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ABSTRACT

Molybdoenzymes play essential functions in living organisms and as a result in various
geochemical cycles. It is thus crucial to understand how these complex proteins become
highly efficient enzymes able to perform a wide range of catalytic activities. It has been
established that specific chaperones are involved during their maturation process. Here, we
raise the question of the involvement of general chaperones acting in concert with

dedicated chaperones or not.

Molybdoenzymes have been studied for decades, and to our knowledge the first
publication that proposed a common cofactor for nitrate reductase and xanthine

dehydrogenase in Aspergillus nidulans was published in Nature in 1964." In this article,
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Pateman and coworkers proposed that the unknown common cofactor they named CNX was
associated to molybdenum and was responsible for the catalytic activity of both enzymes.
Since then, numerous items of information have been accumulated concerning
molybdoenzymes. Indeed we can distinguish those belonging to LUCA from those more
recently evolved, we can classify them into three families according to the modification of
the basic form of the molybdenum cofactor and we now know the major steps of their
biosynthesis.”> In the three domains of life, molybdoenzymes are essential. Indeed,
molybdoenzymes are involved in detoxification processes and in bacterial anaerobic
respiration. In humans, molybdenum cofactor deficiency (MoCD) is a severe neonatal onset
metabolic disorder with death in early infancy first described about forty years ago. Thirty
years later, a new therapy strategy based on the infusion of the precursor form of the
molybdenum cofactor, the cyclic pyranopterin monophosphate (cPMP) has been developed
and it was shown that it can improve outcomes of one form of MoCD.*” Among all living
organisms, bacteria possess the highest number and diversity of molybdoenzymes.* Indeed,
even if it is not exhaustive yet, the large panel of enzymatic activity they catalyze make them
key players in fundamental geochemical cycles and efficient tools for bioremediation and
depollution.®™

In bacteria, among the three families of molybdoenzymes (the xanthine oxidase (XO)
family, the sulfite oxidase (SO) family and the dimethyl sulfoxide (DMSO) reductase family)
only members of the SO family can be matured without the support of auxiliary proteins
while molybdoenzymes of the two others have been described to require specific accessory

1213 1o study the maturation of molybdoenzymes of

proteins dedicated to their biogenesis.
the DMSO reductase family, we have chosen to dissect the maturation process of TorA.> TorA
is a trimethylamine oxide (TMAOQ) reductase and the terminal electron acceptor of the Tor
respiratory system present in bacteria, especially in aquatic Proteobacteria. TorA turned out
to be an exquisite model because it is a simple enzyme with respect of its composition, a
soluble monomer containing the molybdenum cofactor (bis-molybdopterin guanine
dinucleotide cofactor (bisMGD) form) as sole prosthetic group. The study of this basic model
led to establish the various steps of molybdoenzyme maturation that were then also studied
in other molybdoenzymes and that are extensively described in various recent reviews.> **
TorA is a protein of about 90 kDa and its fold is organized into four domains with only the
fourth C-terminal domain being made with a continuous amino acid stretch and two

domains mainly involved in the binding of the cofactor."* Moreover, the cofactor is deeply

buried at the extremity of a funnel-like deep depression in the core of the enzyme. The latter



point shared by the numerous enzymes of the DMSO reductase family crystallized so far was
also observed in solved crystal structures of enzymes of the XO family members.* > The
maturation process of enzymes of the XO family has also been well studied, with the
xanthine dehydrogenase of Rhodobacter capsulatus as a model. Members of these family are
multimeric complexes containing either the basic Mo-MPT or the MCD (molybdopterin
cytosine dinucleotide) form of the molybdenum cofactor and also iron sulfur clusters and
FAD."

Altogether, these considerations imply the support of a chaperone activity, and
families of dedicated chaperones have been discovered, including: TorD, XdhC, NapD and
FdhD/FdsC families.”> An interesting feature is that molybdoenzymes and their cognate
chaperones, which are usually genetically related, seem to have coevolved. This latter point
could be an explanation concerning the high level of specificity between the
molybdoenzyme and the associated chaperone and it can also be the reason why, although
the fold of the chaperones is conserved in a given family, their overall sequence homology is
low. During the maturation process, the challenge is to insert the molybdenum cofactor into
the core of the folded apoprotein. In general, dedicated chaperones are multitask proteins.
They interact with several partners including their cognate molybdoenzymes and proteins
involved in the maturation process of the molybdenum cofactor, they protect the
apomolybdoenzyme from degradation by proteases, they act on the conformation of the
molybdoenzyme to induce a competent fold for the insertion of the molybdenum cofactor
and also probably to facilitate the folding of the enzyme after the insertion of the cofactor. In
addition, each chaperone possesses specific tasks linked to the characteristic of each enzyme
as, for example, the acquisition of other prosthetic groups, the subunit assembly, the final
maturation or sulfuration of the cofactor and the targeting of the mature form of the enzyme
to the TAT export machinery (all these findings have been largely described in several
reviews, see refs 5, 12, 13, 15).

