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1. Introduction

1.1 Mitochondria: a fundamental hub for eukaryotes

Mitochondria are essential organelles located in all eukaryotic cells and are well known as
the powerhouse of cell, since they are in charge to restore the supply of the most
important source of chemical energy in cells, adenosine triphosphate (ATP). As it will be
described in the following sections, many other fundamental functions are obtained by
cells through its action. As we will see also in section 1.1.2, the origin itself of
mitochondria is an exciting story about the early step of evolution of eukaryote organisms
about 1-1,5 billions years ago, when aerobic organisms spread on Earth. Many aspects of
its pivotal functions for life still today remains to be clarified, making the study of this
organelle particularly significant in modern structural and mechanistic biology.

AP yyrihase particses
A
A

Figure 1.1. Animal Eukaryotic Cell and mitochondria organization
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1.1.1 Functions of Mitochondria

Electron Transport Chain

Aerobic organisms are able to capture much more energy from Oz-oxidized substrates
then the anaerobic organism. This feature is fundamental for eukaryotic cells, since they
are much more bigger and complex than any other life form and, without this larger
energy supplies, they could not face all the demand needed. The main core of the energy
powerhouse of eukaryotic cells is the Electron Transport Chain, which occurs in
mitochondria.

In the cytosol the oxidation of carbohydrates, fatty acids and amino acids, achieved
through many important metabolic pathways (e.g. glycolysis), leads to acetyl-CoA (acetyl
Coenzyme A). Then Acetyl-CoA enters in mitochondria and it is finally degraded to
oxaloacetate through the citric acid cycle, which releases its reducing equivalent, the
name (“2H” in Figure 2¢) commonly used for indicating the electrons released from these
oxidations, producing NADH and FADH,.

The potential created from the reducing equivalents is then transferred through all the
members of the Electron Transport Chain (Fig. 2b), which uses this potential to create a
gradient of protons (H*) between the Inter Membrane Space (IMS) and the mitochondrial
matrix. Finally, protons come back to the IMS with a coupled reaction that regenerate ATP
from ADP and single phosphate ions (Pi).

Figure 2a shows the four protein complexes that form the respiratory chain. Electrons
flow through these complexes reaching, as final acceptor, molecular oxygen, which is then
reduced to water. Here is a short description of the system:

¢ Complex I: Electrons released from the citric acid cycle are captured from the
cofactor NAD*, which is oxidized to NADH + H*. Electrons from NADH are then
released to the proteins of the Complex I, which is formed by a flavoprotein and a
series of iron-sulphur proteins. Then, electrons leave the complex, with the
oxidation of ubiquinone (named Q).

¢ Complex II: Complex II is similar to Complex I and also has a flavoprotein and
iron-sulphur proteins. The natural target of this complex is succinate, while the
final acceptor is still Q.
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Figure 1.2. Eukaryotic aerobic metabolism: from nutrients to the electron transport chain'

Degradation of nutrients starts in cytosol of eukaryotes (C). Mitochondria hold the final part of this metabolism
pathway with the so-called Electron Transport Chain (B). More than 10’000 Mitochondrial Respiratory Chain (A)
systems are located in the inner membrane of the organelle (30’000 in hearth cells).

* Complex III: It contains two different cytochromes: b and c1, which, respectively,
hold two heme cofactors and one [2Fe-2S] cluster. The release of electrons to the
complex is achieved with the so-called Q cycle.

* Complex IV: In this step cytochrome c releases the electron, received from
complex IlII, through the reduction of molecular oxygen to water. The complex is

formed by many subunits, nevertheless the main and most important are just
three: subunit I, with two heme groups, a and asz, and a copper ion, Cug (the latter
two forming a binuclear Fe-Cu center); subunit II, with a binuclear center, Cua;
subunit III which seems to be essential for Complex IV function, but its role is not

yet well understood.
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Other Function of Mitochondria

Many other fundamental functions of Mitochondria have been discovered in the past
years. Mitochondria host two of the three machineries for the biogenesis of iron-sulphur
cluster proteins: ISC and ISC-export (see section 1.2.1.2). It is also the main actor in the
controlled death of cells (apoptosis) in multicellular organisms? and an important hub for
the regulation of metabolism, in particular for the calcium ion Ca2* 3. Recently
mitochondria have also been associated to the regulation of steroids synthesis*.

1.1.2 Mitochondria have its own DNA: the Endosymbiosis hypothesis

An interesting and thrilling aspect of Mitochondrion is that it has its own DNA (named
mtDNA). This feature, which is common to all eukaryotes, probably is one of the sharpest
examples of an evolution pathway (Fig. 1.3a): about 3 billions years ago photosynthetic
02-producing cyanobacteria appeared on Earth and, in less than a billion years, they
changed so dramatically the atmosphere composition of Earth that air became an
oxidative medium. Evolution responded to these changes with the first appearance of
aerobic bacteria (2,5 billions years ago).

Surprisingly when about 1,5 billions years ago appeared the first class of eukaryotes,
protists, they were still anaerobic and unable to master the new oxidation products that
are now commonly obtained with an enormous energetic advantage. At that time
mitochondria were a small species of aerobic alphaproteobacteria, bearing a typical
proteome of 630 distinct genes>®. It is not clear exactly how things went at that time, but
it is now largely accepted that the two organisms underwent an endosymbiosis
relationship: mitochondria were enclosed in the eukaryotic cells, giving them the
capability to manage an aerobic metabolism and in exchange they received protection and
nutrients from the larger cell (Fig. 1.3b).
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Figure 1.3. The Role of Mitochondria in the evolution of life on Earth.
(A) Landmarks in the evolution of life on Earth. (B) Evolution of eukaryotes through endosymbiosisl. (Q)
Distribution of genes and proteins in modern eukaryotes. As example values for S. Cerevisie are here reported7.

The endosymbiosis was then strengthened with the withdrawal of the majority of genes
from the mtDNA, that were mainly transferred to the cell nucleus: today in modern
eukaryotes mitochondria genome codes only 0.1 to 1% of the cellular proteome, while all
the other proteins are encoded from nuclear DNA and thus produced in the cytosol (Fig.
1.3c)’. Cytosolic proteins necessary to mitochondria (10 to 20% of the cellular proteome)
therefore need to be imported in the organelle after their production. Eukaryotes cells
perform this task with a complex machinery that is part of the topics of this thesis (see
next section).
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All eukaryotes evolved from this first cell that established the endosymbiosis relationship
with mitochondria. Later in the evolution the story was almost repeated in the same way:
from the enclosure of a photosynthetic cyanobacterium, some eukaryotes acquired the
ability to manage photosynthesis. Still today modern photosynthetic eukaryotic cells have
as organelles both mitochondria and the chloroplast, which is the organelle derived from
that enclosed cyanobacterium (Fig.1.3b).

Mitochondrial Diseases

Due to its fundamental role in the housekeeping of eukaryotic cells, many diseases are
associated to mitochondria. Since mitochondria have both mtDNA and nuclear DNA
encoded proteins, diseases can be related to genes of both DNAs. Among them,
myopathies and diabetes have been associated to mutations on mtDNA genes®, while
well-known diseases, such as Parkinson, Alzheimer and Huntington, have been associated
to mitochondria dysfunction due to mutations of nuclear DNA. Usually in the latter case
genes encoding protein to be imported in mitochondria are damaged and the mutated
protein leads to dysfunction in mitochondria activities only when they reach the
organelle®.

1.1.3 Mechanism of protein import and maturation in Mitochondria

As mitochondria have two distinct aqueous environments (the IMS and the matrix)
separated with two membrane layers, the system of protein import from cytosol is
particularly complex, since it offers a large range of possibilities in order to manage all the
needs for protein sorting in mitochondria.

The last decade was really exciting on this topic, since several important facets of these
mechanisms were discovered. Although many aspects of these machineries still need to
be clarified, we can now describe a general picture of the system:
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Figure 1.4. Biogenesis pathways of mitochondrial proteins™.

This is a global picture of the available machineries of import and sorting for mitochondria. Proteins synthetized
in the cytosol (1) are imported through the TOM channel in IMS and here sorted (2). Proteins with a presequence
are imported mainly in the matrix through the TIM23/PAM machineries (3) and here undergo removal of the
presequence by MPP. Proteins containing cysteine are sorted in the disulfide relay machinery through
interaction with Mia40 (5). Proteins containing hydrophobic exposed sequences undergo through the Tim9-
Tim10 machinery and then are sorted to the outer membrane through the interaction with SAM (6) or to the
inner membrane through interaction with TIM22 (7). Important inner membrane proteins are produced from
mtDNA (9) and then reach the membrane through the OXA machinery. Other proteins can reach their position in
the outer or inner membrane through some specific pathway (4 and 8).
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Figure 1.5. Presequence Pathways and Carrier Pathway™.

(A) Presequence pathway followed by proteins to be sorted in the inner membrane of mitochondria. (B)
Presequence pathway followed by proteins that are sorted through the PAM complex and then reach the matrix.
(C) Carrier pathway followed by proteins containing hydrophobic exposed residues; they use as chaperone Hsp70
(in cytosol) and Tim9-Tim10 in the IMS. They are finally sorted to the inner membrane by the TIM22 complex.

Most of imported mitochondrial proteins from cytosol enter in the IMS through the
Translocase of the Quter Membrane (TOM), that is a protein complex formed by three
receptors: Tom20, Tom22 and Tom70, and the intermembrane channel Tom40. The
different receptors can recognize different consensus on the cytosolic protein and let
them enter through the channel? (Fig. 1.5).

Machineries for presequence pathway proteins

Many proteins use a specific presequence to be recognized by both TOM20 and TOM22
receptors. These sequences must be then removed in order to obtain the fully active
mature form of the protein.

After the binding of the protein to the receptors, the TOM complex let the transit of the
protein in the IMS through the TOM40 channel (Fig.1.5a and Fig.1.5b)°.

Proteins enter as a single a-helix filament and are immediately recognized by the TIM23
(where TIM stands for Translocase of the Inner Membrane) complex, through the
interaction with TOM50, a receptor protein. TIM23 complex contains also two other
channel proteins, Tim17 and Tim23, and, depending by the presequence of the protein
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recognized by TOM50, can bind other specific proteins in order to correctly send the
protein to its meant destination:

¢ If the protein has to reach the inner membrane the complex it binds also Tim21,
which additionally binds the TOM channel and the Complex III of the respiratory
chain. The following complex, named TIM2350RT, Jet the Mitochondrial Processing
Peptidase (MPP) to catalyze the enzymatic removal of the presequence and, finally,
to perform the transfer of the protein to its final target (Fig. 1.5a). Tim21 is a
regulator of this process, but its connection with the respiratory chain still remains
unclear!?,

¢ Ifthe protein has to reach the matrix, the TIM23 complex rearranges completely in
order to let the protein pass the open channel through Tim23. The active complex,
named TIM23-PAM, is formed also by many proteins of the Presequence
translocase-Associated Motor (PAM) complex, which assists the proteins both in
the transfer across the inner membrane and in the following enzymatic cleavage of
the presequence catalyzed by MPP (Fig. 1.5b)12.13,

Machineries for carrier pathway proteins
These proteins are formed by multiple a-helices and, when mature in the inner
membrane of mitochondria, act as carriers of important metabolites such as ATP/ADP.

As they are membrane protein, they have several hydrophobic solvent exposed residues
and, therefore, in order to avoid their aggregation, their maturation process must be
tightly controlled by protein chaperones, both in the cytosol and the IMS. The cytosolic
chaperones are two Heat Shock Proteins (Hsp70 or Hsp90), while in the IMS the
hexameric Tim9-Tim10 complex binds the protein immediately after the transport across
the membrane. Both chaperone recognize specific sequences on the protein and not only
protect them from aggregation, but also lead them to their designed target: TOM70 in the
cytosol (from which they bind the TOM channel complex and enter through TOM40 in the
IMS) and TIM22 in the IMS, a protein complex in mitochondrial inner membrane that
activate and then release in the membrane the carrier proteins (Fig. 1.5¢)415,

Protein sorting to the outer mitochondrial membrane

All proteins of the mitochondrial outer membrane are nuclear encoded and imported
form the cytosol. Although the membrane is directly in contact with the cytosol itself,
none of them are simply inserted from the outside. Two complex mechanisms have been
developed by cells to realize their maturation (Fig. 1.6):



e 15 Introduction

A P-barrel precursor

Tom40
—
membrane :
Tim9-Tim10
a-helical precursor a-helical precursor a-helical precursor
N sngni/-\ Intemal sngnal
. ""V'
b by |

Figure 1.6. Protein sorting to the outer mitochondrial membrane™

Proteins sorted into the outer mitochondrial membrane essentially follow a secondary-structure encoded
pathway in their mitochondrial maturation: B-barrel proteins, in a way similar to carrier proteins, enter through
the TOM channel machinery, then bind to the Tim9-Tim10 complex, which act as chaperone, and finally are
inserted in the outer membrane by the SAM complex machinery (A). a-helical proteins are the only cytosolic
mitochondrial proteins not imported in the IMS before completing their maturation. Their import mechanisms
have not been completely characterized. Here are shown three examples, the first two of them using,
respectively, Mdm1 and Sam as final target for the insertion in the outer membrane (B).
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=  B-barrel proteins (Fig.1.6a)

B-barrel proteins use a mechanism similar to the one of the carrier proteins: once
imported through the TOM complex in the IMS, they interact with the Tim9-Tim10
hexameric complex, that act as chaperone of the protein, guiding it to the Sorting
and Assembly Machinery (SAM), which is a complex formed by Sam35, Sam37 and
Sam50, that can complete the maturation of the protein and its insertion in the
membrane. Some proteins need also the assistance of the Mitochondrial
Distribution and Morphology 10 (Mdm10)1617,

= a-helical proteins (Fig.1.6b)
a-helical proteins insertion mechanisms have only been partially clarified. It seems
almost certain that these are the only mitochondrial proteins that are not imported
in the IMS before completing their maturation. Among the proposed mechanisms,
two proteins seem to be involved: the Mithocondrial Import 1 (Mim1) and SAM
itself. These proteins can recognize a specific sequence in a-helical proteins and
complete their maturation with the final insertion in the outer membrane1819,

Mitochondrial Disulfide Relay Machinery

Until a few years ago it was assumed that the IMS should be not so different from the
cytosol and therefore it should essentially be a reducing environment, in which the
oxidation reactions should be particularly disfavored. Many experimental evidences have
now changed this initial belief: IMS is considerably more oxidizing than both cytosol and
the mitochondrial matrix?°.

In fact it is common feature to many proteins to enter in the IMS in a reduced form and
then undergoing oxidation inside the IMS. Generally the change in the oxidation state let
them obtain the fully mature oxidized form.

This redox-controlled maturation process is usually tightly controlled through a specific
pathway, the disulfide relay machinery, named also to its main proteins, Mia40/ALR. This
pathway guide the maturation of reduced proteins through a control of the relative redox
potential of all proteins involved in the maturation process (Fig. 1.6)21.
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Figure 1.7. Mitochondrial Disulfide Relay™*>".

(A) Proteins with a characteristic CX,,C target signal, if completely reduced, can enter through the TOM channel in
the IMS without any interaction with other proteins. (B) For some proteins the import process can be controlled
in the cytosol: it has been observed that Zn (l1) binding to mitochondrial proteins can prevent their import in the
IMS (right). It has also been proved that some proteins can be imported in the IMS while still be synthetized:
proteins such as PUF3, located in the mitochondrial outer membrane can bind specific sequences in the mRNA of
the protein, keeping thus the ribosome close to the mitochondria, during the traduction process (left). After the
import they reach their mature fully folded state through an oxidation catalyzed by Mia40 that closes one or
both the disulfide bonds. Mia40 is then restored to its functional oxidized state by Ervl/ALR (a FAD binding
protein), which can finally restore itself to its functional state through the releasing of the electrons to the
complex IV of the respiratory chain where they reach molecular oxygen as final acceptor (A). Here is showed the
first discovered form of Mia40 in fungi, which is docked to the inner membrane of mitochondria through an N-
terminal linker region. Yeast and human homologue of the protein however, do not have this docking region and
thus are free to move inside the IMS.
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Protein import

Disulfide relay proteins do not have any specific presequence and they only have
in their sequence a targeting signal that is recognized by Mia40 only after the
import in the IMS (see above). Therefore proteins do not interact directly with any
subunit of the TOM channel complex and can enter in the IMS crossing the trans
membrane channel without any assistance. The only essential condition for this
import is that the proteins must be reduced and almost unfolded when crossing
the channel (Fig. 1.7a)1o.

Nevertheless, some import control mechanisms have been identified also for this
machinery. Here are the two most common methods (Fig. 1.7b):

0 Some proteins, such as Cox17, are imported in the IMS while they are still
being synthetized by ribosomes: it has been shown that an outer membrane
protein, Puf3, can recognize specific 5’-UTR regions of mRNA sequences
encoding for mitochondrial proteins, thus anchoring the ribosome very
tight to the surface of mitochondria. The actual role of Puf3 in the
traduction process, however, has not been completely clarified?2-24.

0 The import process of other substrates can be controlled by the binding of
zinc in the cytosol on fully reduced proteins. When bounded to zinc,
proteins acquire some degree of structure, which can prevent their import
through the TOM complex. After the removal of zinc they are then free to
enter. This mechanism has been described for Tim9-Tim10 and it is still not
clear if some zinc-bounded proteins can enter anyway in the IMS. This
could explain also the role of Hot13, which is a cysteine rich protein that
can remove zinc from proteins inside the IMS25-29,

Mia40 oxidation

Once imported inside the IMS, the reduced and unfolded proteins undergo
maturation through oxidation catalyzed by Mia40 (Mitochondrial IMS Import and
Assembly pathway 40 kDa, also sometimes termed Tim40), which is conserved
and ubiquitously present among all eukaryotes. Several studies proved that it is
fundamental for life3031,
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Mia40 is formed by a strongly conserved CHCH domain and an N-terminal linker
region that can keep the protein anchored to the mitochondrial inner membrane
(as showed in Fig. 1.7a). This region is present in fungi, but not in animals and
plants and its role remain unclear3.

The CHCH (coil-helix-coil-helix) domain (8kDa) structure has been resolved (Fig.
1.8): it has six invariant cysteine residues, which form a twin CX9C motif, with two
structural disulfides. At the N-terminal part, connected through a short linker,
there is also a CPC motif, which is a short helix that forms with the other two helix
of the protein a hydrophobic binding groove. This groove gives Mia40 the
capability to recognize the targeting signal of reduced proteins that can undergo
maturation through the oxidation with Mia40. The targeting signal is also know as
ITS (IMS-Targeting Signal) or MISS (Mitochondrial IMS-Sorting Signals)32-35,

Miad40

CXXC &

Figure 1.8. Mia40 and Erv1®'.

Structural representation of the active form of two main proteins of the relay: Mia40 and Ervl, which in its
mature active forms a dimer.
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The ITS is the first part to interact with Mia40. It was suggested that the helix
formation begins immediately after the binding of the two proteins. The oxidation
occurs with the formation of a disulfide bond that is mediated by the CPC motif of
Mia40: an intermediate with a mixed disulfide between the cysteine of CPC and the
protein was observed (Fig. 1.9)30,31.33,36,

After this oxidation the protein is released from Mia40 witch is then restored to its
functional state by Erv1l/ALR (see next point). The other protein, which is almost
completely folded, it is now trapped in the IMS, but needs still to complete its
maturation, with the formation of a second structural disulfide bond. How this is
performed in vivo is still not clear. In vitro studies have shown that molecular
oxygen can perform this second reaction3233. It was also observed that, in the
presence of glutathione (GSH) in solution, Mia40 is also able to complete this
second reaction. The role of GSH in this mechanism, however, is still not clear36:37,
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Figure 1.9. Mia40 mechanism of oxidation of a CHCH protein®®

The mechanism here described is common for all CHCH proteins undergoing Mia40 oxidation and has an
intermediate step in which Mia40 has a cysteine of CPC motif bound to the cysteine of the structural disulfide
bridge that is forming. In the following step the disulfide bridge is closed and reduced Mia40 is formed.
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Ervl/ALR oxidation of Mia40

Also this second element of the disulfide relay is fundamental for life and
ubiquitously present and conserved among all eukaryotes. It was discovered as a
protein that can stimulate the liver regeneration, thus it was called Augmenter of
Liver Regeneration (ALR). However it has not been proved yet whether it plays a
physiological role in liver development3&.

As part of the disulfide relay is also known as Essential for Respiratory growth and
Viability 1 (Erv1) and it is a sulfhydryl oxidase that consist of two domains: the N-
terminal less structured region (named also shuttle domain) and the C-terminal
FAD-binding domain (Fig. 1.8).

