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Summary

Protein-Protein Interactions (PPIs) are intentional physical contacts
established between two or more proteins. These interactions form the large
protein interaction network and are the core of the entire interatomic system of
any living cell. Flaws in the interaction network by aberrant PPIs involve signal
transduction fails, protein aggregation and a completely loss of cell's regulation.
Indeed, missense PPIs are the basis of multiple diseases, such as Alzheimer's
disease and cancer. The significance of the interatomic system makes worth to
studying PPIs, their functions and structural properties, in different models.

In the present work X-ray crystallography is the main technique used, in
addition to other methods to study Protein-Protein interactions. The study of
protein-protein interactions is performed through two different experimental
models: In the first model, we analyzed the role of phosphorylation in the
interaction of a peptide derived from the mitotic kinase Nek9 with its binding
partner LC8; in the second model, we decipher the structures of the three
enzymes composing the arginine deiminase pathway in Mycoplasma
penetrans.

The NIMA family protein kinase Nek9/Nerccl plays a main role in the
control of spindle. DYNLL/LC8 was originally described as a component of the
dynein complex, but the recent discovery of multiple interaction partners for
LC8 has proposed that it has a general role as a dimerization hub that
organizes different protein partners. Recent experiments suggested that LC8
binding to Nek9 was regulated by Nek9 autophosphorylation. The present work
sheds light into a novel phosphorylation regulatory mechanism that interferes
with LC8 protein-protein complex formation.

The metabolism of arginine towards ATP synthesis has been considered a
major source of energy for microorganisms such as Mycoplasma penetrans in
anaerobic conditions. Additionally, this pathway has also been implicated in
pathogenic and virulence mechanism of certain microorganisms, i.e. protection
from acidic stress during infection. In this work we present the crystal structures
of the three enzymes composing the gene cluster of the arginine deiminase
pathway from  M.penetrans: arginine deiminase (ADI), ornithine



carbamoyltransferase (OTC) and carbamate kinase (CK). M.penetrans ADI and
CK structures disclose the structural conformation shifts upon the reaction
mechanism of these proteins. In the case of M.penetrans OCT its dodecameric
quaternary structure is compared with other organisms (including some
thermophiles), revealing the formation common quaternary structure arranged
interfaces with a low sequence homology.

The results collected in this thesis emphasize the important contribution of
X-ray crystallography for studding PPIs properties. PPIs regulation, structural
and functional differences depending on their association, posttranslational
modifications and the environment adaptation thought evolution are some of

the PPI properties and dependence factors studied in this thesis work.
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Abbreviations

Abbreviation

Meaning

ADI

APC/C

ATP

CD

Cdcs or Cdks
CK

DIC
DYNLL/LC8
IDPs

ITC
LUMIER
MAD

MIR

MR

MS

Neks

NIMA

NLS

NMR

OCT

PEST region

Plks
PPIs
PSD
PSD
RCC1
SAD

Arginine deiminase

Anaphase promoting complex/cyclosome
Adenosine triphosphate

Circular dichroism spectroscopy

Cyclin-dependent kinase

Carbamate kinase

Dynein intermediate chains

Dynein ligth chain 8

Intrinsically disordered proteins

Isothermal titration calorimetry
luminescence-based mammalian interactome mapping
Multiple Wavelength Anomalous Diffraction Method
Isomorphous Replacement Method

Molecular replacement

Mass Spectrometry

NIMA-related kinases

Never in Mitosis, gene A

Nuclear localization signal

Nuclear magnetic resonance

Ornithine carbamoyltransferase

Peptide sequence that is rich in proline (P), glutamic acid (E),

serine (S), and threonine(T).

Polo-like kinases

Protein-protein interactions

Postsynaptic density

Protruding subdomain

Regulator of Chromosome Condensation 1 protein

Single-Wavelength Anomalous Diffraction Method
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Introduction

1.1 Proteins.

Proteins are large biological molecules comprising in one or more amino
acids residues chains. They constitute essential structural elements and are the
main executors of a wide range of cellular functions, including catalyzing
metabolic reactions, replicating DNA, responding to stimuli, and molecular
transport. Their functional diversity and versatility are determined by sequence
of amino acids, which is dictated by the nucleotide sequence of their genes and
by the spatial conformation they can adopt due their folding, protein
interactions, non-peptide groups attached, and several posttranscriptional
modifications (Fig. 1.1).

Twenty standard Amino Acids
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Figure 1.1 List with the 20 natural amino acids.

The different amino acid residues are classified depending on their physicochemical properties [1].
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The amino acid residues chains or polypeptides are the basic component of
a protein consisting in individual amino acids residues bonded to the adjacent
amino acid residue by peptide bonds. The sequence of amino acid residues in
a protein is defined by the sequence of a gene, which is encoded in the genetic
code. The genetic code stipulate 20 amino acid residues, however certain
organism the genetic code include different amino acids residues [1,2]. After
synthesis of polypeptides the residues in a protein are often chemically
modified by posttranslational modification, like phosphorylation, form
complexes with other polypeptides and other macromolecules comprising
protein complexes, or are attached to a prosthetic groups or cofactors. All these
modifications can be stable or transient controlling the behavior of a protein and

modifying their function or role in the cell [1].

1.1.1 Protein structure.

Most proteins fold into three-dimensional dimensional structures, the
natural shape into which protein folds is known as native conformation. This
fold can be spontaneous after synthesis however in other cases it must be
helped by chaperones [3]. These chaperones are proteins which main function
is to assist proteins to achieve their native conformation avoiding other
conformational states. The specific intramolecular contacts like hydrogen
bonds, hydrophobic and ionic interactions, and disulfide bridges depend on the
primary sequence of amino acid residues and determine the spatial
conformation of the protein [4]. Typically we refer to four distinct aspects of a

protein's structure [1]:

1.1.1.1 Primary structure.

The primary structure of a protein is the specification of its amino acids
residues composition and the sequence connecting those amino acids residues
to the adjacent for a typical un-modified uncross-linked polypeptide. The
sequence is reported starting on the free N-terminal and ends in the free C-
terminal end (Fig. 1.2) [1].

1.1.1.2 Secondary structure.

In a polypeptide chain, local interactions form secondary structure elements



Introduction

in a three-dimensional dimensional form. Secondary structure can be generally
defined by the hydrogen bonds between backbone amino and carboxyl groups
and may also based on the regular pattern of backbone dihedral angles in a
particular region of the Ramachandran plot. Typically the secondary structure
elements are regular structures as a-helix and p-sheet. There exist other minor
secondary structures as 310-helix and 1-helix, but are rarely observed. Tight
and loose turns are other types of secondary structure, however, they are not
always regular and sometimes the side-chain atoms participate forming some
of the hydrogen bonds that define them (Fig. 1.2) [1,5].

1.1.1.2.1 a-helix.
a-helix is a right-handed spiral conformation, in which every backbone
amino group donates a hydrogen bond to the backbone carboxyl group of the

amino acid four residues earlier.

1.1.1.2.2 pB-sheet.

B-sheet comprises several B-strands connected laterally by at least two or
three hydrogen bonds, forming a generally twisted, pleated sheet. A B-strand is
a stretch of polypeptide chain typically 3 to 10 amino acids residues long with
backbone in an almost fully extended conformation. The orientation of the (-

strands determines the parallel or antiparallel arrangement of the B-sheet.
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Primary Structure

Secondary Structure

Tertiary Structure

Guaternary Structure

Figure 1.2 Representation of the structural components of proteins.

Primary, secondary (including a-helix and a-helix structures), tertiary and quaternary structure
representation.
Adapted from: http://www.contexo.info

1.1.1.2.3 Estimation of secondary structure content in a protein.

The rough secondary-structure content of a protein can often be estimated
spectroscopically. A common method is far-ultraviolet circular dichroism (CD)
where a double minimum at 208 and 222 nm indicate the presence of a-helical
structure, whereas a single minimum at 204 nm reflects random-coil or 217 nm
B-sheet structure. Another method is infrared spectroscopy (IR), which detects
differences in the bond oscillations of amide groups due to hydrogen-bonding
that depend on the secondary structure. Secondary-structure content may be
estimated unambiguously using the chemical shifts of an unassigned NMR

spectrum or resolving X-ray diffraction patterns of protein crystals.



Introduction

1.1.1.3 Tertiary structure.

The tertiary structure of a protein is its three-dimensional structure defined
by the atomic coordinates. It is determined by a variety of bonding interactions
between amino acid side chains and the spatial combination of the secondary
structures (Fig. 1.2) [1,6]. Tertiary structure is generally stabilized by non-local
interactions, the formation of a hydrophobic core, salt bridges, hydrogen bonds,
and even posttranslational modifications. The tertiary structure controls the
basic function of the protein and is also known by the term fold. Typically
globular proteins or protein domains have a core of hydrophobic amino acid

residues and a surface region of water-exposed, charged, hydrophilic residues.

1.1.1.3.1 Protein Domain.

A protein domain is a conserved part of a given protein sequence and
structure that can evolve, function, and exist independently of the rest of the
protein chain, often it can be independently stable and folded. Proteins can

have one or several domains.

1.1.1.3.2 Tertiary structure determination.

X-ray crystallography and Nuclear magnetic resonance (NMR) are the two
major techniques to determine the tertiary structure at atomic resolution.
However, cryo-electron microscopy can determine the structure at low
resolutions of some biological complexes such as viruses, small organelles,

and macromolecular biological complexes around 200 kDa [7].

1.1.1.4 Quaternary structure.

Quaternary structure is the arrangement of multiple protein molecules in a
multi-subunit complex. Many proteins are assemblies of more than one
polypeptide chain, which in the context of the larger assemblage are known as
protein subunits (Fig. 1.2). These assemblies can be homogeneous if all the
assemblies are the same polypeptide or heterogeneous if some assembles are
different. Depending on the number of subunits the complex is described using
Greco-Latinate names (e.g. two subunits dimer, three subunits trimer, twelve
subunits dodecamer) [1]. These protein complexes can be stable and tight,

transient or just weak interactions between proteins. In quaternary structure
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underlies protein properties like cooperativity and allostery in multimeric
enzymes. Many proteins undergo regulation and perform their physiological
function through changes in quaternary structure that can occur by
conformational changes within individual subunits, reorientation of the subunits
relative to each other or addition or deduction of one or several subunits [1].
Also in quaternary structure relies the formation of fibrous or structural

multimeric proteins such as collagen or keratin [8].

1.1.1.5 Protein structures major classes.

Proteins can be informally divided into four main classes, which correlate
with typical tertiary structures: globular proteins, fibrous proteins, membrane
proteins and intrinsically disordered proteins (IDPs) [3,9]. Globular proteins are
mainly soluble where the molecule's apolar (hydrophobic) amino acids are
bound towards the molecule's interior whereas polar (hydrophilic) amino acids
are bound outwards, allowing dipole-dipole interactions with the solvent [10].

Membrane proteins are attached to, or associated with the membrane of a
cell or an organelle. Membrane proteins have several different topologies [11].
An integral membrane protein is a topology of membrane protein that is
permanently attached to the biological membrane and is surrounded by lipids
crossing the lipid bilayer. While peripheral membrane proteins are proteins that
are adhered to the biological membrane. These molecules attach to integral
membrane proteins, or penetrate the peripheral regions of the lipid bilayer.

Fibrous proteins form long protein filaments, which are shaped like rods or
wires. They are structural proteins and the roles of such proteins include
protection and support. Fibrous proteins are typically inert and water-insoluble
[1,12].

IDPs are a large set of proteins displaying a disordered structure in
physiological conditions. They are characterized by their inability to fold into a
unique and stable conformation; rather they display a vast array of function-
related structural organization. This concept is also applied to regions or
domains of larger proteins [13]. IDPs have been under evolutionary pressure to
increase their net charge and decrease their hydrophobicity, compared to
globular proteins, in order to diminish their risk of aberrant assembly and keep

being water-soluble. Their lack of defined structure together with their flexibility
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provides conformational plasticity which is important for their functionality.
These proteins can fold under a variety of conditions, including interactions with
other proteins, membranes, small molecules or large biological complexes.
Moreover, all this structural properties permit IDPs to interact with multiple
partners, which is essential for organization, maintenance and control of
complex protein-protein interaction networks [9,13].

Protein fold is not entirely a rigid structure. In addition to the structural
properties, proteins structures may shift between several related functional
rearrangements while they perform their functions. In the context of these
tertiary or quaternary structures are usually referred to as conformations. The
transitions between them are called conformational changes. Such changes are
often induced by the binding of a substrate molecule, proteins posttranslational
modifications, changes in the environment or changes in the protein-protein

interaction network [14].

1.1.2 Cellular functions of proteins.

Proteins are the major actors within the cell, they carry out most of duties
specified by the information encoded in genes. With the exception of certain
types of RNA and some non-coding sequences of the genome, most other
biological molecules are relatively inert elements upon which proteins act
[15,16]. The set of proteins expressed in a particular cell or cell type is known
as its proteome.

