand. These spectroscopical
properties can be used to evaluate the enzymatic activity of MMACHC protein, evaluating the
changes in the absorbance spectrum of MeCbl upon removal of the B-axial ligand due to the

addition of GSH.

Dealkylation activity was monitored as previously described [65] with minor modifications. A
solution containing 16 uM protein was incubated with 12.8 pM MeCbl in the absence or
presence of 0.5 M betaine or 16 uM M3 or M6 or rutin for 10 minutes at room temperature.
The reaction was started by the addition of 1 mM GSH. Spectra were recorded using a
SHIMADZU UV-VIS Spectrophotometer at 20 °C. The time dependence of dealkylation
activity was monitored following the increasing absorption at 353 nm in time. Data were
expressed as the increase in absorbance at 353 nm normalized to the initial value, as follows
(Abs3530m(t)—Abs3sonm (to))/Absssonm (to), where to represent the time of GSH addition. The data

were analysed by interpolating experimental points with a single exponential fit of the form

Y=Vt a(l B exp(—bt)). The observed dealkylation rate constants kobs were determined from

the fit as y'(0) = ab.

3.10. Isothermal denaturation (ITD)

High-throughput screening for osmolyte-induced stabilization was performed by monitoring
the isothermal denaturation of MMACHC-WT and MMACHC-R161Q in the presence of the

extrinsic fluorescent probe SYPRO Orange (Invitrogen).

MMACHC-WT and MMACHC-R161Q were diluted to 0.1 mg/ml (3 uM) in buffer containing
20 mM PB pH 7.4, 300 mM NaCl, 5% v/v glycerol with 1:1000 SYPRO Orange (Invitrogen)
and 0.5 M of different osmolytes (betaine, proline, arginine, trehalose). Samples of both
proteins were kept at a constant temperature of 38 °C while the fluorescence of the probe was
monitored by a Fluoroskan™ FL Microplate Fluorometer, equipped with 485 nm excitation and

538 nm emission filters.
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3.11. Active Site Prediction, Ligand Preparation and Docking

Molecular docking is the most frequently used structure-based approach to predict interactions

between protein targets and small molecules.

This method allows the prediction of the most favorable binding pose of each ligand within a
protein’s binding region and provides an estimation of the associated binding free energy. In
brief, docking simulations rely on the three-dimensional structure of the target and the chemical
structure of the ligands to generate multiple possible orientations of each compound inside a
defined region of the protein. A sampling algorithm explores the conformational space to
identify the most energetically favorable configuration of each molecule, evaluating each pose
by a scoring function. These steps yield a predicted binding mode for each compound, together
with a numerical score that reflects the strength of the interaction, from which a ranking is

obtained (Fig. 21) [101].
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Figure 21. Flowchart of classical molecular docking. Figure adapted from Tao et al., Int. J. Food Sci. Technol.
(2019)

The coordinates of MMACHC protein, in complex with GSH, were extracted from the pdb file
5UOS [63]. MeCbl coordinates were extracted from the pdb file 3SCO [2]. The two pdb files
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were aligned using the matchmaker tool of UCSF ChimeraX 1.5 [102]. To model the
MMACHC-R161Q mutant, Arg-161 was changed to Gln using the rotamers tool in ChimeraX.
The protein was prepared with the Protein Preparation Wizard of Maestro Suite Software [103],
adding bond orders and hydrogen atoms to the crystal structure using the OPLS 2005 force
field [104]. Next, Prime [105] was used to fix missing residues or atoms in the protein and to
remove co-crystallized water molecules. The protonation states at pH 7.2 + 0.2 of the protein
and the ligands were evaluated using Epik [106]. The hydrogen bonds were optimized through
the reorientation of hydroxyl bonds, thiol groups, and amide groups. In the end, the systems

were minimized with the value of convergence of the RMSD of 0.3 A.

The binding pocket of MMACHC-R161Q mutant model, has been searched by using the
SiteMap tool of Maestro Suite Software [107]. The Sitemap tool was used on the entire protein
(all atoms in the workspace), setting at least 15 site points per receptor site and reporting up to
5 sites. The hydrophobicity parameter was set as more restrictive and a standard grid was
chosen. The site maps identified were then cropped at 4 A from the nearest points. A grid of 20
A was centered on the first map obtained, in order to perform a virtual screening of DrugBank
Database [108] and FDA-approved drugs library. The molecules were prepared using
Schrodinger LigPrep. The Force Field adopted was OPLS 2005, and Epik was selected as
ionization tool at pH 7.2 + 0.2. The maximum number of conformers generated was set at 32.
The docking was performed using Glide docking tool [109]. The Van der Waals radius was 1
A, and the partial charge cut-off was 0.15 A with flexible ligand sampling. Bias sampling
torsion penalization for amides with non-planar conformation and Epik state penalties were
added to the docking score. The Virtual Screening was performed following three different
consecutive docking steps: High Throughput Virtual Screening (HTVS), Standard Precision
(SP), and Extra Precision (XP).

3.12. Differential scanning fluorimetry

High-throughput screening for ligand-induced stabilization was performed by monitoring the
thermal denaturation of MMACHC-WT and MMACHC-R161Q in the presence of the extrinsic
fluorescent probe SYPRO Orange (Invitrogen).

Experiments were performed in Thermo Fisher StepOnePlus Real-Time PCR System. Protein-
ligand solutions were dispensed into 96-well microplates, overlaid with an adhesive film.
Protein solutions contained 0.1 mg/ml of protein (3 uM) in 20 mM PB pH 7.4, 300 mM NacCl,
5% v/v glycerol and 1:1000 SYPRO Orange. Ligands dissolved in DMSO were added at a final

concentration of 150 uM to microplates containing the protein solutions and incubated at room
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temperature for 30 minutes before loading onto the microplate reader. Control experiments in
the absence of DMSO and/or ligands were routinely performed in each microplate. Thermal
denaturation was monitored by following the temperature-depending SYPRO Orange
fluorescence intensity associated with protein unfolding, using the ROX filter (Aexc = 586 and
Aem = 612 nm, where Aexc 1S excitation wavelength and Aem is emission wavelength). Unfolding
curves were registered from 25 to 95°C, at a 1°C/min scan rate. Each experiment was run in

triplicate.

3.13. Construction of p-EGFP-NI-MMACHC-WT and mutagenesis

In order to obtain the reporter system for the test of TRIDs we generated a plasmid coding for

MMACHC-GFP by restriction cloning.

Restriction cloning is a molecular biology technique that uses restriction enzymes to cut a
DNA fragment (insert) and a plasmid vector at specific recognition sites, producing compatible
ends. A DNA ligase then joins these DNA pieces together, creating a circular recombinant DNA
molecule (Fig. 22) [110]. The process involves the following steps:

1. Selection of the restriction enzymes: commercial vectors usually contain a
multicloning site (MCS), a sequence rich in restriction sites of different enzymes
2. Amplification of the insert: a gene of interest (the insert) is amplified using techniques

like PCR, which can be used to insert the restriction sites

3. Digestion of the DNA: both the insert and the plasmid vector are digested with the same
restriction enzymes. This process creates DNA fragments with compatible ends, such

as single-stranded sticky ends or blunt ends.

4. Ligation of the fragments: the cut insert and vector are mixed together with DNA
ligase. The ligase induces the formation of covalent bonds between the DNA fragments
into a single, circular recombinant plasmid.

5. Transformation: the recombinant plasmid is then introduced into host cells, usually E.
coli, through a process called transformation.

6. Amplification: the transformed bacteria replicate the plasmid, allowing for the

extraction and verification of the desired recombinant DNA.
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Figure 22. Schematic representation of restriction cloning using EcoRI and Smal. Restriction sites are highlighted
in purple for the insert and in black for the vector

The steps of the cloning are monitored by agarose gel electrophoresis, a technique that
separates DNA fragments by size, using an electric field to drive the negatively charged DNA
through a sieve-like agarose gel matrix. Smaller fragments move faster through the gel's pores
than larger fragments, resulting in a separation based on size. The DNA bands are then

visualized using a stain, often under UV light [111].

2 pg of pEGFP-N1 vector (GenBank Accession #U55762) was digested with the restriction
enzymes EcoRI and Smal (New England Biolabs) in a final volume of 35 uL for 4 hours at 37
°C. The digestion mixture was resolved on a 0.8% agarose gel and the band corresponding to
the plasmid was excided from the gel and purified with GenElute Gel Extraction Kit (Sigma-
Aldrich).

The insert coding for MMACHC-WT (without the stop codon) with the EcoRI restriction site
on the 5’ end and the Smal restriction site on the 3” end was obtained by PCR from the plasmid
pNIC28-Bsa4-MMACHC-WT using
GGAATTCATGGAGCCGAAAGTCGCAGAGCTGAAGCAGAAGATCGAGG and
TCCCCCGGGTAGGGCCAGGGGATGCAGGTGGTGAGACCCT as primers (letters in
bold represent the restriction sites). PCR was performed using Taqg DNA polymerase (Sigma-
Aldrich D4545), with the following protocol, repeating steps 2 to 4 for 25 cycles:

1. Initial denaturation 95 °C for 2 min

2. Denaturation 95 °C for 20 s

3. Annealing 57 °C for 20 s
4. Extention 68 °C for 30 s
5

. Final extention 68 °C for 5 min
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After digesting the parental DNA with Dpnl, the amplified DNA insert was purified using
GenElute PCR Clean Up kit (Sigma). The insert was then digested with the restriction enzymes
EcoRI and Smal (New England Biolabs) in a final volume of 15 pL for 4 hours at 37 °C and
then purified again with GenElute PCR Clean Up kit (Sigma).

The digested insert and plasmid were ligated in a molar ratio 3:1 in a final volume of 10 pL
using T4 DNA ligase (Promega M8221) for 2 hours at room temperature and then at 4 °C

overnight.

The ligation product was transformed into ultracompetent E. coli XL-10 Gold (Agilent
Technologies, Inc.), from which the plasmid DNA was extracted. The nucleotide sequence was
confirmed by Sanger sequencing.

The p-EGFP-N1-MMACHC-R132X and p-EGFP-N1-MMACHC-Y222X plasmids carrying
the nonsense mutations ¢.394C>T and c.666C>A in the MMACHC coding region were
generated by site-directed mutagenesis of the wild-type vector using QuikChange Lightning
Site-Directed Mutagenesis Kit (Agilent Technologies, Inc.) and the primers

e CTGCTTACTACTACCAATGACAAGATGTGGAGGC and
GCCTCCACATCTTGTCATTGGTAGTAGTAAGCAG for R132X

¢ GAAGAGCAGAAGGCCTAATTCTCCACTCCACCTG and
CAGGTGGAGTGGAGAATTAGGCCTTCTGCTCTTC for Y222X

where the letters in bold represents the mutated nucleotide that generates the stop codon.

The nucleotide sequence was confirmed by Sanger sequencing.

3.14. Attempts of purification of other MMACHC pathological variants

Mutants sequences were generated by site-directed mutagenesis of the wild-type vector
pNIC28-Bsa4-MMACHC-WT using QuikChange Lightning Site-Directed Mutagenesis Kit

(Agilent Technologies, Inc.) and the primers

o AACCAGCGCATATCAGCTGTGTGCATACACCCCC and
GGGGGTGTATGCACACAGCTGATATGCGCTGGTT for G147A

e GTGATTGGACTTACCCGGATGCTGTGACACCCC and
GGGGTGTCACAGCATCCGGGTAAGTCCAATCAC for R206P

e GGGGCTGCTTACTACTGCCAACGACAAGATGTGG and
CCACATCTTGTCGTTGGCAGTAGTAAGCAGCCCC for Y130C

where the letters in bold represent the mutated nucleotides.
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The nucleotide sequence was confirmed by Sanger sequencing.