The structure of ALR has been resolved and characterized, showing that it is an
homodimeric flavoprotein: each subunit has a conserved bundle of four helix,
holding a FAD cofactor covalently bound in a hydrophobic pocket and a flexible N-
terminal domain that act as electron shuttle. Two CXXC motifs are present: one in
the shuttle domain and one on the surface of the bundle. In the homodimer the two
subunits are upside-down and the shuttle domain of one protein is close to CXXC
motif of the FAD domain of the other. The main difference between Erv1l and ALR
is that the latter has also two further cysteines participating in intermolecular
disulfide pair that stabilizes the ALR dimer. 37,39-44,

The shuttle domain resembles an ITS-containing domain and thus can bind easily
Mia40. After the binding the disulfide bridge of Mia40 is restored and then
electrons flow through the two CXXC motifs until reaching FAD. After the releasing
of Mia40, Ervl complete the electron flow, being restored to its functional state
after the reduction of Cytochrome c (CytC), which is connected to the final end
(complex V) of the respiratory chain*+45,
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1.1.4. Substrates of the Mitochondrial Disulfide Relay

A large part of proteins undergoing the Mia40/Erv1 machinery has a common coil-helix-
coil-helix (CHCH) tertiary structure, with a typical twin CX,C (CX3C and CX9C) motif, which
can form the two structural disulfides in the mature folded form (Fig. 1.10a and Fig.
1.10b). These proteins are largely conserved among eukaryotes and bioinformatics
analysis suggested that there should be only about 60 members of this class. Today, only
half of them have been individuated6-48,

Twin CX3C Proteins

This class of proteins has only 5 members known. In the oxidized form they have a
typical CHCH structure with two long a-helices, that explain their high propensity
to form hexameric complexes with other proteins of the same class: in the complex
each protein is present with 3 subunits. The known twin CX3C complexes are
Tim9-Tim10, Tim18-Tim13 and Tim9-Tim10-Tim12, associated with the
membrane TIM22 (Fig. 1.10a and Fig. 1.10c).

They act as protein chaperones in the IMS, helping the maturation of other
proteins imported through the TOM channel21:49,50,

Twin CXoC Proteins
15 proteins of this class are known and they have a typical more compact structure
than the one of the twin CX3C proteins. Their functions are quite heterogeneous.

Mia40 itself belongs to this class, although it is quite bigger than the others
proteins of this class and has a further domain (Fig. 1.10b)4¢.

Among the twin CXoC proteins, many are involved in the assembly of the
cytochrome c oxidase in the respiratory chain, such as, Cox17, which is a copper
chaperone to Cox1 and Cox2 that are part of the complex>1-33,

Other members are involved in the housekeeping of mitochondria, such as Mdm35,
which is involved in the lipid homeostasis, binding Ups proteins>.
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Figure 1.10. Twin CX3C and CXsC proteins

(A) Tim9 structure as example of a twin CX3C protein. (B) Mia40 structure as example of a twin CXoC protein. (C)
Oxidized twin CX5C proteins form hexameric complexes with 3 subunits of one protein and 3 subunits of the
partner protein. In this case the complex between Tim9 and Tim10 is shown™®.
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1.2. Role of Metals in the Activity of Proteins

Proteins, which are really adaptable and capable to manage many complex tasks, cannot
cover the whole range of needs of cells. Therefore cells use cofactors associated to their
proteins.

Although among the many cofactors used by cells there are some are organic molecules,
the most used cofactors are metals. When a metal is associated to a protein as a cofactor,
the protein takes the name of metalloprotein.

The key of this large success of metals as cofactors is in their versatility: they can catalyze
easily many reactions, such as redox or hydrolysis, or their charge potential can be used
as an information for signaling tasks.

It has been hypothesized that more than 1/3 of all genes encodes for metalloproteins.
This number is so high also because metals usually must be used by cells with extreme
caution, since they can be also toxic for them. Therefore cells have developed complex
machineries that can protect cells from hazardous side effect and to control tightly the
uptake and the use of metal ions in cells®>.

1.2.1Iron

This metal is one of the most important for cell survival. All eukaryotes and most
prokaryotes uses it as cofactor with two main roles:

1. Hemeproteins
Heme groups (Fig. 1.11a) are cofactors widely used in cells, since they can bind
oxygen directly to the iron at center of the cofactor. Hemeproteins can bind oxygen
to transport or to storage it.

2. Iron-sulphur proteins
Iron-sulphur cluster are cofactors formed by a combination of iron and sulphur,
bound directly to the proteins (Fig. 1.11b). They are widely used for electron
transfer, since they can spread over a large redox potential. They are also used as
structural cofactor in some proteins.
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Figure 1.11. Examples of iron uses as protein cofactor

(A) Heme c cofactor, used in cytochrome c. (B) Iron sulphur clusters, used in Fe-S-proteins. Several iron-sulphur
clusters are known: the most common are [2Fe-2S], at the top, and [4Fe-4S], at the bottom (Color Legend: iron,
red; sulphur, yellow; protein ligands, black)ss.

Although iron is so important for cells, it remains a toxic element too. Free iron is usually
in the reduced form ferrous (Fe?+), as ferric form (Fe3*) is insoluble. However ferrous
iron can do Fenton-type redox that originates radicals, named, Reacting Oxygen Species
(ROS):

Fe2+ + H,02, —Fe3*+ + OH- + OH-

Fe3* + H,0, —Fe2* + OOH- + H*
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Such species are particularly dangerous to cells, since ROS can react with almost every
carbon containing element in the cell: lipid membranes, proteins and nucleic acids,
destroying them.

Therefore cells must avoid any excess of free ions in cell: this is achieved through a
complex machinery that takes care of iron both inside the cell and in multicellular
organism, inside the body. Many diseases are related to defects in the iron control.

1.2.1.1 Uptake and Homeostasis

Every day almost 20-25 mg of iron are cycled in the human body, although only a small
part of it is effectively lost and reassumed through the diet. The large part is directly taken
from reservoirs of iron in cells (Fig. 1.12a).

Transferrin (Tf) is the protein that transports iron through the body. In its active form it
binds two Fe (III) and, in order to make faster the releasing of the ions at the target cell, it
is directly enclosed inside cell, forming endosomes, while still bounded to Fe (III). A
ferrireductase then reduces the ions to Fe (II), allowing them to exit in the cytosol
through the divalent metal transporter protein DMT1 (Fig. 1.12b).

This mechanism is common to almost all tissues in the human body, with the exception of
the intestinal tissue, in which enterocytes assume iron ions directly from food. A
ferrireductase (cytochrome b-like ferrireductase, Dcytb) is on the cell outer membrane
and reduces Fe (III) to Fe (II), allowing it to enter through DMT1, which also in this case is
on the surface of the cell (Fig. 1.12b)>7-59,
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Figure 1.12. Iron Homeostasis®'.

(A) Iron systemic homeostasis in humans. Transferrin (Tf) is the transporter of iron across different tissues. Only a
small part of iron is assumed directly from diet each day. The rest is recycled from the one already available. (B)
Cellular iron metabolism: Inside all eukaryotic cells only Fe (Il) is present and only a small part of it is actually
free, forming the cellular labile pool of iron. Transferrin enters in cell forming endosomes without releasing iron

on the outside.

Fe (II) ions that are released through these patters became part of the so-called cellular

labile iron pool (that is the pool of all available iron ions in the cell) and can then be

sorted in many ways. The main are:

= Storage inside ferritin

Ferritin is a ubiquitous and highly conserved protein, which is formed by 24 light
(L) and heavy (H) chain subunits, with a central core that can bind up to 4500 Fe
(IIT) ions. The ratio of L and H subunits can vary accordingly the tissue cell, but the
ferroxidase activity is always performed by only the H subunit®0-62,

Ferritin has the role to sequester ions from the labile pool, keeping the actual

number of free ion very low.
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= Export to other tissues®’
Not all tissues have mechanism to release iron ions, but this is fundamental for
enterocytes, macrophages, hepatocytes, which all use the same mechanism (Fig.
1.12b): Fe (II) ions are exported by ferroportin and then immediately oxidized to
Fe (III) by ceruloplasmin (Cp) or hephaestin, an homologue ferroxidase for
enterocytes, and then immediately bound to transferrin, which is now free to leave
the cell.

= Intracellular Distribution
A large part of ions of the iron pool are imported in mitochondria, where they can
be used both for heme incorporation and for the assembly of nascent iron-sulphur
cluster. This assembly machinery will be topic of the next section.

Another part of iron pool ions stays in the cytosol, were can be involved in
alternative route of iron-sulphur cluster assembly (see next section) and in the
systemic regulation of iron (see section 1.2.1.3).

1.2.1.2 Iron-Sulphur Cluster: Function and Biogenesis

Iron-sulphur clusters are fundamental for life, since they are key participants to
respiration, photosynthesis and nitrogen fixation in both bacteria and eukaryotes. The
key of this wide success is the large versatility of the cluster, which is used for both redox
and non-redox catalysis, but it is also useful for regulatory proteins.

The most common iron-sulphur clusters are [2Fe-2S] and [4Fe-4S] (Fig. 1.13a). Often,
during ligand-exchange reactions or oxidative degradation, also the intermediate [3Fe-4S]
cluster can be obtained, although no direct interconvertion to [2Fe-2S] is possible.
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Figure 1.13. The structural and chemical versatility of iron-sulphur (Fe-S) clusters’®.

(A) The most common Fe-S clusters are [2Fe-2S] and [4Fe-4S]. On the right there are some examples of much
more complex clusters that can be assembled from these two basic units (Color Legend: iron, red; sulphur,
yellow; molybdenum (Mo), brown; nickel, green; copper, blue and protein ligands, black). (B) Examples of
substrate binding and catalysis in two important enzymes: aconitase and S-adenosylmethionine (SAM)-
dependent Fe-S enzymes. (C) Examples of interconversion and disassembly of a Fe-S clusters. No direct
interconversion between [3Fe-4S] and [2Fe-2S] has been yet observed.

Function of Iron-Sulphur Clusters
Here are some of their main functions of the iron-sulphur cluster proteins:

= Cofactor for redox activities
Electron transfer reactions are so common among iron-sulphur proteins because
of their large range of redox potential: from =500 mV to +300 mV!
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As a consequence, iron-sulphur clusters can easily serve both as donor and as
acceptor of electrons. Iron-sulphur proteins with redox capabilities are ferredoxins
and hydrogenases, and can be found also in the mitochondrial respiratory
complexes63.64,

= Cofactor for enzyme catalysis
Two are the most well-known enzymes that use iron-sulphur cofactors for
catalysis (Fig. 1.13b): aconitase, which uses a peculiar geometry for binding the
cofactor (that is only partially coordinated) to catalyzes a condensation reaction
from citrate (which is its substrate); S-adenosylmethionine (SAM)-dependent
enzyme, which use the degradation of the cofactor as sulphur donors6.64,

= Structural cofactor for proteins
It is a recent discovery that iron-sulphur clusters can have also this role, especially
in DNA/RNA-related protein, such as adenosine triphosphate (ATP)-dependent
DNA helicases involved in nucleotide excision repair (Rad3, XPD, FANC])®>.

= Sensing and signaling
Also this is a recent observation. Further details will be given in section 1.2.1.3.

Biogenesis of Iron-Sulphur proteins

Cells follow different pathways to build their iron-sulphur clusters, but all these pathways
have common biosynthetic rules, showed in Figure 1.14. As we will see, usually the
proteins involved in the machineries are very close, or even forming a large complex of
proteins in which two or more of the following steps are performed by different subunits
of the complex.

The key points of the iron-sulphur cluster proteins biogenesis are:
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1. The release of sulphur directly from cysteine, which become an alanine, through
the catalysis of a desulphurase.

2. The release of a Fe (II) ion from an iron donor, which usually is delivered directly
to a scaffold protein.

3. An electron transfer, with the reduction of sulfur (S°) to sulphide (S-%2), which is the
form of sulphur in the cluster assembly. The reduction is catalyzed by a ferredoxin
reductase.

4. The biosynthesis of the cluster, which is performed by a scaffold protein that act as
the platform for all the reactions 1, 2 and 3. After the biosynthesis the scaffold
protein binds the nascent cluster with labile interactions, making it ready for the
final transfer to the target protein.

5. Final transfer of the cluster to the target protein, which is achieved by specific
cluster transfer proteins that can detach the cluster from the scaffold and also help,
as chaperone, the apo protein in the correct assembly of the cluster.

Fe?*

()
/.\ 3 ' proteins l
Cys Ala % %

Fe-S proteins

Figure 1.14. Biosynthetic rules for the assembly of Fe-S proteins®.

General scheme common for both bacteria and eukaryotes for the assembly of Fe-S proteins: (1) Release of
sulphur from cysteine by a desulphurase. (2) Release of iron, from an iron donor. (3) Electron transfer by a
ferredoxin reductase, with the reduction of sulfur (SO) to sulphide (S"z). (4) Biosynthesis of the cluster, performed
by a scaffold protein. (5) Final transfer of the cluster to the target protein
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The biosynthesis of iron-sulphur cluster is realized through several mechanisms, which
are largely conserved among bacteria and eukaryotes. In bacteria three are the pathways
identified:

1. NIF system, which is used for maturation of specific nitrogenase in azotothrophic
bacteria

2. ISC (Iron-Sulphur Cluster) assembly, which is used for the production of normal
housekeeping Fe-S proteins

3. SUF machinery, which also is used for the production of the same housekeeping
Fe-S proteins, when bacteria are experiencing oxidative stress.

A very interesting fact is that the Fe-S proteins biogenesis pathways in eukaryotes are
another consequence of the endosymbiosis established between mitochondria,
chloroplasts and the first eukaryotes cells (see section 1.1.2): during the process of
integration between the organelles and the eukaryotic cell, ISC became the most
important mechanism for Fe-S proteins biogenesis in eukaryotes, remaining located in
mitochondria. In a completely similar way, the SUF machinery has been kept in
chloroplast of eukaryotic cells having both organelles67.68,

Of course eukaryotic cells need many Fe-S proteins in the cytosol and in nucleus, too.
Initially it was believed that ISC-assembled clusters could be exported in the cytosol and
then transferred to cytosolic Fe-S proteins. An ISC-export system was indeed identified,
nevertheless the export protein of this system has not yet been discovered®. Today it is
commonly believed that this protein should be rather a sulphur-containing protein
without a formed cluster and that this protein should be in some way one of the sources
of sulphur of the cytosolic alternative pathway for iron-sulphur cluster protein biogenesis
that was finally discovered: the Cytosolic Iron-sulphur Assembly (CIA) machinery®679.

= The ISC machinery
The comparison between both bacteria and eukaryotic ISCs showed how the two
systems are so close, since they have large similarities. As can be seen in Figure
1.15, the two machineries follow the same classic biosynthetic scheme:

1. In bacteria the sulphur removal from cysteine is catalyzed by the
desulforase IscS, while in mitochondria the same task is performed by the
complex between the IscS-like desulphurase Nfs1 and Isd117172,
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The most important iron donor to ISC in bacteria is Cya-Y, while in
mithocondria is frataxin (Yfh1 in yeast), which is a [2Fe-2S] protein that
release iron only after forming a complex with the mitochondrial scaffold
protein complex Isul-Nfs173.74,

A [2Fe-2S] ferredoxin conserved in both bacteria and eukaryotes, named,
respectively, Fdx and Yah1 performs the electron transfer directly to the
scaffold protein, thus activating the latter in the assembly of the cluster. In
mitochondria Yah1 is the final acceptor of an electron flow, starting from
NADH and involving also an intermediate ferredoxin reductase, Arh175.

The main scaffold protein in bacteria is IscU, but other similar systems, such
as IscA and SufA are also present. In mitochondria Isul is the conserved
scaffold protein for Fe-S cluster assembly. In yeast mitochondria also Isu2
has the same role®®.

The transfer of the cluster to the apoprotein is achieved in bacteria upon
the help of the chaperones proteins HscA-HscB, while in mitochondria there
are many proteins that help the correct maturation of the apoprotein: Ssq1l,
Jacl, Mgel and the monothiol glutaredoxin Grx5 (see next section).
Sometimes further proteins are involved in this pivotal mechanism76-78.
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Figure 1.15. Iron-Sulphur Cluster (ISC) assembly machinery in bacteria and eukaryotes®.
The two machineries are almost completely conserved. In both ISCs is possible to follow the steps as described in

Figure 1.14.
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Figure 1.16. ISC export machinery and CIA machinery®.

ISC and CIA Fe-S protein assembly machineries are connected through the ISC export machinery. The X protein
that is believed to actually connect the two systems is still not known. The CIA machinery itself needs several
aspects to be clarified.

= The ISC export machinery
Experimental evidences showed a strong connection between the ISC and the CIA
assembly machineries, since the latter cannot work if the first is not
functioning?0.79,

It is believed that the ISC-export pathway should bring supplies of sulphur and,
less probably, iron to the CIA machinery (Fig. 1.16), nevertheless a specific
protein, which should perform this direct export from the ISC, has not yet been
found (see next section for some new hypotheses)%670,

Nevertheless, some elements of the export machinery are now identified: such as
Atm1 (named ABCB7 in humans), which is an ABC transporter across the
mitochondrial inner membrane, and Ervl/ALR, which is well known as a protein
related to the disulfide relay maturation machinery in the mitochondrial IMS (see
section 1.1.3) and, thus, should have a dual role in the IMS36.80.81,
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Another possible element of the machinery could be yeast protein Dre2 (named
Ciapinl and anamorsin in humans), which is a protein associated to CIA (see next
point) that recently was also observed to be imported in the mitochondrial IMS
through the Mia40/Erv1 machinery itself®2.

Also GSH was associated to the ISC export machinery, since its depletion in the
cytosol can completely stop the CIA machinery, but not the ISC machinery. It was
hypothesized that GSH could help the unknown export protein to correctly connect
itself to the CIA machinery?®®.

= The CIA machinery
Although many aspects of the process are still not clear, we can observe also for
this mechanism the usual five points of the cluster assembly and insertion in the
apoprotein:

¢ The three proteins that provide sulphur, iron and electrons to the
system are still unknown. It is believed that sulphur and, perhaps, iron,
should be provided to the system from an unknown protein (X in Fig.
1.16), exported from mitochondria through the ISC export machinery. It
was also proposed that Dre2 (Ciapinl or anamorsin), which binds a
[2Fe-2S] cluster, could be the electron donor of the system®©6:82:83,

¢ The scaffold protein of the system was identified in the Cfd1-Nbp35
complex, which is formed by a dimer of these two non-redundant P-loop
NTPases, and can assemble the iron-sulphur clustero84,

e The transfer of the cluster to the apoprotein is possible only with the
previous formation of a heterotetrameric complex between Cfd1-Nbp35
and with another dimer that acts as chaperone: Nar1-Cial. Nar1 itself
it's a substrate of the machinery and can reach its mature form only
after the correct insertion of the two iron-sulphur clusters (Fig. 1.16).
Cial is a WD40 protein and it is the protein that performs the final
transfer of the cluster on the apoprotein®6.69.83.8586,
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1.2.1.3 The missing hub for iron

In the previous sections the main features of iron transport and incorporation were
described. Iron is fundamental for cells and iron ions, available as a labile iron pool, are
the main source of this metal for many cytosolic proteins. As an excess of iron can be toxic
for cells, the amount of free iron must be tightly controlled and therefore, specific iron-
sensing proteins have the task to report these changes at a transcriptional level.

Eukaryotic cells use a largely conserved mechanism which consists in a regulation of the
genes transcription: two transcription factors Aftl and Aft2, can activate the iron regulon
on the nuclear DNA that encodes for the production of proteins related to the import and
the transport of iron in the cytosol. Thus these proteins, when bound to DNA, can enhance
iron uptake, when the iron labile pool is low in available ions87-90 (Fig. 1.17b).

Figure 1.17. Grx3/4: the central hub for iron?

(A) Proposed model for iron trafficking in eukaryotes cell (S. Cerevisiae is here reported): Grx3/4 is proposed to
be the central hub for iron trafficking in the cell: its control on the labile iron pool could control almost every iron
pathway in the cell”®, (B) Details on the Grx3/4 activity as iron sensor in the deactivation of Aft1/2 transcriptions
factors as response to high iron level in the cytosolgl.
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The response to increased level of iron relies on a particular iron sensor: Grx3 and Grx4,
which have a conserved single protein in human named Grx3/4 or Picot. These proteins
are glutaredoxins, which are formed by three domains: one thioredoxin (Trx) at the N-
terminal domain and two monothiol glutaredoxinic (Grx) domains, each one can bind a
[2Fe-2S] cluster. The mature active form is a dimer with a peculiar binding of the iron-
sulphur cluster: a single [2Fe-2S] cluster is bound as a bridge between two Grx subunits
of the two monomers, with glutathione (GSH) as ligand®2-# (Fig. 1.17a).

Grx3/4 responds to high level of free iron in the cytosol, and, once entered in the nucleus,
can bind directly Aft1/2, detaching it from the regulon and thus blocking the iron uptake
of the cell. Two regulatory proteins Fral-FraZ are also fundamental parts of this
mechanism?8 (Fig. 1.17a).

A central hub for iron?°1

The role of Grx3/4 is of pivotal importance for the sensing of iron level in the labile
cytosolic pool, but it has been proposed that its role could be far more important than
this: the deletion of the protein, in fact, impairs almost all iron-dependent processes in the
cell, also in the mitochondrial related activities.

Detailed studies on the protein showed that also even just the removal of the cluster can
produce similar effects on cell, thus suggesting that the key of its properties could be in
the unique assembly of its cluster.