The ability to bind other molecules specifically, tightly, and transiently or
permanently allow proteins to carry out the diverse set of functions. Generally,
the structural region of the protein responsible of the interaction is the binding
site and it is usually a depression, also known as binding pocket, on the
molecular surface. This ability is often mediated by the tertiary structure of the
protein which defines the binding site, and the chemical properties of the
surrounding amino acids' side chains. This ability, being in line with the
structural property of shifting their conformations through conformational
changes, grants major proteins' functions. As a result proteins can bind to other
proteins or macromolecules, as well as, to small-molecule substrates.

Protein-protein interactions regulate enzymatic activity, control progression
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through the cell cycle, and allow the assembly of large protein complexes that
carry out many related reactions with a common biological function. Particularly,
for structural proteins this interaction consists in the formation of rigid fibers by
the self-association of the polypeptide monomers. Moreover, protein binding
ability also defines the protein localization at cell and allows the formation of

quaternary structure, the enormously complex signaling network [14].

1.1.2.1 Enzymes.

The best-known role of proteins in the cell is as enzymes, which catalyze
thousands of metabolic processes that sustain life. The molecules at the
beginning of the chemical reaction are called substrates and are converted into
different molecules called products. Since enzymes are highly selective for their
substrates and speed up only the required living chemical reaction, from among
many possible substrate process, the set of enzymes of a particular cell or cell
type determines which metabolic pathways occur in that cell [17]. Although
enzyme processing, also known as activity, is principally affected by the
presence of its substrates and its products it can be as well affected by other
molecules and other environmental factors. Molecules that decrease enzyme
activity are named inhibitors while molecules that increase activity are known
as activators. pH, temperature, pressure and other chemical factors define the

environment of the reaction which can affect the activity of the enzyme [18].

1.1.2.1.1 Enzyme Kinetics.

Enzyme kinetics is the study of chemical reactions that are catalyzed by the
enzymes. The substrate catalysis is ruled by two steps: the substrate binding
and recognition by the enzyme and the catalytic step where the substrate is
processed to from the product (Fig. 1.3). Although some enzymes process
substrates to products irreversibly, most of them can catalyze the inverse

reaction [1,19].

10
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Catalytic step

E+S<—ES ——=E +P

L |

Substrate binding

Figure 1.3 Representation of the enzymatic steps.

E represents the ezyme, S the substrate and P the product. Adapted from [1]

1.1.2.2 Cell signaling.

Cell signaling is part of a complex system of communication that governs
the cell activities and coordinates cells actions among them conforming the
enormously complex signaling network. Some of these signaling molecules are
extracellular proteins that transmit a signal from the cell in which they were
synthesized to other cells in distance. Others signaling proteins act
as receptors whose main function is to bind a signaling molecule. These
signaling molecules induce a biochemical response in the cell, transduced by
the signaling network, activating enzymatic activity or undergo a conformational
change detected by other proteins within the cell (Fig. 1.4). Many receptors
have exposed their signal binding site at the cell’s surface, other are globular
proteins that bind signaling molecules able to go through the cell or organelles'

membrane [6].

1.1.2.2.1 Signal transduction.

Signal transduction occurs when a signaling molecule, or ligand, activates a
receptor altering intracellular molecules and creating a cellular response. Most
of these responses go through a pathway of different proteins where the
response is modulated in either steps of this pathway. Moreover, one signaling
molecule may cause many responses on the same time. The signal can be
amplified depending on the intracellular signaling network environment or either
diminished [20].

Some pathways include a second step, in response to receptor or pathway

activation, which carries out the overall or partial intracellular signal

11
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transduction by a second ligand income at cell. In these cases signaling
molecules that interact with the receptors are known as first messengers, while
substances which increase at the cytoplasm or nucleoplasm and act within the

cell to trigger a response are named second messengers [21].

EGF Figure 1.4 Diagram showing key components of a
extracellular EGFR signal transduction pathway.
Eéﬁg}féucfgcé §§§§§§§ Representation of the MAPK signaling pathway.
g’gg’{gmembrahggg ggggggg Starting at the activation of the receptor by the ligand
""""""" inducing a signal transdcution process ending in a
[P= transcription response.
GDP GRB?2 Adapted from: Schmidt, J. MAPK pathway. (2006).

http://en.wikipedia.org/wiki/File:MAPKpathway.png

SO0S
RAS
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GTP

MEK
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o &
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transcription nucleus
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1.1.2.2.2 Protein Kinase.

A protein kinase is an enzyme that modifies other proteins by chemically
adding phosphate groups to them, this activity is also known as
phosphorylation. Kinases are also known to participate in the majority of signal
transduction pathways. The protein kinase transfers a phosphate group from a
nucleoside triphosphate, usually ATP, covalently attaching it to specific amino
acids residues with a free hydroxyl group, like serine, threonine and tyrosine in
eukaryotic organisms (Fig. 1.5). Most protein kinases are able to phosphorylate
both serine and threonine, or just tyrosine while a few number of kinases
named dual-specific kinases act on all three amino acids residues [22]. Cell
division, maturation or death, as well as, environmental responses, gene
expression and other important cellular activities are mostly regulated by
protein kinases. The cell regulates protein kinase activity by several ways: r
conformational changes, intracellular location variations and
activation/deactivation on them by phosphorylation and dephosphorylation,
protein-protein or protein-ligand interactions and several posttranslationall
modifications. Kinases are very often turned on or off by phosphorylation
including autophosphorylation.

The catalytic domain of protein kinases is highly conserved. The N-terminal
of the catalytic domain there is a glycine-rich stretch of residues near by a
lysine amino acid, which is involved in ATP binding. In the central part of the
catalytic domain, there is a conserved aspartic acid , which is essential for the

catalytic activity of the enzyme [23].

1.1.2.2.2.1 Autophosphorylation.

Autophosphorylation is defined as the phosphorylation of the kinase by
itself. When the same molecule phosphorylate itself its known as cis-
autophosphorylation, while trans-autophosphorylation happens when the
kinase forms a dimer, or any other multimer, and one subunit phosphorylates
the adjacent [24].

13
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1.1.2.2.3 Phosphatases.

A phosphatase is an enzyme that removes a phosphate group from its
substrate by hydrolyzing phosphoric acid monoesters into a phosphate ion
(PO,4*) and a molecule with free hydroxyl group (Fig. 1.5). In the case of protein
phosphatases the free hydroxyl group belongs to an amino acid residue like
serine, threonine and Tyrosine. This action is directly opposite to that of
kinases, which attach phosphate groups to their substrates by using energetic
molecules like ATP [1].

Figure 1.5 Diagram showing kinase and phosphatase activity on a protein substrate.

Representation of the phsophorylation of a protein by a Kinase using ATP and
dephosphorylation by a Protein phosphatase.

1.1.3 Protein-Protein interactions.

Protein—protein interactions (PPIs) refer to intentional physical contacts
established between two or more proteins. These interactions form the large
protein interaction network and are the core of the entire interatomic system of
any living cell. Flaws in the interaction network by aberrant PPls involve signal
transduction fails, protein aggregation and a completely loss of cell's regulation.
Indeed, missense PPIs are the basis of multiple diseases, such as Alzheimer's

disease and cancer [25,26].
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1.1.3.1 PPIs properties.

We can study PPIs by defining their different properties [27]:

1.1.3.1.1 Homo/hetero-oligomerization.

Homo-oligomers are PPIs form by the same polypeptide subunit. Generally
these complexes assemble is guided by non-covalent interactions
spontaneously done. Several enzymes, carrier proteins, scaffolding proteins,
carry out their functions as homo-oligomers. In hetero-oligomerization distinct
protein subunits interact controlling several cellular functions. Generally the
communication between heterologous proteins relays on scaffold domains
within the proteins. The large variety of interactions types between these
subunits relays on the importance of controlling their activity and consequences
of the complex formation. Indeed, hetero-oligomers are heavily present in

signal transduction, gene expression and a large variety of processes [27].

1.1.3.1.2 Stable/transient interactions.

Stable interactions involve proteins that interact for a long time, taking part
of permanent complexes, in order to carry out structural and functional roles
which are permanently active in cell. This is the case for the most homo-
oligomers, as well as, some enzyme hetero-oligomers. Protein complexes that
may interact briefly and reversible in only certain cellular contexts, external
factors or by the presence of other binding proteins are known as transient
interactions. Indeed, this property is basic for signal transductions pathways
[27].

1.1.3.1.3 Covalent/non-covalent interactions.

PPl are normally established by non-covalent bonds, such as hydrogen
bonds, ionic interactions, Van der Waals forces, or hydrophobic bonds.
Covalent interactions are formed by covalent bonds such, pseudo-peptide
bond, disulphide bond or electron sharing. Although being rare, these
interactions are determinant in some posttranslational modifications, as

ubiquitination and SUMOylation. Generally, these proteins don't have a binding
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site between them, nevertheless, both or one of them have a recognition site or

motif needed for the enzyme that rules this interaction [28,29].

1.1.3.2 PPJI's interface properties.

Molecular structure studies characterize the interface that enables the
interaction between proteins. When characterizing PPI interfaces it is important
to take into account the properties of the complex: size, shape, solvent-
accessible surface area (SASA), complementary between surfaces, residue
interface contacts, hydrophobicity, segmentation, and most importantly,
secondary structure and conformational changes between the complex and
isolated monomers. These changes provoke affects direly the complex
activities and functions [27]. The great majority of PPI interfaces reflects the
composition of protein surfaces, despite they are frequently enriched in
hydrophobic residues [30]. PPI interfaces are dynamic and frequently planar,
although they can be globular and protruding as well [31]. When the PPIs
interface performs the interaction the surface area losses contacts with water
indicating hydrophobicity as a major factor of stabilization of PPIs [32].
However, PPIs interfaces exhibit both shape and electrostatic complementarity.
[27] Another interesting feature is that the more larger interaction interfaces are
the more significant conformation changes are observed at least for one of the

interaction partners [33].

1.1.3.3 Major PPIs dependence factors.

1.1.3.3.1 Subunit concentration.

Protein subunit's expression and degradation rates affect directly the

protein concentration which in turn affects the complex assembly [27].

1.1.3.3.2 Protein binding competition.

The protein affinity for binding different ligands, those compete between
them, for forming a complex. The affinity and concentration of these
competitors can directly affect the complex formation by assembling another
one [27].
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1.1.3.3.3 Covalent modification or other posttranslational modification.

Phosphorylation, ubiquitination, SUMOylation, glicosilation, intracellular
proteases activity and other posttranslational modifications can modify, block or
deplete PPIs' interfaces changing its properties. Indeed, it can cause an
alteration at the interaction network landscape, or even, an activation or

deactivation of the binding ability for the modified subunit [27].

1.1.3.4 Methods for studding PPIs.

There are a multitude of methods to detect them [34] and study their
molecular structure. [33].

The molecular structures of many protein complexes have been unlocked
by the technique of X-ray crystallography [8]. Also nuclear magnetic resonance
(NMR) is applied with the aim of unravelling the molecular structure of protein
complexes and their flexibility [35]. Indeed, nuclear magnetic resonance is
advantageous for characterizing weak PPls [36].

The most conventional and widely used high-throughput methods for
detecting PPIs are yeast two-hybrid screening and affinity purification coupled

to mass spectrometry:

1.1.3.41 Yeast two-hybrid screening (Y2H).

In this method yeast cells are transfected with two plasmids. One is the bait
the protein under study fused with one domain of a yeast transcription factor. In
the other hand, the prey a vector within a protein cDNA fragment linked to the
other domain of the transcription factor. In a high-throughput study we use a
cDNAs’ library in this vector. Transcription of reporter genes does not occur
unless bait and prey interact with each other and form the functional
transcription factor. Thus, the interaction between proteins results in the
reporter gene expression that the scientist can detect and then isolate the
cDNA of the positive prey [29,37] (Fig. 1.6).

Despite its usefulness Y2H has some limitations. The specificity is relatively
low because using yeast as host system can be a problem when studying

proteins from other biological models. Moreover, the number of PPIs identified
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is usually low because some transient PPIs are lost [37].

Bait plasm|d Prey p[asm|d

transcription
ﬁ

Reporter gene |—

Figure 1.6 Principles of yeast and mammalian two-hybrid systems.

Schematic representation of the Y2H basic principles [38].

1.1.3.4.2 Affinity purification coupled to mass spectrometry.

Affinity purification coupled to mass spectrometry detects stable
interactions, thus better indicates functional in vivo PPls. While Y2H uses a
binary method (one to one), using this technique allows to report the overall
complex subunits [39,40]. This method starts by purification of the tagged
protein from a cell extract and its interacting proteins. One of the most
advantageous and widely used methods to purify proteins with very low
contaminating background is the tandem affinity purification (Fig. 1.7), where
the bait protein is expressed with two different affinity tags in tandem. PPIs can
be then identified and analyzed by mass spectrometry using different methods:
chemical incorporation, biological or metabolic incorporation (SILAC), and
label-free methods [27]. Mass spectrometry (MS) is an analytical technique that
produces a singular spectrum of the accurate masses of molecules comprising

a sample of material.
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Figure 1.7 Principle of Tandem Affinity Purification.

calmodulin

-Sepharose SEcggcl:lue_lnﬂ;nlty
beads o
Ca

Schematic representation of the Tandem Affinity Purification process [38].