The strategies used to recover the MMACHC-G147 protein, after the failure of the protocol
used for the purification of MMACHC-WT and MMACHC-R161Q, consisted in both
denaturing (subparagraphs 3./4.1 and 3./4.2) and non-denaturing (subparagraphs 3./4.3 and
3.14.4) approaches. In general, the steps until the expression of the recombinant protein were
carried out as described in 3.2. Any modification of the protocol will be made explicit in the

specific subparagraph.
3.14.1. In column refolding

The protocol in 3.2. was followed until the mechanical lysis. After sonication, the supernatant
was discarded and the pellet of inclusion bodies was washed with a buffer containing 20 mM
PB (10 mM Na;HPO4, 10 mM NaH>POs) pH 7.4, 0.5 M NaCl, 10 mM imidazole, 2 mM DTT
and 1% (w/v) Triton X-100 twice and then suspended in the same prechilled buffer without
Triton X-100 and centrifuged at 20,000 xg at 4°C for 15 min. Supernatant was discarded and
pellets were suspended in a buffer containing 8 M urea, 20mM PB pH 7.4, 0.5 M NaCl, 2 mM
DTT and kept for two hours at room temperature and then at 4 °C overnight. The supernatant
was collected after centrifugation at 20,000 xg, 4 °C for 30 min, filtered using 0.2 pm filter and
loaded onto a 5 mL HisTrap FF column (Cytiva). In column refolding of MMACHC-G147A
protein was carried out with a linear gradient from 8 M to 0 M urea and then eluted with a linear

gradient from 10 mM to 500 mM imidazole.
3.14.2. Dialysis

After the extraction of the inclusion bodies as in 3.7/4.1, the sample was loaded into a dialysis
membrane cut-off 1500 Da, in the absence or presence of AdoCbl (1:5) and dialyzed against 2
M urea, 20 mM PB pH 7.4, 0.5 M NaCl, 2 mM DTT overnight at 4°C first and then against 20
mM PB pH 7.4, 0.5 M NaCl, 2 mM DTT overnight at 4 °C. The experiment was repeated at

various dilution ratios of the sample.
3.14.3. Use of N-lauroyl sarcosine during extraction and purification steps

The same protocol described in 3.2 was followed, adding 0.3% w/v N-lauroyl sarcosine to each

buffer used.
3.14.4. Change of the host strain and supplementation of betaine for the induction

Rosetta 2(DE3) cells harboring pNIC28-Bsa4-MMACHC-G147A (or -R206P or -Y 130C) were
grown in Terrific Broth (TB) at 37 °C. When the ODsoo reached 2, cultures were moved at 4 °C
and a final concentration of 0.5 M NaCl and 5 mM betaine was added to the medium. From this

point, the same protocol described in 3.2 was followed.
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4. Results

In this chapter, the experimental and computational results concerning the biophysical
characterization of the structural properties, conformational stability, binding to cofactors
(cobalamins and GSH), oligomeric equilibrium, and functional features of the wild-type
MMACHC protein (WT) are presented. These data are compared with those obtained for its
pathogenic variant MMACHC-R161Q), involved in ¢bIC disease, which proved to be soluble as
recombinant protein and, together with other variants, has been predicted to be structurally
destabilized. Additional results are reported on the effects of osmolytes, chemical compounds
with stabilizing properties, on the stability and functionality of the R161Q mutant. Furthermore,
a preliminar investigation into viable therapeutic strategies for the treatment of cbIC disease is
presented. Lastly, we report an overview of the attempts of purification of the MMACHC-
G147A pathogenic variant as a recombinant protein, together with its characterization using

molecular dynamics.

4.1. Selection of the pathological mutant

The MMACHC pathological variants to study were selected using PremPS [112], a
computational tool that allows to predict the destabilizing effect of a missense mutation on the
protein structure, evaluating the difference in folding free energy resulting from the substitution
of the involved residue with alanine. Based on the free energy variation values (AAG), we
selected four point mutations: R161Q, R206P (both located in the GSH binding site), G147A
and Y130C (both located in the cobalamin-tail binding site). After producing the plasmids for
the heterologous expression of the proteins by site-directed mutagenesis from the WT plasmid,
we performed an expression screening in E.Coli BL-21 (DE3) that showed that the recombinant
proteins are present in the bacterial pellet, but not in the soluble fraction, except for the R161Q

mutant protein (Fig. 23).

After several failed attempts to produce the insoluble proteins, that will be discussed in the last
paragraph, and the succeed in producing the MMACHC-R161Q mutant, we decided to
investigate its structural and stability properties to understand whether it could be representative
of pathological mutations that affect the structure and stability of MMACHC, making it

potentially susceptible to correction by pharmacological chaperones.
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A

Figure 23. SDS-PAGE monitoring the expression and the solubility of four MMACHC pathogenic variants. The
arrow indicates the band corresponding to the soluble His-tagged MMACHC-R161Q protein. Legend: NI (not
induced), IN (induced), TF (total fraction), SF (soluble fraction), IF (insoluble fraction)

4.2. MMACHC-WT and MMACHC-R161Q display similar secondary and
tertiary structures

Our first step was to compare the secondary and tertiary structures of MMACHC-WT with
those of the MMACHC-R161Q pathological mutant to characterize the impact of the mutation
on the protein structure. To this end, we used spectroscopic techniques, including circular

dichroism (CD) in the near- and far-UV regions, as well as intrinsic fluorescence measurements.

First, we obtained the recombinant MMACHC-WT and R161Q mutant purifying them from
the soluble fraction of the total bacterial lysate as His-tagged native proteins; these serve as the
model system investigated in this thesis. The secondary structure of MMACHC-WT, verified
by acquiring the CD spectrum in the far-UV region, revealed the abundance of alpha helices,
as evidenced by characteristic minima at 208 and 222 nm, in good agreement with the crystal
structure [61], [62]. The comparison with the mutant spectrum revealed minimal changes in the
secondary structure content (Fig. 24). Although minimal, these changes can be considered
significant, as they are consistently observed across several replicates performed on different

batches and aliquots.
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Figure 24. Far-UV CD spectra of apo MMACHC-WT (10 uM) and MMACHC-R161Q (10 uM)
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Interestingly, also the near-UV CD spectra were superimposable, indicating that at T=20 °C the
two proteins share a similar folding profile (Fig. 25A). This was further confirmed by analyzing
the intrinsic fluorescence emission of both MMACHC-WT and MMACHC-R161Q. Of note,
these proteins are rich in aromatic residues, comprising 12 phenylalanines, 10 tyrosines and 5
tryptophans; therefore, the fluorescence signal reflects a collective contribution rather than a
localized response. The obtained emission spectra after excitation at 260, 275 and 295 nm are
reported in Fig. 25B. Although MMACHC-WT and MMACHC-R161Q exhibit an identical
spectral shape, peaking at the same maximum wavelength after each excitation, the intensity of
the maximum is always lower in the case of the mutant, showing an approximate 25% reduction
across all the examined excitation wavelengths. This difference in the quantum yield suggests
an increase in the intramolecular quenching or an enhanced exposure to the solvent due to a
higher flexibility in the case of the mutant, that is not surprising considering that mutation of
the positive-charged arginine into a neutral glutamine can induce local alterations that

propagate throughout the protein.
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Figure 25. Comparison of the near-UV spectra and intrinsic fluorescence measurements of MMCHC-WT and
MMACHC-R161Q. A. Near-UV CD spectra (protein concentration 14 uM) B. Emission spectra of after excitation
at 260 nm (upper panel), 275 nm (middle panel) and 295 nm (lower panel) (protein concentration 3 puM)

4.3. MMACHC-WT and MMACHC-R161Q follow distinct thermal unfolding
pathways
The next step was to analyze the stability of the two proteins by studying their thermal unfolding

pathway and the populations of structural intermediates. To this end, in addition to CD
measurements, we used differential scanning calorimetry (DSC), which provides access to all
the thermodynamic parameters associated with the denaturation process. Further insights were
gained from molecular dynamics simulations, which allowed us to explore the conformational

landscape and the stability of key structural elements at the atomic level.
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A strong similarity of the secondary structure and folding profile between WT and the R161Q
mutant at 20 °C does not guarantee an identical thermal stability. Indeed, the thermal unfolding
profile of MMACHC-R161Q, obtained by monitoring the changes in ellipticity at 222 nm as a
function of temperature, revealed a markedly different behaviour from that of the WT, both in
the presence and in the absence of AdoCbl, previously reported as the most stabilizing ligand
among the different forms of cobalamin [52] (Fig. 26). In fact, although at first sight the two
apoproteins showed minor differences in their melting temperatures, the shape of the two
unfolding curves is appreciably different, with the WT one being associated to a more stretched
profile. The unfolding profile of the wild-type protein indeed reveals the presence of two
transitions, as also suggested by Froese et al. [52], and it could only be fitted using a two-
transition model. On the other hand, the MMACHC-R161Q mutant CD thermal unfolding

could be analyzed by using a single transition model.
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Figure 26. Thermal denaturation curves of MMACHC-WT (10 uM) and MMACHC-R161Q (10 pM) obtained by
measuring the ellipticity at 222 nm as a function of temperature in the absence and in the presence of AdoCbl (20
uM). The ellipticity values have been normalized for appropriate comparison

In Table 1 the unfolding temperatures obtained for the two wild-type protein transitions and the

single mutant transition are reported both in the absence and in the presence of AdoCbl.

-Cbl +Cbl
WT Tmi 385+£0.1°C 522+0.1°C
T2 469+ 0.1 °C 56.1£0.1°C
R161Q Tm 40.2+0.2°C 45.8+ 0.1 °C

Table 1. Unfolding temperatures resulting from the fitting of the CD thermal denaturation data with two-state
model (single transition), in the case of MMACHC-R161Q mutant, and with three-state model (two-transition) in
the case of MMACHC-WT protein
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As shown in Table 1, the unfolding temperature changes substantially in the presence of AdoCbl
both for wild type and for the mutant. Moreover, it appears that the less stable domain of

MMACHC is more significantly influenced by the binding of AdoCbl.

The presence of two transitions in the thermal denaturation of MMACHC-WT protein becomes

evident from the thermograms resulting from DSC experiments (Fig. 27).