In fact it was demonstrated that the formation of the Grx3/4 [2Fe-2S] cluster can be
realized in cells also when the CIA machinery is impaired thus proving that actually,
Grx3/4 rather than a substrate of the machinery could be an alternative source of iron-
sulphur cluster particularly relevant for all the pathways of iron-sulphur protein cluster
biogenesis both in mitochondria and cytosol.

Grx3/4 could be the central hub of iron in cell? From data available it can be assumed that
it could be one of the main targets of the iron labile pool, being an intermediate in the
delivery of iron in all iron pathways (Fig. 1.17a).

Of course this intriguing hypothesis needs verification, structural and biological data in
order to understand the mechanistic aspects of Grx3/4 function in cells. Part of the work
of this thesis was pointed to this topic.
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1.2.2 Zinc

Also zinc is an essential element required for the growth and metabolism of cells. Bacteria
and eukaryote use it as cofactor in a large number of proteins, basically with two main
roles>>:

1. Structural Cofactor

It is most common use for the ions that can be use to stabilize a structure. It can
either be used as a strongly bounded cofactor or in a labile way: upon addition or
removal of zinc the protein can acquire or loose some transient structural
properties.

Zinc-finger domains are probably the best well-known structural motifs for zinc
and can participate to a wide range of molecular interactions, including protein-
DNA, protein-RNA, protein-protein, and protein-lipid.

2. Catalytic cofactor in enzymes
Although zinc cannot perform redox reactions, it can be used in many enzymatic
catalysis. For example it can be used as activator of water in hydrolases, giving the
species [Zn-OH]* in the Carbonic Anhydrase or in the Carboxypeptidase A

As many other metals used as cofactors by cells, also an excess of zinc can be quite toxic.
So, while the actual concentration of zinc ions in cells can reach up to 0.5 mM, actually the
free ion concentration never goes over 10-> M.

Therefore cells have developed a mechanism for homeostasis of zinc that regulates the
uptake and the distribution of the ion among different target. Large part of this
mechanism still remains unknown.

Two of the most common facets of zinc homeostasis are®:

1. Transient Storage in Metallothionin (MT)
This protein is capable of binding zinc with low affinity, thus becoming the most
common source of cytosolic free zinc ion for integration in target proteins.
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2. Sequestration in organelles
In order to avoid high level of zinc, endosomes and lysosomes are often used to
remove zinc from cytosol, both as reservoir of the ion or for its detoxification.
Other organelles, such as, mitochondria or endoplasmic reticulum, do not usually
accept zinc ions entrance, although several exception have been observed.

It was observed that mitochondria have a scavenger for zinc ions in the IMS: Hot13 (see
section 1.1.3). It is known also that some proteins using zinc as a cofactor, such as Cu,Zn-
superoxide dismutase (SOD1) and its metallochaperone, CCS, can be found also inside the
IMS. However zinc concentration in IMS is extremely low and, no export system as been
observed yet2896,

Many detoxification systems for direct expulsion of zinc have been studied: the most
common in human is ZnT transporter?>.

In bacteria only some mechanism are conserved. A peculiar protein for detoxification of
zinc is ZntA, a P1-type ATPase, that can export Zn(II), Cd (II) and Pb (II), which has been
studied in this thesis?’.
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1.3 Aim of this thesis

Through the previous sections I described some glimpses of just two aspects of the many
challenges that biology offers today to scientists. Structural biology, in particular with the
help of NMR techniques, can offer all the tools to understand single facets of the incredible
and complex system that is life.

As a student in my Ph. D. I was introduced to the use of NMR for the structural and
functional analysis of proteins, always looking to new connection, pathways and
information about the mechanistic structural biology of the whole system.

Three proteins, which constituted the core of my project, are Mia40/Ervl machinery
mitochondrial substrates:

= Maturation of ALR/Erv1
We followed the steps of maturation of ALR, being itself a substrate of the
disulphide relay machinery undergoing in the IMS. A novel mechanism of folding
was identified and described.

= CHCHD5
This is an atypical twin CX9C protein, since it has a double twin CX9C domain. We
analyzed the properties of the protein and we obtained a 3D structure. We also
focused on intradomain interactions, suggesting finally a possible model of its
mitochondrial import and the interaction with Mia40.

= Tim9
We tried to characterize the small Tim protein folding properties, looking in
particular to its interaction with zinc and evaluating its possible stabilizing role in
a transient binding to the protein.

Moving to iron-sulphur protein biogenesis we characterized:
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Picot (Grx3/4)

We analyzed the protein-protein interaction between Picot and Ciapinl (Dre2), the
latter being known to be actor both in the CIA and, possibly, in the ISC export
machinery in mitochondria. Having as main goal the identification of new
connections between these two iron-sulphur cluster protein biogenesis
machineries, we characterized the interactions between various constructs of the
two proteins. Currently this project is still going on.

As side project to my main topic on the Ph.D. work I also worked on zinc detoxification
mechanism in E. coli, looking at a largely conserved system among organisms:

ZntA

ZntA is a P1-type ATPase involved in the detoxification of zinc in bacteria. It is
conserved in both bacteria and eukaryotes for the transport across the membranes
of mono and bivalent metal ions, such as Cu(I), Ag(I), Zn(II), Cd(II). In particular
we characterized the effect of the binding of both Zn(II) and Pb(II) to ZntA, in
order to address how the protein controls metal selectivity with respect to these
two protein substrates.
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2. Methodological Aspects

2.1 Circular dichoroism (CD) Spectroscopy

Circular dichroism (CD) spectroscopy is a commonly used method to analyze proteins and
nucleic acids secondary structure. It is particularly useful since its measure can be
performed in solution, thus in a buffer similar to their natural one.

CD spectroscopy can be used for:

. Determine the folding properties of a protein, obtaining its global secondary
structure profile (in percentages).

. Comparing structural properties variations of the same protein in different
conditions.

. Studying the protein conformational stability under stress conditions.

. Studying the structural effects of protein-protein interactions.

CD analysis

CD is caused by the different absorption of a circularly polarized light by an asymmetric
molecule, which produces different absorption coefficients between its left and right
components.

Since proteins most optically active groups are the amide bonds of the peptide backbone,
which reciprocal spatial distribution depends strongly by their secondary structure, it is
possible to observe a typical CD spectra profile for proteins that is completely dependent
of their secondary structure profile. In fact the only other main contribution to the CD
spectra is the one of the aromatic residues of the protein.

Therefore knowing the typical spectra of proteins with a single type of secondary
structure elements (a-helices or [-sheets), it is possible to obtain the different
percentages of these structural elements also for proteins that have both secondary
structure elements present at the same time.
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2.2 Nuclear Magnetic Resonance (NMR) Spectroscopy

Today Nuclear Magnetic Resonance (NMR) is used in many applications in medicine,
chemistry and biology. The key of this wide success is in its unique feature: it is the only
spectroscopy that, through very weak electromagnetic fields, can provide atomic-level
information without significantly affecting the chemical properties of the system under
investigation.

This peculiar feature is also the key for its success in the study of structural and
mechanistic systems biology, since it allows the study of biological sample in conditions
that can be tightly controlled: it is possible to decide the solution properties of the sample,
such as the buffer, temperature, pH, changing them even during the measurements.

The intrinsic limits of the technique are the size of the proteins and the need for folded
proteins in order to obtain structural information. In the last decades many efforts have
been dedicated to the advancement and the improvement of NMR, focusing both on the
hardware, with more powerful and advanced spectrometers now available, and on
sequence development. Today both these limits have been pushed far away and many
targets that until a few years ago couldn’t be analyzed through the technique are now
common topic of research for the biological NMR community.

In the following sections, the results reported were all obtained through the analysis of
proteins in solution; therefore the main methodological aspects of solution NMR and
solution structure determination will be here described.
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2.2.1 NMR Sample Preparation

Molecular biology techniques are used for the production of highly pure proteins, which
are required for optimal NMR experiments.

Protein samples must be carefully optimized in order to have the most stable protein
conformation, which is then analyzed through NMR experiments. Usually the main
solution properties that are adjusted are pH, ionic strength, temperature and the buffer of
the sample.

1H is the first and the most important NMR active nucleus. However, for other elements,
the NMR active nuclei are isotopes with low natural abundance. For example, carbon and
nitrogen NMR active isotopes are 13C and 1°N, which have 1% and 0.3% natural
abundance, respectively. Therefore, in order to acquire NMR information with a
satisfactory S/N (“Signal to Noise ratio”) also for these nuclei, it is common to produce
isotopically enriched proteins.

For the structure determination the 13C and >N isotopic labeling should be necessary only
for proteins with weight higher than 10kDa. Furthermore, for proteins with weight larger
than 30kDa, it is even necessary to use triple labeled proteins: 2H, 13C and !>N.

2.2.2 Multidimensional NMR Spectroscopy principles

1D NMR is just the starting point in molecular biology NMR, since the protein spectrum
cannot be used to obtain structural information on atomic level, because of the poor
resolution of peaks. The only useful information is the peculiar fingerprint that can be
associated to each protein.

The commonly used approach is to switch to multidimensional NMR, which can provide
both increased NMR resolution and also further information about correlations between
atoms.
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2D experiments, which are the first step in multidimensional NMR, are the starting plane
for the additions of further dimensions. The basic NMR pulse sequence for 2D
experiments always follows the scheme:

excitation - evolution - mixing - detection

After the excitation, spins evolve for a period that depends on the kind of information we
are interested at. Then, during the mixing time, spins are correlated each other in order to
add a secondary information on the nuclei. (i.e. is possible to obtain the CS information of
two nuclei correlated in one single 2D planar spectrum).

The two steps of evolution and mixing can be repeated for each dimension that is added
to the experiment:

excitation - (evolution - mixing)a-1 - detection
n = dimensions of the desired spectrum

Of course there will be always a single detection and a single experiment, no matter how
many dimensions are added. A typical Triple Resonance experiment for protein nuclei
assignment correlates 1H, 13C and 1°N nuclei in a single 3D experiment.

2.2.3 Protein backbone and Side Chain assignment

Scalar and dipolar coupling for proteins

Protein correlations experiments can give information on both the backbone and side
chains of proteins, helping to complete the sequence assignment and to obtain
information on the spatial distribution of the 3D structure of the protein.
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Figure 2.1. 'H-'H Scalar Couplings Correlation Experiments for protein residues
(A) In COSY experiments only ) couplings for each nucleus are observed. (B) In TOCSY experiments all
correlations between nuclei within 3 bonds are observed.

Two different kind of coupling can be measured on proteins: scalar coupling (] coupling),
which correlates nuclei that are at a certain (1,2,3,...) covalent bonds far each other, and
dipolar couplings, which instead correlates nuclei that are each other within a certain
distance.

The 2D classical experiments for measuring ] couplings between 'H, 15N and 13C in
proteins are COSY (COrrelation SpectroscopY) and TOCSY (TOtal Correlation
SprectroscopY). COSY spectra show for any nucleus 3J-correlations with all the other
nuclei, while TOSCSY spectra show for any nucleus all the correlation between every
nucleus that is far at least three bonds from one nuclei of the network. As a consequence,
TOCSY information contains also the COSY information and therefore the two
experiments can be used together to obtain sequence specific assignment (Fig. 2.1)98.°.

Another important information that can be added to the system assignment is the one
coming from dipolar coupling: Nuclear Overhauser Effect SpectroscopY (NOESY) spectra
show for any nucleus the dipolar correlations with every other nucleus that is within a
certain distance in the space surrounding (usually less than 6 A). As a consequence, in a
NOESY spectra usually all the correlations of the TOCSY (and COSY) spectra can be still
observed, but also with several other correlations that are related to residues that are
close in space to the nucleus, but actually not contiguous in the backbone sequence of the
protein.
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Actually the NOE effect (which is the base to the NOESY experiment) is also more
powerful than just this, since it can also show in the spectra a distance information: in fact
the intensity of each cross-peak of two nuclei correlating can be related to ¢ (r = distance
between nuclei)100-102,

Triple resonance experiments

All together, COSY, TOCSY and NOESY experiments can give a strong framework of
information about protein structural properties; however, in order to obtain complete
data on every single atom of the molecule, new multidimensional approaches have
become the most common strategy to collect all resonance frequencies of proteins.

Basically Triple Resonance NMR Experiments involve the three main nuclei of proteins
(*H, 13C and 15N), one per dimension, and correlate them through a specific pathway,
which can give selected cross-peaks that are far less difficult to assign to the correct
residue!%3,

The standard set of triple resonance experiments used for backbone sequence assignment
require six different experiments:

* HNCO and HN(CA)CO, for the assignment of C’; and C’i.1, were C’ is the carbonyl of
a single amino acid.

* HN(CO)CA and HNCA (Fig. 2.2), for the assignment of Cq and Cq.1, were Cq is the
first carbon of the residue side chain, which is present in all amino acids, except
glycine.

¢ CBCA(CO)NH and HN(CO)CACB, for the assignment of Cg and Cg-1, were Cg is the
second carbon of residue the side chain.

As every carbon atom are assigned on a strip of the 3D spectra which correspond to a
precise cross peak with a correlation of NH and its HN too (the so-called 15N-HSQC map of
the protein, which is another fingerprint particularly useful), when a carbon profile of a
residue is assigned to a specific amino acid of the sequence, also this two nuclei are
assigned for that residue.
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Figure 2.2. Triple Resonance Experiments HNCA and HN(CO)CA correlations

(A) HNCA triple resonance experiments allow to correlate H" both with C% and C%_ of the protein. (B) To assign
two sequential residues, the same C%. cross peak must be found in the cross peak of another residue in the
HNCOCA spectra. If all the six triple resonance spectra cross peaks confirms the same behavior also for the other
carbon nuclei, the sequential assignment between the two residues can be confirmed.

Starting from the backbone assignment of the protein, it is then very easy then to switch
to COSY/TOCSY-based experiments and, most important of all, NOESY-based
experiments, which can be used to validate the obtained backbone assignment, to extend
it to the other carbon, nitrogen and hydrogen nuclei of the side chain of any protein
residue, and to acquire other useful structural information104.

2.2.4 From NMR Restraints to the final Bundle of Structures

Molecular Dynamics programs can calculate a bundle of structures from NMR data, which
are the best-fitting conformers obtained from the calculations. Actually before starting the
calculation all data acquired from the NMR assignment must be carefully controlled and
processed to be the restrains for the calculation program. Here is reported a short list of
the key points of this process:
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Secondary Structure and dihedral angles (U, psi; ¢, phy) prediction

The Chemical Shift Index (CSI), which is the collection of all backbone assignment
data of the protein, is a very good method for secondary structure prediction. In
fact, these chemical shifts have a typical range, which depends both on the kind of
residue and on the kind of secondary structure is assumed by the protein at that
residues position. Starting from the backbone assignment, therefore, the
secondary structure elements of the whole protein can be predicted with very
good confidence!05106,

Specific programs can perform this analysis:

* PECAN (Protein Energetic Conformational Analysis from NMR chemical
shifts) use a combination of sequence information and residue-specific
statistical energy function to obtain a secondary structure prediction197.

* TALOS+ (Torsion Angle Likelihood Obtained from Shift and sequence
similarity) use HA, CA, CB, CO, N chemical shift assignments for a given
protein sequence to predict the dihedral angles (U,psi; ¢, phy) of every
residuel?8,

NOE-based distance measurements

Cross-peak volumes (NOE intensities) of NOESY spectra can be converted to
distances between the correlated nuclei according a specific equation (which
correlate the volume to r¢ (r = distance between nuclei).

The obtained distances from this equation are usually considered the upper limit
of interatomic distances, rather than an exact mean value109.110,

Hydrogen-bonds list
Specific experiments of J-coupling can be acquired to obtain information on
hydrogen bonds between residues of the protein!1l.
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Structure Calculation

UNIO software contains all the programs needed to check the constraints coherence and
to calculate a first raw bundle of structures.

Actually UNIO contains in one single suite three different programs that are used at the
same time to calculate the bundle through a torsion angle dynamics algorithm:

=  ATNOS-CANDID
Based on the assignments of the protein, ATNOS obtains an automated peak-
peaking on the NOESY spectra added to the program, while CANDID realize the
automated NOE assignment112.113,

= CYANA
CYANA is the program that runs the algorithm and performs the molecular
dynamics simulation. The torsion angles are considered the degree of freedom of
the protein, while bond lengths, angles and the dihedral angles are the fixed
constraints. Calculations run as time steps in which for every step, the best
conformation is selected through the minimization of a target function in which is
considered the deviation between the constraints and obtained conformations!!4.

At the end of the calculation, a bundle of 20-30 conformers is obtained: these are all the
structures that have the best agreement with the constraints coming from the
experimental data.

Structure Refinement

For each conformer the quality of the structure can measured by calculating the root-
mean-square-deviation (RMSD) of the bundle. This calculation is obtained analyzing the
deviation from the mean of the coordinates of the protein atoms of each single conformer
of the bundle.

The properties of a good bundle of conformer are:

1. Global RMSD of the bundle must be < 1 A.
2. Local violation must be < 0.3 A, while the total conformer RMSD must be < 1 A.
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If the protein respects these parameters it is suitable for the final refinement of the
bundle, which is performed through the program AMBER!15. The refinement is realized
through the addition of force field parameters to the protein, with the following protocol:

1. Refinement in vacuum
2. Refinement in a water box
3. Short Molecular Dynamic Step

After the running of AMBER, usually, the quality of the bundle of structures in
significantly improved.

Structure Validation

Final structure validation can be obtained through web tools that report RMSD violations
and many other important parameters that a good bundle of conformer must respect.
Ramachandran plot, which report the typical dihedral angle distribution for residues, is
one of these parameters and a good bundle of conformers must have:

* Atleast 90% of residues angles in the allowed region of the plot
* Less of 1% residues in the disallowed region.

The most powerful tools that can be used for proteins validation are:

= psystte
» iCing""’

After completing the validation process atomic coordinates, structural restraints and
resonance assignments of the just resolved protein structure can now be submitted to the
RCSB Protein Data Bank (PDB) and the Biological Magnetic Resonance Bank (BMRB),
which are the worldwide archives of protein structures.
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2.2.5 15N Relaxation properties

15N NMR Relaxation measurements are related to the NH nuclei of the protein backbone,
which are particularly useful to obtain information about local dynamics of the protein.

Relaxation experiments consist in the measurements of the recover of the magnetization
equilibrium from a perturbed state, which is caused by the pulse sequence. The time
needed to complete this process is different between the longitudinal and the transversal
component of the magnetization and is named, respectively, longitudinal relaxation time
T1 and transversal relaxation time Tb.

Specific 2D heteronuclear experiments for both T; and T, measurements can be
performed. The values of both parameters can be obtained observing 10-15 points of the
decay, calculating then the corresponding values.

Another relaxation parameter can be added to T1and T»: heteronuclear NOE, which can
be calculated from a measure of the differences in the signal intensities of NH signals
before and after the saturation of HN signals.