1.1.3.4.3 Circular dichroism spectroscopy.

Circular dichroism (CD) spectroscopy is a method to study protein-protein
interactions in vitro in a soluble state. CD signal in the far ultraviolet spectra
region (178-260 nm) arises from peptide bond and is sensitive to the
secondary structure of the protein. Thus CD can determine whether there are
secondary structure changes induced by PPIs (Fig. 1.8). CD bands in the near
ultraviolet (350—-260 nm) and visible regions arise from aromatic and prosthetic
groups. Usually there are also changes in these regions when proteins bind to
each other. Because CD is a quantitative technique, changes in CD spectra are

directly proportional to the amount of the protein-protein complexes formed,

and these changes can be used to estimate binding constants [41].
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Figure 1.8 Circular Dichroism spectra in the far ultraviolet spectra for different secondary
structure elements.

a-helix typical circular dichroism spectra is shown in orange, in blue 3-sheet, and in red Random
coil.
Adapted from: http://www.proteinchemist.com/cd/cdspec.html

1.1.3.4.1 Isothermal titration calorimetry.

Isothermal titration calorimetry (ITC) studies both protein-ligand and
protein-protein interactions. ITC is the only technique that determines directly
the thermodynamic parameters of a given reaction. ITC is a quantitative
technique that can determine the binding affinity (Ka), enthalpy changes (AH),
and binding stoichiometry (n) of the interaction between two or more molecules
in solution. From these initial measurements, Gibbs energy changes (AG) and
entropy changes (AS) can be determined using the relationship: AG= -RTInKa=
AH-TAS [42].

1.1.3.4.2 Other approaches to investigate PPIs.

A variety of techniques to identify or analyze PPIs has emerged recently.
These include co-immunoprecipitation, protein microarrays, analytical
ultracentrifugation, light scattering, fluorescence correlation spectroscopy,
luminescence-based mammalian interactome mapping (LUMIER), resonance-
energy transfer systems, mammalian protein-protein interaction trap, surface

plasmon resonance and protein-fragment complementation assay [43].
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1.1.3.5 PPIs evolution in thermophilic organisms.

Proteins from thermophilic organisms adopt different strategies for
stabilizing the native conformation of proteins at extreme temperatures,
resulting from shorter loops linking secondary structure elements, or a
decrease in both the number and size of internal cavities [44], a reduction in
solvent accessible area [45], a reduced flexibility resulting from a higher proline
content [46], a reinforced hydrophobic effect in the protein core or subunit-
subunit interfaces [47], a stabilization via aromatic-aromatic interactions [48,49],
the arrangement of several charged residues in ionic networks [50], an
increased number of disulfide bonds [51], or mechanisms of oligomerization
[52-54]. Moreover, not just the protein fold increases its stabilization; PPIs and
oligomerization mechanisms also are over-stabilized. Indeed, PPIs interfaces
imitate some of the strategies adopted for stabilization proteins fold, as the
presence of ionic networks [55] or the use of a complex oligomeric state
stabilized via an arrangement of hydrophobic clusters and ionic interactions not

involved in extended networks [56].
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1.2 PPIs studied in the present thesis.

We have studied PPIs in two different pathways: the NIMA-pathway and the
ADI pathway involved in signal transduction and metabolic catalysis,

respectively.

1.2.1 Nek9 - LCS8 interaction.

Nek9 belongs to NIMA family protein kinases [57]. This family set up a
signaling transduction module in early mitosis concerned in the spindle
organization control [58-60]. In the other hand DYNLL/LCS8, also known as
dynein light chain 8, was originally described as a component of the dynein
complex. Recently it is suggested that it has a general role as dimerization hub
organizing different protein partners [61]. Recent studies report that
DYNLL/LCS8 is a Nek9 partner, and it has been proposed to participate in the
regulation of the Nek9 Nek6/7 signaling module as a negative regulator of
Nek6/7 binding and activation [62]. In vivo experiments suggest that
phosphorylation, probably autophosphorylation, of Nek9 on Ser944 can
regulate the interaction between DYNLL/LC8 and Nek9 [63,64]. In this thesis
we measure this interaction in vitro by structural analysis of the complex
between LC8 and the Nek9 binding region in the presence of a phosphate at
position 944 or in the unmodified form. Together, different biophysical studies

confirm the diminished LC8 binding to Nek9 upon phosphorylation [64]

1.2.1.1 The NIMA pathway.

The protein kinase NIMA (Never in Mitosis, gene A) was identified in the
70's by Ronald Morris in a genetic screen for mutants that failed to progress
through the cell cycle in the filamentous fungus Aspergillus nidulans [65].

NIMA is a mitotic protein kinase whose activity is necessary for the
interfase-mitosis transition (G2 to M), mitosis progression and mitotic exit,
moreover controls the organization nuclear envelope, chromosome
condensation, bipolar spindle formation and cytokinesis [58,60].

As a key mitotic factor the kinase is tightly regulated by several processes,
including transcription, phosphorylation, stabilization, oligomerization and

subcellular localization [58,66,67]. NIMA overexpression promotes mitosis-
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specific responses at any point in the cell cycle in Aspergillus nidulans, and
also, chromosome condensation in yeast, amphibious and mammalian cells,
suggesting the presence of NIMA-like pathway of mitotic regulation in these
organisms[67].

NIMA homologues have been identified in all eukaryotes, but none of them
can fulfill NIMA mitotic functions [67]. Fungi and yeasts have only a single
NIMA-related kinase (Nek), although Nek family expanded in an ancestral
ciliated cell to acquire new functions in regulating microtubules through
centriole-based structures as well cilia and centrosomes. Indeed, there is a
positive relationship between the ciliary structures complexity and the
increment of the Nek's number of proteins in species [59,68].

NIMA has N-terminal catalytic domain and the C-terminal regulatory domain
[58,66]. All Nek family members have an N-terminal kinase domain that shares
40-45% identity with the NIMA catalytic domain. Each member differs from
NIMA or other family members in the C-terminal non-catalytic region [58,60].

In mammals, 11 different Nek proteins have been described, named Nek1
to Nek11 plus Nek2A, NEk2B and the Nek11L and Nek11S isoforms (Fig. 1.9)
[58]. Neks can be phylogentically grouped in 5 clades: Nek1/3/5, Nek2, Nek6/7,
Nek8/9 and Nek4/11; however this classification is not functionally relevant [68].
Nek2/6/7/9/11 kinases have been related to cell cycle progression [60,69],
Nek1/8 are implicated in the cillia formation and maintenance [70,71], Nek3/ 4
participate in cell morphology and polarity control [72,73]. Recent studies
related Nek1/2/6/10/11 to DNA damage response, suggesting another function
for the NIMA kinase family [69,74—76].
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Figure 1.9 The NIMA-related kinases family.

Different NIMA-related proteins are shown indicating several domains and motifs which are
conformed each one [58].

1.2.1.2 Mitosis.

Cell cycle is a series of events that take place in a cell guiding its division
into two daughter cells which are exact genetic copies. Cell Cycle is divided in
two phases: interfase and mitosis. During interfase the cell grows an duplicates
its genetic information and centrosomes. In mitosis the cell divides its
information and subcellular components to daughter cells which will be
physically separated during the last mitotic step, cytokinesis [77] (Fig. 1.10).

The mitotic process can be subdivided into prophase, prometaphase,
metaphase anaphase, telophase and cytokinesis. During these mitotic phases
the cell performs several sequential steps, including chromosomes
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condensation, nuclear envelope breakdown, centrosomes separation, spindle
assembly, alignment and proper chromosomes segregation and nuclei
reassembly [78]. At the final step, cytokinesis, cells form a contractile actine
and myosin filaments ring to drive the constriction of the cellular's membrane
[79].

Failure to complete any of the different mitotic steps properly may trigger
apoptosis and cell death. Thus mitosis progression is tightly regulated by
multiple independent regulatory steps. A major mechanism of regulation is
irreversible protein degradation via ubiquitination through the anaphase
promoting complex/cyclosome (APC/C) and reversible protein phosphorylation
[80-82].

The regulation of mitosis via phosphorylation is performed by four main
mitotic protein kinase families. The major control mechanism is the key cyclin-
dependent kinase (Cdcs or Cdks), whose activity is modulated, localized and
amplified by polo-like kinases (Plks), Aurora kinases and NIMA-related kinases
(Neks) [81]. The phosphatases PP1 and PP2A, beside Cdc25 and Cdc14
phosphatase families counteract the kinase activity during the cell cycle, and

are essential for achieving a tight cell cycle regulation [78].
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Figure 1.10 Cell cycle progression.
Cells are stained against B-tubulin and DNA. A representative image of each
phase of the cell cycle is shown. Adapted from: www.cbp.pitt.edu
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1.2.1.3 The Nek9- Nek6/7 cassette.

Nek9/6/7 act together in a mitotic cascade where Nek9, the upstream
kinase, upon activation at the centrosomes during mitosis onset, interacts with

Nek6/7 phosphorylating and activating both of them [57,83].

1.2.1.3.1 Nek9.

Nek9, also known as Nercc1, was originally identified as a Nek6 associated
protein [57]. This kinase is a 120 Kda protein with 979 amino acid residues
sequence encoded by 23 exons on human chromosome 14 [57,84]. Nek9 is
highly conserved in mammals, birds and amphibian (82% similar) in fish and
invertebrate animals Nek9 homologues are present, although they are shorter
and only 20 to 50% similar to human Nek9 [68].

1.2.1.3.1.1 Nek9 structure.

Three main domains can be identified in Nek9. The NIMA-related kinase
domain is located at the N-terminal of the protein (residues 53-308), followed by
an RCC1-like domain (residues 347-726) and a C-terminal tail with a coiled.coll
domain (residues 891-940) necessary for Nek9 dimerization and activation
[57,84] (Fig. 1.11).

LC8 binding

site motif
945-949

ASE oiled coil
- 3.308 391-940

Figure 1.11 Schematic view of the Nek9 domains and motifs studied in this thesis.

Nek9 has a kinase domain (yellow), a RCC1-like domain (orange), and a Coiled coil region
(salmon) . Immediately after the LC8 binding motif is located (red).

Nek9 kinase domain shows all features of a Ser/thr protein kinase. Nek9
can be inactivated by mutations at the ATP-binding site (K81M) or at the proton
acceptor residue in the catalytic site (D176A) [85]. Two nuclear localization
motifs establish a nuclear localization signal (NLS). This NLS is localized
between the kinase and the RCC1 domains (residues 306-313 and 325-330).
Wild type Nek9 is confined at the cytoplasm in cell under mitotic-arrest or in
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exponentially growing, while Nek9 K81M, a kinase dead mutant, shows a
nuclear localization. Thus, suggest that NLS can be inactivated by
autophosphorylation [57]. Moreover, Nek9 is phosphorylated throughout the cell
cycle on Thr333, just after the NLS. On account of this phosphorylation is
proposed that this modification can be implicated in keeping the NLS
inaccessible.

The RCC1 domains were first characterized in the Regulator of
Chromosome Condensation 1 protein. However is also present in several
cytoplasmic proteins, like HERC3, that commonly held, a PPIs and protein
localization participation [86]. As RCC1 protein Nek9's RCC1-like domain
contain seven consecutive RCC repeats and can bind G-protein Ran. Whereas,
RCC1 protein is a guanidine-exchange factor for Ran [86], Nek9 RCC1-like
domain lacks some of the residues necessary for this activity [57].

A poly-glycine motif (residues 752-760) follows the RRC1-like domain,
probably acts as a flexible hinge. The Nek9 C-Terminal tail contains the coiled-
coil domain necessary for Nek9 dimerization. Gel-filtration analysis shows that
the protein kinase exist in a high molecular mass complex of approximately 600
KDa, which correspond to a higher-order homoligomers and/or Nek9 dimers
complexed with other proteins. Thus, suggest the importance of some motifs
implicated in protein binding located between RCC1-like domain and the coiled-
coil domain or the end of the protein. A PEST region (residues 734-779), two
putative SH3-domain-binding motifs PXXP (residues 823-830 and 881-888) and
a LC8-binding motif (K/R)XTQT (residues 945-949) are found after the RCC1-
like domain [57,63,84].

1.2.1.3.1.2 Nek9 localization.

Nek9 is expressed in all human and mouse tissues examined, but its
expression is more abundant in brain, heart, liver, kidney, skeletal muscle and
testis [57,84]. Nek9 protein levels are constant in cell, although is inactive
during interphase and is activated when the cell enters in mitosis [57,85]. While
inactive Nek9 localizes diffuse at the cytoplasm in interphase and mitotic cells,
in prophase a small amount of Nek9 is activated by phosphorylation at the

centrosomes and concentrates at spindle poles along prophase and
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metaphase. At the beginning of the anaphase until telophase active Nek9 is
slightly diminished at centrosomes and becomes associated with the
chromosomes. During cytokinesis Nek9 activity is dramatically decreased at
centrosomes and chromosomes while is increased at the midbody to finally
disappear at the interphase beginning (G1) [85] (Fig. 1.12).

However Nek9 activity at the nucleus during interphase has been reported
[87,88], suggesting a partial activation of Nek9 NLS during this phase of the cell

cycle.
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Figure 1.12 Immunolocalization of active Nek9 during mitotic progression in U20S cells.
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Active Nek9 (P-Nek9) is shown in green, y-tubulin in red and DNA in blue [85].
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1.2.1.3.1.3 Nek9 activation.