Most of the time, there is a synteny between genes encoding the molybdoenzyme
and the chaperone, but sometimes the genes are located in different loci of the
chromosome, therefore making the identification of the gene coding for the specific
chaperone more difficult. Deletion of the gene encoding a potential specific chaperone is a
convenient approach to decipher whether the stability/maturation of the molybdoenzyme is
affected in such a context. However, in some cases no synteny and no obvious potential mate
chaperone have been found. Moreover, by listing the operons encoding orthologous

molybdoenzymes, it appears that depending on the bacteria, the gene encoding the



chaperone could be missing as exemplified by the absence of arrD encoding a TorD-like
chaperone in the genomic arsenic locus of Shewanella sp. ANA-3 compared to that of other

bacteria.> *®

This observation raises the question of why for some enzymes a dedicated
chaperone is required and why some others can insert their cofactor without the support of
accessory proteins. The fact that a minimal amount of TorA can be matured in the absence of
the chaperone TorD indicates that the maturation process can be done even without specific

1217 One can thus wonder whether

chaperone, although this appears not to be the rule.
general molecular chaperones play a role in the maturation process of molybdoenzymes
(figure 1). Furthermore, the absence of specific chaperones dedicated to the maturation
and/or the stability of molybdoenzymes of the SO family could be counterbalanced by the
involvement of general chaperones. So far, to our knowledge, this point has not been
elucidated.

General chaperones are present in every organism and assist most of the proteins in
the cell by preventing their aggregation and allowing their correct folding or activation.'®
Therefore, it is most likely that molybdoenzymes, like the other proteins, are at some point
clients of general chaperones. Since the insertion of the molybdenum cofactor is performed
in a folded apoenzyme, one can imagine that general chaperones may support the folding of
these complex apoenzymes by acting in the early steps. In addition, general chaperones
could help for the maturation of the molybdoenzymes in non-stress conditions. However,
when a stress arises, general chaperones become probably less available for the maturation
of molybdoenzymes since chaperones are titrated by the bulk of the other unfolded proteins
in the cell. Since molybdoenzymes are often involved in essential processes like respiration
® the cell cannot allow to lose these enzymes, and consequently it has evolved specific
chaperones that are dedicated to their molybdoenzymes and are thus always available for
their maturation.”

In addition, as explained above, efficient maturation of molybdoenzymes is a very
complex process that requires skills from specific chaperones that go well beyond the basic
roles general molecular chaperones can have. For example, the specific chaperone TorD
interacts with the molybdenum cofactor and with proteins involved in molybdenum cofactor
maturation, protects the molybdoenzyme from degradation and allows its maturation (figure
1).%° It is thus improbable that a general chaperone protein that has not evolved with its
mate molybdoenzyme could efficiently be able to fulfill these actions. Some specific
chaperones have evolved from general chaperones. An example of such an evolution is given

by the specific chaperone of a toxin-antitoxin system from Mycobacterium tuberculosis that



has evolved from the general chaperone SecB to specifically protect the antitoxin protein.”"
22 However, it does not seem that the specific chaperones involved in molybdoenzyme
maturation have evolved from general chaperone proteins.

Few studies so far have been undertaken to decipher the involvement of general
molecular chaperones during molybdoenzyme biogenesis. Moreover, when they were done,
it was on well-known enzymes pairing with a specific chaperone. For example, the general
chaperone trigger factor was proposed to interact with the signal peptide of TorA.”* In
addition, DnaK was shown to stabilize overproduced GFP chimera containing the signal
sequence of TorA.”* However, in this study the authors found that when physiologically
expressed, the maturation of TorA was not affected by the absence of the DnaK chaperone
system. On the other hand, other studies have proposed that the specific chaperone itself
interacts with general chaperones, as it has been shown for DmsD, a TorD homolog, that

227 It is still not clear if the

could interact with general chaperones including DnaK and GroEL.
role of the general chaperone is to help in the folding or stabilization of the specific
chaperone, or if this interaction could allow the hand off of the molybdoenzyme between
the general and the specific chaperones.

The question can be raised in another way. Indeed, to assess the role of general
chaperone, molybdoenzymes without specific chaperone could be a better model and could,
at first, allow to avoid competitive effect between the two types of chaperones. With
production of molybdoenzymes increasingly becoming an important challenge with respect
to their capacity of bioremediation and depollution, it will be crucial to elucidate if a

combination of specific and general chaperones could improve the production and

maturation of the molybdoenzymes.
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Figure 1

Maturation of molybdoenzymes: A product of team work?

MoMPT: molybdenum cofactor; MobA: bacterial enzyme involved in the final step of

molybdenum cofactor biogenesis.
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