All together relaxation parameters can be used to calculate the molecular tumbling time
(tc) of the protein, which is informative about the solution state of the protein
(monomeric or dimeric, e.g.). Moreover local relaxation parameters can show local
dynamic properties of the protein, such us flexibility or unfolding!18-120,

Relaxation data can be predicted, for globular folded protein, with the software
HYDRONMR, which uses as input only the coordinates file of the structure!?l. Any
difference between experimental data and these predicted values can be related to a
particular behavior of the protein in the NMR analysis.
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3.1 ALR Maturation
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ABSTRACT: The interaction of Miad0 with Ervl/ALR is central to
the oxidative protein folding in the intermembrane space of
mitochondria (IMS) as Ervl /ALR oxidizes reduced Miad0 to restore
its functional state. Here we address the role of Miad0 in the import
and maturation of Ecvl /ALR. The C-terminal FAD-binding domain
of Ervl/ALR has an essential role in the import process by creating 2
transient intermolecular disulfide bond with Mis40. The action of
Miad0 is selective for the formation of both intra and Intersubunit

mbhlmd&wadcndbv&vllm.lbmdt

the fully functional state, illustrating 2 new paradigm for protein
maturation In the IMS.

be mitochondrial § beane space (IMS) contains a  the reduced active CPC site of Mia40 to Ervi/ALR. The
hmmdmmhﬂngmbonhhw reaxidation step of Miad0 has been recently investigated in
functional state.'* All of these p ded and detail and has been shown to be mediated directly and
mnheuupoﬂndudd:a:mppedhth:ms Mechanis- exclusively by a CXXi modfo’f_&vl/M.Rbatedhm
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(used p ily for to the matrix), and hmmmmawm-
their IMS-accumulation requires their specific folding in the anism.'* These studies™"" conclusively showed that this N-
N&‘quhmnymdbytbaqmﬁ terminal Ervl/ALR region is necessary and sufficient for this

cofactors and/or by intramolecular disulfide bridges.® Accord interaction.
ing to the proposed folding trzp hypothesis, the folded state The interaction of Exrvl/ALR and Mia40 is, however, rather
Jocation out of the mitochondria and complex a8 it can occur in a further, drastically different
tbenbymfm unidirectional import of these i ci This d facet of the interaction of Ervl/ALR
w.mmmummm:nm with Mia40 occurs in the process of import of EevI/ALR,
| * ing two proteins: the FAD-dependent sulfivydryl WM&VIIMhWthuW
mﬂnllhm(yunuldhnmm ', pectively) of the Mia pathway.'™" This step of the interaction
itochondrial IMS bl in Mia40. This redox between Ervi/ALR and Mia40 is crudial for the biogenesis and
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cysteines in the IMS through an axidative folding process biclogical function as p
The PP a model whereby the
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the molecular level of this recognition process will contribute to
understand how Ervl/ALR protein manages the two different
types of interactions with Miad0,

Ervl/ALR exist as homodi where each subuni i
in the FAD-binding structural domain, a disulfide bond (a so-
called proximal disulfide) in redox communication with the
FAD momy"" " A further disulfide bond in the

d N-terminal domain is Ived in e
shuttling (distal disulfide), and a third one in the FAD-binding,
C-terminal domain has a structural role (structural disulfide).
ALR has a further disulfide bond (two per dimer) connecting
the two subunits, also having a structural function. As a
consequence of the inefdency of ALR to be imported in yeast
mitochondria,™ Ervl has been used here (as in all previous
studies) for mitochondrial import studies. For the molecular
characterization of the maturation mechanism, we used the
human homologue ALR (43% sequence identity with Eevl), in
wﬂdldu!mdeﬁl“Mfrl“!hndow
Mmﬁnmmmmdw.\h.'“ ' On the basis of
import assays, biochemical, biophysical, and PPt
wmthatamtdla&ﬁ:mddfwd!hﬁﬂo-d:puw
lmponmdmmbnofl-:wlmmnhmowntm
P on i of Ervl/ALR (not
involved in s tic activity), on the Interaction with
MWMNFADWMMmeulm

paradigm of a precisely concerted mechanism requiring both
Mia40 and FAD for the maturation of Ervl /ALR in the IMS,

B RESULTS AND DISCUSSION

Mitochondrial Import of Ervil. hponcpni:mb\mh
tandoped mitochondda and adi sons of Ervl
translated in vitro showed that the C30/33S and the C130/
133S mutants were imported at the same level as the wild-type
protein and gave a higher size radioactive band when NEM was
added In the kmport reaction as a means to stabilize putative
intermediates with Mia40 (indicated by an asterisk
in Figure 1a, lanes 1-3 for wild-type, lanes 7-9 for the C30/
33S mutant, and lanes 10—12 for the C130/133S mutant), The
size of this band is compatible with an adduct of imported Ervl
with endogenous Misd40 and was fmercaptocthancl (bBME)-
sensitive (Figure 13, lane 13). Additionally, when the total

mixture of wild-type Eevl after 10 min of impont (lane
mwm&umnu&lcwpﬁddm
mgqeuﬁcmmm(huls)hmmm
P isera (lane 16). The above two controls

(bME and immunoprecipitation with anti-Miad0
antibodies) prove that this complex is a jent i i

[ d Ervl and end Miad0. By contrast,
the C159/176S mutant was incapable of import

(Figure 1a, lanes 4-6) in the same import assay (using the
same batch of mitochondria and the same conditions as wild-
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type Eevl). It was therefore clear that the double mutant C159/
176 duplayed a mbmmul Import defect in isolated

tagged Ervl mutants and all
promoter showed that the CI159S or the CI176S mutant are
strongly affected (Figure 1b) but still viable,”*" while the wild-
type as a control restored viability, This effect could be
ibuted to cither defective import in vivo or enhanced in vivo
mhmcﬁhtumuamnoadthmbw
to assess the levels of Ervl mutant proteins by Western
blots were inconclusive, these remain open. We
then further the behavior of the single point mutants
C1595 and C176S in import assays, Both mutants were affected
hlhkwwwhwﬂw(?@nlc) C1598
ffected in the formation of the i with
MMO.MCI?GSMAMnM:of&h:
Intermediate with Miad0 but essentially no release of Ervl
from Mia40 (Figure Ic). This behavior is reminiscent of the
import of other Mmo nhmt- where mutation of the
king Cy» affects the formation of the
hmmdhkeﬂhmﬁhmmddnwcyz
results in a “stuck” Intermediate, since the reaction cannot
MMM[“:M“TMW,M&
(Figure 1) show that Cys159 is the docking cysteine for Ervl to
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Misd0 intermsediate is shown by s asterisk, and J-mercaptoethanol
treatment Is indicated ("BME"), (d) As in panel ¢, for import of the
ACI3 deletion mutant.

that observed for the folded FAD-bound state of sfALR

relaxation rates and
T‘N( H}NOE- (Supplementary Table 1). The chemical shif
index

nam(uuas),mmunaaw-fmh
completely lost (Figare 3c). The other assigned residues
(Figure i), despite having some tertiary structure organization

as indicated by Mwwonm(sqpb
mT&l),thmm
exchange p itored by high R; values
(Swplumnuy'hhhl)lnmdndm.ﬁlyn&mdlim
free sf-ALR behaves in solution as a dimeric protein having a
nativelike secondary structure but with very limited static
tertiary structure; it contains a completely flexible and

d C-terminal segment, compared to its well-ordered
conformation In the E colt-purified s ALR. Considering the

MFAD&RJ-ALRGA&:MM&M

luhtp lecular weight with respect to the most

b "wha:‘nndlcdun <10 kDa

mazhzmduyua»dm(wm
fully reduced '*N-labeled FAD-free «fALR did not produce
large chemical shift changes in the 'H-''N HSQC map,
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It appears that addition of FAD determines the formation of
the proximal disulfide, as itored by "H/''N chemical shifts
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disulfide bond with Cys62, has the typical chemical shift of its
oxidized state, while the other Cys residues have chemical shifts
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Figure 4. FAD-induced d&sliide bond formation in the maturation
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equiv of FAD (black). Direct comp of the cysteine NH chemical
shifty in their different rediox state indicates that FAD isduces only the
formation of the proximal disulfide bond. Residue numbering refers to
s£ALR sequence.

addition thus induces only the formation of the proximal

disulfide bond and, in the full maturation process of s&ALR,
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Figure S, Mechanium of import and of mtochondrial FAD-dependent sulfhydryl oxsdase. Reduced, unfolded Eevi/ALR (i green) alips
WMTOMM(W)dhwdﬂm(nw)wmwmwwm)Thg
upon Miad0 release, the structural disalfide bonds (yellow spheres on the gray wurface of Ervl /ALR) are formed and a dimeric native-lie, Sexible
md&vllm(payuﬁa)hmbhmd&&mh&wﬂﬂuﬂ%hwmwm(mﬂ
spheres on the gray surface of Ervl/ALR). In the final step, two FAD molecules (in red) bind to the FAD.binding domain of Erv]/ALR, producing
both the oxidation of the proximal disulfide bond (black spheres on the green ribbon representation of Ervl/ALR) and the acquisition of a well-

ordered, enzymutically active FAD-bading domain,

HSQC map of the final mixture (after addition of FAD and is the first exp | evidence for a ical” targeting
then of Miad0y ) is very similar but not completely Wfor&vl,wﬂchm&wduww
superimposable to that of the E colipurified sf-ALR state targeting signals found in CHCH substrates.™

(Supplementary Figare 3). Also in this case, all of the oysteine Mia40 oxidizes not only the strictly conserved structural
residues in the final mixture are fully oxidized. The observed disulfide but also the intersubunit disulfide (present in ALR and
chemical shift variations (A5, = 0.09 ppm) between this not in Ervl), which has 2 structural role in stabilizing the ALR
covalent dimer and that obtained with a reverse order addition dimer. However, it does not form the proximal disulfide that is
are located at the dimeric subunit interface and near the FAD Induced by FAD. The Miad0 action specifically on the
binding pocket (Supplementary Figure 3). These results mmm»ummmw
suggest the occurrence of local structural vaniations depending gmctﬂmhcfmnhdndnglhe&ldhgofhmhmm
on whether FAD s inserted before or after Miad0-induced and abso in line with its reported selectivi binding
w«mmw.mm: of otbes substrates uarelated 10 Ervl/ALR>C%™ Howeves
its and/or of the FAD moiety, unlike other Miad0 substrates, Ervl/ALR binds FAD, which

Thseloal ] variations have functional imp as th mhduwdomphys key role in the protein
they affect the ek fe ch « ALR maturation mechanism. A l /NMR studies here
wmwwm‘m,m&‘m defined the l e of ALR in the presence oc
guarantees faster cyt ¢ reduction and higher level of cyt ¢ absence of Mia40 and FAD. We found that the fully reduced
reduction than the reversed reconstitution procedure (Supple- state of ALR, Le, before its interaction with Mia40 or FAD, is
mentary s). not completely unstructured but retains a part of the

Mechanism of Import and Maturation of native secondary structure and that Miad0- disulfide

Erv1/ALR. In this study import assays showed that the FAD- formation in ALR s not suffident to freeze a unique
binding domain of Ervl /ALR is required and fully capable of mmmdﬂ.&ltmwhhvhnmh
translocation across the outer membrane and import into the other Miad0-substrate such as Cox17.* On the contrary, FAD

IMS, while the N-terminal domain is dispensable for import in h&fwﬂwm-ml&dm&w
mwo«mmhxmmm ALR and also selectively oxidizes its proximal disulfide pair.
the p d'™'® dependence of Ervl import on m&wdmdnmwm
thnmﬁomthc-umlmlwoﬁhch\n-bmdlq formation process is not sufficient to produce a mative-like
domain. In particular, the delets y d down the rigid conformation and FAD binding Is

additionally required.
Mudymhhd&vlwh to Mia40 to the This feature distinguishes ALR from the typical Mia40
Internal peptide sequence 134~176 of Ervl (43 residues), This substrates. Finally, these two binding events (Miad0-induced

m Sx Aoty VMV AII00IN | ALS O, B 3913, 7, 207 -T14
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oxidation and FAD binding) must occut I a strictly sequential absence of 100 mM DTT at 2 flow rate of 0.7 mL min"'. The
manner to obtain a fully active ALR domain. We therefore randindy aalibeation curve were carbonic

suggest that the basic capacity of M40 to introduce one
dinulfide with concomitant localized folding of the substrate is
common to all Miad0 substrates, but additional steps (such as
the FAD binding here oc other Mgand binding in other
M)myheunddhmmplﬂcfd&qwmd
different (more
mmumummommw
nism of import and maturation of sulfydryl cxidases in the IMS
depends on the finetuning and precise coordination of

y and pping events Involving specific
stroctural domains (Figure S).

B METHODS

Cloning of Erv and ALR. For inport experiments of Ervl, wild
type, Cys mutants, and AN72, AN133, AC13 deletions were coned 2
BamHI/EcoR] fagments in pSPE4 vector for b vitro trandlation. In the
mdMlJ&hmMmMnncmd

wed for the

and (Gel Piltration Calibeation Kits

IMW.GBHM).
The cysteine redon state of Miad0, sALR, and protein mixtures was
Iavestigated by a gel shift amay after modification with AMS. Each
with a protein concentration of 40 uM, was treated with
I% (v/v) SDS and AMS in excess. The samples were incubated for 1 b
#t 37 °C and then subjected to nonreducing SDS-PAGE, which were

stained with Coomussie Blue. AMS reacts with free thiol
resulting in a mobility shift of the protein on SDS-PAGE due to its

increase i size of 0.5 kDa per AMS molecile.

CD spectra (190-260 mm) were recorded on a Jasco-810
on 20 uM protein solutions in S0 mM phosphate

wmmmw&m‘hm lation i Y
ssayy, Ervl (wildtype and

up40
type and CIS4/CI65A double m)umwmm

(
ummwmm:msmmzu-m
conditions. Protein of fully redced FAD free sf ALR,
FAD, and oxidized cytochrome ¢ were 30 uM, and that of Miad0,
was 60 uM.

MVMth(unpl«nnMonAmy For the yeast
the GalErvl S corevisite stran was

5 a template a pSP64 vector carrying these it deotid
whthmmcmm(fam.dw(m)
This Xhol/EcoRl cassette was then cloned as a downstream fusion to
the DNA encoding the fint | =85 amino acds of S corevtiiar
'Tz".:' e PRS0yt cxpnan e
n Production and Characterization.

MM‘-ALI 4 -m d in Escherichia coli
BL21(DE3) gold cells ( and purified following already
protocols. " The (* N)Cynd-aml labeled s-ALR

esicues and the g the praximal and
both i Snit and § " 1 disulSd

To wmum-—mmu
presence of 20% (v/v) trichl ded in 6 M

transformed with the pRS316 plasmid (which coafers wracil
amqby)m&vl (mmdmm&mlb).

The analysis was
Import of of Radiolabeled Mumﬁvihvcum
Wtypcsn and mutaats (C30/33S, C130/1335, CIs9/
SDS. &.AN?Z.ANIJS. ACI))quuq
TNT $P6-coupled yte lysate kit
(Proemega) as “S-W“MMMM“
thndpﬁﬂwufduhloim
in the presence of 2 mM ATP and 2.5 mM NADH or 2
-uvm(umunmm)f«h
Indicated time points at 30 *C. The reactions were either left untreated
uWMBnHNMM(NBLmM&

Miad0). Mitochendri

m‘dhllnm-ﬂﬁmpﬂ'u.wbya
with p (P!)onm-tafuaounenlulo

s#dm-.somurmmmmausnmm&mm
, pPH & A PD-10 desating column
Dbm

)wp«m-ﬂh&lmbﬂn wmlfm
the to

de (PMSF;
Gm)wmbmuyphh&iw(mblqnl.")wdd«ho

m«ummsonmm.mmumo.smmmu amvest the p Finally,
100 mM DTT, with decreasing amounts of ures starting with 4 lamdlunyl-hu&(uihu-im ﬁ-ueqtoubnnlu
concentration Mdowbouh&lumpthmm Mdﬂmwsmpmm.“mw
Mﬂhmwwdm(lwm)uﬂ& by digital hy (Maolecal es). |

dous buffer was exch d with S0 mM phosphate buffer, 0.5 mM uaaﬂ-hwm(l’ynnllnull—lsfnpuﬁlndmdh'w
EDTLyH7quPDIDMMmM ref 27 waing 100 pg of ch
conditions. After this the was

of 4acetamido4™
(Sopplementie Fgur 1).
wtate of different - ALR foems (sFALR, FAD-free

NMR Spectroscopy, NMR
were carried oat on 0.5 mM (* —Y'N}IabddﬂyubadFAD-hc
s£ALR samples in 50 mM phosphate buffer, pH 7.0, containing 10%
(v/v) D0, All NMR spectra were collected a2 308 K, processed using
Md&uhaw&nn(‘!’mh lJ).lndmdy.dudnh

previously equilibeated
phosphate boffer, MaMBDTA.pH?-ﬁMWImnN
DTT. Amlytical gel filtration ch graphy ducted by
MWKMIWN(NMMM)
on a AKTA-FPLC system (A ) with S0
phoqhmHIm(L‘»liiD‘fA.pH7hlh and

£

Cmm m‘H."Cmd

S-IS. 34-37, 40, 42, 4750, 5759, 80-82, 86-87, 102-103, 109
125). The un-ped amide peaks .u mnl:hu&y hod (-—c of

dM”C,nd.ﬁa.ol”C.mndnwkm
NMR spectra. Such NH broadening efect & the p of

¢ in the

n:

f ch vqbns‘l’o

- ¥
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(J)Nmpen,w adlhrmj.ﬂ.(m)'rmhdhnnl
mmmmm-m

2 the diy . daaied b ladak
analysis was performed by CSI* and PECAN™ p Relaxati
experiments on ""N-labeled were performed n.ooomh
Bruker N backbone longtudinal (R,

(R,) red rates and b N{'H)- Non

i of the filly oxidized FAD -bound state of
SFALR was already available' and deposited at the BioMagResHank
database (accession number 18029),

To follow the maturation process by NMR, we produced “N-
w.d.((“"c."mhu.dpna("c.'mmq-mw

in the ch

fully redoced FAD-free s ALR and checked their cystel
by x
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3.2 CHCHDS5 Structural Characterization

Banci, L., Bertini, L., Ciofi-Baffoni, S., Jaiswal, D., Neri, S., Peruzzini, R., Winkelmann, J.
Structural characterization of CHCHD5 and CHCHD7: Two atypical human twin
CX(9)C proteins.
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Tmnmmmmmuu large protesn famidly among all eukaryotes; are putative substrates of the

al Mia40-d: import machinery: contain a cotled coll-helix-colled coil-helix (CHCH)
fold stabilized by modlwl!lde bond: as exemnplified by three structures available for this family, How-
cever. they considerably differ at the primary sequence level and this prevents an accurate prediction of
their stroctural models. With the aim of ding structural {nf on CHCH p hete we
structurally characterized human CHCHDS and CHCHD?, While CHCHDS has two wealdy interacting

gx‘”,' CHCHdomaimwmmﬂealmdllmlwmmnammmolmmlnm
Mitochondrial Import actions, CHCHD? has a third helix b with an of helix a2, which is
Miad0-dependent disulfide relay system pndmmmnummdmcwmemm
a-dairpin domaln exposing hydrophobic patches, with the result of protein aggregation/precipitation. These results suggest
Thiol-based redox chemivtry a model where the molecular interactions guiding the protein recognition between Miad0 and the disul-
NMR fide-redoced CHCHDS and CHCHD? substrates occurs in vivo when the litter peoteins are partizlly
embedded in the protein import pore of the outer membrane of mitochondria

© 2012 Elsevier Inc. All rights reserved

1. Introduction 2004;Banci et al, 2009, 2010;Terziyska et al. 2009), while ALR/

Almost all of the proteins of the mitochondrial intermembrane
space (IMS) are encoded by nuclear genes. These proteins are syn-
thesized in the cytosol and then imported into mitochondria. While
essentially all proteins directed to the matrix possess a targeting se-
quence which, by interacting with the translocases located in the
outer and inner mitochondrial membranes, directs them to the ma-
trix, different mechanisms can be operative for the import of nucle-
ar encoded proteins into the IMS (Neupert and Herrmann, 2007)
Many IMS proteins lack the mitochondrial targeting sequence and
are characterized by conserved twin OXC (typically n=3 and 9)
motifs, which were found to mediate their import into the IMS
through a disulfide relay system (Mesecke et al., 2005). Two pro-
teins, Miad0 and ALR (named Erv in yeast), are the central compo-
nents of this system (Hell, 2008). In particular, Miad0 is an
oxidoreductase which promotes an axidative folding process of
the imported substrates through a thiol-disulfide exchange mecha-
nism, in this way trapping them in the IMS (Chacinska et al,

* Corresponding authees, Fax: «30 055 4574271 (L Berrini), fax +39 055 4574253
(L Baeci)
E-meit h
Bertini)

seefije (L Basci) saifle 1,

1047-8477/% - see froen matter © 2012 Exvevier Inc. All righes reserved,
Batpe (e dotorgf 101016/ )2 2012.07.007

Ervi restores the functional oxidized state of Mia40 (Terziyska
et al,, 2007;Lionalkd et al., 2010;Banci et al,, 2012).

Twin CX,;C proteins constitute a large protein family among all
eukaryotes (Cavallaro, 2010). Yeast Saccharomyces cerevisioe con-
tains 17 members, most of them required for the assembly or sta-
bility of resp: y chain compl (Longen et al, 2009). In the
human genome 29 genes were identified, eleven of them being
part of respiratory chain complexes, tweive involved in cyto-
chrome ¢ oxidase assembly function and in the maintenance of
fundamental structural and functional properties of mitochondria,
and six with unknown function (Cavallaro, 2010} All twin OGC
proteins contain a coiled coil-helix-coiled coil-helix (CHCH)
domain as exemplified by the structures of Cox17 (PDB-ID:
2RN9) (Banci et al,, 2008b;Abajian et al, 2004:Arnesano et al,
2005), Mia40 (PDB-ID: 2K3)) (Banci et al, 2009:Kawano et al,
2009) and p8-MTCP1 (PDB-ID: 1HPS) (Barthe et al, 1997). In all
of them, the twin CX,C motif forms two structural disulfides in a
a-hairpin conformation blocking the two helices in an antiparallel
orientation, Cox17 Is the mitochondrial copper chaperone which is
involved in copper transfer to cytochrome ¢ oxidase (Homg et al.,
2004;Banci et al, 2007b, 2008a). It binds a copper(l) jon through
an additional CC motif in the N-terminal region (Banci et al.
2008b). Recently, the structure and functional role of Miad0 has
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been extensively characterized, showing that its CPC motif in the
N-terminal region Is responsible for the introduction of disulfide
bonds in the protein substrates (Banci et al, 2009:Grumbt et al.,
2007). Mia40 functions as a molecular chaperone assisting the -
helical folding of an internal targeting signal (ITS) of the substrate
(Banci et al, 2010;Skderis et al, 2009). p8-MTCP1 is a mitochon-
drial protein thought to be involved in T-cell proliferation and
has been reported to play a potential role in leukemogenesis but
its function is so far unknown (Madani et al, 1995:Soulier et al.
1994).