Nek9 kinase activation is achieved by phosphorylation at Thr210 in the
activation loop. Nek9 is also regulated by both dimerization and binding to
RCC1-like domain, which inhibits the Nek9 kinase activity. Recombinant Nek9
lacking the coiled coil domain cannot be activated while just lacking the RCC1-
like domain Nek9 is naturally active [57]. Nek9 activation is regulated by a
sequential phosphorylation by Cdk1 and PIk1, this process implies a Cdk1
phosphorylation on Nek9 necessary for priming Plk1 binding and
phosphorylation on Nek9 Thr210 [89]. Besides the phosphorylation, it is
suggested additional inhibitory mechanisms for the kinase, such as
phosphatase activity or the binding of an undescribed regulator that impairs
Nek9 autophosphorylation [57,85,87].

1.2.1.3.1.4 Nek9 function.

Overexpression of kinase-dead Nek9 mutant interferes the cell cycle
progression and results in apoptosis [57]. Endogenous Nek9 inhibition by
antibody microinjection in interphase cells prevents mitosis. In prophase cells
Nek9 inhibition by antibody microinjection disrupts normal mitotic spindle
formation, inducing promethaphase arrest or abnormal chromosomal
segregation resulting in mitotic catastrophe [57]. Nek9 depletion by iRNA
impairs centrosome separation out coming in a unseparated or less separate
centrosomes in prophase cells [89]. In Xenopus egg extracts xNek9
immunodepletion impairs spindle assembly, RAN-GTP-induced aster formation
and correct chromosome alignment [85]. All these data indicate that Nek9 is a
mitotic regulator involved in mitotic spindle regulation.

Spindle formation requires microtubule nucleation performed by y-tubulin
ring complex [90], also requires the correct orientation of microtubules and
centrosome separation performed by molecular motors as dynein or Eg5
[91,92]. Nek9 interacts with the y-TuRC [85] and can phosphorylate the dynein
motor complex associated protein BicD2 [84,93]. Then Nek9 substrates Nek6
and Nek7 [83] interact and regulates the mitotic kinesin Eg5 and its function in
centrosome separation at the beginning of mitosis [62,89]. Except for Eg5, the

functional relevance of these interactions remains unknown.
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Recently a new function for Nek9 has been described in autophagy. Nek9
depletion impairs this process inhibiting the cargo recruitment to vesicles and

its regulation [94].

1.2.1.4 LC8/DYNLL

Originally, dynein light chains are described as accessory subunits of the
large dynein motor complexes [95]. The LC8 family of light chains, DYNLL1 and
DYNLLZ2 in vertebrates, in association with Tctex and LC7 light chains families
binds as homodimers to the dimeric dynein intermediate chains (DIC) which are
scaffold subunits for cargo binding to the motor complex [96-98]. LC8 genes
are present in all sequenced eukaryotic genomes [98]. LC8 is an extremely
conserved 10 Kda protein LC8 orthologs share more than 90% identity. The two
mammalian paralogs DYNLL1 and 2 differ in 6 of the 89 amino acid residues.
Embryonically lethal or severe pleiotropic phenotypes are found when LC8
gene is knocked down or out in Drosophila and C. elegans. Based on these

genetic studies LC8 is an essential protein for metazoans [99,100].

1.2.1.4.1 LC8 structure.

LC8 has a unique fold: two-five-stranded, antiparallel B-sheet responsible of
the dimerization; each [(-sheet contains 4 strands four strands from one
monomer, the fifth strand belongs the other monomer. These B-sheets are
flanked by two pairs of a-helices at the opposite face of the dimer [101,102].
Crystal structure of LC8 in apo form [103—107] and in complex with peptides
from binding partners have been determined (Fig. 1.13) [103,106,108-111]. The
bound ligands of LC8 lie in two identical parallel grooves formed at the two
edges of the dimerization interface. These peptides from an extra antiparallel -
strant, consequently, increasing the central 3-sheets [103—-107]. Although LC8
constitute an homodimer, phosphorylation on Ser88 dissociates LC8 to stable

monomers [112,113].
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Figure 1.13 Crystal structures of LC8 with LC8 binding motif of Nek9.

Schematic representation of the LC8Nek9 peptide structure. a-Helices andB-strands of each
LC8 subunit are labeled. The two Nek9 peptides binding the homodimer are depicted in red
[64].

1.2.1.4.2 LC8 binding motif.

LC8 binding motifs were originally divided in two clases: (K/R)XTQTX motif
and XG(I/V)QVD motif [103,114,115] (Fig. 1.14). In both cases Q is the central
position and caps the N-terminal end of the second a-helix, while the side-
chains of some other amino acids residues interact with the binding groove.
However, a few LC8 partners don't show this canonical binding, but the peptide

topology is similar [106,116—-118]
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Figure 1.14 Sequence logo of the binding motif of all hitherto determined and verified
LC8 binding Motifs.

Similar colors indicate similar chemical properties [119].
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The conformation of the binding groove is very dynamic allowing this
promiscuously interaction even being a highly conserved binding site [104]. The
affinity of LC8 to the monomeric peptides is moderately weak, however most of
the LC8 partners are dimeric which can form a dimer-dimer complexes acting

as a bivalent ligands, whose binding affinity is increased [120].

1.2.1.4.3 LC8 structural function.

Firstly LC8 was identified as a tail-binding light chain of dyneins (DYC) and
myosin 5a [98,121]. Also it was found to interact with many proteins that were
shown to be transported either on microtubules or on actin filaments. Thus, it
was assumed that LC8 function as a cargo adapter [103,114,122—124].
However, recent studies defy this hypothesis arguing that LC8 improbably can
bridge the cargo to either motor complex because the two identical binding
sites of LC8 in addition to the homodimeric nature of DIC and myosin 5a
probably induce dimer-dimer complexes in a bivalent interaction [125-127].
Supporting this hypothesis it is shown that LC8 interacts with other proteins that
are not associated to intracellular transport, and also the devoid of dynein
motors in plants, in which LC8 is present [96]. Moreover, last studies shown
that the short linear LC8 binding motifs are located in intrinsically disordered
segments [116,128]. Furthermore, the LC8 binding motif is usually located close
to coiled-coil or other dimerization domains of the interacting partners. The
current view is that LC8 acts as an essential hub protein promoting
dimerization, structural stabilization of IDPs and could hence allosteric
regulation in its binding partners in diverse complexes and networks [128].

Structurally consequences of LC8 binding to target coiled-coil containing
proteins are characterized by increasing the a-helix content and stabilizing the
coiled-coil region, providing additional binding platforms in various complexes
(Fig. 1.15) [116,117]. Structural stabilization of intrinsically disordered or coiled
coil regions does not necessarily induce structural stabilization of the overall
target protein. LC8 binding causes spatial constrains in the target and they
could lead dissociation of preexisting interactions between dimeric domains,
destabilization of binding platforms or inhibiting activities of the associated

protein partners. However LC8-induced dissociation of binding platform has not
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been described yet [111].
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Figure 1.15 Schematic representation of different scenarios where LC8 acts as a hub
protein.

A) Interaction of LC8 with a partner that contains a potential or preformed coiled-coil domain
near the LC8 motif could lead to homodimerization or coiled-coil stabilization. The newly formed
structure could act as a platform for further interactions. B) If the LC8 binding motif is localized
near interacting globular domains, LC8 binding could pry apart the domains by steric constraints
and might destroy further interaction sites or inhibit other activities. C) Heterodimerization of two
targets could occur if two LC8 hinding motifs are located near two weakly interacting domains.
Adapted from: [61].

1.2.1.44 LC8as ahub protein.

LC8 is involved in a wide variety of functions through its partners [61]. In the

following paragraphs few examples are shown.

1.2.1.4.4.1 Intracellular transport.

Syntaphilin is targeted to axonal mitocondria and to microtubules as well. A
model was proposed in which LC8 serves as stabilizator of coiled-coil structure
in syntaphilin to facilitate its docking to mitochondrial receptor. This physical

coupling between LC8 and syntaphilin may control mitochondrial mobility and
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density in axons [129] .

Drosophila Dazl is an RNA-binding protein essential for gametogenesis. Its
proposed that Dazl travels along microtubule network in association with the
dynein complex controlling a subcellular distribution of specific mMRNAs [122].
Basoon is an LC8 partner that links to the retrograde transport of Golgi-derived
vesicles in neurons. It was convincingly shown that Basoon and LC8 are co-

transported by the dynein motor complex [130].

1.2.1.4.4.2 Nuclear transport.

The Yeast ortholog Dyn2 dimerizes and stabilizes the Nup82-Nsp1-
Nup159complex, a module of the nuclear pore filaments. Dyn2 binds to five
tandem motifs located between a disordered Phe-Gly repeat and coiled-coil
domain of Nup159 forming a rigid structure facilitating nucleocytoplasmatic
transport [131].

LC8 interacts with the replication factor Ciz1. In a proposed model LC8
brings Ciz1 to the nucleus, where it binds Cdk2 and p21. These complexes play

a regulatory role in cell cycle progression [132].

1.2.1.4.4.3 Mitosis.

Nek9 is a regulator of the mitotic progression. It is known that LC8 interacts
at the C-terminal of Nek9 when is inactivated. This interaction is regulated by
phosphorylation on Nek9 residue Ser944. It is proposed that the LCS8
interaction interferes with the interaction of Nek9 with its downstream partner
Nek6 as well as with Nek6 activation [60,63,64]. The nucleoporin Tpr functions
during mitosis as a spatiotemporal regulator of spindle checkpoints and it is
involved in recruitment of checkpoint proteins to dynein [133].

1.2.1.4.4.4 Apoptosis and autophagy.

BimL and Bmf are BH3-only pro-apoptotic proteins thought to be normally
sequestered to dynein and MYO5A motor complexes via DYNLL1 and
DYNLLZ2, respectively [124,134]. Specific apoptotic stimuli liberate them from
the cytoskeleton, in complex with LC8, helping them to translocate to Bcl-2

proteins thereby activating apoptosis. AMBRA1 is a component of a multiprotein
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complex that regulates autophagy and development of the nervous system in
mammals [135]. Binding of DYNLL1 inhibits TNFa-induced NFk{ activation by
interacting with IkBa, thereby preventing its phosphorylation by IkBa kinase, its
nuclear translocation and its regulatory role in apoptosis [136,137]. This
interaction is redox regulated: TNFa induces the production of reactive oxygen
species, which in turn oxidize DYNLL1, on Cys2 which is an isoform-specific
residue, resulting in the dissociation of the complex and NFkf activation. A
novel disulfide reductase, TRP14, contributes to the NFk[ inhibitory activity by

maintaining LC8 in its reduced state [137].

1.2.1.4.45 Postsynaptic density (PSD).

PSD is a dynamic complex crucial for receptor immobilization at both
excitatory and inhibitory synapses. Gephyrin is a scaffold protein critical for
glycine- and GABA-receptor clustering. LC8 binds to a disordered linker domain
between two globular dimerization/oligomerization domains [138,139]. It was
shown that the gephyrin—LC8 complex together with the Gly-receptor is

involved in transport processes by the dynein complex [140].

1.2.1.4.4.6 Transcription regulation.

BS69 is a multifunctional scaffold protein involved in transcription
repression in association with various transcription factors in cellular
senescence through the p53—-p21 and JNK pathways [141]. LC8 interacts with
the transcription factor TRPS1 and suppresses its transcriptional repression
activity [142].

LC8 binds to the N-terminal disordered domain of ERa and facilitates its
nuclear accumulation. In the nucleus the recruitment of the LC8—ERa complex
to the chromatin of estrogen-receptor-targeted genes is assisted by the LC8—
KIBRA-histone H3 complex [143,144].

1.2.1.4.4.7 Dynein motor complex.

Originally it was proposed that LC8 acts as a cargo adapter that links the
cargo to the motor complex [101,102,108]. However, based on recent results

LC8 together with the other two classes of light chains is involved in regulating
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dynein complex assembly and hence indirectly affecting cargo binding
[145,146]. Current speculations about the cargo binding to the dynein motor
complex suggest that cargo binds directly or indirectly to the genuine adaptor
dyactin or dynein subunit (dynamitin, intermediates or DIC). Moreover, LC8 is
not a cargo adapter and the co-localization of LC8-partner pairs, LC8-DIC
(Dynein Intermediate Chain) and LC8-cargo in complex is merely coincidental
[61].

1.2.2 The Arginine Deiminase Pathway in Mycoplasma penetrans.

Arginine Deiminase Pathway rules the metabolism of arginine towards ATP
synthesis [147]. This pathway is considered a major source of energy for
microorganisms such as Mycoplasma penetrans, among other pathogenic
organism, in anaerobic conditions, and also is probably implicated in
pathogenic and virulence, protecting the mollicutes from acidic stress during
infection [148-153].