As for the case of CD unfolding profile, the wild-type protein data could not be analyzed
considering a single transition model, but an additional transition needs to be added to
reproduce the experimental data. However, very interestingly, also the DSC curve for the
MMACHC-R161Q mutant had to be analyzed by assuming the presence of two transitions,
thus, considering low-populated intermediate conformations. The thermodynamic parameters
obtained from the calorimetric analysis for both proteins are reported in Table 2. While the
unfolding temperature of the first transition, Tm1, is the almost the same for the two proteins,
the second unfolding temperature, T2, is significantly lower for the mutant with respect to
wild-type, and close to Tmi. Hence, in the case of MMACHC-R161Q the two transitions
considerably overlap giving rise to a single broader peak which can be apparently associated to
a single transition. This also explains why the CD assay shows a single apparent transition (a
trial to fit the profile with two distinct transitions failed due to convergence issues in the fitting

procedure).
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Figure 27. DSC thermograms of apo MMACHC-WT (17 uM, black circles) and MMACHC-R161Q (17 uM, blue

squares). The experimental data (empty symbols) and the theoretical fit of the data to a two-transition model
(continuous lines) for both proteins are shown
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Tm1(°C) AHmi (kcal/mol) Tm2 (°C) AHm: (kcal/mol)

WT 39.2+£0.1 96 £2 48.6 £ 0.1 97 £2

R161Q 393+0.1 109 £2 42.1£0.1 65+2

Table 2. Thermodynamic parameters resulting from the analysis of the DSC thermograms

Since the unfolding enthalpy and the unfolding temperature of the first transition are similar for
both proteins, the stabilization energy gap between the folded state and the first intermediate
state are comparable. However, the lower unfolding enthalpy and unfolding temperature for the
second transition in the mutant implies that the main intermediate conformational state for the
mutant is either less stable or structurally different from that of the wild type, possibly leading
to a more destabilized overall folding pathway. This can be observed when calculating the
populations of the different states as a function of temperature, using the parameters obtained
from the DSC assays, according to equation 12 (paragraph 3.4. of the methods section) (Fig.
28). In the case of the WT, the first intermediate reaches a maximal population of 0.82 at
43.8 °C, but the second intermediate is barely populated, resulting in a three-state scenario (i.e.
only one intermediate conformation is represented). Instead, in the case of the R161Q mutant,
the first intermediate has a much lower presence with a maximal population of 0.43 at 41.3 °C,
but the second intermediate has a non-negligible role with a maximal population of 0.15 at
38.7 °C, resulting in a four-state scenario (i.e. the unfolding process involves two intermediate

conformations).
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Figure 28. Temperature dependence of the populations of the different conformational states for MMACHC-WT
(continuous lines) and MMACHC-R161Q (dotted lines): folded state (black), first intermediate state (red), second
intermediate state (green), and unfolded state (blue). A graphical schematization of the two distinct unfolding
pathways is also provided (N: native state; I1: first intermediate state, 12: second intermediate state, U: unfolded
state).

The stability profile of the MMACHC protein was also assessed in the presence of different
forms of cobalamins. Consistent with the earlier studies [52], the cobalamins showed a

hierarchy of stabilizing effects on the WT, ranging from the least stabilizing CNCbl to the most
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stabilizing AdoCbl, with MeCbl showing an intermediate stabilizing effect (Fig. 29A). In the
case of the R161Q mutant, the same stabilization ranking was obtained for the ligands.
However, the stabilization effects of the cobalamin cofactors were considerably reduced for the

mutant compared to the WT (Fig. 29B).

Considering that the mutated residue is located outside the cobalamin-binding site, we propose
that the effect of the R161Q mutation can be attributed to local structural changes elicited by

the mutation that propagates in other regions, ultimately influencing the cobalamins binding.
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Figure 29. Thermal denaturation curves of MMACHC-WT (10 uM) (A) and MMACHC-R161Q (10 uM) (B) in
the absence and in the presence of different cobalamins (20 pM) obtained by monitoring the ellipticity signal at
222 nm as a function of temperature. The ellipticity values have been normalized for appropriate comparison

To better understand the impact of the R161Q mutation on the thermal unfolding process of the
protein, we conducted MD simulations at high temperatures. Specifically, the temperature of
the MMACHC-WT and MMACHC-R161Q systems was increased in two steps of 40 K each,
starting from 303.15 K, with heating ramps lasting 40 ns each. It is important to note that
temperature increases in MD simulations do not directly correspond to real experimental
conditions, since force fields tend to over stabilize the structures [113]. Due to the limited
timescales accessible in MD [114], elevated temperatures are commonly used to accelerate
unfolding events and enhance sampling [115], rather than to replicate physiological temperature
changes. Thus, the observed effects should be interpreted in the context of comparative
dynamics under controlled, yet artificial, thermal stress conditions. Because no relevant
structural changes were detected in either protein after the first 40 K ramp, we performed a
second ramp and then ran a 1 ps simulation. The results revealed that, while the root-mean-
square deviation (RMSD) of the wild-type protein — calculated with respect to its most stable
region (the N-terminal o-helix and the adjacent B-sheet strand) — remained below 10 A, the

R161Q mutant showed progressively higher RMSD values, peaking at 15 A (Fig. 30A). This
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indicates that, after the two thermal jumps, the mutant loses a significant portion of its tertiary
structure, whereas the wild-type protein remains stable.

This also suggests that the simulated thermal jumps do not correspond to a complete unfolding
leading to protein full denaturation, but rather to the attainment of an unfolding intermediate
state. Moreover, the secondary structure of the R161Q mutant instead differed from the wild

type solely by a minor increase in small B-strands (Fig. 30B).
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Figure 30. MD characterization of MMACHC-WT and MACHC-R161Q thermal unfolding intermediate along
1 ps of simulation carried out after two temperature jumps, 40 K each, from 303.15 K. A. Root-mean-square
deviations (RMSD) B. Evolution of the B-structure content

4.4. Interaction of MMACHC with the different forms of cobalamin
The thermal unfolding of MMACHC-WT and MMACHC-R161Q proteins revealed that the

ligand-induced stability increase for the mutant is considerably smaller than that observed for
the wild type. Ligand-induced stabilization effects on proteins provide an indirect method to
estimate ligand binding affinities, but they may be misleading because the extent of the
stabilization effect is dependent not only on binding affinity and ligand concentration, but also
on binding enthalpy, and binding heat capacity. Therefore, we used isothermal titration
calorimetry (ITC) to obtain a direct estimation of the binding affinity and the thermodynamic
parameters of the interaction. Data were analyzed using a single binding site model, which

allowed us to compare the obtained parameters of MMACHC for the various forms of vitamin

B12.
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The thermograms obtained are shown in Fig. 31. While the binding stoichiometry was
consistent across all cobalamins, with a single binding site identified for each, the affinity
constants varied significantly among the different cobalamin forms (Table 3). Our data
demonstrated that CNCDbl exhibited the lowest affinity for MMACHC-WT, with a dissociation
constant (Kg) in the micromolar range and in good agreement with Kim et al. [66]. In contrast,
AdoCbl displayed a markedly higher affinity, with a Kq= 15 nM, while MeCbl showed an

intermediate affinity.
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Figure 31. Calorimetric titrations for MMACHC-WT interacting with AdoCbl (A), MeCbl (B) and CNCbl (C).

The upper plots provide the thermograms, while the lower plots display the binding isotherms fitted to a
single binding site model

Kd CNCbl MeCbl AdoCbl
WT  (5.6+0.7)uM (48 £ 4) nM (15+2)nM
R161Q (56 +2)uM (160 + 20) nM (104 + 8) nM

Table 3. Dissociation constants K¢=1/K, resulting from ITC experiment obtained titrating MeCbl, CNCbl and
AdoCbl into MMACHC-WT and MMACHC-R161Q proteins

As shown in Fig. 32, the binding is enthalpically driven for the three cobalamins. However,
AdoCbl, which exhibits the highest affinity, presents also the strongest favorable enthalpic
contribution, likely arising from a combination of additional favorable intramolecular
interactions accompanying the structuring of MMACHC after AdoCbl binding and hydrogen
bonds involving the bulkier adenosyl moiety. This large enthalpic gain compensates for a
significant entropic penalty. Instead MeCbl displays a less favorable (less exothermic) enthalpic
contribution compared to AdoCbl but also a reduced entropic penalty, suggesting that the

MeCbl-MMACHC complex is more flexible than the AdoCbl one. Compared to AdoCbl and
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MeCbl, CNCbl binding is less exothermic overall but exhibits a favorable entropic contribution,
indicating that the complex remains more flexible (i.e., it undergoes a smaller loss in
conformational degrees of freedom) upon binding compared to alkylcobalamins. This could
also be addressed to the strong cobalt—cyano bond established in cyanocobalamin, which may
inherently limit the conformational flexibility of the corrinic ring [40] and thus the formation

of additional stabilizing contacts with the MMACHC protein.
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MMACHC-WT
Ligand AG (kcal/mol) AH (kcal/mol) —~TAS (keal/mol)
AdoCbl 10.7 17.6 6.9
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Figure 32. Thermodynamic parameters for the binding of MMACHC-WT to different cobalamins. A. Variations
in Gibbs energy (AG), enthalpy (AH) and entropy (-TAS), obtained by ITC experiments. Error in AG is 0.1
kcal/mol, and in AH and —TAS is 0.4 kcal/mol. B. Visualization of the values reported in A

Next, we performed an ITC analysis to assess the impact of the R161Q mutation on the protein
binding affinity for the various cobalamins. The obtained thermograms (Fig. 33) and the
dissociation constants provided in Table 3 indicate that the R161Q mutant—despite the location
of the point mutation outside of the vitamin B12 binding pocket—exhibits a decreased binding
affinity for all the cobalamin variants. Cobalamin binding to the R161Q mutant follows the
same affinity hierarchy as with the WT protein, according to the identical order of stabilization.
However, the thermodynamic binding parameters, enthalpy and entropic contribution, reveal
notable differences between the two protein variants. For every cobalamin examined, the
R161Q mutation reduces the overall enthalpic contribution to binding, but partially
compensates with a less-unfavorable (AdoCbl) or a more-favorable entropic contribution
(MeCbl and CNCbl) (Fig. 34). This suggests that the R161Q mutation likely enhances the

protein’s conformational freedom, thereby increasing the entropic contribution upon cobalamin
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binding, while simultaneously reducing certain favorable enthalpic interactions compared to

the wild type.
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Figure 33. Calorimetric titrations for MMACHC-WT interacting with AdoCbl (A), MeCbl (B) and CNCbl (C).
The upper plots provide the thermograms, while the lower plots display the binding isotherms fitted to a
single binding site model
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Figure 34. Thermodynamic parameters for the binding of MMACHC-R161Q to different cobalamins A.
Variations in Gibbs energy (AG), enthalpy (AH) and entropy (—TAS), obtained by ITC experiments. Error in AG
is 0.1 kcal/mol, and in AH and —TAS is 0.4 kcal/mol. B. Comparison of AH for MMACHC-WT and MMACHC-
R161Q binding to the different cobalamins C. Comparison of —TAS for MMACHC-WT and MMACHC-R161Q
binding to the different cobalamins

4.5. The R1610Q mutation impairs the binding to GSH
Concerning the binding to glutathione (GSH), the required cofactor for MMACHC

dealkylation activity, the calorimetric experiments showed that no binding could be detected
between the tripeptide and apo-MMACHC for both variants (data not shown). After verifying
by absorption spectroscopy that the dealkylation rate of AdoCbl in the presence of MMACHC

WT with GSH was sufficiently slow to avoid significant changes in AdoCbl concentration
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during the ITC experiment (lasting approximately 1 h), we performed ITC measurements by
titrating GSH into a solution of the binary complexes AdoCbl:MMACHC-WT or
AdoCbl:MMACHC-R161Q. We found that while GSH was observed to interact with the
complex AdoCbl:MMACHC-WT with Kq=2.1 0.2 uM, no interaction could be detected
between GSH and the complex AdoCbl:MMACHC-R161Q (Fig. 35).