Although all CX,C proteins presumably preserve a disulfide-
bonded a-hairpin conformation, they have a large range of se-
quence lengths and a very low degree of sequence similarity both
within a specific organism and in the orthologs of different species
(Cavallaro, 2010;Longen et al., 2009). Therefore, these features do
not allow to easily predict accurate structural models for this pro-
tein family. With the aim of expanding the structural information
on CHCH proteins, we have structurally characterized two mem-
bers of them, CHCHDS and CHCHD?, in their fully oxidized states.
The former protein has the peculiarity of containing two CHCH do-
mains and is homologous to yeast Mic14 whose depletion affects
mitochandrial oxygen consumption without influencing the mito-
chondrial cytochrome ¢ oxidase and reductase activities (Longen
et al, 2009). The latter protein is the homologue of yeast Cox23
which Is required for cytochrome ¢ oxidase assembly (Longen
et al,, 2009;Cavallaro, 2010;Barros et al, 2004). However, CHCHD?
has a very different sequence length compared to Cox23 (human
85 aa vs, yeast 151 aa)

2. Materfals and methods
2.1, Bicinformatic analysis

Sequences homologous to those of the CHCHDS and CHCHD?
proteins were searched via BLAST (http://blast.ncbi.nim.nih.gov/
Blast.cgi) in the database of non-redundant protein sequences
using Blastp (protein-protein BLAST). Sequence alignments were
performed using the ClustalW program with default parameters
(Larkin et al, 2007). Prediction of the mitochondrial N-terminal
targeting sequence has been performed through MitoProt 1 (Cla-
105, 1995). The CHCHD7 and CHCHDS sequences were submitted
to the I-TASSER online modeling program. The I-TASSER server
generates 3D atomic models by conducting multiple folding simu-
lations on the basis of templates that it identifies as structural
homologs in the Protein Data Bank (Roy et al, 2010:Zhang.
2008). The C-score, which is a confidence score for estimating
the quality of predicted models by 1-TASSER, is typically in the
range of | -5,2], where a C-score of higher value signifies a model
with a high confidence (Zhang and Skolnick, 2004 ). Our best mod-
els of CHCHD7 and CHCHDS have a C-score of ~1.58 and ~1.75,
respectively. For both proteins the T™M-score, which is another
parameter that measures the quality of the modeling prediction
(Zhang and Skolnick, 2004), is 0.50 £ 0.15. A TM-score >0.5 indi-
cates a model of correct topology. Both C- and TM-scores indicate
that no reliable structural models were obtained, Moreover, the
cysteines of the four CX,C motifs in the I-TASSER model of CHCHDS
are not involved in the disulfide bonds typical of this protein fam-
ily, thus indicating its unreliability.

2.2, Molecular cloning, expression and purification of CHCHD? and
CHCHDS

The cDNA (GenScript) coding for the human CHCHD? or
CHCHDS proteins were cloned into pET16b and pET15 (Novagen),

respectively, using the restriction enzymes 5' Ndel and 3° BamH|
(Fermentas), generating N-terminal His-tagged proteins,

The expression vector encoding for the full-length proteins
(CHCHD? and CHCHDS) was transformed into competent Esche-
richia colé BL21-Origami(DE3) cells (Stratagene ). which were grown
at 37 °C In Luria-Bertani, or in minimal medium ({'*NH,),S0, and/
or ["Clglucose) for the production of labeled samples. Protein
expression was induced at OD 0.7-0.8 with 0.5 mM isopropy! §-
o-thiogalactopyranoside for 16h at 25°C. Cells were harvested
by centrifugation at 11000g for 20 min and resuspended in lysis
baffer (50 mM phosphate buffer pH 7.4, 0.5 M NaCl, 10 mM imid-
azole). Cell lysis was performed by sonicating with eight bursts
of 305 each, The suspension was centrifuged for 40 min and the
supernatant was applied on a 5-mi Ni (or Zn)-charged Hi-Trap che-
lating HP column (Amersham Pharmacia Biotech). Unbound pro-
teins were washed with binding buffer (50 mM phosphate buffer
pH 74, O5M NaCl, 100mM imidazole) and CHCHD7, 4 of
CHCHDS,s ¢ was eluted with elution buffer (S0 mM phosphate
buffer 7.5, 0.5 M NaCl, 500 mM imidazole). The CHCHDS protein
was then concentrated by ultrafiltration and loaded on a 16/60
Superdex 75 chromatographic column (Amersham Biosciences)
to separate the dimeric (30%) from the monomeric protein-con-
taining fractions (in 100 mM Tris, 100 mM NaCl, pH 8.0). This di-
meric form of CHCHDS protein results from the formation of
unspecific intermolecular disulfide bond(s) as analyzed by SDS-
PAGE with and without dithiothreitol (DTT) CHCHD?:5.5 and
monomeric CHCHDS.s s were then concentrated by ultrafiltration
and the His-tag was cleaved by incubation with factor Xa
(50 mM Tris-HCI, 100 mM NaCl, 5 mM CaCl,, pH 8) or Thrombin
(100 mM Tris~HCl, 100 mM NaCl, pH 8.0) over night at room tem-
perature or 4 °C, respectively. A second HiTrap chelating HP col-
umn was used to isolate the untagged CHCHD7 5 ¢ or CHCHDS o
» which were then loaded on a 16/60 Superdex 75 chromato-
graphic column (50 mM KPi, pH 7.0) and concentrated by ultrafil-
tration to produce the final NMR sample. Yields of pure proteins
were between 5-10 mg per liter of culture.

A N-ter CHCHDS construct (3.2 1-49) was obtained through the
insertion of a stop codon (TAA) after Pro49 in the full-length con-
struct. QuikChange XL Site-Directed Mutagenesis Kit from Strata-
gene was used for the mutagenesis reaction with the following
forward primer, GTACGAGCTCTCACCCGTAAATTATTCGCCAGATT
CGC N-ter CHCHDS ;4 5 protein (a.a. 1-49) was expressed and puri-
fied following the same protocol of the full-length protein, with the
exception that the first gel filtration was omitted as the peotein
cluted from the HiTrap chelating column in the monomeric form

only,

A C-ter CHCHDS construct (a.a 50-110) was obtained through
the insertion of Ndel restriction enzyme recognition site (CATATG)
after Prod9 by site-directed mutagenesis, using the following for-
ward primer, GTACGAGCTCTCACCCGTAACATATGATTATTCGCCA-
GATTCGCC. The C-ter CHCHDS construct was sub-cloned using
Ndel and BamHI restriction enzymes in pET15 expression vector,
Protein expression and purification were performed following the
same protocol of the N-ter construct.

2.3. Mass Spectrometry

MALDI-MS experiments were performed on Bruker DaltonicsUl-
traflex 1If MALDI TOF/TOF instrument in order to confirm the
molecular mass of the purified protein. 1l of protein solution
was mixed with 1 pl of matrix solution (SA 10 mg/ml in 70% aceto-
nitrile/30% water, 0.1% TFA) and analyzed. Flex Control 3.0 was
used as data acquisition software in positive linear mode. The
instrument was externally calibrated prior to analysis using the
Bruker Protein calibration standard kit,
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24. Analytical gel filtration chromatogrophy 2.6. Circulor dichroésm

The aggregation state of CHCHD7 5 4 and of the various con-
structs of CHCHDS,; 5 (full length, N-ter and C-ter constructs)
was analyzed using analytical gel filtration approach. Purified sam-
ples were run on AKTAFPLC™ using a Superdex 200 HR 10/300
analytical column or a Superdex 75 HR 10/300 analytical column
(GE Healthcare). Fifty millimolar sodium phosphate, 150 mM NaCl
buffer pH 7.0 was used as eluent with a flow rate of 0.6 ml/min.
Standard proteins used for the calibration curve were aprotinin,
ribonuclease A and ovalbumin.

2.5, Reduction of CHCHD7 s and CHCHDS 45«

For the reduction of protein disulfide bands, degassed 50 mM
phosphate buffer pH 7.0 was used and up to 300 mM DTT or
25 mM tris(2-carboxyethyl)phosphine was added. The effect of
cysteine reduction on the folding properties was analyzed through
NMR 'H-"N HSQC experiments at 800 MHz. The reducing agent
was then removed from the reduced protein using a PD10 column
or by dialysis, and the cysteine redox state investigated through
protein alkylation followed by SDS-PAGE. The proteins were re-
acted with 4-acetamido-4'-maleimidylistilbene-2.2 -disulfonate
(AMS) which specifically alkylates reduced cysteines increasing
the molecular weight by 500 Da per cysteine residue.

Far-UV CD analyses of CHCHDS (20 pM) and CHCHD7 (13 uM)
were performed in 50 mM phosphate buffer pH 7.0 with the addi-
tion of different amounts of DTT. Spectra were acquired at 298 K
using a 1-mm path-length cell and a Jasco J-810 spectropolarime-
ter (Jasco, Tokyo, Japan). All spectra were recorded with an average
of 5 accumulations at a scan speed of 20 nm/min and at a response
time of 2 5. The relative a-helical content was calculated from the
mean residue ellipticity value at 222 nm for the indicated DTT con-
centration taking the value at 0 mM DTT as 100%.

2.7. NMR relaxation experiments and analysis

N Ry, Ry, and steady-state heteronuclear NOE measurements
were performed at 500 or 600 MHz, 298 and/or 308 K, using the
pulse sequences previously reported (Farrow et al,, 1994,Grzesick
and Bax, 1993) on ""N-labeled samples. The overall rotational cor-
relation time values were estimated from the R;/R, ratio using the
program QUADRATIC_DIFFUSION (Lee et al, 1997) The relaxation
data for those NHs having an exchange contribution to the R; value
or exhibiting large-amplitude fast internal motions, as monitored
by low NOE values, were excluded from the analysis (Kay et al,
1989;Tyandra et al., 1995).

Estimates of the molecular tumbling value under the chosen
experimental conditions of magnetic fiedd and temperature were
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obtained using the program HydroNMR following the standard
procedure (Garcia de la Torre et al, 2000). The input structures
do not contain the first 15 residues (CHCHD7;5.5), and the first
10 and the last 15 residues (CHCHD S, <) as they are unstructured.

The experimental longitudinal and transverse relaxation rates
and the heteronuclear NOEs of CHCHD7 4. 4 recorded at 500 MHz
and 298 K have been analyzed with the TENSOR 2.0 program (Dos-
set et al, 2000), which allows the determination of rotational dif-
fusion from three-dimensional structure coordinates and
experimental "N relaxation data and to perform a model-free
analysis of local internal mobility affecting backbone amides in
the presence of an isotropic or anisotropic rotational diffusion ten-
sor (Tsan et al,, 2000;Dosset et al. 2000).

2.8. NMR experiments and structure colculations

All NMR spectra to obtain the solution structures of CHCHD 755 4
and CHCHDS,, 4 were recorded at 298 and 308 K. respectively.
using Bruker Avance 500, 700 and 900 MHz spectrometers, pro-
cessed using the standard Bruker Topspin software and analyzed
by CARA program (Keller, 2004). The NMR experiments used for
resonance assignment and structure calculations were performed
on VC-/"*N-labeled or on 'N-labeled samples (0.5-1mM) in
50 mM phosphate buffer pH 7 containing 10% (v/v) D;0. The 'H.

A

3¢, and '*N backbone resonance assignment of CHCHD?25.5 and
of the various constructs of CHCHDS was performed using stan-
dard triple-resonance NMR experiments. The side chain assign-
ment of CHCHD7,5 4 and CHCHDS5. s was performed using
TOCSY- and NOESY-based NMR experiments. Secondary structure
analysis has been performed by PECAN (Eghbalnia et al, 2005).
CSI (Wishart et al,, 1992) and TALOS+ (Shen et al, 2009).

'H-"N HSQC spectra of CHCHD5,q 5. recorded in the presence
and in the absence of TEMPOL (4-hydroxy-2,2,6,6-tetramethyl
piperidine-1 oxyl, 97% purity, Sigma-Aldrich) from a Bruker
Avance700 spectrometer with 512 Increments and 32 scans over
1024 data points, were compared to determine paramagnetic per-
turbations on signal intensities. Paramagnetic sample (0,7 mM)
contained an optimal 20 mM TEMPOL concentration, which was
achieved by adding directly to the NMR tube a few microliters of
a2 2M TEMPOL stock solution in 99.9% D;0. Only well resolved
NMR signals were selected and their vol analyzed according
to the standard procedure (Molinasi et al, 1997)

Structure calculations were performed with the software
package UNIO (ATNOS/CANDID/CYANA) (Herrmann et al,
2002a.b;Glntert, 2004), using as input the amino acid sequence,
the chemical shift lists, three |'H,'H}-NOE experiments (two-
dimensional NOESY, three-dimensional "*N-resolved NOESY and
three-dimensional '’C-resolved NOESY), and backbone torsion
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angle constraints, derived from 'H, "’Cand "*N chemical shift anal-
ysis performed with TALOS+ program (Shen et al, 2009). The 20
conformers with the lowest residual target function values were
subjected to restrained energy minimization in explicit water with
the program AMBER 10 (Case et al, 2008). The quality of the struc-
tures was evaluated by the programs PSVS (Bhattacharya et al,
2007) and iCing (http://nmr.cmbi.runl/cing/iCing.html). The con-
formational and energetic analysis of the final restrained energy
minimized family of 20 conformers of CHCHDS. ¢ and
CHCHD7,4 4 are reported in Tables S1 and S2, respectively. The
atomic coordinates, structural restraints and resonance assign-
ments of CHCHDS,, 5 and CHCHD7,5 4 have been deposited in
the Protein Data Bank and BioMagResBank (PDB-ID: 2lql, BMRB
accession number: 18318 for CHCHDS; PDB-ID; 2iqt, BMRB acces-
sion number: 18328 for CHCHD?).

3. Results
3.1, Bicinformatic analysis of CHCHDS and CHCHD7

Human CHCHD7 has been reported to be the homologous pro-
tein of yeast Cox23 (Longen et al, 2009;Cavallaro, 2010) which
has been detected in the IMS (Barros et al., 2004). In both proteins
the CHCH domain (starting with the first Cys and ending with the
fourth Cys) comprises 32 amino acids. The identity between the
two CHCH domains is 46% (Fig. 1A) but the sequence pattern of
the two proteins shows significant differences. While the yeast
protein is constituted by 151 amino acids and contains a putative

Hg.3. Solution structure of CHOHD S, . The bandle of 20 conformen rep

the final NMR
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N-terminal mitochondrial targeting sequence, the human protein
is formed by only 85 amino acids with no predicted mitochondrial
targeting sequence (Fig. 1B). Moreover, in the yeast protein the
CHCH domain is located in the C-terminal region with additional
103 amino acids at the N-terminus while in the human protein it
is found In the N-terminal region with a C-terminal extension of
38 residues (Fig. 1B). The yeast homologue of the human protein
CHCHDS is termed Mic14 (mitochondrial IMS cysteine motif pro-
tein of 14 kDa) (Longen et al, 2009;Cavallaro, 2010). In both organ-
Isms the protein has two CHCH domains separated by 13/14 amino
acids, each of the domain containing four conserved cysteine resi-
dues, with a pairwise identity of 21% and no predictable N-termi-
nal mitochondrial targeting sequence (Fig. 1C and D)

The mitochondrial IMS-targeting signal (ITS) is a sequence
stretch found in essentially all CHCH, Mia40-dependent substrates.
The ITS primes one Cys for docking with Miad0's CPC motif which
is responsible for the introduction of a disulfide bond in the sub-
strate (Sideris et al, 2009;Milenkovic et al, 2009). The ITS is de-
ﬁned as a stretch of at least nine amino acids upstream or

of any cy of the OXOX XL motif, and having
(wo hydrophobic amino acids four and seven amino acids distant
from the docking cysteine (Sideris et al, 2009;Mlilenkovic et al.
2009). Such putative ITS sequence stretches were predicted for
both CHCHD? and Cox23 downstream of the third or fourth cys-
teine residue and, for Cax23, additionally upstream of the fourth
cysteine, suggesting that they are potential Miad0 substrates.
Mic14 has been reported to be transported to the IMS by Mia40/
Ervl disulfide relay system (Gabriel et al, 2007) and putative ITS
sequence stretches were predicted downstream of the first

N-ter CHCH domain
of CHCHDI .5 I3 shown by superimposing the backbone atoms of

the Noter (A} and the C-ter (B) CHCH domass, {€) Ribbos presentation of one conformer of CHCHDS . with residues mvolved in hydrophobee contacts colored in bloe and
‘with van der Waals contact surfaces. The N-ter CHCH doman is In green, the C-ter CHOH domain is Ia red, and the linker between the two domains |4 in grey, Dissdfide boads
are in yellow. (For interpretation of the references 10 color & this figure legend, the reader is referred [0 the web version of this aeticle.)
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cysteine residue in both CHCH domains of Mic14, CHCHDS has the
same TS regions and, additionally, another one downstream of the

CHCHD 7255 (1in = 108 £ 1.1 ns at 298 X), estimated through NMR
ring '*N backbone relaxation rates, is in agreement with

third cysteine in the second CHCH domain, suggesting to be a
Mia40 substrate, as Mic14. The ITSs present in these four proteins
matched with those most commonly identified in the CHCH family.
Le. downstream of the first or of the third cysteine of the CHCH do-
main (Cavallaro, 2010).

Structural models of CHCHD7 and CHCHDS generated through
the I-TASSER server were not enough accurate to be considered
representative of a correct structure (see Section 2.1 for details)
and therefore we proceeded to solve the structure of both proteins
experimentally through solution NMR.

3.2. Redox state-dependent properties of CHCHDS and CHCHD7

MALDI-MS analysis revealed that recombinantly expressed and
purified CHCHD7 and CHCHDS have molecular weights of 10.2 and
12,7 kDa, respectively, in agreement with their theoretical values,
SDS-PAGE analysis of the purified protein samples mixed with
the thiol-reactive reagent 4-acetamido-4'-maleimidylstilbene-
2,2-disulfonic acid (AMS) (see Section 2.5 for details) showed a
clear shift of the CHCHD7 and CHCHDS bands only upon addition
of a large excess of dithiothreitol (DTT) (data not shown ). This indi-
cates that the cysteine residues of purified CHCHD? and CHCHDS
are involved in two (CHCHD7 4 ¢ hereafter) and four (CHCHDS .
s hereafter) disulfide bonds, respectively, while the cysteine resi-
dues are reduced after addition of the reducing agent and hence
they are able to react with AMS.

Analytical gel filtration shows that CHCHD7,.4 is in a
monomeric state (Ag S1). The molecular tumbling value of
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the HYDRONMR-derived (Garcia et al, 2000) value of the protein
in a monomeric state (8.9 ns). Also CHCHDS 4 ¢ elutes in the ana-
lytical gel filtration as a single species but with an apparent molec-
ular weight (MW,.) of ~19 kDa which is stightly higher than the
value expected for a monomeric state (Fig. S1). However, the
molecular tumbling time value (11.0212ns ar 298K and
10.1 £ 1.5ns at 308 K) Is in the same range of that derived from
HYDRONMR for a monomeric protein state (9.3 £ 08 ns at 298K
and 8.9 £ 0.8 ns at 308 K obtained averaging t,, values calculated
using the ensemble of 20 NMR conformers, see later). Therefore,
the divergence between the experimental MW value obtained from
the analytical gel filtration and the theoretical MW values can be
ascribed to a non-globular protein shape of CHCHDS.

Circular dicroism (CD) spectra of CHCHD7¢.5 and CHCHDS 4.5
indicate that both proteins have a-helical secondary structure with
typical negative minima around 208 and 222 nm (Fig. 2A and B).
After incubation with an excess of DTT, the a-helical content de-
creases by 60% and 70%, respectively (Fig. 2A and B). These data
indicate a high propensity of the proteins to adopt a a-helical con-
formation when the disulfide bonds are present, while upon their
reduction the proteins acquire a largely unstructured state. To
investigate the effect of disulfide bond reduction on the tertiary
structure of CHCHD7,y ¢ and CHCHDS,y 4. NMR spectra were re-
corded at various DTT concentrations. With increasing concentra-
tion of DTT, a slow exchange process on the NMR time scale is
observed corresponding to the formation of the reduced state
whose NH signal dispersion is largely decreased (Fig 2C and D).
The majority of backbone NHs in the final "H-"N HSQC spectra
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of both proteins are clustered in the spectral region typical of un-
folded polypeptides (amide proton resonances clustered between
8 and 8.5 ppm). At variance with what has been observed for
Cox17, namely that its fully reduced state is highly soluble (Banci
ct al., 2008b), protein aggregation and precipitation slowly occur
in a day for both CHCHDS and CHCHD?7, thus preventing a detalled
NMR characterization of their reduced states.