In the present thesis we present the crystal structures of the three enzymes
composing the gene cluster of the arginine deiminase pathway from M.
penetrans: arginine deiminase (ADI), ornithine carbamoyltransferase (OTC)
and carbamate kinase (CK). All three enzymes present an homo-oligomeric
assemble. Ornithine carbamoyltransferase (OTC) displays a dodecameric
structure with a 23-point symmetry. The dodecameric structure of OTC
represents the highest level of organization in this protein family and in
M.penetrans it is constituted by a novel interface between the four catalytic
homotrimers [154]. OCT proteins have a wide range of quaternary structures,
the most common is an homotrimer [155]. However, dodecameric assembly
has only been observed in P.aeruginosa [156], and hyperthermophilic
Pyrococcus furiosus [157]. It is suggested that dodecameric assemblies of
OCT's are involved in thermophilic resistance or in allosteric enzyme regulation
by coooperativity [156,158]. Arginine deiminase (ADI) and Carbamate kinase
(CK) show the common dimeric organization known in other orthologs. The
arginine deiminase (ADI) structure displays its apo-form in an open
conformation of the active site of the enzyme. The active site pocket of ADI is

empty, with some of the catalytic and binding residues far from their active
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positions. Comparing with other known ADI structures in bibliography [159] we
suggest the major conformational changes upon substrate binding. Carbamate
kinase (CK) structure is characterized by the presence of two ion sulfates in the
active site, one in the carbamoyl phosphate binding site and the other in the -
phosphate ADP binding pocket of the enzyme. The CK structure also shows
variations in some of the elements that regulate the catalytic activity of the
enzyme. The relatively low number of metabolic pathways and the relevance in
human pathogenesis of Mycoplasma penetrans places the arginine deiminase
pathway enzymes as potential targets to design specific inhibitors against this

human parasite [153,154]

1.2.2.1 Mollicutes.

The Mollicutes are a class of bacteria distinguished by the absence of a cell
wall. They are obligated parasites of various animals and plants, living on or in
the host's cells. Interestingly, they are only 0.2-0.3 pm in size and more
importantly, have a very small genome size known for a living cell. Only the
genus Ureplasma and Mycoplasma are able to infect human or animal cells
[160]. Their genome is a circular double strand helix with low GC percentage
between 23-30%. Interestingly, the UGA codon codes for a Trytophan instead

for a stop codon [161].

1.2.2.2 Minimal genome.

The Mollicutes have the smallest sequenced genome. For Mycoplasma, the
genome size range swings between 0.580 Mb for Mycoplasma genitalium [162]
and 1.358 Mb for Mycoplasma penetrans [163]. This incredible feature is
originated by the degenerative evolution their ancestors underwent, losing
genome complexity [164]. In fact, Mycoplasma are obligated parasites and their
living environments are quite stable and rich in macromolecules, in
consequence, their adaptive, and also, anabolic capacity is reduced [165]. In
addition to the limited adaptive capacity or regulation, reduced anabolism and
the lack of genome redundancy Mycoplasma are close to be the minimum
bacteria cell with the minimal genome. Moreover, their simple genome and

proteome makes them a fascinating model for studying the simplest living
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system containing only the essential genes for living.

1.2.2.3 Energetic metabolism and ADI pathway in M.penetrans.

All mollicutes lack of tricarboxylic acids cycle (TCA cycle) and cytochroms,
consequently, a oxidative phosphorylation mechanism is rejected as an energy
source [147]. Indeed, the energy springs from substrate-level phosphorylation.
This metabolic reaction has low efficiency ATP production although produces
high amounts of secondary metabolites, often toxic for the host. ADI pathway is
one of the metabolic reactions producing energy by substrate-level
phosphorylation in bacteria.

The ADI pathway is performed by three catalytic enzymes: arginine
deiminase (ADI, EC 3.5.3.6), ornithine carbamoyltransferase (OTC, EC 2.1.3.3)
and carbamate kinase (CK, EC 2.7.2.2). This pathway metabolizes arginine
producing ornithine, ammonia, CO2 and ATP, generating one mole of ATP
(energy) and 2 mole of ammonia per mole of arginine (Fig. 1.16).

ADI pathway is essential for some bacterial metabolism or pathogenicity
mechanism, like that of S. pyrogenes [166] among others [167]. Indeed, for
some species ADI pathway is not essential for they growth but it is for they
survival in their natural environment acting as a protection mechanism, i.e.
protection from acidic stress during the infection [168,169]. Thus, the scientific

community has spent efforts in ADI inhibitors synthesis [170,171].

38



Introduction

asE W Ey,
at® ¥y

ARGININE PO, = & %o,
HH j + o " % *
e SN o NH s Ornithine .
A 4 sCarbamoyltransferase %
“'I-'. ey .* :' )& :
’ A 4
B +"Arginine * . CITRULINE :; ot % :'.'
- Delmldase % ? . 7 , *
: ‘.- MM 'u' el T fe— " %}' - ’ ...
[ ] j 1 L i L ] i i &*
: .} g a *s - = ‘o'
™ H : s s [ FTTTL at L
TN orumine CARBAMOYL-PO,
} g ; 0
“ -5 -3 L i "'i"""ﬂ-l*‘ HN OO ADP
e Somr oty &
".' g .‘ ‘--'nl-ln....
- 'Carbamﬂte I(lnasé . '
", s ATP
g, ]
" o a
" 2983 5 +
* =k P
- ENeT o CO
."k, 1H o’ . 'PNH4

.....IIIII"“‘
Figure 1.16 Schematic representation of the ADI pathway in M. penetrans.

Arginine Deimidase reaction is labeled in blue, in red for Ornithine Carbbamoyltransferase and
in green for Carbamate Kinase. The monomer structure of these proteins for M. penetrans are
shown.

1.2.2.3.1 Arginine deiminase (ADI).

In the first step of the ADI pathway, ADI catalyzes the deimination of
arginine, and it is the first step of the argininine degradation pathway (Fig.
1.16). This reacction performs the conversion of arginine to citrulline and
ammonium. The absence of the Arginine deiminase gene in the human
genome, and it importance in pathogenenicity [148—153] make ADI an attractive
therapeutic target for some parasitic and bacterial infection. ADI structures and
reaction mechanisms have been described in P.aeruginosa [170,172] and
Mycoplasma arginini [159]. In the present work the apo form of M.penetrans
ADI is shown and compared with previous substrate-bound structures revealing

structural rearrangements in the active site (Fig. 1.17).
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Figure 1.17 ADI
structure.

A) Surface representation
of ADI from M.penetrans.
AS indicates the active
site pocket (colored in
magenta). B) Surface

Ko £ representation of ADI from
L}f;‘.;): M.arginini in complex with
&\* N ,' arginine in the active site.

. A (:, Adapted from: [154]
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Based in crystal structure and gel-filtration chromatography, the biological
unit of ADI is a dimer. The ADI catalytic domain is composed by a characteristic
repeated motif forming five BBaf modules in a cyclical arrangement. This fold is
also characteristic of other arginine-catabolizing enzymes [173-175]. In the
case of ADI it contains an additional 85-residue a-helical domain. The role of
this domain is still not clear, but has been speculated that can participate in the

apoptotic activation [159].

1.2.2.3.2 Ornithine carbamoyltransferase (OTC).

The citruline obtained by ADI is processed by OTC and uptakes inorganic
phosphate to generate ornithine and carbamoyl phosphate (Fig. 1.16). OTC
enzymes can also be anabolic catalyzing the reverse reaction. In this sense,
some organisms, such as Pseudomonas aeruginosa, encode different OTCs
genes dedicated to either the ADI pathway or to the arginine biosynthetic
pathways [176-178]. The anabolic reaction is also related to the arginine
biosynthesis in plants and to the urea cycle in the mitochondria in mammals
[179,180].
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Figure 1.18 OTC Trimer and dodecamer conformations.

A) Ribbon representation of the OTC homotrimer structure. B) Surface view of the M. penetrans
OTC dodecamer. Each homotrimer is shown with a different color. Adapted from: [154].

All carbamoyltransferases share the same basic overall protein fold which
contains two domains: a CP-binding domain (carbamoyl phosphate binding
domain) and an amino acid binding domain. The basic quaternary structure
organization is a homotrimer, with the active site located at the interface
between monomers [156,181] However, a dodecameric assembly containing
four homotrimers has been observed in the catabolic OTC of Pseudomonas
aeruginosa and in the hyperthermophilic Pyrococcus furiosus. Dodecameric
assemblies of OTCs have been suggested to be involved in thermophilic
resistance or in allosteric enzyme regulation by cooperativity [56,156-158]. The
crystal structure of OTC from Mycoplasma penetrans described in this thesis
possess a quaternary dodecameric assembly, which is unique to Mycoplasma
penetrans. At the interface between the catalytic homotrimers contains
particular interactions (Fig. 1.18). In this work we compare the interface
differences between dodecameric OTC assemblies from M.penetrans and
P.aeruginosa as mesophilic organisms and from P.furiosus and

Thermotoga .maritima as thermophilic organisms.

1.2.2.3.3 Carbamate kinase (CK).

In the last step of the ADI pathway, CK catalyzes the hydrolysis of the
carbamoyl phosphate to CO2 and ammonia, while the phosphate group is used
to phophorylate ADP to generate ATP (Fig. 1.16). Similarly to OTCs, in some

organisms such as Pyrococcus furiosus, CK can catalyze the opposite reaction
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synthesizing carbamoyl phosphate from carbamate and ATP. The absence of
this protein in animals and its importance in generating energy in some
pathogenic microorganisms like Giardia intestinalis or Trichomonas vaginalis
makes CK an attractive therapeutic target [182,183]. Structures of CK bound to
ADP and to sulfate ions have already been described in two different
organisms, Enterococcus faecalis and Pyrococcus furiosus [184-186]. As
previously described CK organizes as a dimer, and it is performed by three
domains, with a large crevice in the middle that creates the binding sites for the
two substrates, carbamoyl phosphate (CP) and ADP. The N-terminal domain
(residues Met1 to Ala222), and the mobile PSD domain (“protruding
subdomain”, from Lys126 to Val159), which is involved in the catalytic reaction
by an overall “rigid body” movement upon substrate binding, and the C-terminal
domain (residues Asp223 to Ala309). Whereas the binding residues for
carbamoyl phosphate basically emanate from the N-terminal domain, the C-
terminal domain is responsible for the binding of ADP. Interestingly, the
structure present in this work of CK from M.penetrans differs from the previous
structures by the presence of two sulfate ions, one in the carbamoyl phosphate
pocket and another in the B-phosphate ADP binding pocket. Particularly
interesting, in the M.penetrans CK structure described here, is the “open” and
non-catalytic conformation of the PSD subdomain, despite the presence of a
sulfate ion in the carbamoyl phosphate-binding pocket (Fig. 1.19). More
importantly, the “open” orientation of the PSD domain with a sulfate ion
occupying the CP binding site has not been observed, and might represent a
structural snapshot of the binding of CP before the enzymatic reaction occurs.
However, it could also be an example of the product complex before the
release of the CP from the active site in the anabolic reaction of synthesis of the

carbamoyl phosphate from carbamate [184].
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Figure 1.19 Dimer structure of CK.

Ribbon representation of the dimer of CK. In one of the monomers, the N-terminal domain is in
colored in light blue, the C-terminal domain in forest green and the PSD domain in lime green.
The two sulfate ions are shown in stick representation. Adapted from: [154].

1.2.2.3.4 Interactions in the ADI pathway.

Despite our efforts it was not possible to obtain crystal structures for the
complex between OTC and CK. However previous data shown evidences of
the OTC-CK complex for P.furiosus. The first evidences for biologically
significant interaction were provided by isotopic competition experiments with
cell-free extracts of P. furiosus; showed a marked preference of ornithine
carbamoyltransferase (OTC) for CP synthesized by carbamate kinase (CK)
rather than for CP added to the reaction mixture [187] and by affinity
electrophoresis and co-immunoprecipitation in combination with cross-linking
[188,189]. In order to obtain evidences of an interaction between OTC and CK
a Y2H, ITC and Hummel-Dreyer chromatography experiments were performed,
obtaining significant information of the biological formation of the complex [190].
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1.3 Protein crystallization and structural determination by X-Ray diffraction.

X-ray crystallography is a technique used for determining the atomic and
molecular structure of a crystal, in which the organized atoms cause a beam of
X-rays to diffract into many specific directions (Fig. 1.20). By measuring the
angles and intensities of these diffracted beams, can be produced a three-
dimensional map of the density of electrons within the crystal. From this
electron density, the mean positions of the atoms in the crystal can be
determined, as well as their chemical bonds and various other information.

Two procedures rule this high complexity-level technique: In one hand,
protein crystallization is needed due to the use of protein crystals diffraction to
magnify the signal by reason of a single molecule diffraction would be too weak
to be measurable. In the other hand, the X-ray diffraction is consequence of the
electromagnetic waves used by crystallographers are approximately 0.5 to 1.5
angstroms long, which are just the right size to measure the distance between

atoms in a molecule, and these wavelengths are X-Rays

1.3.1 Protein crystallization.

Protein crystallization is indeed an ordered soluble protein precipitation
which all the protein atoms are orientated in a fixed way with respect to one
another while still maintaining their biologically active conformations. Several
critical steps must be achieved in order to crystallize a protein. First protein
sample must be purified around 95%. Then the protein solubility must decrease
usually mixing the protein in a buffer which excludes water from the protein
surface. Finally, the protein solution has to be brought to supersaturation where
the protein is condensed from the rest of the solvent, allowing the protein to
form a highly organized crystal. Usually this is done by increasing the
precipitant compound at the protein solution buffer by methods that include
batch crystallization, liquid-liquid crystallization, vapor diffusion, and dialysis
[191].