A time (min) B time (min)
0 10 20 30 40 50 0 10 20 30 40 50

0.1}F 4 01f

oor ] COL TITITIITYTITITIITTT
01} i i
_0.2 L -

-0.1 ¢+
0.2+
03 B -03

dQydt (ucalis)
dQ/dt (ucalis)

[0}

Q (kcal/mol of injectant)
N

Q (kcal/mol of injectant)
N

0 2 4 & 8 10 0 2 4 6 8 10 12
[GSH],IMMACHC:AdoCbl WT], [GSH],IMMACHC:AdoCbl R161Q],

Figure 35. Calorimetric titrations for MMACHC-WT (A) and MMACHC-R161Q (B) interacting with GSH. The
titrations with GSH were performed in the presence of AdoCbl, prebound to the protein in the calorimetric cell.
The upper plots provide the thermograms, while the lower plots display the binding isotherms fitted to a single
binding site model

Two important points follow from these ITC data: first, the structural rearrangements induced
by Cbl binding to MMACHC [61] are necessary for glutathione subsequent binding. Second,
these structural rearrangements induced by Cbl binding in MMACHC-R161Q do not guarantee
the binding of the GSH to the protein. This was not surprising considering that arginine at

position 161 is one of the residues involved in the tripeptide binding [62], [63].

A confirmation of the reduced affinity of MMACHC-R161Q for GSH also arised from MD
simulation of ternary complexes (MMACHC:MeCbl:GSH) of the two proteins. We started the
in silico investigation simulating the ternary complexes to evaluate the differences in the
interaction with the natural ligand (MeCbl) and the dealkylation cofactor (GSH) for the wild
type and the mutant. In Fig. 36, a clear difference in the behaviour of the GSH appears from
the comparison of the RMSD between the mutant and the wild type simulations. The GSH,
indeed, shows a strong instability in all the trajectories of the mutant, even going so far as to
detach from the complex in the third simulation (red trace, Fig. 36B). This result is in good
agreement with the ITC data, that shows no measurable binding between the GSH and the
complex formed by Cb:MMACHC-R161Q. On the contrary, MeCbl shows a strong stability
during the simulations of both the mutant and the wild type (with the exception of the third

55



repetition of the mutant runs), also in agreement with Antony et al. [116]. This behaviour was
not expected, considering the different affinity of the two proteins for the cobalamin (three-fold
lower in the case of the mutant), revealed by the ITC. However, since both dissociation
constants are in the nanomolar order of magnitude, it would be pretentious to expect to observe
this difference in the MD simulations. Furthermore, also considering the high stability dispayed
by both proteins, with RMSD values always below 3 A (Fig. 36, green traces), we cannot
exclude that the model of the mutant is biased by the presence of the cobalamin, that keeps the
conformation close to the starting one, i.e. the crystallographic structure of the WT complex,

while the mutant would be less available in binding the ligand.
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Figure 36. Time dependence of RMSD values from MMACHC-WT (A) and MMACHC-R161Q (B) simulations.
Protein is shown in green, MeCbl in black and GSH in red

Nevertheless, we can observe a clear difference in hydrogen bonding between MeCbl and
MMACHC-WT or MMACHC-R161Q: the analysis of the trajectories gives an average number
of 6.12 hydrogen bonds for the WT and 5.3 for the mutant. In particular, the hydrogen bond
between Argl32 of Pr3 and atom O4 of MeCbl is always missing in the mutant trajectories, as

shown in Fig. 37, where the WT is depicted in cyan and mutant in beige.

Figure 37. Hydrogen bond formed between Argl132 of MMACHC-WT (cyan) and the cobalamin tail (grey). The
same bond is absent in the case of MMACHC-R161Q (beige)
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The ten most populated hydrogen bonds between protein and cobalamin from the WT

simulations are reported in Table 4 and compared with the occupancy measured in the mutant

trajectories.
Hydrogen bond WT occupancy R161Q occupancy
(Donor--Acceptor)

N62-COB--O-ASP104 0.69 0.48
N62-COB--O-ILE115 0.64 0.62
O7R-COB--OE1-GLN131 0.60 0.73
N29-COB--O-ILE160 0.45 0.36
N-CYS149--034-COB 0.42 0.37
N-ILE160--O28-COB 0.42 0.21

NE-ARG132--0O4-COB 0.38 X
NE2-GLN118--034-COB 0.36 0.40
N29-COB--OD2-ASP104 0.28 0.28
OH-TYR129--05-COB 0.25 0.19

Table 4. Comparison of the occupancy of hydrogen bonds between protein and cobalamin measured in the WT
and the R161Q mutant simulations. The nomenclature of COB atoms (MeCbl) is according to S.I. of [90].

4.6. Conformational dynamics of apo MMACHC-WT and MMACHC-R161Q
mutant

The obtained experimental results on the structure and stability of MMACHC-WT and
MMACHC-R161Q allowed us to gain information on the different behavior of the two proteins
on a molecular scale. To gain atomistic resolution, that would grant access to crucial molecular
mechanisms, we would need to use experimental techniques that are not available for us at the
time of this work. Instead, we resort to molecular modeling, and in particular to classical

molecular dynamics [117], aiming to get insights about our system.

Moreover, simulating the apo forms looks more promising, as we do not have to account for
the templating effect of the Cbl ligand observed in the simulation of the complexes. However,
since we are not simulating the folding of the mutant protein, given that no 3D structure has
been solved, we must hope that the most relevant conformations of MMACHC-R161Q can be
achieved starting from the WT crystallographic structure.
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After 1 us of equilibrium simulation of the apo forms of the two proteins, the RMSD of the
alpha carbons of the wild type, after a slight drift from the crystallographic structure at the
beginning of the simulation, is stabilized around a value of 3 A (black trace, Fig. 38). On the
other hand, the mutant displays significant fluctuations in the values, that required to extend the

simulation until 2 pus to detect a stabilization around 5.5 A (red trace, Fig. 38).
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Figure 38. Time dependence of RMSD of apo MMACHC-WT (black) and MMACHC-R161Q (red)

This behaviour is also confirmed by the parallel shorter repetitions performed to enrich the
sampling (all starting from the configuration at t=1 pus), whose results are shown as boxplots in
Fig. 39. RMSD values for the mutant are not only higher than the WT ones, but their distribution

is also larger, indicating a higher flexibility.
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Figure 39. Distribution of RMSD after ten parallel trajectories of 300 ns each for MMACHC-WT (first panel) and
MMACHC-R161Q (second panel)
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The main structural difference observed between the two proteins consists in a widening of the
cobalamin binding pocket of the mutant in the C-terminal region, due to the rotation of the helix
HL, accompanied by the bending of the disordered Pr3 (Fig. 40, where the Cbl, not included in

the simulation, is stitched in as reference).

Figure 40. Superimposition of MeCbl (yellow) on the configuration at t=1 ps of wild type (pink) and mutant
(cyan). Helix HL is framed by the blue box

This structural modification, observed for the mutant and not for the wild type, help to explain
the difference in affinity revealed by the ITC experiments: a widening of the cobalamin pocket
would reduce the number of contacts between the corrin ring of the ligand and the protein,

leading to a weaker binding.

Moreover, we observed the destabilization of the protrusion Pr3, that after 1.5 ps forms a strong

interaction with the protrusion Pr2, that persists until the end of the simulation (Fig. 41).

Figure 41. Snapshots from the MD simulations of MMACHC-WT (cyan, left) and MMACHC-R161Q (beige,
right) showing the aberrant interaction between Pr2 (red) and Pr3 (blue) in the case of the mutant
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Interestingly, the comparison between the RMSD of the structured part (i.e. residues involved
in the formation of a-helices and B-strands) of the two proteins reveals a 20% increase in the
case of the mutant with respect to that of the wild type, while the RMSD of the unstructured
regions in the mutant is 60% higher than in the wild type (Fig. 42).
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Figure 42. Distribution of RMSD of the unstuctured regions after ten parallel trajectories of 300 ns each for
MMACHC-WT (first panel) and MMACHC-R161Q (second panel).

Our conclusion is that the mutation R161Q mainly destabilizes the disordered part of the
protein, while its secondary structure remains similar to the wild type. In particular, the
destabilization of the protrusions might have consequences on the functionality of the
MMACHC, as they can obstruct the access to the binding sites of Cbl and GSH, essential

cofactor for its enzymatical activity.

4.7. Impact of the R161Q mutation on protein oligomeric organization

Since we found that the R161Q mutation induces structural variations that affect the MMACHC
Cbl-binding region, our next aim was to understand its role in the formation of MMACHC
homodimers, supposed to result from domain swapping involving the two 5-deoxyadenosyl
moieties of AdoCbl in the MMACHC subunits [62]. We assessed the assembly of the wild-type
protein and R161Q mutant by using two different methodologies. First, we studied MMACHC-
WT and MMACHC-R161Q oligomeric state in the absence and in the presence of AdoCbl,
GSH and AdoCbl+GSH by using Blue Native-PAGE, a technique that separates multiprotein
complex in a native conformation. A representative gel of five independent experiments is
reported in Fig. 43A. This gel shows that both wild-type and R161Q mutant proteins
predominantly exist in the monomeric state in their apo form, with only a very small amount of
dimers detected more prominently in the MMACHC-WT sample (Fig. 43A, lane 2 and 6).
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Similar results were obtained in the presence of GSH (Fig. 43A, lane 3 and 7). However, upon
addition of AdoCbl, dimer formation significantly increased in the MMACHC-WT protein and
in higher extent compared to the MMACHC-R161Q (Fig. 43A, lane 4 and 8). Additionally, a
further increase in dimer population was observed only for the wild-type protein when GSH
was added to the protein-Cbl complex (Fig. 43A, lane 5 and 9). Very interestingly, a band
corresponding to a tetramer could be found in the MMACHC-WT sample in the presence of
AdoCbl and AdoCbl+GSH, suggesting the formation of more complex hierarchical structures
as also found by Froese et al. [62]. Densitometric analysis of the monomeric and oligomeric
forms under various conditions revealed that the dimers/tetramers-to-monomer ratio was

significantly higher for the wild-type protein compared to the R161Q mutant (Fig. 43B).

WT R161Q
A 123456789 B
KDa g — WT  Ri61Q
1238 ' . | 1
1048 o
@
720 E
£15
480 - =
®
g
242 1 tetramer g 1
&
146 | &= e limer @
I : . g 05
66 ..' .i....monnmer é
0 £
> X > A
: : * B F
20 P ' e & W (_7:‘“(?
S ) & &
GSH -+ -+ - + -+
AdoCbl - - + + - — ++

Figure 43. BN-PAGE of MMACHC-WT and MMACHC-R161Q mutant. A. BN-PAGE gel showing: MMACHC-
WT (12 uM) or MMACHC-R161Q mutant (12 uM) protein in the absence (lanes 2 and 6) or presence of AdoCbl
(120 uM) (lanes 4 and 8), or in the presence of GSH (4 mM) (lanes 3 and 7), or in the presence of GSH + AdoCbl
(lanes 5 and 9). B. (Dimers+Tetramers)/Monomers ratio obtained from the densitometric analysis of the BN-PAGE

We confirmed the different propensity of MMACHC-WT and MMACHC-R161Q proteins to
form homodimers by using SEC. In both cases, when incubated with the proteins, AdoCbl
exhibits an absorption peak at 460 nm, reflecting the conformational base-off state achieved
by vitamin B12 upon binding to the proteins (insets, Fig. 44) [53]. The chromatographic profile
of the MMACHC-WT protein in the presence of AdoCbl revealed a distinct peak corresponding
to its dimeric structure, whereas the MMACHC-R161Q mutant displayed only a shoulder at the
same position (Fig. 44). Quantitative analysis of the peak areas corresponding to the monomeric
and dimeric species indicated that, in the absence of ligands, a small amount of dimers (dimer-
to-monomer ratio equal to 0.06) were formed exclusively in the apo wild-type protein, while

no dimers were detected in the apo R161Q mutant. Upon addition of AdoCbl, the dimer-to-
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monomer ratio increased to 0.15 in the MMACHC-WT sample, whereas it remained very low

(0.03) in the R161Q mutant.
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Figure 44. Chromatographic profile of MMACHC WT (15 uM) (A) and MMACHC R161Q mutant (15 uM) (B)
in the absence and in the presence of AdoCbl. The insets reports the corresponding absorbance spectra relative to
15 mL retention volume (RV)

Overall, these results demonstrate that AdoCbl plays a critical role in dimer formation and that
the R161Q mutant shows a significantly reduced ability to form homodimers compared to the
WT. Although each technique has its specificities, the consistent results obtained across
different methods probing the oligomeric state in various molecular milieu, allow us to draw
these conclusions with high confidence.