3.3. Structural characterization of CHCHDS 4 ¢

The "H-"N HSQC spectrum of CHCHDS, 4 protein shows well-
spread resonances which indicate a folded protein. 88 out of 101
expected backbone amide resonances (excluding 8 proline residues
and the first Met) were assigned. Backbone amide resonances were
missing for residues at the N-terminus (2, 6-10), for some residues
of the linker connecting the two CHCH domains (48-52) and for
residues 17 and B2. Secondary structure analysis performed on
the basis of "'C. '’C,, "’CO. H, chemical shifts showed the pres-
ence of the two expected twin a-helices forming the two CHCH do-
mains. Accordingly, NMR '°C,, chemical shifts (Sharma and
Rajarathnam, 2000) indicate that the eight cysteine residues of
the two CHCH domains are involved in four disulfide bonds. The
resonance assignment was also performed on two constructs
which comprise the N-terminal (a.a. 1-49) and C-terminal (a.a
50-110) CHCH domain, respectively (named N-ter and Coter
CHCHDS;5 5 hereafter). The secondary structure analysis d:

number of NOE cross-peaks in the NH region of the 2D NOESY
spectrum (Fig. S4, 539 cross-peaks at 298 K and 460 cross-peaks
at 308 K), which s significantly less than would be expected for
a protein of CHCHS's size and topology (550 cross-peaks at 298 K
for human Cox17 which has only one CHCH domain). A similar
behavior has been already reported in other sy (Bertinl
et al, 2003; Banci et al., 20073), for which multiple conformational
exchange processes occurring on a time-scale that is of the order of
the reciprocal frequency separation determine dramatic exchange
broadening which can easily render the NOE unobservable, espe-
cially when coalescence s approached. The experimental
PN["H)-NOE values for CHCHS 4 (Fig. 5C) demonstrate that the
single domains forming the full-length protein behave as rigid
bodies. Only sixteen residues at the C-terminus are very mobile
as shown by its negative heteronuciear {'H)'*N-NOEs, indicative
of fast (nanosecond to picosecond) internal mobility. All together,
"N NMR relaxation data indicate that the two CHCH domains in
the full-length protein do not reorient independently in soluts
but they neither behave like a rigid body as they sample a range
of limited conformations.

Paramagnetic profile of TEMPOL accessibility to the CHCHS ¢ ¢
surface was measured to provide further information on the rela-
tive orientation of the CHCH domains. TEMPOL is a soluble and sta-
ble free radical commonly employed for analyzing the distribution
of protein surface hot spots (Bernini et al,, 2009). Changes of 'H-'N
signal | ities of backbone amides in HSQC protein spectra re-

strates the presence of the same a-helical stretches present in
the CHCH domains of the full-length protein,

The solution structure of the full-length protein shows the pres-
ence of two a-helical hairpins which are well-ordered when indi-
vidually superimposed (Fig 3A and B, backbone RMSD,; &
0.86 A and backbone RMSDy, o5 1.27 A), but sample several reci-
procal conformations when considering the entire ensemble (back-
bone RMSD, ; 4, 6.45 A), consistently with the lack of interdamain
NOEs and the missing assignment of 5 residues in the linker region
(composed by 10 residues). The linker region is, however, not com-
pletely unstructured. Indeed, a 2-helical segment, involving resi-
dues 52-57, Is present in the ensemble of all 20 conformers
(Fig. 3) as resulting from chemical shift index and TALOS+ analysis
(Fig. S2). A short a-helix is also p in the loop cting the
disulfide-bridged a-helices in the first CHCH domain (Fig. 3C).

To investigate the interaction between the two CHCH domains,
the 'H-"IN HSQC map (Fig. $3) and the backbone chemical shifts of
the full-length protein (Fig. 4A) were compared with those of the
individual N-ter and C-ter CHCHDS,5 5 constructs. Chemical shift
variations are scattered across the two helices of the N-ter CHCH
domain and involve few residues in the C-ter domain (Fig. 4A)
No large chemical shift differences were however observed be-
tween the isolated domains when they are mixed in a 1:1 ratio
(Fig. 48). These data suggest that the two domains do not specifi-
cally recognize each other, consistent with the lack of interdomain
NOEs in the full-length protein. However, the chemical shift varia-
tions measured for the residues in the N-ter CHCH domain indicate
that the two CHCH domains are not fully independent.

To analyze the relative orientation of the CHCH domains, exper-
imental "N R, and R; data of the full-length protein were com-
pared with the values estimated from rigid-body hydrodynamic
modeling using the atomic coordinates of the most compact and
the most extended conformation of the two CHCH domains within
the family of 20 conformers. As shown in Fig. 5A, the experimental
Ry values are, on average, matching the theoretical R, values of the
most compact conformer. On the contrary, the experimental R; val-
ues are, on average, higher than those expected from the more
compact conformation (Fig. 58). This could be due to the presence
of conformational exchange contributions occurring along the
whole amino acid sequence. This behavior explains the low

corded in the presence and absence of 20 mM TEMPOL have been
measured and reported as paramagnetic attenuations, Al, following
a well-known protocol (Molinari et al., 1997) A 20 mM TEMPOL
concentration induces a sizeable broadening of NH signals but it
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does not generate too much loss in the signal/noise ratio, Chemical main regions located (i) in the first a-hairpin domain, (ii) in the
shifts are only marginally affected by the presence of 20 mM TEM- short a-helix of the linker region, (1il) in the second a-hairpin do-
POL (mean absolute difference <0.02 ppm), a circumstance that main (Fig. 3C). The interactions of these hydrophobic regions could
makes assignments trivial. Al values have been calculated for most have a role in restricting the degree of fiexibility of the two CHCH
of the CHCHS s s amide groups. i.e. 73 out of the total 88 assigned  domains without locking them completely in one rigid conforma-
NH signals which are present n both diamagnetic and paramag- tion. These hydrophobic contacts can also be responsible for the
netic 'H-"N HSQC spectra. The obtained Al values range from a  aggregation and precipitation observed for the reduced state of
maximum of 2.0 to a minimum of 0.6 for signals exhibiting strong the protein. Indeed, upon disulfide bond reduction, these hydro-
and weak paramagnetic attenuations, respectively. The meanvalue  phobic residues can become completely solvent exposed, thereby
of Al is 1.12 and the residues whose NHs are attenuated by TEM- enabling non-specific protein-protein interactions.
POL are spread all over the sequence of CHCHS, 4 (Fig. 55), indi-
cating that both domains are accessibie to the solvent. The 3.4. Structural characterization of CHCHD? 5 4
TEMPOL Induced Al values were mapped to the surface of the most
extended conformation of CHCHS« <, and also plotted graphically The 'H-"N HSQC spectrum of CHCHD?.; 4 shows well-spread
(Fig. S5). All atoms of residues with the highest attenuations  resonances indicating a folded protein (Fig. 6A). 67 out of 78 ex-
(2.0 < Ai < 1.4) are painted In red, those of residues with intermedi- pected backbone amide resonances (excluding 6 proline residues
ate attenuations (1.4 <Ai<12) are Pliﬂltd in orange, From this and the first Mﬂ)m“ﬁm Backbone amide resonances were
analysis it results that the residues whose NH correlations are most missing for the N-terminal residues 3-10 as well as for residues 24,
affected by TEMPOL are distributed all over the solvent exposed 39 and 45. Secondary structure analysis performed on the basis of
surface of the two CHCH domains in their relative most extended ¢, 13C,, "3C0, Ha chemical shifts showed that, in addition to the
conformation. [n agreement with the '*N NMR relaxation data, this two a-helices of the CHCH-domain, a further a-helix is present in
behavior indicates that the two domains are not strongly interact- the C-terminal region of the protein. NMR ’C,, chemical shifts
ing with each other but they are largely solvent accessible inanot  (Sharma and Rajarathnam, 2000) indicate that the four cysteine
compact structural organization, residues of the CHCH domaln are involved in two disulfide bonds.
In conclusion, structural, chemical shift mapping, '*N relaxation The solution structure shows that the three a-helices form a
and paramagnetic relaxation enhancement data show that the  prolate, ellipsoidal-shaped molecule in which helix a3 is perpen-
CHCHS5u4s.5 does not exhibit a rigid body hydrodynamics experienc-  dicular to the polar axis (Fig. 68). The N-terminal a-helix is formed
ing indeed a certain degree of motions between the two CHCH by thirteen residues (17-29) as usually found in the CHCH fold.
domains, which behave as rigld entities. The analysis of the hydro-  while the second a-helix, comprising residues 38-59, is unusually
phobic contacts in the 20 conformers shows the presence of three  Jong compared to other CX,C members (22 vs. 12 residues of

B a3
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N-terminus and C-terminus are indicased ty N and C resp ly. (For ation of the refs 10 colox in this fipare legend, the reader is referred 10 the web version

of this amicle.)

76 —




Results

158 L Basct et ol /Jounsd of Soructursl Bislogy 180 (2012) 190-200

Cox17). The extended part of helix a2 not included in the CHCH
domain interacts with the C-terminal helix a3 (Fig. 68). In the
CHCH domain the hydrophobic interhelical interactions involving
residues Lewul?, Ala22, Leu27 in helix a1, Tyr44, Tyr40, Phedl in
helix a2, and Tyr32 in the loop does not define a compact patch
(Fig. 7A). This suggests that the disulfide bonds play the main role
to maintain the interhelical contacts. On the contrary, extensive
hydrophobic interactions involving several residues are present
between helix a3 and the part of helix a2 not included in the
CHCH domain (Fig. 7A) Two residues, Phe66 and Met67, of the
loop connecting helix 22 with helix a3 (loop 2) and Met83 and
Tyr85 at the C-terminus are also in contact with the interhelical
hydrophobic patch, thus determining & well-defined conformation
of the loop and of the C-terminal tall (Fig. 7A). Helix %2 is amphi-
patic having all the hydrophobic residues on the internal side of
the structure, belng this a fundamental aspect to firmly stick helix
a3 to helix 22. In accordance with the numerous interhelical inter-
actions, '*N backbone relaxation properties show that the protein
is essentially a rigid molecule with also the loops connecting the
helices not showing a high degree of mations (Fig. $6). The anisot-
ropy of rotational diffusion tensor has been characterized by the
program TENSOR 2.0 (Dosset et al., 2000) using the relaxation rate
Ry/R, ratios at 500 MHz and the statistical significance of the
description was then investigated. Residues recognized from their
relaxation behavior to be rigid were selected for inclusion in the
caleulation of the anisotropic diffusion tensor following exclusion
criteria described in (Tjandra et al. 1995;Cordier et al, 1998),
retaining 54 residues. The protein exhibits significant anisotropic
reorientation with a diffusion tensor with principal axes values
of 2.181 x 107, 1.361 x 107 and 1.485 x 107 5 ', A statistically bet-
ter fit for the relaxation data was obtained by using the axially
symmetric model over the isotropic model. The prolate appraxi-
mation reproduces the measured relaxation rate ratio better than
the oblate approximation (7, = 31.1 compared to z2,, = 48.5). The
anisotropic tensorial description Is again statistically significant
(e =307, 2ies = 61.7) but no statistically significant improve-
ment in the fully anisotropic model over axially symmetric diffu-
sion was observed (FTeste = 0.50 compared to FTestoy = 2.82)
The relaxation data were analyzed by using both the isotropic
and axially symmetric models for the rotational diffusion tensor
and, In going from the isotropic to the axially symmetric case, a
better fit of the relaxation data was obtained with the axially sym-
metric model.

In the only other structurally characterized CHCH domain con-
taining a third a-helix. the human p8-MTCP1 (PDB-ID: 2HPS, se-
quence identity with CHCHD7 4 ¢ 15%) (Barthe et al, 1997) the
helices forming the CHCH domain are oriented similarly to those
in CHCHD7,4 ¢ (Fig. 7B) preserving indeed the same hydrophobic,
interhelical § i On the ¢ y. helix a3 in p8-MTCP1
is oriented differently to that in CHCHD7 4 ¢ (Fig. 78). This differ-
ent orientation in p8-MTCP1 with respect to CHCHD 7 ¢ is deter-
mined by: (i) the presence of a further disulfide bond (in addition
to those of the CHCH motif) which links the first turn of helix a3 to
the last turn of helix a2, and which is absent in CHCHD7:5.5
(Fig. 78); (1) by the presence of few hydrophobic interactions be-
tween helix a3 and the CHCH domain, merely localized at the
beginning of helix o3 of p8-MTCP1, at varlance with what de-
scribed before for CHCHD7 4 o Both these features determine the
different structural and dynamical properties of helix a3 in p8-
MTCP1 with respect to what found for CHCHD 7,5 5. Indeed, at var-
iance with CHCHD7 4 4, helix a3 of p8-MTCP1 shows a progressive
increase in both structural disorder and dynamic fluctuations (Bar-
the et al, 1999, 1997). This comparative analysis confirm that, in
CHCHD?;5. 5, the hydrophobic i jons involving helix a3, helix
a2, loop 2 and the C-terminus are crucial to define the orientation
of helix a3, and that the reciprocal orientation of the two helical

segments in the CHCH domain is essentlally determined by the
presence of two disulfide bonds.

4. Discussion

In the OGC proteins, the structural organization s mainly
determined by two different kinds of interhelical interactions:
disulfide bonds and hydrophobic contacts. Two typical members
of the CX,C protein family whose structures are available are
Cox17 (Bancl et al, 2008b;Abajlan et al, 2004:Arnesano et al,
2005) and Mia40 (Banci et al.. 2009;Kawano et al., 2009). The first
has an unstructured N-terminal 20-residue-long region followed
by the CHCH domain, The second has a CHCH domain interacting
with a rigid, N-terminal 20-residue-Jong region which contains
the CPC redox active site, and is surrounded by long unstructured
N-terminal (residues 1-41) and C-terminal (residues 107-142)
tails. At variance with Cox17, Mia40 has a high degree of hydro-
phobicity, specifically on one side of the CHCH domain and this
hydrophobic region has been found to be essential in the recogni-
tion process between Mia40 and the substrates once imported in
the IMS through a general entry gate, the outer membrane TOM
complex (Chacinska et al, 2009). The degree of hydrophobicity in
two helices of each CHCH domain in CHCHDS 5  is similar to what
is found in Miad0, but, overall, more distributed on both sides of
the CHCH domains. On the contrary, CHCHD?;4 4 is analogous to
Cox17, not showing a high level of hydrophobicity in the CHCH do-
main. However, CHCHD7 5.5 has a high degree of hydrophobicity
in the extended part of helix 22 and in helix a3, which are both ab-
sent in Cox17.

ITS has been found to be responsibie for the mitochondnial trap-
ping of this family of OGC substrates as It is essential for Miad0
protein recognition (Milenkovic et al, 2009;Sideris et al, 2008).
Both CHCHDS and CHCHD7 have putative ITSs and can be thus pre-
dicted to be imported in the IMS following a mechanism similar to
what already shown for Cox17 (Banci et al., 2009, 2010). Moreover,
both proteins have additional hydrophobic regions which can be-
come completely solvent exposed upon disulfide bonds reduction.
These data suggest a model where the hydrophobic interactions
between Miad0 and the ITSs of CHCHDS/CHCHD7 occur while
the other hydrophobic regions of the two Mia40-substrates are
not accessible as they are still inside the TOM pore. In such a
way. a potential aggregation of CHCHD5 and CHCHD? can be pre-
vented. This strategy is typically used by molecular chaperones
which interact with the nascent proteins preventing seif aggrega-
tion (Hartl et al, 2011). Following this model, the same process
might not be required for Cox17 which indeed, showing a lower
degree of hydrophobicity, can interact with Mia40 even when it
is completely released from the TOM pore, In the cytosol the pos-
sible aggregation phenomena of CHCHDS and CHCHD7 can be pre-
vented by cytosolic chaperones, particularly heat shock proteins of
the Hsp70 and the Hsp90 classes, which have been implicated in
the binding of the mitochondrially-imported hydrophobic precur-
sors to transfer them to the TOM complex (Young et al, 2003.Cha-
cinska et al, 2009). A function similar to the molecular chaperone
has been proposed for the zinc jon which can play a role in the
cytosol during biogenesis of the CHCH proteins, maintaining them
in a state appropriate for mitochondrial import through metal
binding (Morgan et al., 2009). A further possibility is that IMS-pro-
teins might start to be imported while they are still synthesized
(Herrmann and Riemer, 2011), This might be achieved by the
attraction of nascent polypeptide chains to the surface of mito-
chondria so that proteins that are produced by ribosomes are syn-
thesized in direct proximity of the TOM complexes. In agreement
with this model, it was shown that mRNAs encoding for mitochon-
drial proteins are enriched in mitochondrial fractions isolated from
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yeast cells (Marc et al, 2002;Ellyahu et al, 2010) and that the
mMRNA-binding protein Puf3 at the mitochondrial surface (Quena-
ult et al, 2011:5aint-Georges et al, 2008;Garcia-Rodriguez et al.
2007) binds several 5-UTR regions of mRNA encoding for some
IMS proteins including Cox23, the yeast homologue of CHCHD?
(Herrmann and Riemer, 2011).
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3.3 TIM9 Characterization
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Structural Characterization of Tim9 and effects upon Zn (ll) addition

NMR analysis of wild-type Tim9 showed that it is not stable as monomer in solution and
produces aggregates. According to literature the C-terminal part of the protein is not
involved in the zinc binding, but only in the formation of the Tim9-Tim10 complex*9.122,

Therefore we decided to prepare a mutant with a deletion of 10 residues of the C-terminal
part (Tim9 C-Del). The mutant appears to be monomeric and quite stable (usually for
several days) in solution, giving us the possibility to study its structural properties
through NMR experiments.

HN
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E & & b %
B = 5 8 a
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Figure 3.1. Structural Characterization of Tim9 and effects upon Zn (ll) addition

(A) Circular dichroism spectra of fully reduced Tim9 state (-M-), Tim9 upon addition of Zn () to the reduced state
(-M-) and of fully oxidized Tim9 state (- -); (B) 'H-1N HsQC spectra of fully reduced Tim9 state; (C) 'H-BN HsQcC
spectra of Tim9 upon addition of Zn (Il) to the reduced state; (D) 'H-">N HsQC spectra of fully oxidized Tim9 state.
No major structural changes can be observed among the three stated of Tim9.
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Circular dichroism spectrum of Tim9 C-Del in its oxidized state, with the two structural
disulfide bonds closed, indicates the presence of a-helical content (about 50% of protein).
The result of the addition of Zn(II) to reduced Tim9 C-Del, (with all the four cysteine
reduced), was observed through circular dichroism spectra: the binding of the metal ion
to the protein induces the acquisition of a low percentage of a-helical structure, with the
respect of the fully reduced which has a fully random coil conformation (Fig. 3.1a)

NMR analysis was also performed, 1°N-HSQC spectra of reduced, oxidized, and Zn(II)
forms of Tim9 C-Del show that the protein does not acquire significant tertiary structural
organization in all states (Fig. 3.1b, c and d). This is likely due to the presence of molten
globule conformations.

Tim9-Mia4d0 protein-protein interaction

As a consequence of these discouraging results, which do not allow structurally
investigating Tim9 in details, it was decided to look at the covalent protein complex
between Mia40 and Tim?9. It is known that, to trap the complex, it is necessary to mutate 3
of the 4 cysteine involved in the intramolecular disulfide bonds and then inducing the
formation of n intermolecular disulfide bond with Mia40 through an oxidizing agent**.
Therefore, we produced a Tim9 without three mutated Cys (but still with the deletion of
the C-terminal part), and formed the covalent complex with 1°N Mia40.

We investigated the interaction with Mia40 analyzing the chemical shifts differences of
the complex. Assignment of Mia40 was almost complete and allowed us to map the
interface residues of Mia40 interacting with Tim9. Then, we moved to the analysis of the
(**N, 13C) Tim9-Mia40 complex in order to map the interacting interface on TimO9.
However, the process of assignment proved to be very difficult and it was not possible to
complete it and to obtain any formation about the region recognized by Mia40. This is
likely due to a still largely unstructured state of Tim9 even in the complex and therefore
to a weak and transient recognition process.

A further mutagenesis approach could be a good further step: it could stabilize the protein
complex, thus allowing its NMR studies. However we have decided to interrupt the
project as a consequence of the several problems (aggregation, low protein stability,
molten globule conformations etc.) that occurred along the described research.
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3.4 Picot-Ciapinl1 protein-protein interaction

Banci, L., Bertini, 1., Ciofi-Baffoni, S., Mikolajczyk, M., Peruzzini, R., Winkelmann, J.
Manuscript in preparation
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PICOT characterization

PICOT is formed by three domains: a thioredoxin-like (TRX) N-Terminal domain, which
doesn’t bind any iron sulphur cluster, and two homologues glutaredoxinic (GRX) domain,
both able to bind one [2Fe-2S] cluster, which, in the mature form of the protein, is shared
with another monomer, thus inducing protein dimerization®2123. Our project has the aim
to study the interaction between PICOT and CIAPIN1 (named also Dre2 and anamorsin
among its homologues). This protein too is formed by three different domains: the C-
Terminal is rich in cysteine and binds one cluster [2Fe-2S]; a long unfolded linker (30
residues) that connects the two structured domains of the proteins and finally the N-
Terminal domain which has a S-adenosyl-L-methionine (SAM)-dependent
methyltransferase fold, but is not able to bind SAM molecules!?4, Therefore, since both N-
Terminal domains don’t have any catalytic role in the PICOT and CIAPIN1 proteins, we
postulated that they could be related to the protein-protein interaction. Therefore,
starting from this hypothesis, a construct with the single TRX domain of PICOT (named
TRX_PICOT from now on) was obtained and fully characterized. The assignment of the
backbone chemical shifts were obtained and the secondary structure content, calculated
through TALOS+ program, indicates that TRX_PICOT maintains the same structural
features of the available TRX structure, as described in figure 3.2.

15N | ° .

,IH

Figure 3.2. Structural properties of PICOT TRX.
(A) Ribbon representation of a thioredoxin domain of Human TXNL2 (PDB: 2WZ9), used as a template for the
structural model of TRX_PICOT. (B) "H-""N HSQC spectra of the TRX domain of PICOT.
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Figure 3.3. Interaction between PICOT TRX and CIAPIN1 N-Terminal domain construct and

Full Length.