44



Introduction

A

Figure 1.20 X-ray diffraction and data collection

A) The crystal diffracts the source beam into many discrete beams producing distinct reflections
on the film. Adapted from: [191]. G. B) Diffraction pattern from a crystal of LC8.

1.3.1.1 Vapor Diffusion.

Vapor diffusion is the most commonly employed method of protein
crystallization. In this method, the purified protein is mixed with a precipitant
buffer, the resulting mixture is enclosed with a larger reservoir containing the
same precipitants in higher concentrations and in a significative larger volume
than the mixture. Initially the mixture of protein solution contains comparatively
low precipitant and protein concentrations but, as the protein mixture buffer and
reservoir buffer equilibrate, the precipitant and protein concentrations increase
in the drop over the time. If the appropriate crystallization solutions are used for
a given protein, crystal growth will occur in the drop (Fig. 1.21). This method is
used because it allows for gentle and gradual changes in concentration of
protein and precipitant, which aid in the growth of large and well-ordered

crystals [191].

45



Introduction

Figure 1.21 Vapor diffusion technique representation.

Vapor diffusion flows are shown as arrows. Note that the wither arrow marks a higher amount of
vapor exchange resulting on the sample drying.

Adapted from: http://en.wikipedia.org/wiki/File:CrystalDrops.svg. This is original work created for
Wikipedia

1.3.2 X-Ray diffraction.

The x-rays are shot at the protein crystal resulting in some of the x-rays
passed through the crystal and the rest being scattered in various directions
being recorded by a detector. The scattering of x-rays is also known as x-ray
diffraction. Such scattering results from the interaction of electric and magnetic
fields of the radiation with the electrons in the atoms of the crystal. The patterns
are a result of interference between the diffracted x-rays governed by Bragg's
Law: 2dsin6=nA, if the diffracted x-rays interfere constructively. In Bragg's Law:
d is the distance between two regions of electron density, 6 is the angle of
angle of diffraction, A is the wavelength of the diffracted x-ray and n is an
integer.

Constructive interference indicates that the diffracted x-rays are in phase or
lined up with each other, while destructive interference indicates that the x-rays
are not exactly in phase with each other. The result is that the measured
intensity of the x-rays increases and decreases as a function of angle and
distance between the detector and the crystal. The crystal is rotated so that the
x-rays are able to hit the protein from all sides and angles.

Several basic physical principles underlying this technique are: The
amplitude of the diffracted x-ray is directly proportional to the number of

electrons in the atom that scatters x-rays. Then the scattered waves recombine,
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thus, the beams reinforce one another at the detector if they are in phase or
cancel one another out if they are out of phase. Note that every atom
contributes to a scattered beam. Finally, three-dimensional atomic arrangement
determines how the beams recombine. So, the intensities of the spots and their
positions are thus the basic experimental data of the analysis.

A Fourier Transform can be applied to the intensities on the diffraction data
to reconstruct the electron density distribution of the crystal. The Fourier
Transform takes the reciprocal spatial frequency in the form of the diffraction
pattern and gives out the spatial arrangement of the electron density. Through
the Fourier Transform, the electron density distribution is illustrated as a terrain
map. The mapping gives a three-dimensional representation of the electron
densities observed through the x-ray crystallography. The interaction of X-rays
with the electrons in a crystal gives rise to a diffraction pattern, which
mathematically is the Fourier transform of the electron density distribution. The
detectors used to measure the X-rays, however, can only measure the
amplitude of the diffracted x-rays. The phase shifts, which are required to use
the Fourier Transform and find the electron density distribution, cannot be
measurable directly. This is known in the physics community as the “Phase
Problem”. The problem can be simplified by finding specific atoms, which are
usually a heavy metal, using the Patterson Synthesis and then using those
atoms positions to estimate the initial phases and calculate an initial electron
density map, which can further help in the modeling of the position of other
atoms and improve the phase estimation. The commonly used methods are:
Molecular Replacement (MR), the Isomorphous Replacement method (MIR),
the Multiple-wavelength Anomalous Diffraction method (MAD) and the Single-
wavelength Anomalous Diffraction method (SAD) [191].

1.3.2.1 Isomorphous Replacement Method (MIR).

This method compares the x-ray diffraction patterns between a protein
crystal and the same type of crystal with an addition of at least one atom with
high atomic number, usually a heavy atom. The only difference that the crystal
and its derivative have in a perfect isomorphism is the intensity differences due

to the addition of heavy atoms on the derivative. These differences can be
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identified by a Patterson search procedure, and such information is important
as to determine the protein phase angles. The commonly used method for
adding heavy atoms to the crystal derivatives is to soak the protein crystal in a
solution that is composed identically to the mother liquor, but with a slight

increase of precipitant concentration.

1.3.2.2 Multiple Wavelength Anomalous Diffraction Method (MAD) and
Single-Wavelength Anomalous Diffraction Method (SAD).

In MAD or SAD as in isomorphous replacement, the complexity of the
phase problem is reduced by determining the position of a few heavy atoms
with direct methods. If the wavelength of the X-ray corresponds to a transition
between different electron shells of the atom, there will be a modification of the
phase. This anomalous scattering results in effects in the diffraction pattern that
can be distinguished from the rest. Requirements for using this method to
determine the phases the protein must include atoms that cause significant
scattering from X-rays, notably sulfur or metal ions from metalloproteins. Since
selenium can replace naturally sulfur, it is more commonly used. In comparison
to multi-wavelength anomalous diffraction (MAD), single-wavelength anomalous
diffraction (SAD) uses a single set of data from a single wavelength. The main
beneficial difference between MAD and SAD is that the crystal spends less time
in the x-ray beam with SAD, which reduces potential radiation damage to the
molecule. Also, since SAD uses only one wavelength, it is more time-efficient
than MAD. A particle accelerator, called synchrotron, is also required for the

method, due to the need of tunable wavelength.

1.3.2.3 Molecular replacement (MR).

MR is nowadays the most common method to solve phase problems in x-
ray crystallography. MR locates the orientation and position of a protein
structure with its unit cell, whose protein structure is homologous to the
unknown protein structure that needs to be determined. The obtained phases
can help generate electron density maps and help produce calculated
intensities of the position of the protein structure model to the observed

structures from the x-ray crystallography experiment. MR relies upon the
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existence of a previously solved protein structure which is homologous, 20%
identity at least, to our unknown structure from which the diffraction data is
derived. For that purpose a Patterson map is calculated from the experimental
intensities and compared to a theoretical Patterson map of the homologous
structure coordinates. In Patterson maps all phases are set to 0 which results in
a density that corresponds where the peaks correspond to distance vectors
between individual atoms. By rotating and then translating the Patterson maps
relative to each other the position of the molecules can be found and initial

phases determined (Fig. 1.22).

Figure 1.22 Molecular replacement schematic representation of translation and rotation
functions.

MR tries to find the model which fits best experimental intensities among known structures.
Adapted: http://my.yetnet.ch/dergutemensch/crystallography/molecularreplacement.htm

In the rotation function, our unknown Patterson map is compared to
Patterson maps derived from our known homologue structure in different
orientations. To score the rotation function modern programs use maximum
likelihood-based algorithms. The highest correlation is obtained when the two
structures are in similar orientation. In the translation function, the now correctly
oriented known model can be correctly positioned by translating it to the correct
co-ordinates within the asymmetric unit. This is accomplished by moving the
model, calculating a new Patterson map, and comparing it to the unknown-
derived Patterson map. This brute-force search is computationally expensive
and fast translation functions are now more commonly used. Positions with high

correlations are output in Cartesian coordinates.
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Aims

The basic objective of this thesis is the study of protein-protein interactions,
which we applied in two different experimental models. In the first model we
analyzed the role of phosphorylation in the interaction of a peptide derived from
the mitotic kinase NEK9 with its binding partner LC8 [64]. In the second model
we decipher the structures of the three enzymes composing the arginine
deiminase pathway: arginine deiminase (ADI), ornithine carbamoyl transferase
(OTC) and carbamate kinase (CK) [154].

The specific aims of the thesis can be summarized in the following items:

2.1 Structural analysis of the regulation of the DYNLL/LC8 binding to Nek9
by phosphorylation:
2.1.1 Determine the influence of the Nek9 phosphorylation on Ser944 in the
LC8 binding.
2.1.2 Analyze the structural changes produced on LC8-Nek9 interaction upon
phosphorylation on Ser944.
2.1.3 Study and compare the conformational changes of the Nek9-LC8 binding

motif upon the interaction with LC8.

2.2 Structural characterization of the enzymes composing the arginine
deiminase pathway in Mycoplasma penetrans:

2.2.1 Determine the crystal structures of the enzymes composing the ADI
pathway in M.penetrans.

2.2.2 Define the mobile regions of the arginine deiminase enzyme upon
substrate binding.

2.2.3 Analyze and compare the dodecameric structure of ornithine carbamoyl
transferase from M.penetrans with the few known dodecameric OTC
structures, and particulary from thermophylic organisms.

2.2.4 Shed light about the carbamate kinase conformational changes of

domains upon the interaction with substrates.
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3.1 Publication I:

Structural analysis of the regulation of the DYNLL/LC8 binding to Nek9 by
phosphorylation.

Gallego P, Velazquez-Campoy A, Regué L, Roig J, Reverter D.

J Biol Chem. 2013 Apr 26;288(17):12283-94.
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Background: Phosphorylation regulates binding of the mitotic kinase Nek9 to LC8, controlling signal transduction through

the Nek9/Nek6/7 module.

Results: Crystal structures reveal the basis for the reduced interaction of LC8 for Nek9 upon phosphorylation on Nek9(Ser

944).

Conclusion: The reduced binding affinity of Nek9 for LC8 is due to diminished enthalpic interactions.
Significance: Disclosing phosphorylation as a novel mechanism that directly regulates LC8 protein-protein interactions.

The NIMA family protein kinases Nek9/Nerccl, Nek6, and
Nek7 constitute a signaling module activated in early mitosis
involved in the control of spindle organization. DYNLL/LC8
(dynein light chain 8) was originally described as a component of
the dynein complex, but the recent discovery of multiple inter-
action partners for LC8 has suggested that it has a general role as
a dimerization hub that organizes different protein partners.
Recent experiments suggested that LC8 binding to Nek9 was
regulated by Nek9 autophosphorylation on Ser®*%, a residue
immediately located N-terminal to the LC8 conserved (K/R)x-
TQT binding motif, and that this was crucial for the control of
signal transduction through the Nek/Nek6/7 module. In the
present work, we present two crystal structures of LC8 with a
peptide corresponding to the Nek9 binding region with and
without a phosphorylation on Ser®**. Structural analysis of LC8
with both Nek9 peptides, together with different biophysical
experiments, explains the observed diminished binding affinity
of Nek9 to LC8 upon phosphorylation on Ser®** within the Nek9
sequence, thus shedding light into a novel phosphorylation reg-
ulatory mechanism that interferes with LC8 protein-protein
complex formation.

Nek9 (also known as Nerccl) belongs to the mammalian
NIMA family of protein kinases, named after the Aspergillus
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nidulans NIMA kinase (1). Mammals contain 11 members of
the NIMA family or Neks, some of which are modular proteins
with different protein domains, whereas some others only con-
tain the kinase domain that has a sequence identity of ~40% for
all members of the family (2). Mammalian Nek members seem
to be specialized in functions related to the control of the
microtubule and cilliary machineries (3). Nek6 and Nek?7,
together with Nek9, constitute a signaling module activated
early in mitosis and involved in the regulation of the mitotic
spindle (4). Nek9 (also called Nerccl) is a 120-kDa modular
protein composed of an N-terminal kinase domain, with a
strong sequence identity to the other members of the Nek fam-
ily, followed by a domain homologous to RCC1 (the exchange
factor for the small G protein Ran) and a C-terminal domain
that contains a coiled-coil motif involved in dimerization (1).
Nek9 is inactive during interphase and is activated at centro-
somes and spindle poles during mitosis through a two-step
mechanism involving CDK1 and PIkl1 (1, 5, 6). In mitosis, Nek9
specifically interacts with the highly similar Nek6/7 (2, 7) and is
able to directly phosphorylate and activate these two kinases
(8). Thus, Nek9, together with Nek6 and Nek7, form a phospho-
rylation signaling module that is activated in mitosis and has
been shown to be essential for correct mitotic progression, con-
trolling spindle formation and different aspects of the centro-
somal cycle during early mitosis (1, 4, 7, 9-11).

A recent report using two-hybrid experiments uncovered
DYNLL/LCS8 as a protein partner of Nek9 (12). LC8 was shown
to interact with the C-terminal tail of Nek9, immediately after
the coiled-coil region, in a conserved consensus motif (12).
DYNLL/LCS is a highly conserved ubiquitous eukaryotic protein
with many protein partners involved in a great variety of cellular
functions (13). Partners of LC8 include, among other proteins,
dynein, myosin V, neuronal nitric oxide synthase, the proapop-
totic protein BimlL, and transcription factors Swallow and Trpsl
(14-20). Although DYNLL/LC8 was initially proposed to be a
cargo adapter for the molecular motor dynein and myosin V, the
existence of multiple protein partners revealed LC8 as a regulatory
hub protein that interacts with a linear consensus binding motif
normally located in intrinsically disordered protein regions (21).
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LC8 Binding to Nek9

Binding of LC8 normally promotes dimerization and a gain of
structure of the protein partner, in some examples by facilitating
the formation of coiled-coil structures immediately N-terminal to
the LC8 binding region.