Furthermore, to determine whether MeCbl and CNCbl can also promote dimer formation and
whether the resulting changes in oligomeric equilibrium correlate with each cobalamin’s
binding affinity to the protein, we performed native gel electrophoresis experiments on
MMACHC samples incubated with AdoCbl, MeCbl, or CNCbl. In addition, we examined the
effect of GSH on this equilibrium. Our results confirmed that while the wild-type protein is
essentially monomeric in its apo form (Fig. 45A, lane 2), a band corresponding to a dimeric
structure, together with a higher-order oligomer, such as tetramers, becomes evident when the
protein is incubated with all three analyzed cobalamins (lanes 3, 5, 7). We also quantified gel
band intensities through a densitometric analysis, which allowed us to determine the fractions
of monomers, dimers, and tetramers formed in the absence and in the presence of the various
cobalamins (Fig. 45B). Our results indicated that the ability to form dimers/tetramers in the
presence of each cobalamin mirrored the affinity ranking, with AdoCbl prompting more even-
order oligomers, followed by MeCbl, and then CNCbl. Very interestingly, the copresence of
GSH and cobalamin results in an almost invisible monomer band and a marked shift of the

equilibrium toward the dimers, tetramers or even hexamers (lanes 4, 6, 8).

Also, in the case of the mutant MMACHC-R161Q, the number of dimers formed in the presence

of the different cobalamins followed the same order as their affinity constants to the protein,
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but dimer formation is impaired under all conditions, and no tetramers could be detected.
Moreover, the presence of GSH, whose binding to MMACHC-R161Q is strongly impaired due
to the disruption of the arginine 161 local environment, does not favor the shift of the oligomeric

equilibrium toward even-order oligomers as observed for the WT protein.

These results again highlight the critical role of dynamic interactions between key domains

involved in binding to ligands and cofactors essential for the functionality of the MMACHC

protein.
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Figure 45. BN-PAGE of MMACHC-WT (12 uM) and MMACHC-R161Q mutant (12 uM). A. BN-PAGE gel
showing: MMACHC-WT or MMACHC-R161Q mutant protein in the absence (lanes 2 and 9) or presence of
AdoCbl (120 uM) (lanes 3 and 10), or in the or in the presence of GSH + AdoCbl (lanes 4 and 11), in the presence
of MeCbl (120 pM) (lanes 5 and 12), or in the presence of GSH + MeCbl (lanes 6 and 13), in the presence of
CNCbl (120 uM) (lanes 7 and 14), or in the presence of GSH + CNCbl (lanes 8 and 15). B. Band intensities from
the gel, obtained via densitometric analysis and normalized by dividing each by the sum of intensities of all bands
within the specific lane
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4.8. MMACHC-R161Q shows an impaired enzymatic function compared to the
wild type

The enzymatic ability of MMACHC to dealkylate MeCbl in the presence of GSH can be
verified by UV-VIS spectroscopy, monitoring the changes in the spectrum of the cobalamin that
occurs upon conversion of MeCbl into H>OCbl. The occurrence of the reaction is revealed by
two main spectral changes in the Cbl absorbance spectrum: the increase of the maximum at 353

nm together with the shift of the peak from 460 nm to 525 nm, as can be seen for the wild type
in Fig. 46.

0.35

0.3

0.25

H,0Cbl

MeCbl

0.2

0.15

Absorbance

0.1

0.05

0
100 350 400 450 500 550 600

Wavelength [nm]

Figure 46. Conversion of MeCbl (12.8 uM) (red) in H,OCbl (black) in time (black dashed lines) catalyzed by
wild type MMACHC (16 uM) in the presence of GSH (1 mM)

By monitoring the absorbance at 353 nm as a function of time it is possible to estimate a
dealkylation rate. Under our experimental conditions, the reaction catalyzed by MMACHC-
WT reaches its completion within one hour. The MMACHC-R161Q mutant does bind MeCbl,
as the absorption spectrum of the latter shifted from 530 nm to 460 nm, indicating its transition
from the base-on to the base-off state. However, minimal changes in the Cbl absorption
spectrum were observed within one hour of GSH addition, indicating that the mutant only

retains a residual dealkylation functionality.

From the time dependence of the absorbance change at 353 nm (Fig. 47), the estimated
dealkylation rates kobs were (38 £ 4) x10° min ™! for the WT and (2.0 £ 0.5) x103 min' for the
R161Q mutant. We conclude that, as previously assessed [62], the MMACHC-R161Q mutant
is significantly less efficient than MMACHC-WT in removing the MeCbl upper ligand. This
dramatic reduction is supposed to be heavily influenced by the absence of binding of GSH with

the protein-Cbl complex.
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Figure 47. Dealkylation activities assessed by monitoring the time evolution of the absorbance at 353 nm
of MeCbl (12.8 pM) incubated with MMACHC proteins (16 pM) after GSH (1 mM) addition. Data are expressed
as the increase in absorbance at 353 nm normalized to the initial value

4.9. Role of betaine on MMACHC-R161Q stability and function

The use of chemical chaperones, osmolytes known for their ability to stabilize the protein
structure, have been suggested as a potential route for rescuing the impaired activity of

pathological mutants involved in rare metabolic conformational diseases [51], [118].

Given that this mutant is characterized by a significant loss-of-function, and found that its
conformational stability is affected by the mutation, we decided to test the effect of different

osmolytes.

In order to perform the simultaneous screening of several compounds and assess their ability
to stabilize the wild-type protein and the R161Q mutant, we used a high-throughput assay
detecting the kinetics of unfolding by monitoring the change in fluorescence of SYPRO
Orange, a hydrophobic dye that interacts with the hydrophobic patches of the protein, that are

exposed to solvent while the protein is unfolding, enhancing its fluorescence intensity [119].

To evaluate the unfolding behaviour of the proteins in the presence of the different osmolytes,
we used an isothermal denaturation procedure and registered the time evolution of the dye

fluorescence emission at 586 nm upon excitation at 490 nm at the fixed temperature of 38 °C.
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The time dependence shows that the isothermal denaturation progresses as multistep process
with the presence of different species, each one with a particular affinity for SYPRO orange
and a particular contribution to the observed signal. Hence, the dissimilarity in the shape of the
denaturation curves between the WT and the mutant (Fig. 48) can be ascribed to the distinct

conformational populations shown by the two proteins [120].
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Figure 48. Time dependence of SYPRO Orange fluorescence emission at 586 nm upon excitation at 490 nm at
the fixed temperature of 38 °C incubated with MMACHC-WT (3 uM) and MMACHC-R161Q mutant (3 uM)

As a next step we performed isothermal denaturation experiments of the proteins by using

SYPRO orange in the presence of arginine, proline, betaine and trehalose (Fig. 49).
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Figure 49. Time dependence of SYPRO Orange fluorescence emission at 586 nm upon excitation at 490 nm at
of 38 °C incubated with MMACHC-WT (3 uM) (A) and MMACHC-R161Q mutant (3 uM) (B) in the absence
(continuous black for wild type and continuous blue for R161Q mutant) and in the presence of several chemical
chaperones (0.5 M) arginine (dashed red), proline (dashed yellow), trehalose (dashed green), betaine (dashed
purple)

We found that only betaine was effective in reducing both the plateau and the initial slope of
the denaturation curves (Fig. 45, purple dashed lines). This indicates an enhanced stabilization

effect exerted by betaine on both MMACHC-WT and MMACHC-R161Q protein.

Of note, betaine is already employed therapeutically in cb/C disease [121], primarily as a
methyl donor to convert homocysteine into methionine, thereby lowering plasma

total homocysteine levels in homocystinuria patients. Our results indicate that betaine can also
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stabilize a MMACHC mutant protein associated with ¢h/C disease, suggesting a potential

chaperone-like activity.

To validate the protective effect of betaine, identified as the only effective compound in
previous experiments, against MMACHC denaturation, and to exclude any bias from the
extrinsic dye, we used CD spectroscopy to assess the thermal unfolding process exclusively
for this osmolyte (Fig. 50). Once again, we confirmed the role of betaine in stabilizing both
the wild-type protein and the R161Q mutant as also shown by the increase of unfolding

temperatures induced by the presence of the osmolyte.
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Figure 50. Thermal unfolding curves obtained by monitoring ellipticity at 222 nm as a function of the
temperature for MMACHC-WT (10 uM) (A) and MMACHC-R161Q mutant (10 uM) (B) in the absence and in
the presence of 0.5 M of betaine. The ellipticity values have been normalized for appropriate comparison

Hence, we wanted to understand whether betaine could also have a role in improving the

dealkylation activity of MMACHC-R161Q.

Interestingly, when we repeated the dealkylation test for the MMACHC-R161Q mutant in the
presence of betaine, we observed a partial recovery in protein function (Fig. 51), with a
Kobs estimated by the absorbance variation at 353 nm equal to (6.6 + 0.7) X107 min!, thus 60%
higher than that measured in the absence of the osmolyte. Although we did not expect a
complete recovery, given that the MMACHC-R161Q function is significantly impaired by its
reduced binding to GSH in addition to overall destabilization, it appears that betaine can
partially restore protein functionality. This result helps to elucidate the role of structural

stabilization in designing therapeutic strategies for cb/C.
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Figure 51. Dealkylation activities assessed by monitoring the time evolution of the absorbance at 353 nm
of MeCbl (12.8 uM) incubated with MMACHC proteins (16 pM) after GSH (1 mM) addition. Data are expressed
as the increase in absorbance at 353 nm normalized to the initial value. Continuous lines represent single-

exponential fits to the experimental data obtained for MMACHC-WT, and MMACHC-R161Q in the absence and
presence of 0.5 M betaine

4.10. Therapeutic approaches for cblC disease: current treatments and
experimental strategies

The cbIC disease, as many genetic disorders, is an orphan disease that remains without a
definitive cure. Current therapy relies on hydroxocobalamin (OHCbl) supplementation, which
partially restores metabolic functions but does not stop the progression of the disease.
However, the response to treatment is highly variable among patients, depending on the nature
of the underlying mutation. In this context, part of this research was aimed to identify small
safe molecules capable of specifically binding, stabilizying and ultimately restoring the
function of the MMACHC missense pathological proteins. To achieve this, we relied on
molecular docking using two complementary approaches: the first involves the evaluation of
the interaction of candidate molecules with the wild-type dimer, while the second focuses
directly on the R161Q mutant form to assess the specificity of potential correctors. Last, since
the use of translational readthrough-inducing drugs (TRIDs) could represent a viable strategy
to restore full-length protein expression in nonsense variants, we generated a reporter system

that could be used to transfect cellular models to test their effect.