(A, B) 'H->N HSQC Combined Chemical Shifts Differences (CCSD) upon addition of CIAPIN1 N-Ter (A) and CIAPIN1
FL (B) to TRX_PICOT. Residues that broad beyond detection are shown in red, while residues undergoing major
changes in the chemical shift are shown in orange. (C, D) Ribbon representation of TRX_PICOT domain structure
showing the side chain highlighted in green for residues experiencing major changes (broadening or major
chemical shifts variation) upon addition of CIAPIN1 N-Ter (C) and CIAPIN1 FL (D) to TRX_PICOT. Residues that
broad beyond detection have also their NH atom highlighted in red, while residues undergoing major changes in
the chemical shift are in orange.
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Figure 3.4. Interaction between CIAPIN1 N-Terminal domain construct and CIAPIN 1 Full

Length and TRX_PICOT.

(A, B) 'H-*N HSQC Combined Chemical Shifts Differences (CCSD) upon addition of TRX_PICOT to CIAPIN1 N-Ter
(A) and CIAPIN1 FL (B). Residues that broad beyond detection are shown in red, while residues undergoing major
changes in the chemical shift are shown in orange. (C, D) Ribbon representation of of CIAPIN1 NTer domain
structure (PDB file: 2LD4) showing the side chain highlighted in green for residues experiencing major changes
(broadening or major chemical shifts variation) upon addition of TRX_PICOT to CIAPIN1 N-Ter (C) and CIAPIN1 FL
(D). Residues that broad beyond detection have also their NH atom highlighted in red, while residues undergoing
major changes in the chemical shift are in orange.
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Protein-protein interaction between PICOT and CIAPIN1

Titrations of 1>N-TRX_PICOT with both CIAPIN1 N-Terminal domain construct (CIAPIN1
N-Ter) and CIAPIN1 Full Length (CIAPIN1 FL) were performed and followed through
chemical shift variation in the 'H-1N HSQC spectra of TRX_PICOT. Upon addition of
CIAPIN1 N-Ter, we observed changes in the chemical shift of several residues (Fig. 3.3a
and Fig. 3.3¢). When adding apo CIAPIN1 FL, the same residues experienced much more
variation in the chemical shift, and there were many other passing the threshold of a
significant variation of chemical shift (Fig. 3.3b and Fig. 3.3d).

We also titrated TRX_PICOT with the C-Terminal domain construct of CIAPIN1 (CIAPIN1
C-Ter), but we didn’t observe any major change in the chemical shifts of all residues.
When sequentially adding CIAPIN1 C-Ter and CIAPIN1 N-Ter, we obtained similar
chemical shift variations to the one with the addition of CIAPIN1 N-Ter only. We finally
added Holo CIAPIN1 FL to TRX_PICOT, but we didn’t see any difference from the titration
with apo CIAPIN1 FL. In order to confirm our observation we performed the reverse
titration of 1°5N-CIAPIN1 N-Ter and CIAPIN1 FL with TRX_PICOT observing chemical shift
variations of the first two upon addition of an unlabeled sample of TRX PICOT. Our
results, showed in Figure 3.4, identified a localized interacting surface.

In order to better clarify which is the real interface between the two proteins, we used the
program NACCESS, which assigns a score to each residue depending from the grade of
accessibility to the solvent and therefore identifies potential residues involved in protein-
protein recognition. Finally, we obtained a “short list” of residues that have a strong CS
variation upon addition of the protein partner and a strong solvent accessibility (>50%).
The majority of these residues are polar, so the interaction between the two proteins
should use electrostatic interaction (Fig. 3.5).

In conclusion, we observed that CIAPIN1 and PICOT interact through an electrostatic
interface between their N-Terminal domains. The large differences in the chemical shift
mean variations observed in the titrations also indicate that the interaction is specific. As
a consequence, we can conclude that the other domains of CIAPIN1 are not directly
involved in the interaction but they may play an indirect role in this interaction. Indeed,
we did not observe any direct interaction between the C-Terminal domain of CIAPIN1 and
TRX_PICOT, but comparing the chemical shift variations observed when the full-length
CIAPIN1 protein was used with respect to those done with CIAPIN1 N-Ter, the chemical
shift mapping is largely more extended in the former case.
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Figure 3.5. A possible interface between TRX_PICOT and CIAPIN1 N-Ter.

Hydrophobicity surface representation of TRX_PICOT (a) and CIAPIN1 N-Ter (b) structures with highlighted in red
residues experiencing the major changes (broading or major chemical shifts variation) that are solvent exposed
(>50%).

Currently, we are characterizing a new TRX_GRX_PICOT construct (with just one of the
two GRX domain), with the aim to understand whether a [2Fe-2S] cluster can be
transferred between the two proteins. As we will analyze proteins with an high molecular
weight and largely unstructured (CIAPIN1), we will need to rely to 13C Direct-Detection
experiments, whose development was a topic in my research work (see Appendix I of
Results).

Further steps on the project could be to obtain a structural model of the complex with
docking calculation and to define the information on the functional role of the detected
interaction, looking to the role of the two GRX domains in the interaction between PICOT
and CIAPIN1.
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3.5 ZntA Characterization

Banci, L., Bertini, I, Ciofi-Baffoni, S., Mitra, B., Peruzzini, R.
Metal binding properties of the N-terminal domain of ZntA P1-type ATPase
Manuscript in preparation
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Introduction

ZntA is an ATPase from Escherichia Coli belonging to the superfamily of P-type cation
transporters, which are pumps that translocate mono e bivalent cations across the
membrane with an ATP-hydrolysis dependent catalytic cycle. P-type ATPases are widely
common both in archea, bacteria and eukaryotes and are divided in two subgroups
according to physiological data. ZntA belongs to the Pig-type ATPases, which catalyze the
transport of soft metal cations, such as Zn(1I), Pb(II), Cd(II)?7.125-128,

Although Cd(II) and Pb(II) are toxic for E. Coli, Zn(II), on the contrary, is an essential ion
and it is common as metal cofactor in many essential proteins. However, an excess of zinc
inside cell cytosol can be toxic too for cell. So, while the actual concentration of zinc ions
inside cells can reach up to 0.5 mM, actually its free ion concentration remains always
under 10-> M. As a consequence cells have developed machinery for homeostasis of zinc
that regulates the uptake and the distribution of cations among different target. Many
facets of this mechanism still remain to be understood. Indeed ZntA acts as a
detoxification protein for E. Coli from Zn(II) and Pb(II), Cd(I1)129-133,

Proteins of the Pip-type ATPases family all share a common structure with eight
transmembrane domains and two or more N-terminal cytoplasmic domains. Among the
transmembrane domains, which form the ionic pathway across the membrane, the sixth
helix bears a CPC motif, which is thought to ligate the metal to be transported. In
particular ZntA has only two cytoplasmic domains and a characteristic CXXC binding
motif in the N-terminal domain134-136,

A construct with the deletion of the first 46 residues, named A46 (formed by residues 46-
118 of ZntA), has been characterized as a Zn(II) binding domain with a typical BafBaf
ferredoxin-like fold and a metal binding motif of DCXXC, forming therefore a complex
with tetrahedral coordination3’. Further studies have proved that also Cd(II) and Pb(II)
are substrate of full length ZntA, but, while Cd (II) has a similar behavior like Zn(II), the
Pb(II) appears to be completely different. Deletion studies on the full length ZntA proved
that only the full length N-terminal domain can bind correctly Pb(II) and, therefore,
besides the CXXC metal binding motif, some cysteine of the CCCXXXC motif, located in the
first 46 residues of the domain, have been suggested to be implicated in completing the
coordination sphere of the metal ion?38139,
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Our goal in the current study is the characterization by NMR analysis of the solution
structure of the full length N-terminal domain, in order to better understand its metal
selectivity in the detoxification process.

Characterization of apo ZntA

The apo form of the full length N-terminal domain of ZntA was analysed with 1H-15N HSQC
NMR spectra and showed a typical chemical shift dispersion of a folded protein with some
extent of unfolding (Fig. 3.6a).

15N R1 and R relaxation rates and heteronuclear 15N{!H}-NOEs, which monitor backbone
dynamical properties, showed a lack of tertiary structure within the first 46 residues at
the N-terminal part of the domain, which are basically unfolded, while, on the contrary, all
the rest of the residues are organized in well folded conformation. Also the chemical shift
index analysis confirmed this huge structural difference between the two parts of the
domain (Fig. 3.6b and Fig. 3.6¢).

An estimate of the T, for the protein was calculated from the R2/R1 ratio. Calculated value
of 6.9 (2x0.4) ns is consistent with the expectation from Stokes-Einstein isotropic model
for an isolated molecule of about 14 kDa. Comparing chemical shift data for the full length
domain with a construct lacking the first 46 unstructured residues (A46 construct) we
saw almost no differences between the two proteins, concluding then that A46 construct
share the same structure and backbone chemical shifts with the folded part in the full
length N-terminal domain and therefore the unstructured N-terminal region does not
interact with the folded part (Fig. 3.6d).
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Figure 3.6. The ZntA N-terminal domain. Structural properties of the apo form.

(A) 'H-*N HsQC spectra of the apo N-terminal domain of ZntA. (B) 15N{lH}-NOEs obtained for the full length N-
terminal domain of ZntA. The first 46 residues show a typical profile of an unfolded region. (C) CSI (Chemical
Shifts Index) analysis. Also in this case, residues 1-46 don’t show any secondary structure. (D) 'H-°N HsQC
Combined Chemical Shifts Differences (CCSD) between the full length domain with the A46 construct.
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Characterization of Zn (II) ZntA

Addition of 1 equivalent of Zn(II) causes large chemical shifts changes only in the
surroundings of residues DCXXC, which are involved in the binding of the metal ion.
Maximum changes are located exactly for the three residues that coordinate the metal:
Asp66, Cys67 and Cys70.

These data indicate that the rest of the protein essentially maintains the same overall
folding properties (Fig. 3.7a). This is confirmed also when we compare chemical shift
data for the full length domain with the one from A46 construct: also in this case there is
almost no difference between the two (Fig. 3.7b). We can therefore conclude that the
binding of Zn(II) occurs in the DCXXC site without the involvement of a cysteine rich
CCCXXXC motif located in the unstructured 46-amino acid region (Fig. 3.7c). Therefore,
Zn(II) binds both full length and A46 N-terminal domain in the same way.

DCXXC A
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Figure 3.7. Addition of 1 equivalent of Zn (ll) to the ZntA N-terminal domain.

(A) CCSD comparison of apo and Zn(ll) form of full length ZntA N-terminal domain. The DCXXC binding region is
here highlighted. (B) CCSD comparison of Zn(ll) form of full length N-terminal domain and A46 construct. (C)
Stylized picture of the N-terminal domain of ZntA, showing all cysteine available for binding and the two bonded
to Zn (II).
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Characterization of Pb (II) ZntA

Addition of 1 equivalent of Pb(II) causes large chemical shifts changes in a lot of residues
of the N-terminal domain. Cross peaks of several residues disappear in the tH-15N HSQC
NMR spectra, likely because broadened beyond detection. Addition of other equivalents of
Pb(II) gives the same results. Lost peaks are located around the two-cysteine motifs of the
protein, i.e. DCXXC and CCCXXXC (Fig. 3.8a). This indicates that Pb(II) binding occur only
in the full length N-terminal domain of ZntA with a required involvement of both DCXXC
and CCCXXXC motifs. The broadening of signals can be explained because of the presence
of more than one metal coordinative conformation in our in vitro samples in chemical
exchange one with the other. Some of the most likeable are shown in Figure 3.8b.

\\/ / ‘K// \///

Figure 3.8. Addition of 1 equivalent of Pb(ll) to the ZntA N-terminal domain.

(A) Residues not present in NMR spectra of ZntA N-terminal domain after addition of Pb(ll) shown in yellow (red
dots for their NHs, cysteine in green) in the A46 construct structure (PDB: 1IMWY). (B) Stylized picture of the N-
terminal domain of ZntA, showing some possible coordination sphere for the Pb(ll) — ZntA complex.
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Appendix I

13C Direct Detection Experiments Development

Bermel, W., Bertini, I, Felli, I.C., Peruzzini, R., Pierattelli, R.
Further exclusively heteronuclear NMR experiments to achieve structural and
dynamic information in proteins
ChemPhysChem, 2010 Feb 22;11(3):689-95.
DOI: 10.1002/cphc.200900772
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Multidimensional NMR experiments routinely applied to the study of proteins uses the so-
called “inverse detection methods”, which provide information on heteronuclei in the
indirect dimensions of the experiment, with keeping protons both as starting and
detecting nuclei of the sequence.

Recent improvement in the sensitivity of NMR instrumentation (high magnetic fields,
cryoprobes) now permits the use of 13C Direct-Detection (13C DD) with good S/N (signal
to noise ratio), and to use the many advantages of this approach:

Favorable relaxation behavior

High dispersion of 13C-chemical shifts

Detection of non-protonated, quaternary, carbons, such as carbonyls
Absence of large solvent or buffer peaks

vl W e

High salt tolerance

Targets that usually are very difficult to study with the traditional proton-detection are
the best targets for this approach: large proteins, paramagnetic proteins and largely
unfolded proteins.

Specific 13C DD pulse sequences therefore are now under development and in order to
allow the detection of many observables that can give structural information on these
proteins too140.141,
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Exclusively Heteronuclear NMR Experiments to Obtain
Structural and Dynamic Information on Proteins

Wolfgang Bermel, Ivano Bertini,**®' Isabella C. Felli,* * Riccardo Peruzzini,” and

Roberta Pierattelli™®

Provided that “C-detected NMR experiments are either pref-
enble or 10 'H detection, we report here tools
to determine C*-C, C-N, and C*-H" residual dipolar cou-
plings on the basis of the CON experiment. The coupling con-
wWMMnm_ﬂhhM
measured with the 'H-detected HNCO sequences. Since the

1. Introduction

Carbon-13 direct-detection NMR spectroscopy is a valuable
tool for the study of biolog lecules.” * P in

utilization of residual dipolar couplings may depend on the
mobility of the involved nuciel, we also provide tools to mes-
sure longitudinal and transverse relaxation rates of N and C'.
mmudmkommdu

NMR™ that can be eventually combined to tackle challenging

al mac a
thkmmmmwm:ppﬂatbnwmlﬂm-

ion of p s, ¥ where the presence of a
pmrmgn«k m Inds to relmation-rate enhancements
that depend, among other factors, on the square of the gyro-
magnetic ratio of the observed nudeus. Therefore, experi-
mbaudon"(dmmmwlﬁyoﬂham

nudel (protonless NMR)" ™ proved particularly useful for char-
mdntlonol., gnetic pr also In regions where 'H
ces are broadened b d d 1'% For uimilar

ly, the bl Mommmbnpvop-

ecties, ''C direct-detection NMR experiments were also pro-
posed for studying large mac yles ™ ' and/or proteins
Inni(zles“"m'u‘ i enrich isr y to
reduce Ene widths at the exp of the of inf

tion that can be obtained through 'HNMR spectroscopy.
Carbon-13 direct-detection experiments are also very useful for
studying systems that lack a stable 3D structure, where drastic
reduction of the chemical-shift dispersion causes severe prob-
lems of overfap that are less severe for h J-'J‘“"lf

The main focus of the experiments developed so far has
been the identification of otherwise undetectable NMR reso-
nances and sequence-specific assig of the poly i
chain. As a result of these expetdments, the chemical shifts of
N C, C, and ' nuclel are diately avallable and provide a
!Unlndtadmdmmmimmdthem&dw
tein regions.”’ " However, a variety of other observables in-
volving heteronuclel, such as scalar and residual dipolar cou-
plings, as well as auto-, cross-, and cross-correlated relaxation
rates, can provide information that can improve the structural
and dynamic characterization of the system under investiga-
tion. These can in principle be determined through ''C direct-
detection experiments, as recently shown in sefected applica-
mﬁ‘ll

Herein, we propose a suite of “'C direct-detection NMAR ex-
periments to determine a variety of observables beyond chem-
ical shifts, providing additional tools for the study of biological
mmhmmmmmru
p proposed here, tested on the widely characterized

transverse relaxation is not prohibitively fast, 'H polaciz

protein ub \, are based on the CON pulse scheme, which
with "N chemical shift

lnsun)unbeuseaw the itivity of exclusivel i sbonyl direct d
heteronuciear multidi | i M\l!nlwlok
mmmmmmmummu‘ jons,

evolution in the indirect dimension to take advantage of the

Proton chemical-shift evolution can of course be implemented
in the indirect dimension of "'C direct-detection NMR experi-
ms.aswopoudlwﬂnuwydpmum""ww
acids.™ ™ Finally, the developr of to

mmw'tmmmm»m
clear decoupling,”* ™" which have initlally been stimulated by
mwfwwmmm'"uw
as and y aspects of "'C detection in so-
mbnmhwmmo""'“‘mnwcmtht;lm
for cross-fertiization between these two areas of biomolecular
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favourable chemical-shift dispersion in the mmmlon spec-
trum between these two h clei; the exp exploit
'H polarization as a starting source to Increase the sensitivi-
ty. S The basic experiment can easily be modified 10 deter-
mine all the desired observables. We present here the varants
for the determination of several one-bond scalar couplings,
generally used to determine residual dipolar couplings upon
nmdmndnbh(uluhsoluﬂon.umlum
to d itudinal and relaxation rates of
Maﬂdwwm

2. Results and Discussion

Considering the avallable exclusively heteronuciear NMA ex-
periments based on 'C direct detection, the simplest are 20
CACO and 20 CON."™™ Even though both of these experi-
ments <an In principle be modified for determination of the
various NMR observables, we chose 20 CON, since it is well
known that "N chemical shifts are characterized by a large
wmm""bmmmmdm
without actively labeling proton chemical shifts
lrunyolme“ OHMNMH xperl H was used
23 a starting polarization source ('H start).”™ Proton nuclel are
generally characterized by larger longitudinal relaxation rates
than carbon nuclel which cause fast recovery of magnetization
to the equilibrium conditions and thus permit reduction of the
Interscan delay and thus of the total acquisition time for the
experiments, Therefore, ‘M start and "C detection are the
common characteristics of the exclusively heteronuciear NMR
i that we peopase here. In principle, H" and W' pro-
mmum.ambbpmmmdonmmlw
crease the sensitivity. My if amide p are
uhmwdttthomdrfdgmhunwh
broadened by exchange processes with the solvent causes the
loss of signals in the spectra; in
addition, profine residues can not
be identified. The alternative con-
sists of exploiting the H* protons, " L‘lf{‘
which provide a stanting pool for
all residues in the protein and c
are generally less prone to con- ~
"G

|

T
1

that may broaden the NMA lines.
The drawback of this choice lies
In the need to include an extra
coherence transfer step (M-
C*—C’) to obtain a 20 C-N cor-
relation spectrum. On the other
hand, as there are parts of the
pulse sequence in which C*
transverse coherence is oreated,
the longer pathway enables the
determination of couplings In-
volving C* in addition to those of
C' and N, while still exploiting

tion of ane peak per amino acid permit complete information
to be obtained on all residues in the protein, while still keep-
Ing the overall number of peaks as small as possible. Overall
the quality of the 20 spectra that can be obtained, as well as
the gain in sensitivity that can be achieved, by exploiting H*
start are shown in Figure 1. This basic experiment (Figure 2)
was modified and used for the determination of C-N, C-C°
and C*-H" one-bond splittings, as well as for the determina-

tion of longitudinal and carbonyl and nitrogen
auto-relaxation rates,
" | l
Y] 5 E
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| i 141% 14176 14
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o
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Figure 1. A) 20 CON expeniment on ubiguitin. Two cross-pesta, C Fro 19-N
Ser 20 (top) and C Pro 17-N o 38 (estoml, are highighted and were
tahen a3 an example 10 evaluate the relative sensitivity of cifferent variants
of C N, comelation espesiments. The traces of these two Cross-peshs are
nBadCL by From left 10 nght: CON irelaxation delay
of 255 3 and eight scany); (HACAICON peleation delry of 2.55 3 and eight
Scanl; CHACAICON [redaxation delay of 1.55 5 and 12 scam). As can be ob-
served, the lit-named experiment provides an increase in sermithity thanks
BOth 10 the use of 'H a3 8 Rarting polarzation source and 10 the use of
shorter interacan deliys, which sliows the sumbaer of scant 10 be incressed,
wherebyy Both sapects increase the seraitivity per wnit time. Thin hoids for ol
of the CON-based expes to