LC8is a homodimeric structure that contains two hydropho-
bic binging grooves for linear peptides located in opposite sites
of the central B-sheet interface (22). As shown by crystal struc-
tures of LC8 complexes, two peptides can interact simultane-
ously with the two hydrophobic grooves forming each one an
extra -strand to the central B-sheet of LC8 homodimer (23—
25). Structural and functional data indicate that the homodimer
structure of LC8 is essential for the interaction with protein
partners, which are normally formed by dimeric structures (26,
27). Signaling inputs such as LC8 phosphorylation, pH varia-
tions, or the cellular redox state have been shown to regulate
LC8 function by controlling its dimerization (28 —30). Interest-
ingly, it has been recently shown that phosphorylation of Ser®®
in LC8, which promotes the disruption of the LC8 homodimer,
can regulate the binding of protein partners such as dynein
intermediate chain (27, 31).

Two different protein sequence motifs in target proteins can
be recognized by LC8: (K/R)XTQT and G(I/V)QVD (where X is
any amino acid) (32, 33). In addition to these short sequences,
the binding region of the peptide can be extended at the N
terminus, thus completing a total of nine residues forming the
extra B-strand of the interface. Only a few LC8 partners contain
non-canonical binding motifs lacking the most conserved Gln
residue (25). The binding affinity of LC8 to monomeric pep-
tides is moderately weak (K, between 0.1 and 40 um) (13); how-
ever, bivalent peptides linking two consensus motifs have been
shown to increase significantly the binding affinity for LC8 (34),
indicating the importance of the dimer-dimer interaction in the
complex of LC8 with protein partners. Despite the strong con-
servation in the LC8 binding region, recent biophysical data
indicates an inherent plasticity that allows the interaction with
these different consensus motifs (24).

LC8 has been proposed to participate in the regulation of the
Nek9/Nek6/Nek7 kinase signaling module as a negative regu-
lator of Nek6/7 binding and activation (12). LC8 binding to the
C-terminal region of Nek9 interferes with the interaction of
Nek9 with Neké6 and Nek7, thus impeding Nek9 activation of
Nek6/7. In vivo experiments suggest that autophosphorylation
of Nek9 can regulate this process by regulating the binding of
Nek9 to LC8. Ser®**, which is immediately located N-terminal
to the LC8 consensus motif, has been proposed to be phospho-
rylated upon Nek9 activation and directly promote the LC8
dissociation from Nek9 in vivo, although such direct effect of
Ser®** phosphorylation on LC8 binding has never been meas-
ured. The conservation in this position of a serine residue and
the presence of other Ser/Thr residues in LC8 consensus motifs
of many protein partners might indicate that phosphorylation
could represent a general manner of regulation for the LC8
binding. To gain insights in this regulation, we have crystallized
LC8 in complex with a Nek9 peptide corresponding to the LC8
binding region and with a similar phosphopeptide modified on
the equivalent of Nek9(Ser®**). Comparison of both crystal
structures sheds light into the diminished LC8 binding of Nek9
upon phosphorylation on Ser®**. Additionally, in vitro LC8
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binding experiments using different biophysical methods dem-
onstrate that phosphorylation on Ser®** reduces the affinity to
form a complex with LCS8, thus directly confirming that phos-
phorylation of the partner could be a general way to regulate
interactions with LCS8.

EXPERIMENTAL PROCEDURES

Protein Expression and Purification—The cDNAs encoding
full-length LC8 and the Nek9-CC? constructs (Nek9, residues
893 to 974) were cloned into a pET28b vector with the fusion
protein Smt3 tagged with six histidines at the N-terminal. Con-
structions were expressed in Escherichia coli BL21(DE3) for 4 h
at 37 °C after induction with 1 mm isopropyl 1-thio-B-p-galac-
topyranoside, and recombinant proteins were purified by nick-
el-nitrilotriacetic acid agarose resin (Qiagen) and dialyzed
against 20 mm Tris-HCI (pH 8.0), 250 mm NaCl, and 1 mm
B-mercaptoethanol in the presence of SENP2 SUMO protease
overnight at 4 °C. After protease cleavage, LC8 and Nek9-CC
were purified by ion exchange chromatography using a
Resource Q (GE Healthcare) column and by gel filtration using
a Superdex75 column (GE Healthcare).

Single point mutants of NEK9-CC, including Q948A and
S944E, were constructed using the QuikChange site-directed
mutagenesis kit (Stratagene) according to the manufacturer’s
instructions. All sequences were sequenced after generation.
Nek9-CC mutants were produced and purified as the wild-type
form.

Peptide Design—The Nek9 peptide contains the amino acids
between the Nek9 positions 940 to 950 resulting in the
sequence VGMHSKGTQTA. In case of the Nek9 P-peptide,
with a phosphate group on Ser®**, the resulting phosphopep-
tide contains the sequence VGMH(pS)KGTQTA. Both pep-
tides were provided by the company Pepnome Limited.

Circular Dichroism—CD spectra were measured in a Jasco-
715 spectropolarimeter thermostatted at 25 °C. Spectra were
recorded from 260 to 200 nm at 0.5-nm intervals, 1-nm band-
width, and scan speed of 10 nm/min. Ten accumulations were
done for each spectrum. LC8 concentration for each scan is
11.2 um buffered with 100 mm NaCl, 10 mm sodium phosphate,
pH 7.5, and 1 mm B-mercaptoethanol. In each spectrum, we
vary the Nek9 peptide or the Nek9 P-peptide concentration
ranged between 0 and 26.6 um.

In the case of LC8 binding to Nek9-CC (Nek9 residues from
893 to 974) wild-type and point mutants, LC8 and Nek9-CC
concentrations were 10 uM and 6.66 uM, respectively, buffered
as mentioned above. Same concentrations were used for the
spectra of the LC8-Nek9-CC complexes. Data were normalized
to [0] (molar ellipticity) using the formula shown in Equation 1,

[6] =6 (Eq. 1)

10-M-N,-1
where [0] means molar ellipticity, 6 indicates measured ellipticity,
M represents molarity of the sample, N, indicates the number of
peptide bonds, and / indicates the cuvette path length in cm.

5> The abbreviations used are: CC, coiled coil; SASA, solvent-accessible surface
area.
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Determination of the Interaction Constants (K,) by Circular
Dichroism—To determine the interaction constants between
LC8 and the peptides, we measured the ellipticity at 220 nm in
every spectrum. Because the interaction of LC8 with the pep-
tides is characterized by moderate-to-high affinity and the con-
centrations are comparable with the expected dissociation con-
stant, no approximation for the free ligand concentration can
be made. The total concentration of ligand is expressed as
follows:

KalL]

[PL] = [P]TW

(Eq.2)

where [L]-and [P] are the total concentration of the peptide
and LCS8, respectively, K, is the association constant, and [L] is
the concentration of the free ligand. Solving this equation for
the unknown [L] will allow calculating the concentration of the
LC8-peptide complex, [PL], for each experimental point,

KdlL]

[PL] = [P]TW

(Eq.3)

from which the change in circular dichroism signal can be cal-
culated in Equation 4,

Y=A,+ A[PL] (Eq.4)

where A, is the circular dichroism signal at zero peptide con-
centration, and A accounts for the maximal change of the signal
at high peptide concentration.

Thermal Denaturation of LC8 and LC8Peptide Complexes—
Thermal transition curves of LC8 and LC8-Nek9-peptide com-
plexes were obtained in a spectrofluorometer (Cary Eclipse) ata
heating rate of 0.2 °C/min following changes of intrinsic fluo-
rescence at 338 nm while excited at 280 nm. The LC8 concen-
tration was 11.2 uMm in a buffer containing 100 mm NaCl, 10 mm
sodium phosphate, pH 7.5, and 1 mm B-mercaptoethanol. To
obtain the thermal denaturation curves for the LC8 in the pres-
ence of the two peptides, the experiments were performed in
the presence of 11.2 um concentration of the Nek9 peptide and
P-peptide.

Thermodynamic Parameters from Thermal Unfolding—The
thermal transition curves were fitted to obtain the unfolding
thermodynamic parameters using Equation 5,

(( = AHm(1 = T/Tm))/RT)
— \
Y=(bj+ mT)+ (b, + muT,1 o AR~ AT

(Eq.5)

where m; and b; are the slope and the intercept with y axis in the
pretransition region, m,, and b,, are the slope and the intercept
with y axis in the post-transition region, AH,,, is the unfolding
enthalpy, 7 is the absolute temperature, T, is the temperature
at the melting point, and R is the universal gas constant.
Thermodynamic Binding Profile by Isothermal Titration
Calorimetry—Binding interaction between LC8 and both pep-
tides was assessed by high-sensitivity isothermal titration
microcalorimeter AutoITC200 (MicroCal, GE Healthcare).
Protein and peptide samples were properly degassed and care-
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fully loaded into the cells to avoid bubble formation during
stirring. Experiments were performed in 100 mm NaCl, 10 mm
sodium phosphate, or Tris-HCI, pH 7.5, and 1 mm 3-mercap-
toethanol. Experiments were carried out titrating 20 um LC8 in
the calorimetric cell with 200-300 um peptide in the injection
syringe. The heat evolved after each ligand injection was
obtained from the integral of the calorimetric signal. The heat
due to the binding reaction was obtained as the difference
between the reaction heat and the corresponding heat of dilu-
tion, and the latter was estimated as a constant heat throughout
the experiment and included as an adjustable parameter in the
analysis. The association constant (K,) and the enthalpy change
(AH) were obtained through non-linear regression of experi-
mental data to a model for a protein with a single binding site.
Data were analyzed using software developed in our laboratory
implemented in Origin (version 7, OriginLab). The dissociation
constant (K,), the free energy change (AG), and the entropic
change (AS) were obtained from basic thermodynamic rela-
tionships. Experiments performed in two buffers with different
ionization enthalpies (0.86 kcal/mol phosphate, 11.4 kcal/mol
Tris) allowed eliminating the contribution of proton exchange
processes to the binding interaction and determining buffer-
independent thermodynamic interaction parameters (enthalpy
and entropy) (35, 36). Experiments performed at two tempera-
tures, at 15 and 25 °C, allowed estimating the change in heat
capacity upon binding, which is a binding parameter associated
with changes in solvent accessible (polar and non-polar) surface
area and, therefore, provides fundamental information on the
binding interaction and possible conformational changes cou-
pled to the complex formation.

Crystallization and Data Collection—Crystals of DYNLL/
LC8 (dynein light chain 1) in complex with Nek9 peptide were
obtained at 18 °C by sitting drop vapor diffusion methods. The
reservoir solution contained 35% PEG 1500, 0.1 m MIB buffer
(malonate, imidazole, and boric acid 2:3:3), pH 4. Crystals of
LC8 in complex with Nek9 P-peptide were obtained at 18 °C by
sitting drop vapor diffusion methods. The reservoir solution
contained 30% PEG 1500, 0.1 m MIB buffer, pH 4.5. Single crys-
tals appeared after 1 week from equal volumes of protein solu-
tion (12 mg/mlin 5 mM Tris, pH 8.0, 50 mm NacCl) and reservoir
solution. All crystals were cryo-protected in reservoir buffer
containing 15% glycerol and flash-frozen in liquid nitrogen
prior to diffraction analysis. Diffraction data were recorded
from cryo-cooled crystals (100 K) at the ALBA synchrotron in
Barcelona (BL13-XALOC beamline). Data were integrated and
merged using XDS (37) and scaled, reduced, and further ana-
lyzed using CCP4 (Table 1) (38).

Structure Determination and Refinement—The structure of
LC8 in complex with Nek9 peptide and P-peptide were deter-
mined from the x-ray data by molecular replacement using a
previous LC8 structure (Protein Data Bank code 2P1K) as a
model. The initial electron density maps produced from molec-
ular replacement programs were manually improved to build
up complete models for LC8 and peptides using the program
COOQOT (39). Model refinement was performed with Refmac
(38) and Phenix (40). LC8 in complex with Nek9 P-peptide con-
tained six LC8 molecules assembling three homodimers in the
asymmetric unit, and the Ramachandran analysis shows 91.06%
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FIGURE 1. Circular dichroism analysis of LC8 binding to the Nek9 C-terminal region. g, schematic representation of the Nek9 protein. Amino acid sequence
for the Nek9-CC construct is shown in one letter code. b, circular dichroism spectra of LC8 and Nek9-CC wild-type and single point mutants. ¢, circular dichroism
spectra of the mixture of LC8 in complex with Nek9-CC and of the spectral sum of LC8 and Nek9-CC, for the Nek9-CC wild-type form and the Nek9-CC point

mutants.

of residues (499 residues) are in preferred regions, 7.12% of
residues (39) are in allowed regions, and 1.82% of residues (10)
are in outlier regions. LC8 in complex with Nek9 peptide also
contained six LC8 molecules assembled in three homodimers
in the asymmetric unit, and the Ramachandran analysis shows
96.91% of residues (534 residues) are in preferred regions,
1.81% of residues (10) are in allowed regions, and 1.27% of res-
idues (7) are in outlier regions. Refinement and data statistics
are provided in Table 1. Structural representations were pre-
pared with PyMOL (41).