4.10.1. Studies to investigate current cblC therapies: effects of OHCbl

Currently, hydroxocobalamin (OHCDbl) is the only cobalamin used in the therapeutic treatment
of the ¢blC disease [44]. When we assessed the thermal denaturation of MMACHC-R161Q

mutant in its presence, we noticed that this cobalamin induces a different profile compared to
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the others (Fig. 52, solid blue line), consisting in a more stretched unfolding curve. The fitting
of the curve revealed the need of a two-transition model to interpolate these data, as for the
wild type, instead of the single transition model used for all the other curves. This is an
interesting result, that could help to explain the efficacy of OHCDbI in the therapy, and the lack
of clinical effect of the other forms of cobalamin: it is possible that the OHCbI induces the
mutant to assume a wild type-like conformation, thus improving its functionality. These
findings provide a molecular rationale for the clinical efficacy of hydroxocobalamin, and
could have potential implications for the development of therapeutic strategies based on

substrate replacement.
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Figure 52. Denaturation profiles of MMACHC-R161Q (10 uM) in the presence of all the cobalamin tested (20
puM) monitored by circular dichroism. The ellipticity values have been normalized for appropriate comparison

4.10.2. Effect of small molecules from docking on the MMACHC-WT dimer

The stabilization of the MMACHC-R161Q mutant induced by betaine, which resulted in an
improvement of its functionality, serves as a proof-of-concept that structural stabilization may
represent a viable therapeutic strategy for the treatment of missense mutations causing cb/C
disease. Since betaine acts as a non-specific stabilizer, we focused our research in identifying
compounds that could act as pharmacological chaperones, small molecules able to specifically
bind to the mutant protein, stabilize it, and ultimately enhancing its enzymatic activity [47].
This approach is already being successfully applied in the treatment of other rare disorders

caused by conformational defects.

Based on the available crystallographic structure of the protein dimer (PDBID: 3SOM),
researchers from IBF-CNR Milan identified a pocket at the interface between two protomers.
Then, by using the software autodock4, this site was targeted with a virtual library of drug-like

molecules (https://www.chembridge.com), that were ranked based on their docking score).
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The 11 best ranked molecules (Fig. 53) were selected to test their effect on MMACHC-R161Q

in our laboratories.
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Figure 53. Chemical structures of the best ranked molecules from docking on the MMACHC dimeric structure

Among these, molecule 3 (M3) and molecule 6 (M6), showed a moderate affinity to
MMACHC-R161Q, with a Kd respectively of 1.27 + 0.08 uM and 11.4 £ 0.34 uM, obtained

by ITC. However, the apparent stoichiometry obtained from the fitting of the binding isotherms

is equal to 1 for both the molecules, meaning that one molecule is bound to one monomer, so

the binding site cannot be the pocket explored by the docking. This is not surprising considering

that the mutant is less able to form homodimers, and that the dimerization happens only in the

presence of cobalamins, while the molecules were tested with the protein in the apo form.

The thermodynamic parameters obtained from the fitting of the ITC binding isotherms (reported

in Table 5) for the two molecules showed that while M3 presents a higher affinity, its binding

is entropically-driven; instead, M6 present a lower affinity but with an enthalpically-driven

binding.
AG (kcal/mol) AH (kcal/mol) — TAS (kcal/mol)
M3 —8.04 -1.21 —6.83
M6 —6.74 —4.81 —-1.93

Table 5. Thermodynamic parameters obtained for the binding of MMACHC-R161Q to M3 and M6

The next step was to assess the stability of the mutant in the presence of the two molecules, and

both M3 and M6 showed a stabilizing effect on the protein structure (Fig. 54A). However, the
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dealkylation assay performed in the presence of the molecules did not show any improvement

in the mutant functionality (Fig. 54B).
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Figure 54. Effects of M3 and M6 on MMACHC-R161Q in a molar ratio protein-to-molecule 1:1. A. Thermal
denaturation obtained monitoring ellipticity values changes at 222 nm. B. Dealkylation activity assessed by
monitoring the time evolution of the absorbance at 353 nm of MeCbl (12.8 pM) incubated with MMACHC-
R161Q (16 uM) after GSH (1 mM) addition in the absence and in the presence of M3 (16 uM) or M6 (16 pM).

4.10.3. Molecular docking on the MMACHC-R161Q mutant monomer

Considering the weaknesses of the model discussed in the previous paragraph, we decided to
perform a different docking calculation starting from the monomeric structure of the
MMACHCH-R161Q mutant, in complex with GSH and MeCbl. Since no druggable pocket of
the protein is known in literature, we decided to explore the protein’s surface using Maestro
SiteMap to identify putative binding sites and evaluate their druggability. The tool provides a
score characterizing the binding site in terms of size, degrees of enclosure by the protein and
exposure to solvent, hydrophobicity and hydrophilicity and tendency to form hydrogen bonds
[107]. The first map obtained, located between the GSH and the Cbl binding pockets (Fig. 55)
was used to perform a virtual screening of the DrugBank Database and FDA-approved drugs

library. The molecules were ordered on the basis of the obtained docking score.

Figure 55. Grid generated on the map obtained by Site Map (surface of the protein shown)
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The best ranked molecules (Fig. 56) were selected to be experimentally tested.
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Figure 56. Chemical structures of the best ranked molecules from docking on the MMACHC monomeric structure

Preliminar high-throughput differential scanning fluorimetry using SYPRO Orange as reporter,
performed in the presence of a fiftyfold molar excess of compounds C1 to C18, showed no
stabilization effect exerted by any molecule, with the exception of rutin (quercetin-3-O-

rutinoside, C15).

Very interestingly, the affinity of the R161Q mutant for this molecule was previously tested by
ITC, giving a Kd = 4.27 + 1.42 pM. With a AG = —7.3 kcal/mol, a AH = —4.7 kcal/mol and
—TAS= —-2.6 kcal/mol, the interaction results enthalpically-driven.

However, the enzymatic functionality of the mutant in the presence of rutin was not

significantly improved (Fig. 57).
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Figure 57. Dealkylation activitiy assessed by monitoring the time evolution of the absorbance at 353 nm
of MeCbl (12.8 uM) incubated with MMACHC-R161Q (16 uM) after GSH (1 mM) addition in the absence and
in the presence of a rutin (16 pM). Data are expressed as the increase in absorbance at 353 nm normalized to the
initial value

4.10.4. Generation of the reporter system for testing TRIDs

Considering the high incidence of nonsense mutations in cb/C disease, we suggest that these
genotypes could benefit from treatment with TRIDs. However, the effect of these molecules
must be evaluated in suitable cellular models, which is currently beyond our experise. Thus, to
this end, we enstablished a collaboration with Prof. Laura Lentini’s laboratory to deal with the
cells. On our side, we constructed a reporter system in which MMACHC-WT was fused in-
frame with GFP as control, from which MMACHC-R132X-GFP and MMACHC-Y222X-GFP

were obtained.

We chose p-EGFP-N1 (4.7 kb) as vector, a plasmid that encodes a variant of green fluorescent
protein (GFP) which has been optimized for brighter fluorescence and higher expression in

mammalian cells.

The first step was to select a couple of restriction ezymes that were able to cut the multicloning
site of the vector (Fig. 58), generating oriented ends (sticky-sticky or sticky-blunt). We selected
the couple EcoRI and Smal.

591 601 611 621 631 641 651 661 671 EGFP

G CTA GCG CTA CCG GAC TCA GAT CTC GAG CTC AAG CTT CGA ATT CTG CAG TCG ACG GTA CCG CGG GCC CGG GAT CCA CCG GTC GCC ACC ATG GTG

Nhel Ecodllll Bg/ll  Xhol Hind Il EcoR1 Pstl Sall Kpnl Apal BamH1 Agel
Sacl Accl AspM81 \ Bspi201 Xmal
Ecl136 1l Sacll Smal

Figure 58. Multicloning site of p-EGFP-NI1

Next we designed the primers to amplify the DNA sequence coding for MMACHC-WT protein

(940 bp) without the stop codon, a mandatory step to ensure the expression of the protein fused

73



with the GFP at the C-terminal end. The primers were engineered to include an EcoRI

restriction site at the 5° end and a Smal site at the 3’ end.

Cutting both the vector and the insert with the same restriction enzymes guarantees the
formation of complementary ends, that can be ligated by a DNA ligase, generating a plasmid
encoding for MMACHC-GFP. The successful insertion was verified by cutting the construct
with EcoRI and Smal to visualize the release of a DNA fragment of the correct size by agarose
gel electrophoresis (Fig. 59, lane 1 and 5) and the correct formation of the open reading frame

were verified by Sanger sequencing.

VECTOR
4000 bp

1000 bp INSERT

Figure 59. Agarose gel showing positive clones (lane 1 and 5) of pPEGFP-N1I-MMACHC-WT

From this construct, we introduced by site-directed mutagenesis the point mutation c.394C>T
for introducing the opal codon TGA, giving the R132X variant, and c.666C>A for introducing
the ochre codon TAA, giving the Y222X variant.

These plasmids were used in Professor Laura Lentini’s laboratory to successfully transfect
HCT116 human cell line and assess the efficacy of TRIDs. Briefly, cells transfected with
pEGFP-N1-MMACHC-R132X or pEGFP-N1-MMACHC-Y222X do not display fluorescence,
as the nonsense mutation occurs upstream of the GFP coding sequence. Consequently, only
truncated MMACHC proteins are produced, lacking the GFP. Upon treatment with TRIDs, the
detection of green fluorescent cells indicates that the tested TRIDs promote PTC readthrough,
enabling the translation of the full-length MMACHC-GFP fusion protein.

4.11. Investigation on other MMACHC pathological missense mutants

As mentioned in the first paragraph of this section, four missense mutants, predicted to be
destabilized by the pathological mutation, were initially selected for the assessment of their
solubility when expressed as recombinant proteins. Three of these variants (MMACHC-
G147A, MMACHC-Y130C, and MMACHC-R206) resulted exclusively localized in the
inclusion bodies of the bacterial pellet. Among them, MMACHC-G147A was chosen for further
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optimization attempts of recovery, as this mutation was considered relatively mild, given that
the affected residue does not seem involved in key interactions and that the substitution of a
glycine into an alanine only introduces a methyl group. Several attempts were made to extract
this mutant as recombinant his-tagged protein from E. coli, but none of them was successful.
Both denaturing and non-denaturing extraction attempts were made in order to recover the
protein. After verifying by SDS-PAGE that the protein is expressed in E.coli BL21(DE3) but
present exclusively in the insoluble fraction (Fig. 23), it was extracted from inclusion bodies
under denaturing conditions, by using a buffer containing 8 M urea. After IMAC, an attempt of
in column refolding was made trying to remove the urea with a linear gradient, but no protein
was recovered. Gradual removal of the urea by dialysis in different conditions was also tried,
but always ended in protein precipitation. Use of N-lauroyl sarcosine as mild solubilizing agent
is suggested in the literature [122], but the concentration required (0.3% w/v) was denaturing
for the protein and did not help to obtain the protein in solution. Change in the E. coli strain to
Rosetta 2 (DE3) was also accompanied by performing an osmotic shock with NaCl before the
induction of the expression of the recombinant protein to cause accumulation of betaine,
supplemented in the medium, in the bacteria, to help the correct protein folding [123]. In this
case, we were able to extract the protein as a monomer, according to the chromatogram profile,
for the first time, but very low in concentration (0.03 mg/ml). When we tried to concentrate the

fractions to 0.1 mg/ml, the protein formed visible aggregates.

