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Summary. — A rare disease, as defined by the European Union, is one that affects
fewer than 5 persons per 10000, predominantly children. These conditions often
lack effective treatments and are considered orphan diseases. Despite their rarity,
there are numerous rare diseases, sharing origin and common underlying molecular
mechanisms. Focusing on the metabolic rare disease cblC, we demonstrate how
an approach based on biophysical methods, can pave the way for exploring novel
treatment avenues for such conditions.

1. – Introduction

Methylmalonic aciduria and homocystinuria, cblC type, is a rare disease caused by
mutations in the gene codifying for MMACHC, a protein involved in vitamin B12 (cobal-
amin, Cbl) metabolism [1]. MMACHC plays a crucial role in removing the upper axial
ligand from various Cbl forms (AdoCbl, MeCbl, CNCbl, OHCbl), assisted by cofactors
like reduced glutathione (GSH) for dealkylation [2, 3]. This process impairment leads
to pulmonary and neuro-cognitive issues, along with degenerative maculopathy [4]. For
the prevalent cblC allelic variant, c.271dupA, a frameshift mutation leading to nonsense-
mediated mRNA decay (NMD) [1], gene therapy or enzyme replacement appears as the
only option. However, if the MMACHC protein is produced by a specific mutated gene,
less intensive strategies like pharmacological approaches could be considered. In order
to do this, it is crucial to assess the impact of each specific mutation on the resulting
protein structure/activity. Despite the availability of the wild-type protein (WT) crystal
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structure [3], various molecular mechanisms related to its structure and stability still
need full understanding. We used a biophysical approach to fill these gaps by answering
to the following questions: are the resulting mutant proteins able to correctly fold? How
much are they stable? Are they able to bind cofactors such as Cbls? Answering these
questions is the initial step in designing therapeutic strategies for cblC and, in general,
for similar conditions.

2. – Main steps of the biophysical approach

Our methodological approach was based on obtaining target proteins, like recombi-
nant human wt MMACHC (MMACHC-WT) and mutants, with high yield and purity.
MMACHC-WT was expressed in E. Coli and purified from cell lysate soluble fraction [5].
Point mutants like MMACHC-R161Q were similarly purified [6]. For mutants insolubly
expressed, like MMACHC-R132X from the nonsense mutation c.394C > T , proteins
were purified from inclusion bodies [5]. Once obtained the proteins, we investigated their
stability, structure, and ability to bind and transform Cbls.

2
.
1. Study of the proteins structure and stability . – We used Circular Dichroism (CD)

to assess the secondary structure of the proteins. The MMACHC-WT FAR-UV CD spec-
trum, characterized by typical minima at 208 and 222 nm, agrees with its crystallographic
structure [3], indicating a predominant α–helical conformation (fig. 1).

From the CD mean residue ellipticity (MRE) at 222 nm, it is possible to estimate the
α-helical content by the following relationship [7]:

α− helical(%) =
[θ]222 + 2340

3030
.

Similarly, one can assess whether pathologically mutated proteins differ in secondary
structure compared to the wild-type (wt) protein. While the α–helical content of
MMACHC-WT only slightly differs (4%) from that in the presence of Cbl (fig. 1(b)),
the truncated R132X protein shows reduced α–helix compared to the first 132 residues
of the wt protein [5]. MMACHC-WT’s α–helical content decreases with increasing tem-
perature, undergoing cooperative unfolding at a midpoint of 40 ◦C. This shift towards
higher values in the presence of Cbl indicates the ligand’s stabilizing role (fig. 2(a)).

Fig. 1. – (a) MMACHC-AdoCbl (PDB 3S0M [3]) visualized by Chimera [8]; (b) CD spectra of
MMACHC (17μM) with (continuous) and without (dashed) equimolar AdoCbl.



STUDYING AN ORPHAN DISEASE BY A BIOPHYSICAL APPROACH: THE CASE OF cblC 3

Fig. 2. – (a) α-helical content vs. temperature for 17μM MMACHC without (empty) and with
equimolar AdoCbl (full) from CD spectra (scan rate 0.5◦C/min). (b) RMSD-values frequency
distribution from 100 ns MD simulations of MMACHC-WT and MMACHC-R132X [5].

As shown by spectroscopic and computational experiments, MMACHC stability is
impaired by some pathological mutations found in cblC affected patients [5, 6]. For
instance, Molecular Dynamics simulations demonstrated substantial differences in root-
mean-square deviations (RMSD) between the truncated protein R132X and the wt over
a 100 ns simulation period (fig. 2(b)) [5].

2
.
2. Assessing the proteins ability to bind and transform Cbl . – The increase in melt-

ing temperature for MMACHC induced by Cbl (fig. 2) serves as an indirect tool to verify
vitamin-MMACHC interaction. Structural changes in MMACHC induced by Cbl, as
observed by CD (fig. 1) and Small Angle X-Ray Scattering (SAXS) [5], further indi-
cate ligand binding. However, when dealing with Cbls, a convenient method for verify-
ing their interaction to proteins involves monitoring the consequent transitions in their
structure. Specifically, when bound to some enzymes such as Methionine Synthase (MS)
or MMACHC [5, 6, 9], Cbls undergo a base-on to base-off transition, which results in
Dimethylbenzimidazole (DMB) tail dissociating from the cobalt atom and a change in
spectroscopic features. For example, we found that MeCbl absorption maximum wave-
length shifted from 530 nm to 460 nm in the presence of MMACHC protein (fig. 3(a)).

In the absence of direct methods for quantitatively evaluating Cbls binding to

Fig. 3. – (a) Absorbance spectra of 18μM MeCbl without (dashed) and with 22μM MMACHC-
WT (continuous) as due to Cbl base-on to base-off transition. (b) MeCbl+MMACHC ab-
sorbance spectra immediately (dashed) and after 2 h (continuous) from the 1mM GSH addition.
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MMACHC, intrinsic fluorescence quenching experiments can be employed. In fact, we
compared AdoCbl dissociation constants for MMACHC-WT and MMACHC-R132X by
measuring the progressive reduction in tryptophan (TRP) fluorescence with increasing
Cbl amounts [5]. The mutant MMACHC-R132X exhibited a fourfold lower affinity for
AdoCbl compared to the wild-type protein.

However, caution is necessary when ligands like Cbls absorb light at TRP excitation
or emission wavelengths, causing an inner filter effect. This effect can be corrected using
the Cbl absorbance spectrum [5] or, to avoid additional errors from differing absorption
and fluorescence experiment setups, by titrating Cbl into free TRP analogs [10].

Also the MMACHC’s key function, i.e., the Cbl upper ligand removal, can be spec-
troscopically assessed. Specifically, when GSH was added to MMACHC with MeCbl, the
methyl group was removed [3] from MeCbl that converted into OH2Cbl and a character-
istic absorbance maximum appeared at 350 nm (fig. 3(b)).

3. – Conclusions

We demonstrated that a biophysical approach enables to characterize the structural-
functional properties of an enzyme involved in a severe rare disease. This aids in under-
standing which are the chemical/physical “defects” induced by pathological mutations
that need correction to restore enzyme functionality. Biophysical findings, although they
require in vivo validation, can guide focused clinical investigations. A direct application
is exploring new therapeutic strategies like the use of protein stability/folding pharma-
cological correctors. In a broader context, this approach may benefit other conditions
with shared origin and molecular mechanisms.
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