TE
1 AP

Figure 2. Pulse sequence for the (MACAICONPA experiment. The five lines indicate the publes given on i, C°,
C N maciel an well 3 poied field gradients. Natrow and wide symbols indicate 50 and 180" pudsa, revpectively.
The band-selective hatched puble it an scabatic polse that inverts both C and C° nudiel. The band-selective
Puise in Groy 15 more selective than the others, since & slects C relative 1o CF nuciel in onder to refocus the
C-C* coupling (o= s, § 4.5 mi). Aernatively the C*-C' cocpling in the interval between time points d and ¢
can be refocused by setting a « 8- A/2, = 130 ma, with the 180" pulse covering the whole aliphatic mgion. The
delays sre: 82 = 1.8 mem VLY 87210 man I8 AY A2 waS emm 1/ A A2« 123 mam T4 L0
oD 4 s the length of the “'C 180" pulse. The phase cycle i @, =&l 40 x) @, w Bl B(-x); @, w el (-2
S 200, A-a); Qo bk w98 @ w b (<) (-l (), (— L, (), (), |- ) Quacature detection I the incirect

the high chemical-shit disper-
sion of C'-N correlations. Detec-

hg the phase of the first "N 90" pulse in & States TPP! masnet. The etters

in lalcs indicats diferent time points in the pulle sequence that ie wied to discuss the madfications of the
Pive sequence £ determing the various conarvables.
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In principle, any experiment can be modified for scalar cou-
pling d ination as long as h e ls S
hvdwngmdﬂnmmddﬂmhqtfnnbmﬂm
that we would like to d ine. S | different experi

whase H" signal is broadened beyond detection. Alternatively,
the H*start version™ may be a valuable experimental scheme.
As shown in Figure S1A (Supporting Information), the modifi-

i to allow jon of the desired coupling involve

approaches to determine couplings have been proposed In
the literature (exclusive correlation spectroscopy, ECOSY,™**
quantitative J correlation,™ ** fitting modulations,™ in-phase/
antiphase, IPAP*"), Among them, the IPAP approach was se-
lected here for its simplicity and robustness™” Starting from
the determination of the C'-N coupling, the simplest way to
allow for the evolution of the C-N splitting consists of chang-
Ing the type of shaped pulse on "'C during the "N evolution
period from an adiabatic pulse™ that inverts C and C* to a
band-selective Q3 pulse™ that only inverts C' (see Figure STA
of the Supporting Information). Separation of the two multip-
let components into two sub-spectra is necessary to minimize
the occurrence of peak overlap. The sequence must be
changed, as indicated in Figure S1A of the Supporting Informa-
tion, by introducing a new time delay (A, during which the
C'-N coupling is refocused (IP), or allowed to evolve (AP), as
schematically shown in Figure 3A. With a similar approach the
N-H" coupling can be determined simply by omitting the 'H
180" pulse and imph ing the IPAP approach in an analo-
gous way. This may reveal N-H" couplings also for residues
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Figure 3. Selected examples of the spectra acgquired through the expest-
ments described in Figure 51 of the Sepponing indormation for the determi-
mdwmemurmndmommm
with the expx ® the C-N coupling; the
two components on the left (lop nm-mmmmmm
©d i order 10 obtain the two components of the docbiet in two different

fled to determune the the C-C coupling through the “accosdion” pringh
ple. ™ For clanty only the P companent is shomn from specta cbtained
with ciffereet vabues of & I w e), In particulae, experiments acguired with
Fw05 1 and 2 sew shown from left 10 right.

changing the position of one (or more) 180" refocusing
memhmmmwm“
used 10 achieve the desired coh y. Alter
MMMmeembyMan
element in the pulse seq; exclusively de d 10 the evo-
lution of the desired coupling (see Figure 518 of the Support-
ing Information). The latter approach, which implies introduc-
ing additional pulses and delays in the pulse sequence, may
be of advantage in some cases. For example, the evolution of
additional small couplings as well as of crosscomrelated relaxa-
tion processes, which may cause fine distortions or systematic
esrors in the d ination of the selected pling, are mini-
mized in this way. The two versions, tested on ubliquitin, pro-
vided reliable results.

The remaining one-bond couplings that we would Fke to
determine (C-C°, C‘-—H")MMMHQMM"N.M
Is frequency-labelied in the i di jon of the experi-
Mlnﬂumuuhmmcmmmd
wmmmw"nmmm
can be achleved by a joint, synch [ of
delay in the pulse sequence, in addition to that incremented
to achleve N chemical-shift evolution. Thus, the evolution of
the desired coupling induces a modulation in the detected
signal that will cause spiitting in the indirect dimension of the
experiment, proportional to the coupling Itsedf, The combined
Increment of several delays in the pulse sequence 1o encode
different kinds of information in the Indirect dimensions of
NMR experiments can be used for many different purposes, in-
cluding frequency kabelling of more than one chemical
shift, ™" or the d ination of dynamic p as Initial-
ly proposed.”™ For scalar coupling determination, this ap-
Mummmmmmmmm
be encoded in the most appropr X
Mm‘dhd&dmﬂmenumm
while maintaining the same basic pulse sequence and type of
experiment, chosen on the basis of the favourable chemical-
shift dispersion properties of the two nuchear spins that are fre-
quency-labelied in the two di jons of the experi This
is @ very important aspect in general but it becomes one of
the key features for the study of systems that lack the signal
dispersion typical of well-structured molecules such as In the
case of intrinsically unfolded proteins.”’” ™' For these rea-
sons this type of approach was used to induce a splitting In
the "N indirect dimension by one of the couplings to be de-
termined.

Several variants of the experi can be designed to deter-
mine the C'-C* coupling, since hy e of each
of the two nuciear spins is created in different time intervals in
the puise sequence. The best results were obtained by exploit-
ing C transverse coherence rather than C*, The modified block
is shown In Figure S1C of the Supporting Information. The
delay 1 Is jointly incremented with the delsy 1, used to evolve
"N chemical shift in the indirect dimension. By scaling this in-
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crementex! delay by a constant k (f=kr), It is possible to
modudate the evolution of the scalar coupling and thus the
magnitude of the splitting In the indirect dimension, propor:
leLMoﬁmIMehmmﬂufmm
Ing a compromi g sufficient of the
wwhqwmmmuhno!hmmdﬁd«cm
nents and keeping the overall evolution as short as ible to

lack of the correlations involving proline residues and the In-
creased spectral overlap. Comparison of homologous ’C- and
"H-based experiments show measured values in good agree-
ment, with a root-mean-squate deviation of 0.3 He for C-N
and C'-C* and 0.8 Hz for C*-H". In Figure 52 of the Supporting
Information, the C'-N, C'-C* and C'-H" one-bond coupling

nwmmmm«mmmdmbyn“-
tional i As an ple the portion of the 2D spec-
trum obtained by changing the k value Is shown in Figure 38,
A comment is due on the possibiity 1o ¢ ine both

c d with the two methods for all the peaks

present In both serles are compared.
To further di the useful of the proposed ex-
wmﬂwmmmvwcp
i c-wwmmm

C-N and C-C" couplings in the direct acquisition dimension,
M«Lmdegmtmﬁmmhnndontdmdumn

has ly been d o the C-C' cou-
um"m«.wm»mmmmmc

pling™ ™ y extended also to C-N
" . n oy 'M 4L Ll nmww

Nmmmemdudaﬁoml C-"C couplings in the
direct acquisition dimension, even if much smaller than the
one-bond ones, may cause small distortions in the signals that
are acceptable for the purpose of virtual decoupling but are in-
adequate for the accurate determination of the desired scalar
coupling, Therefore, as long as sufficient resolution can be ob-
tained in the indirect dimension, determination of the coupling
in this dir jon must be preferred. The experiments pro-
posed here explolit the C and N chemical-shift dispersion in
the 2D mode, and therefore, good digital resolution can be ob-
tained in the dimension in which the coupling Is determined.
The same approach used for the determination of the C-C*

pling can be ded to the determination of the C-H"
coupiing. Of course the pulse sequence should be modified
during time is ch rized by the p e of trans-

verse C* coherence (Figure 2. In this case, the evolution of
cross-comrelated relaxation, as well as of additional couplings
1o other p become an important issue. ™™ As pre-
viously pointed out”™ the magnitude of the CH-CH cross<or-
related relaxation processes may be significant also at relatively
low molecular mass. Therefore, as aiso proposed for the 'H-de-
tected experiments,”” the varant in Figure S1D (Supporting In-
formation) was designed to minimize this effect. Concerning
evolution of additional couplings to protons other than W',
band-selective 180" 'M pulses may eventually be used.””

TMC—MC-C‘(’—WMWMWM

& ined with the experi h described above
for a 0.5mwm sample of ubiquitin. Overall, the proposed exclu-
sively h clear NMR experi permit lacge portions of
the protein to be ch ized. For ple the C-N and

C'-C" couplings could be measured for all residues except resi-
due 52, for which the "N signal is affected by exchange broad-
ening of comparable magnitude to the couplings, while the
C*-H" couplings could be determined for all residues exclud-
Ing glycine (not shown). For comparison purp the same
couplings were also d ined through the HNCO-
type pulse sequences. '™ As expected, the experimental time
mwwamwwimuww
much less than for CON-based exp (see Experl

Section), but the data obtained were less plete due to the

Tabl

lnhwmilcuﬂnaluw“‘“ protein with a
molecular weight of 22000 Da. ™™

Finally, as heteronuclear relaxation rates are widely used to
:mmwmmummnkmd-mh
and provide useful comp Yy jon for the analysis
of residual dipolar coupling data, we present here suitable
maodifications of the basic (HACAJCON experiment for the de-
termination of longitudinal and transverse carbomyl and nitro-
gen relaxation rates. The necessary modifications to the basic
pulse seq e, o d by taking ach ge of the exten-
sive literature on this subject, are reported In Figure 54 of the
Supporting Information. A comment is due on the determina-
tion of transverse "C relaxation, which for a “C-enriched
sample s complicated by the presence of the homonutiear
scalar couplings that induce oscillatory behaviour in the trans-
verse decays. ™' ** This effect can be explicitly included in the
fitting function. However, inclusion of more fitting parameters
may render the determination of the rates less accurate. There-
fore, it is better to p lution of these couplings, Sever-
al varlants employing the CPMG approach wevre tried. The one
that gave the best results was based on the use of frequency-
matched rectanguiar pulses, in order to only refocus carbonyls
and avoid excitation of the C' nuclear spins, as also peeviously
proposed for the of carbonyl relaxation disper-
sion peofiles.™ In this way the oscillations due to the large
one bond C'-C' scalar coupling are avoided. Small oscillatory
behaviours may remain for residues such as Asp, Asn, Glu and
Gin due to the presence of C-C' and C-C' couplings which
cannot be refocused. As an example of the quality of the data
obtained on ubiquitin, the longitudinal and relaxa-
tion profiles of carbonyls are reported in Figure & The pro-
posed experiments aliow us also to characterize residues
whose amide proton s lacking of broadened beyond detec-
tion.

3. Concdlusions
The determination of couplings between directly bound nudle-
ar spins has ly gained imp ¢ because it provides a

very convenlent way to determine residual dipolar couplings
MMJHMIMMMWWOVWB
In solution, which contain inf X L {and
mmwdm&mm‘“m
eronuciear relaation rates are also one of the most widely
used Indicators of local dynamics on different timescales.
Herein, we propose 2 set of exclusively b clear NMR ex-

692 www.chemphyschem.org

© 2010 Wiley VCH Verlag Genbi & Co. KGaA, Weinheim ChemPhysChem 2010. 11, 689 - 695




s 105

Results

NMR Experiments on Proteins

ARTICLES

Al
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" at 125ppm for "N Composite

pulse decoupling was applled

Gurng  acquisiton and during

some of the elements of the pulse

F sequence with an RF field strength
. of 125 itz for M (waltz-16)" and

0 500 1000 1500 2000 2500 0 S0
T / s

Figure 4. Bxamples of carbony! rebaation decays for a ubguitin residve (Gl | 8. Intensities are repored in arbitra-
decay b} T decay.

Ty units faul all

periments based on ''C direct detection to d ine one-

100 150 200 250
T/ om

tion, 220 or 850 s Q3 shape for C
and C/C* Inversion, 860 s Q3
shape for selective Inversion of C°
with respect 1o C* and an adiabatic chirp pulse of 500 us (25%

m<mmmmmmmnmu
periments are based on exclusively h clear ch
MMmhwmﬂtdhlldmmon
the use of proton p jon as a g pool to enh
wmmmm.«mmmmm«-
periments based on 'H detection providing similar information,

thing, 80 kiHz sweep, 113 kHz RF fleid strength) for inversion
of C' and C/C* ymukaneousty.™

Three 20 C-N Lt were perf d with the
WWWMMWGIW
("C start o¢ 'H start), as well as relaxation delay and number of
scans, in order to select the most appropriate experimental ap-
proach. In particular, the ""C-stant expedment™ was acquired with

such as the widely used variants of HNCO, the exclusively het-
lear experiments propoesed here can provide more com-
plete information, because they also enable characterization of
reskiues whose amide proton s broadened beyond detection,
ukoﬁmmﬁemdhhmbmlynﬂmbmhm
teins, or of profine residues (and/or
m)nmwwmwhummwmn
molecular switches and are often found in regions involved in
Intermolecular recognition.™ ** The proposed experiments are
also expected to be a very useful tool to investigate intrinsical-
NWUWWWNM&““MM
i carbon and nitrogen are Q9 the nuclel that retain
mmmm' ahobv that lack
.mmwummm;mm
nature of the C-N comelation contributes to increasing the
chemical-shift dispersion.™ Proline residues and X-Pro peptide
bonds, which are a ¢ch ristic fi of highly flexible seg-
ments and thus are very abundant in flexible linkers, as well as
ininlﬂmially dwmhs.unbemmw charac-
terized through the proposed here. Finally, the
Wmmlwmm‘tamrmm M-
start versions, constitute a valuable tool to characterize para-
magnakmm by providing Information also in regions of

the p where 'H are too broad to be detected,
BsperimumlSecdon

All NMR exp: were performed using 05mwm "C""N-abeled
lbwlnlnm"‘ A) N'-2-eth ifonic ackd

mmawmnwmmuo,omunm
mnmmmﬂdn?ﬂlmalu‘lm
AVANCE | spx g at freq, jes of 700.06 (') and
17603 MHz (0, equipped with a cryogenically cooled probe
head optimised for “'C direct detection. The data were acquired
and p d with the dard Bruker softy TopSpin 1.3,

The carrier frequencies were placed at 7.5 or 4.7 ppm for H* and
H" respectively, 1740 and 55,0 ppm foe C and C*, respectively, and

a rela delay of 2.5 5 and eight scans, and two ' start experi-
monts (Figure 2) were acquired, one with the same paramaters
and another with a shorter relaxation delay (1.5 1) and a peopor:
tionally larger number of scans. The common parameters were:
spectral widths of 50x50ppm for C and N, respectively, with
1024 512 data points in the direct and indirect acquisition dimen-
sons, including the increments necessary for spin-state selection.

The series of 20 C-N correlation experiments based on the
(MACAXCON pulse scheme to determine the varlous NMR observa-
bles (C°-M", C-N, C-C* plings) were all ded with the
same spectral widths of 50x S0 ppm for C' and N respectively, with
1024 data points In the direct acquisition dimension and either
wu(forc-u.c-wmwﬂmamuc-cwmn
crements in the indi jon twhich also include
WWMMMMLMm
the resolution necessary for of the i Experi-
mmmumnmmuusmam
with an acquisition time of 46 or 97 ms, depending on the kind of
experiment, They were then processed 10 1024 x 2048 data points
by using a squared cosine apodization function,

For comparison, some of the avallable "M direct detection NMA ex-
periments based on the HNCO acquisition scheme 1o determine
the C'—H", C-N and C-C**" lings were also acquired (the 20
H'-C plane). The same pulses and ite pulse decoupling
schemes and RF flield strengths were used, They were acquired
with a relaxation delay of 1.2 3 and 2 scans, with acquisition times
of 58 ms. The series of 20 M*-C correlation experiments were all
run with spectral widths of 15x20 ppm for K™ and C, respectively,
mmmmmmmmmmutm

in the indire isition dimension, They were then
processed 10 2048 x 1024 data points by using a squared cosine
apodization function.

Another serles of 20 C-N experk was ired 10 o
mcmnwwmmwmwnm
witin All the same parameters described above for the 20 C-N cor-
mmmm««mm-mwa
in the indi mmmm«m
on high jution Is reduced for ¢
wmmammmmww
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gitudinal and oxpe P Y
The relxxation delay was 33 and the acquisition time was 83 ma.
Fot the ion of Jongitudinal C' relaxation rates the follow-
Ing delays were used: 10, 50, 100, 300, 500, 800, 1000, 1300, 1600,
2000 ms, and for trangverse relaxation: 2, 20, 40, 60, 80, 100, 120,
140, 160, 200 ms. For the d lon of longitudinal N retaxa-
tion rates the following delays were used : 10, 50, 100, 200, 400,
700, 900, 1200 ms, and for transverse relaxation: 18, 36, 53, 70,
102, 144, 176, 208 ma. All the spectra oblained were then pro-
cessed to 1024x 2048 data points by using a squared cosine apodi-
zation function.

tiphase and one for the in-phase companents. The two FIDs were
then added and sub d o the two multiplet compo-
rents, These were then shifted to the centre of the original multip-
let (by Jo/2 H2) and again added to obtain a singlet.
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4. Conclusions & Perspectives

The work on this thesis was focused on the understanding and elucidation of the
structural and mechanistic properties of proteins involved in protein trapping and
maturation in the intermembrane space of mitochondria, through the use of NMR
spectroscopy.

These are the main results and perspectives on the study of Mia40/Ervl machinery
mitochondrial substrates:

+ Miad0

Figure 5.1. Mechanism of import and maturation of ALR.
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Maturation of ALR/Erv1

The maturation mechanism of ALR was completely characterized and it
established a new paradigm for protein folding inside the IMS, as it is a precisely
concerted mechanism requiring both Mia40 and FAD for the correct maturation.

In fact Mia40 specifically induces the formation of both the intersubunit and
structural disulphide bonds of ALR. However, the acquisition of a well folded,
ordered state of sf-ALR is largely dependent by the binding of the flavin moiety in
its pocket. Moreover, the mature, fully activated, form is obtained through a
specific, sequential order of these events, which requires first the Mia40 oxidation
and then FAD binding.

Further steps on the study of ALR could be the fully characterization of
reconstituted sf-ALR after sequential addition of FAD and Mia40, and study of the
Mia40/sf-ALR adduct. This could help us to specifically define the molecular
aspects of the maturation mechanism.

CHCHDS5

This unique CHCH protein, with a double twin CX9C domain, was identified as an
ITS-containing protein, thus undergoing IMS import through the Mia40/ALR
machinery.

The oxidized form of the protein, CHCHD54s.s was completely characterized and
the solution structure was obtained. Interestingly we observed through several
experiments that these two domains do not strongly interact each other (Fig. 5.2).
Therefore, while the two domains are quite rigid, they preserve a certain degree of
reciprocal conformational flexibility.

Three main hydrophobic solvent exposed region were observed, thus suggesting
the binding of CHCHDS5 to some other protein, after it is imported and oxidized by
Mia40 in the IMS. This binding could be either to stabilize its tertiary structure or
to control its functional role in the IMS.

Further studies on the protein could be focused to find some protein partners of
CHCHDS5, either in the cytosol or in the IMS, in order to understand its function,
which still today remains unknown.
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backbone RMSD 12-46 0.86 A backbone RMSD 58-92 1.27 A

backbone RMSD 12-92 6.45 A

C-ter CHCH domain

W

N-ter CHCH domain

Figure 5.2. Solution structure of CHCHD5s.s.

On iron-sulphur protein biogenesis the interaction between the N-domain of Picot, a
cytosolic Fe-S protein, and Ciapinl, a Fe-S protein localized in the cytoplasm too, but also
imported in the IMS through Mia40/ALR system, was characterized:

= Picot N-Terminal Domain — Ciapinl interaction

We analyzed these interactions both adding an N-terminal construct of Ciapinl
and adding full length Ciapinl to the N-terminal, TRX, domain of Picot. We
observed that the two proteins interact through an electrostatic interface involving
their N-Terminal domains (Fig. 3.5). Moreover we also observed that, upon
addition of Ciapinl full length, the interface appear to be strengthened, thus
suggesting that the other domains of CIAPIN1 may play an indirect role in this
interaction.
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Currently we are characterizing a new construct of Picot, with two of the three
domains (therefore formed by a TRX and a single GRX domain). Our aim is to
understand whether a [2Fe-2S] cluster can be transferred between the two
proteins.

Another further step could be a detailed study on the complex between the two
proteins, with also the use of docking calculation.

Finally, as side project of my studies I characterized also:

ZntA

The apo, Zn(II)-bound and Pb(II)-bound state of the full length N-terminal domain
were characterized: the first 46 residues at the N-terminus are largely unfolded,
while the rest of the residues of the domain are folded forming a Baffaf
ferredoxin-like fold.

We also compared structural properties of the full length N-terminal domain with
a construct with the deletion of the first 46 residues (named A46). The apo form of
this construct has the same structure and backbone chemical shifts of the folded
part in the full length N- terminal domain, indicating that the unstructured N-
terminal region does not interact with the folded part.

We observed that the binding between the two metals and the protein is actually
different: Zn(II) binds only at a DCXXC motif of the folded domain. The structural
changes are essentially the same for both construct of the protein. Pb(II), instead,
uses also cysteine of the unfolded-cysteine rich first part of the domain. It is likely
that the metal uses more then one single binding geometry at the same time.

Further studies on the protein could involve the structural characterization of the
Pb(II) bound form. Selected Cys-mutants of the N-terminal domain could be
particularly useful for this task in order to trap a unique conformational state of
the lead bound form.
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