The last condition was also applied to the purification of MMACHC-R206P and MMACHC-
Y130C, but it always ended in protein precipitation. We conclude that these mutants are not

soluble as recombinant proteins.

In the absence of an experimental system, to gain more insights on the behaviour of the
MMACHC-G147A mutant we relied on Molecular Dynamics. The simulation of the
MMACHC-G147A protein shows a progressive closure of the cobalamin binding pocket,
mainly driven by the destabilization of the disordered protusion Pr3 and helix HI, until the
complete disruption of the site. The C-alpha RMSD of the mutant protein after equilibration
sits around 6 A (Fig. 60A), with a significant contribution to the conformational change of both

the structured (Fig. 60B) and the unstructured part (Fig. 60C) of the peptide chain.
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Figure 60. Distribution of RMSD after ten parallel trajectories of 300 ns each for MMACHC-G147A (left panels)
and MMACHC-WT (right panels). A. RMSD of the protein backbone. B. RMSD of the structured part of the
proteins. C. RMSD of the unstructured pat of the proteins

The preferred misfolded configuration (Fig. 59) adopted in the simulations can help to explain

our difficulties in producing this mutant as a soluble protein.

Figure 61. Snapshots from the MD simulations of MMACHC-WT (cyan, left) and MMACHC-G147A (beige,
right) showing the disruption of the cobalamin binding site in the case of the mutant. For reference, Pr2 is colored
in blue, helix HI in purple and Pr3 in red
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5. Discussion

The cbIC disease is a rare metabolic disorder that mainly affects children during early
childhood, often leading to severe neurological and cardiovascular complications. It is caused
by mutations in the gene encoding MMACHC, an enzyme that plays a crucial role in binding
and removing the upper ligand of vitamin B12. This reaction requires specific cofactors, such

as glutathione (GSH), which participates in the dealkylation activity of the enzyme.

The main aim of this PhD research was to compare the properties of the wild-type MMACHC
protein with those of pathological variants, in order to identify the structural and
physicochemical alterations underlying the disease. This comparative approach also provided
the opportunity to investigate previously unexplored biophysical aspects of the wild-type
enzyme, thereby deepening our understanding of the molecular mechanisms responsible for
MMACHC function and dysfunction. This knowledge represented a crucial step toward the
identification of strategies capable of correcting the physicochemical defects associated with

the pathological variants, paving the way for potential therapeutic interventions.

Accordingly, our investigation primarily focused on the common ¢.482G>A point mutation,
which gives rise to the MMACHC-R161Q variant, in which arginine is replaced by glutamine

in position 161.

Although the c.271dupA frameshift mutation in the MMACHC gene is the most prevalent
genetic alteration in ¢b/C disease, around 10% of patients carrying this mutation on one allele
also harbour a missense variant on the other. To date, more than 30 missense mutations have
been identified, most of which are linked to later-onset symptoms [41], [42]. Hence, unlike
c.271dupA, which dramatically reduces protein levels, these missense mutations are often
associated with a reduced function of the expressed protein. Investigating these variants
provides key insights into the relationship between genetic mutations and protein dysfunction

leading to pathology [41].

The research on this thesis focused on the effect of the most frequent point mutation, c.482G>A,
on the structure, stability, dimerization propensity, and binding properties of the resulting
MMACHC-R161Q protein, proven by Gherasim et al. to be strongly impaired in the ability to
catalyze the transformation of MeCbl to H,OCbl in the presence of GSH [54]. In good

77



agreement with these results, we found, by using absorption spectroscopy, that MMACHC-
R161Q, produced as soluble protein in our laboratories, presented an estimated dealkylation
rate 16-fold lower compared to MMACHC-WT (Fig. 47). This allowed to conclude that, as
previously assessed [54], the R161Q mutant is significantly less efficient in facilitating the
removal of the MeCbl upper ligand. This result is not surprising since the mutation affects the
arginine residue in position 161 belonging to the cluster of arginines which, through specific
hydrogen bonds and ionic interactions, determines binding to MMACHC of GSH [62], an

essential cofactor for the dealkylation functionality.

Within this PhD research thesis, for the first time, the binding of glutathione to MMACHC (WT
or R161Q) complexed with a form of cobalamin, was quantitatively measured using ITC. The
results show that while no binding of GSH to MMACHC-WT apoprotein was detected, a
micromolar affinity was observed between the tripeptide and the wild type when complexed
with AdoCbl (Fig. 35A). This suggests that cobalamin induces a conformational change in
MMACHC, shifting the conformational equilibrium towards a GSH binding-competent
conformation, allosterically modifying the GSH binding site, and enhancing its affinity for the
tripeptide. In contrast, no binding was observed between GSH and the MMACHC-R161Q
mutant, neither in the absence nor in the presence of AdoCbl (Fig. 35B). This result was also
corroborated by the Molecular Dynamics simulations, that showed a significant instability of
GSH when complexed to the mutant bound to the cobalamin (Fig. 36B). Indeed, while the
arginine-to-glutamine substitution directly disrupts local interactions with negatively charged
molecules such as GSH, we cannot exclude the possibility that the reduced ability to bind GSH
results from an impairment of the cobalamin-induced allosteric conformational change in the
R161Q mutant. Actually, the MD simulation of the MMACHC-WT complex showed that the
occupancy of the bond between Argl6l and GSH is a mere 20%, suggesting a limited

importance of this single direct interaction.

In fact, when we measured the binding affinity of AdoCbl to both proteins using ITC, we found
that AdoCbl displayed a 7-fold reduction in affinity for MMACHC-R161Q compared to the
wild-type protein (Table 3). This finding supports the idea of a functional interplay between
cobalamin and GSH binding, which is likely important for MMACHC’s role in vitamin B12
metabolism. Moreover, since MMACHC is expected to physiologically bind whatever form of
cobalamin it encounters, we also directly assessed the binding affinity of the two MMACHC
variants to MeCbl and CNCbl, obtaining a 3-fold and 10-fold reduced affinity of the mutant
respectively (Table 3). While earlier studies could only infer vitamin B12 affinity indirectly,
often by observing how ligand addition shifted protein stability [52] or by monitoring changes
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in intrinsic fluorescence upon incremental ligand addition [53], within this PhD research
project, by measuring the heat released during the titration of the ligands into the protein
solution, we directly obtained the binding isotherms for AdoCbl, MeCbl and CNCbl binding to
MMACHC, yielding for the first time Kq values, together with the complete thermodynamic
binding profile (Gibbs energy, enthalpy, and entropy of binding).

These measurements allowed us to correlate binding affinity with the stabilizing effect of
different forms of the vitamin, which was assessed using a dye-free spectroscopic technique
such as CD (Fig. 29A). The order of stabilization found for MMACHC-WT mirrored the
affinity rank, with AdoCbl being the most stabilizing ligand with the lower dissociation constant
(i.e. with the higher affinity for the two proteins), followed by MeCbl and lastly CNCbl. The
stronger affinity of AdoCbl likely arises from additional enthalpically favorable hydrogen
bonds that the adenosyl group can form, thus enhancing stability and increasing affinity without
causing major rearrangements of the protein backbone. A stronger binding of AdoCbl can
reduce the conformational flexibility of the protein—Cbl complex more effectively than the
MeCbl, mirroring the stabilizing effects observed in thermal assays. The different flexibilities
of the MMACHC-MeCbl and MMACHC-AdoCbl complexes were confirmed by SAXS
experiments performed by our group, that revealed that the MMACHC-AdoCbl complex
appears more compact and less flexible than the MMACHC-MeCbl complex [124]. On the
other hand, unlike the adenosyl or methyl cobalamin forms, where the relatively weaker cobalt—
ligand bonds allow a more adaptable and accommodating interaction with MMACHC, the
strong cobalt—cyano bond in CNCbl might restrict the conformational adjustments necessary
for optimal binding. This rigidity may result in fewer overall energetically favorable protein—
ligand contacts, contributing to a less-stable complex, as also hypothesized by Xu et al. [125].
Moreover, it is worth noting that CNCbl is not a natural ligand and therefore, while the protein
is evolutionarily fine-tuned to bind adenosyl and methyl ligands, the cyanide form fails to

establish equally favorable interactions.

In the case of MMACHC-R161Q), the stabilization and affinity order observed for the wild type
is respected, but a lower stabilization (Fig. 29B) and reduced affinity are observed. A plausible
explanation for the distorted cobalamin-binding is that the modified local environment around
the glutamine 161 in the mutant triggers conformational changes that propagate throughout the
protein, reaching the cobalamin-binding site. Since arginine 161 does not directly interact with
cobalamin, we propose that the local environment of arginine 161, which is located in the GSH-
binding site, is connected to the cobalamin pocket by a dynamic mechanism that likely plays a

pivotal role in regulating the protein’s function.
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This direct measurement of the impaired Cbl-binding observed for the mutant could result from
alterations in the global conformational stability induced by the mutation, as previously
investigated by using an extrinsic dye fluorescence-based thermal shift assay or turbidity assays
[52], [54]. In those works, by using a single transition model for analyzing the thermal
unfolding process, the MMACHC-R161Q mutant was shown to unfold at a temperature about
2 °C lower than the wild-type protein. In this PhD research project, we investigated the
MMACHC-WT and MMACHC-R161Q conformational stability by using DSC. Notably, these
DSC data allowed us to unveil a more complex unfolding process in both proteins with the

presence of conformational intermediate states (Fig. 27, Table 2).

While the three-state model for wild-type protein denaturation was originally proposed by
Froese et al. as a theoretical framework based on the shape of the denaturation curve [52], our
study provides experimental verification of this model. Moreover, DSC revealed that the
MMACHC-R161Q mutant unfolds according to a two-transition model as well. However,
while the two transitions in the wild-type protein occur at very distinct temperatures, giving
rise to separate peaks in the DSC thermogram, the two unfolding temperatures in the mutant
are very close, resulting in a broader single apparent peak. This result suggests that the
intermediate conformational states could show a different stability or be differently populated,
leading to an unfolding process with different cooperativity. Comparable unfolding enthalpy
and temperature values for the first transition suggest that the first intermediate is stabilized to
a similar extent in both proteins. In contrast, the reduced unfolding enthalpy and temperature
observed for the second transition in the mutant suggest that its principal intermediate state is
either less stable or structurally distinct from that of the wild type, potentially contributing to a
facilitated overall unfolding process, as can be also observed when calculating the populations
of the different states as a function of temperature for MMACHC-WT and MMACHC-R161Q
(Fig. 28).

From that detailed description, it can be seen that, although the MMACHC-R161Q populates
significantly both intermediate states, the overall unfolding cooperativity of MMACHC-WT is
much lower than that of MMACHC-R161Q, because of the larger separation between the
folded and unfolded states in temperature for the former, a gap that is occupied by a

considerably populated stable first intermediate.

We also demonstrated that, unlike the wild type, these closer transitions in the mutant were not
detectable by a spectroscopic assay such as CD (Fig. 26), which could only resolve a single
unfolding curve, thus confirming the power of using DSC in providing deeper insights into the

protein conformational landscape. Differences in the intermediate conformational populations
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between the two proteins may underline the distinct isothermal denaturation curves observed
by SYPRO Orange fluorescence emission upon incubation with the two apoproteins over time
(Fig. 48). The specific affinities of the unfolding intermediates for the dye are responsible for
the observed denaturation profile [120]. Differences in stability between the wild type and
mutant proteins can also be detected by Molecular Dynamics, studying the behavior of the two
apoproteins at both room and high temperatures. The comparison of the simulations of
MMACHC-WT and MMACHC-R161Q at 303 K showed a marked instability of the mutant
structure, mainly driven by the disordered regions, that evolves to a configuration that likely
unfavour the binding to the cobalamin (Fig. 41). Of note, the MD trajectories also helped us
rationalize the failure in producing the recombinant MMACHC-G147A mutant as a soluble
protein, since the simulation showed the attainment of a severely misfolded conformation (Fig.
61), that likely leads to protein aggregation and precipitation. This result, together with the
evidence of the insolubility of the other two variants (MMACHC-Y130C and MMACHC-
R206P) that hampered the recombinant production, again confirms that a single point mutation
can have significant structural effects that impair the global stability of the resulting protein,
ultimately leading to a conformational disease. In addition, useful insights on the different
unfolding pathways of MMACHC-WT and MMACHC-R161Q were obtained simulating
temperature jumps by Molecular Dynamics. Indeed, although these jumps do not induce the
complete unfolding of the proteins, they provide insights into differences in intermediate
unfolding conformations. Despite the loss in secondary structure between the two proteins, wild
type and R161Q mutant, is similar, the RMSD of the mutant increased significantly over a
simulation period of one microsecond compared to the wild type. This indicates greater
instability in the mutant tertiary structure of unfolding conformational intermediates (Fig. 30A).
This instability in the tertiary structure may be attributed to either a reduction in molecular
compactness or an enhanced propensity for aggregation, in good agreement with DLS results
from our laboratory, that showed that apo MMACHC-WT was approximately 12 % smaller
than the mutant apo MMACHC-R161Q, and SAXS experiments that revealed a higher

flexibility and reduced structural compactness of the mutant [126].

In order to observe structural differences between MMACHC-WT and MMACHC-R161Q with
the available experimental techniques it is necessary to induce a thermal stress. Indeed, while
the secondary structure content of the two proteins shows minimal differences (Fig. 24) and the
native fluorescence together with the near-UV CD spectra (Fig. 25) do not suggest significant
differences in the aromatic residues environments at 20 °C, we found that the unfolding

pathway of the two proteins is significantly different. Hence, we propose the R161Q
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substitution as a “subtle” mutation, that, removing a critical positive charge given by the
arginine, induces the alteration of local domains (as also suggested by the decrease of the
quantum yields in the fluorescence spectra, Fig. 25B) that likely increases the flexibility of the
mutant protein, as observed by SAXS and MD, and that could be confirmed by the study of the
fluorescence lifetimes [84] in both MMACHC-WT and MMACHC-R161Q. It is well-
established that protein residues are coupled to each other through both the hydrogen-bond
network and packing interactions, leading to correlated motions or fluctuations in equilibrium
that are critical for function [127]. While these alterations are not detectable observing the
signal given by the average static structure, they became evident studying the conformational
landscape or the binding to the natural ligands, suggesting that these alterations are not
exclusively confined to the specific aminoacid location but propagate throughout the protein,
influencing its dynamics and ultimately its key functions [127], [128]. Unfortunately, our
studies do not give insights into the domains that characterize the two-transition unfolding. It
would be of high interest to know more about the fragile domain of the mutant that make it so
unstable. Other experimental techniques, like NMR spectroscopy, could be applied as it is able

to resolve the dynamic structural details in a native-like environment [129].

Another important finding from this PhD research experiments was the reduced ability of
MMACHC-R161Q to form dimers and tetramers compared to MMACHC-WT. It has been
reported that MMACHC is able to form domain-swap homodimers in the presence of AdoCbl,
and, from these, also tetrameric structures can form [62], [73]. Through native gel
electrophoresis and size-exclusion chromatography, we found that, while MMACHC-R161Q
retains the ability to form dimers, their abundance is strongly reduced compared to the wild-
type protein (Fig. 43,44), also in accordance with static light scattering data from our laboratory
[126]. This finding suggests that the changes in the Cbl-binding region render the MMACHC-
R161Q unable to adopt the correct conformation to engage in subunit exchange, leading to a
reduced dimerization efficiency. Additionally, native gel electrophoresis (Fig. 43) revealed that,
in the case of MMACHC-WT, the addition of GSH to the protein-AdoCbl complex further
increased dimer and tetramer formation, highlighting the functional and structural interplay
between different regions of the protein. Again, testing the effect of MeCbl and CNCbl on the
oligomeric equilibrium, we found that the propensity for dimerization in the presence of the
different cobalamins mirrors the affinity ranking, and that, when driven by a higher affinity, a
larger number of dimers is formed, which prompt the organization of even-order oligomers in

the case of the wild type (Fig. 45).
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Structural and biophysical studies have shown that protein dimerization plays a key role in
regulating protein function [130]. Evidences from this research experiments indicate that
MMACHC dimers form in the presence of essential cofactors, such as vitamin B12 and GSH.
These observations provide indirect support for the idea that dimer formation represents a
structural protein reorganization, and an additional regulation mechanism, necessary for this
enzyme's proper functioning. Hence, the inability to form dimers in a pathological mutant
further supports this hypothesis, although it is clear that further experiments are needed to fully

understand the exact functional role of dimeric conformations.

Finally, part of this research project was devoted to shed light on the potential role of betaine
(N-trimethylglycine) in the context of ¢b/C disease, offering a new perspective beyond its
conventional metabolic effect. Clinically, betaine is an established adjunct therapy for cbIC
patients, primarily used to lower elevated homocysteine levels by serving as a methyl donor in
the betaine-homocysteine methyltransferase pathway [121]. It is known that small organic
osmolytes like betaine can stabilize proteins against thermal denaturation without specific
binding. Betaine and related osmolytes are preferentially excluded from the protein surface,
thus increasing the water activity and favoring the compact native conformation and preventing
unfolding [131], [132]. Given the reduced thermal stability exhibited by some mutant proteins
involved in common inborn metabolic diseases, the use of chemical chaperones such as
glycerol, proline, betaine, and trimethylamine N-oxide (TMAO) has been shown to partially
rescue these proteins both in vitro and in vivo [133]. Our findings demonstrated that among the
different tested osmolytes, only betaine increases the thermal stability of the MMACHC-
R161Q mutant (Fig. 49B, 50B). Moreover, our results showed that betaine’s general protein-
stabilizing properties can partially restore the enzymatic functionality, as assessed in vitro (Fig.
51). This represents a proof-of-principle that enhancing protein stability could be a viable
strategy for improving the impaired enzymatic activity in cblC, as resulting from MMACHC

pathological mutants.

A potential next step from a therapeutic perspective could involve the identification of
pharmacological chaperones—molecules capable to specifically bind to MMACHC mutants,
increasing its thermal stability and stabilizing its correct folded and active state—through high-
throughput screening of small-molecule libraries. In this context, preliminary results consisted
in the identification of three small molecules able to bind MMACHC-R161Q mutant protein in
the micromolar range of affinity, with two of them characterized by an enthalpically-driven
binding, usually more suitable for drug-like candidates since it reflects specific and polar

interactions between the compound and target [134]. Moreover, although these molecules
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showed the ability to stabilize the mutant protein in vitro, the enzymatic assay performed in
their presence did not lead to an improvement of the mutant functionality (Fig. 54B, 57) as
hoped. However, an important aspect to consider when studying small molecules capable of
binding pathological mutants is that their effect observed on isolated and purified protein does
not necessarily reflect their functional impact in a more complex cellular context. In vitro
enzymatic assays indeed typically measure the intrinsic catalytic activity of already folded
proteins under highly controlled conditions, without the influence of cellular quality-control
systems that play a pivotal role in determining the amount of functional protein that is ultimately
available. An exemplificative case is migalastat, a pharmacological chaperone used in the
treatment of Fabry disease: although it acts as a competitive inhibitor of recombinant purified
a-galactosidase A, in cells it stabilizes certain misfolded variants during folding in the
endoplasmic reticulum, reduces premature degradation, and promotes lysosomal trafficking,
resulting in increased intracellular enzymatic activity [135]. For this reason, together with a
more extensive search of small molecules from virtual or chemical libraries to obtain more
candidates, it is necessary to establish a more complex model system to test the most promising

molecules.
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6. Conclusions and future perspectives

The results obtained within this PhD research project study provides novel insights into the
thermodynamics underlying MMACHC stability and the impact of disease-associated
mutations on its structure, its oligomeric organization and cofactors-binding properties. The
R161Q mutation impairs key protein functions, including GSH and Cbl binding, dimerization,
and protein stability, which directly contribute to the reduced enzymatic activity. Moreover, the
obtained results elucidated how different forms of cobalamin modulate these molecular
properties. We demonstrated that a single point mutation, although located at the GSH-binding
pocket, produces structural alterations that propagate throughout the protein. By studying the
unfolding process of MMACHC-WT and MMACH-R161Q we demonstrated the existence and
thermodynamic properties of unfolding intermediates, and the lessened stability of the main
unfolding intermediate in the case of the mutant. It would be of high interest to structurally
characterize these intermediates by NMR, to identify the molecular causes of the mutant
instability. By unveiling these molecular changes, we also demonstrated the potential
therapeutic benefit of using osmolytes, specifically betaine, to enhance the thermal stability of
the mutant protein and partially restore its function. Our findings suggest that targeting protein
stability, through the use of small molecules with specific stabilizing effects, holds promise as
a novel therapeutic strategy for ch/C disease and other related inborn metabolic disorders.
Further research, particularly into the identification of pharmacological chaperones, could pave
the way for developing effective treatments aimed at stabilizing MMACHC and improving its
function in cblC patients carrying mutations that destabilize the protein structure. In this regard,
considering the limitations of the evaluation of the therapeutic effect in tube, it is necessary to
test the effect of the identified molecules on cellular models, such as human cells genetically-
edited by CRISPR/Cas9 to carry the ¢.482G>A (R161Q) or other point mutations, or fibroblasts
derived from cb/C patients, to evaluate the reversion of the pathological phenotype (i.e. the
normalization of methylmalonic acid and homocystinuria levels) by mass spectrometry

analysis.

Furthermore, considering the high incidence rate of nonsense mutations found in cb/C patients,
that seem not to be associated to nonsense RNA mediating decaying and thus leading to protein

production, we proposed to evaluate the efficacy of TRIDs, molecules capable of restoring the
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production of the full-length protein. In this framework, we generated the reporter systems for
¢.394C>T (R132X) and ¢.666C>A (Y222X) mutations that allow to evaluate the efficacy of
these molecules in cell models, and established a collaboration with Professor Laura Lentini’s
laboratory (University of Palermo, Italy) to test the effect of three novel 1,2,4-oxadiazole
compounds, already tested for other rare conditions. The preliminary results obtained are
promising and we aim to translate them on more sophisticated models, such as organoids
derived from pluripotent induced stem cells, generated from patients’ fibroblast harbouring the
same mutations, in collaboration with Professor Esra Erdal (Izmir Biomedicine and Genome
Center, Turkey) within the granted project "EXploring therapeutic strategies for cblC Disease:
Italy-Turkey collaboration".

Altogether, the results obtained within thid PhD thesis work provide a comprehensive
framework for understanding the molecular basis of MMACHC dysfunction and suggest new
viable avenues for the development of targeted therapeutic strategies in cb/C disease. Although
significant work remains to do to bridge the gap between in vitro observations and clinical
applications, our findings establish a solid foundation for the development of innovative
treatments that could substantially improve the management and quality of life of patients
affected by this rare but severe metabolic disorder and that can be translated to other rare

conditions.
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