Accession Codes—Coordinates and structure factors from
the two structures were deposited in the Protein Data Bank
with accession codes 3ZKE and 3ZKF.

RESULTS

Circular Dichroism Experiments on LC8 Binding to the Nek9
C-terminal Region—Dimerization of Nek9 has been proposed
to occur by means of the predicted C-terminal coiled-coil
region (residues 891-939), which is located immediately
upstream of the LC8 consensus binding region (residues 940 —
950). In addition to Nek9 dimerization through its C-terminal
coiled-coil region, LC8 has been suggested to contribute to
Nek9 oligomerization as it does for other proteins (12). To ana-
lyze in vitro the interaction between LC8 and Nek9, CD exper-
iments were carried out with LC8 and a fragment of the C-ter-
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minal region of Nek9, which includes the consensus LC8
binding region and the predicted coiled-coil region (Nek9-CC,
residues 893-939) (Fig. 1). The concentrations of LC8 and
Nek9-CC used in the CD experiments were 10 um and 6.7 um,
respectively. CD spectra of the individual proteins show an
expected a-f profile for LC8, and interestingly, a rich a-helix
profile for the Nek9-CC fragment, which could be indicative of
the presence of a coiled-coil structure. This is supported by the
higher ordered multimeric structures that appear during the gel
filtration purification of the recombinant Nek9-CC protein
(12).

Remarkably, differences can be observed after comparison of
the CD spectra of a mixture of the two proteins, LC8 and Nek9-
CC, and the sum of their individual spectra (Fig. 1C). These
changes in the ellipticity values between 200 and 240 nm sug-
gest variations in the composition of secondary structure ele-
ments; in particular, the increase in ellipticity ~222 nm may
indicate changes in the B/a structure. These results are in
agreement with the previously reported binding between Nek9
and LC8 (12), and with crystal structures of LC8-peptide com-
plexes, that indicated the formation of an extra B-strand (22).

To analyze the binding between LC8 and Nek9, we produced
two Nek9-CC point mutant constructs. Nek9-CC Q948A can
destabilize the binding by perturbing the highly conserved
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GIn948 interaction with the LC8 dimer; and Nek9-CC S944E, a
phosphomimetic that can destabilize the complex by mimick-
ing phosphorylation on Ser®**, as it has been recently shown in
vivo (12). Individual CD spectra of both Nek9-CC point
mutants show similar profiles as the Nek9-CC wild-type form,
probably indicating the formation of a coiled-coil structure
(Fig. 1B). However, using the same protein concentrations as
the wild-type form, the CD spectra of the mixture of LC8 with
both Nek9-CC point mutants show differences in the CD pro-
file compared with Nek9-CC wild-type, in particular in the
region ~222 nm. This reduction in the ellipticity at 222 nm
could indicate a decrease in the affinity of LC8 for both Nek9
mutant constructs under these experimental conditions. Thus,
the destabilization of the binding with LC8 can occur either by
the mutation on the conserved GIn®*’ residue, which has
already been established to play an important role in LC8 bind-
ing, or by a mutation on Ser®**, a site proposed to regulate LC8
binding to Nek9 upon phosphorylation.

Crystal Structures of LC8 in Complex with Nek9 Peptide and
Nek9 P-peptide—To gain insight at the atomic level into the
Nek9 binding to LC8, we synthesized two different peptides
corresponding to the Nek9 binding consensus region, with one
of them carrying a phosphoserine modification at position 5
corresponding to position Ser®** in the Nek9 sequence,
210VGMHSKGTQTA®. Both peptides displayed good solu-
bility properties and could be dissolved in aqueous buffers at
relatively high concentrations. LC8 was also produced at milli-
grams level amounts, as reported previously (12). Purification
of recombinant LC8 by gel filtration chromatography indicated
unequivocally the presence of a homodimer organization in the
quaternary structure of the protein.

Crystals of LC8 with both Nek9 peptides were produced in a
similar reservoir condition but with different crystallographic
space groups. Orthogonal protein crystals of LC8 with the
unmodified Nek9 peptide diffracted beyond 2.2 A resolution,
whereas hexagonal protein crystals of LC8 with Nek9 P-peptide
(phosphopeptide) diffracted at 2.6 A resolution (see Table 1 for
details). In both crystal forms, the asymmetric unit contained
three homodimers, with each LC8 molecule bound to a Nek9
peptide (a total number of 12 distinct molecules form the asym-
metric unit). Both Nek9 peptides could be completely traced in
the electron density maps in the three homodimers and only in
some cases lacked the flexible terminal residue.

Both crystal forms display a similar LC8 homodimeric struc-
ture, which constitutes the biological unit and has been well
established in the recent years by different structures, either in
the apo form or in complex with peptides (13, 22—-25). Basically,
the LC8 structure is composed by two monomers with a char-
acteristic fold formed by five five-stranded antiparallel 3-sheets
at the center of the homodimer, swapping four strands from
one monomer with a fifth strand from the other monomer (Fig.
2A). Additionally, each LC8 monomer contains a pair of a-hel-
ices flanking the central 3-sheet region at opposite faces of the
homodimer. The peptide-binding region is located in identical
opposite grooves at the two edges of the dimerization interface.
As observed in other LC8 complex structures, the bound pep-
tide interacts in an extended orientation and forms an extra
B-strand with LC8, increasing the total number of strands of
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TABLE 1
Data collection and refinement statistics
Statistic for highest resolution shell is shown in parentheses.
LC8:Nek9 peptide LC8:Nek9 P-peptide

Data collection
Space group P2,2,2 Pe.

1<1<1 3
a, b, c(A) 39.98,105.12, 133.89 154.86, 154.86, 47.72
o, B,y 90.00°, 90.00°, 90.00° 90.00°, 90.00°, 120.00°
Resolution (A) 44.63-2.20 (2.32-2.20) 47.73-2.50 (2.63—2.50)
Rmerge” 0.080 (0.53) 0.100 (0.95)
ol 8.0 (2.7) 7.6 (1.5)
Completeness (%) 97.6 (95.4) 99.2 (95.6)
Redundancy 3.2(3.1) 3.4(3.3)
Refinement
Resolution (A) 82-2.2 45-2.6
No. of reflections 27,276 19,327
Ryl Reved” 19.73/22.76 21.96/26.86
No. of atoms 4726 4671
Protein 4619 4650
Water . 107 19
r.m.s. bond lengths (A)° 0.02 0.01
r.m.s. bond angles 1.92° 1.19°
“ Rinerge = Z|I; = (DI/ZI;, where I, is the ith measurement of the intensity of an

individual reflection or its symmetry-equivalent reflections and (I) is the average
intensity of that reflection and its symmetry-equivalent reflections.

? Ryorc = 2||F,| — |E||I/Z|F,| for all reflections and Ry, = ||F,| — |F.||/Z|E,], cal-
culated based on the 5% of data excluded from refinement.

€ r.m.s., root mean square deviation.

the central B-sheet. The parallel orientation of the two Nek9
peptides in the LC8 homodimer would be compatible with the
presence of the coiled-coil structure immediately before the
LC8 binding region (Fig. 24).

As observed in previous LC8:-peptide complexes, the Nek9
peptide and Nek9 P-peptide interact extensively with the cen-
tral B-sheet of the LC8 homodimer (Figs. 2 and 3), establishing
several backbone hydrogen bonds and side chain interactions
with the 83 strand of one of the LC8 subunit. The only interac-
tion of the peptide with the opposite subunit of the LC8
homodimer is mainly established by GIn®*” from the highly
conserved KXTQTX motif, with its side chain buried in a
hydrophobic pocket formed by Ile**, Glu®®, and Lys®® from the
a2 helix.

Most of the interactions are basically conserved between in
both complex structures, although two hydrogen bonds are dis-
rupted in the Nek9 P-peptide structure. In particular, the back-
bone hydrogen bond of the carbonyl group of Gly**! is not
formed in some of P-peptide molecules found in the asymmet-
ric unit. A second disrupted interaction is the hydrogen bond
between Ser®** and Thr®” (at 2.69 A in the case of the Nek9
peptide structure), which is in all cases disrupted by the pres-
ence of the phosphate group at Ser”**. The phosphate group of
Ser®**islocated at the homodimer interface, in contact with the
side chain of Tyr®, from the 3 strand, and next to the side
chains of Lys* and Lys** from the opposite LC8 subunit
(Fig. 2).

Interestingly, structural superposition of the six different
peptides found in the asymmetric unit show that the Nek9
P-peptides display a high degree of flexibility when compared
with the unmodified Nek9 peptides, which displays an almost
identical superposition of peptides (Fig. 3). This increase of
flexibility displayed by the Nek9 P-peptide is more prominent
at the N-terminal part of the P-peptide (from Val®*® to His**?),
compared with the KXTQTX C-terminal part (from Lys®*® to

Thr?*%). These results suggest that phosphorylation on Ser®**,
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FIGURE 2. Crystal structures of LC8 with Nek9 peptide and Nek9 P-peptide. a, schematic representation of the LC8-Nek9 peptide structure. a-Helices and
B-strands of each LC8 subunit are labeled. The two Nek9 peptides binding the homodimer are depicted in red. b, surface representation of the LC8 homodimer
(yellow and orange) in complex with the Nek9 peptide, which is labeled and shown in stick representation. ¢, surface representation of the LC8 homodimer
(yellow and orange) in complex with the Nek9 P-peptide, which is labeled and shown in stick representation. d, detailed stick representation of the interaction
between the N-terminal regions of the Nek9 peptide (gray) with LC8 (blue). e, detailed stick representation of the interaction between the N-terminal region of
the Nek9 P-peptide (yellow) with LC8 (blue). The figure was prepared with PyMOL (43).

which is located four positions N-terminal to the central
GIn®*®, affects the interaction of the Nek9 peptide to LC8 by
producing a destabilization of the complex. Our detailed struc-
tural analysis supports the hypothesis that phosphorylation on
Ser®** can modulate and weaken the binding of LC8 to Nek9 in
the cellular context, in which protein concentrations are much
lower than in crystal structures and the phosphorylation out-
come may be more evident.

12288 JOURNAL OF BIOLOGICAL CHEMISTRY

Another remarkable difference found after comparison of both
crystal structures is a shift produced in the LC8 homodimer struc-
ture upon binding to the Nek9 P-peptide, in particular in one of the
LC8 monomers with respect to the other monomer (Fig. 3C). This
shift might be attributed to the presence of a phosphate group at
Ser”, in which its negative charge might somehow interfere in
the dimer interface. It is possible that the lysine residues from the
opposite subunit next to the phosphate group are affected by the
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FIGURE 3. Comparison of the interaction of LC8 with Nek9 peptide and Nek9 P-peptide. g, stereo representation of the superposition of the six Nek9
peptides from the asymmetric unit. Nek9 peptide and interacting LC8 residues are labeled and shown in stick representation. b, stereo representation of the
superposition of the six Nek9 P-peptides from the asymmetric unit. Nek9 P-peptide and interacting LC8 residues are labeled and shown in stick representation.
¢, stereo representation of the ribbon superposition of the LC8:Nek9 peptide and LC8-Nek9 P-peptide structures. Both Nek9 peptides are labeled and shown
in stick representation. The two LC8 subunits of the homodimer are labeled monomers 1 and 2.

negative charge of the phosphate group. In contrast to the struc-
tural comparison between LC8: neuronal nitric oxid synthase and
LC8Swa complexes (42) and despite the aforementioned LC8
subunit shift, we have not observed an enlargement of the peptide-
binding cleft in the Nek9 P-peptide complex. This movement in
the homodimer quaternary structure upon Ser”** phosphoryla-
tion could be significant to perturb the binding and stability of the
Nek9 peptide to LC8.

Circular Dichroism Experiments of the Binding of LC8 to
Nek9 Peptides—Because the binding partners increase the
B-sheet signal by adding an extra strand to the central five-

APRIL 26, 2013+ VOLUME 288-NUMBER 17

stranded B-sheet of LC8, CD represents an appropriate method
to calculate the binding affinity in titration experiments. The
CD spectrum of LC8 shows a characteristic curve for a a/B-rich
protein, displaying a maximal negative ellipticity value ~220
nm (Figs. 1B and 4). Using fixed LC8 concentrations, titration
experiments were conducted by measuring the CD spectra of
increasing concentrations of the unmodified Nek9 peptide (Fig.
4A). The observed augment of the ellipticity ~220 nm, which
signals changes in the a/B-secondary structure, might indicate
an increase of B-structure produced by the binding of the Nek9
peptide. CD spectra comparisons indicate a major increase of
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FIGURE 4. Circular dichroism analysis of LC8 binding to Nek9 peptide and Nek9 P-peptide. g, right: circular dichroism spectra of the titration of LC8 with
an increasing concentration of the Nek9 peptide. Left: circular dichroism spectra of the titration of LC8 with an increasing concentration of the Nek9 P-peptide.
b, plot of the variation of the ellipticity values from the CD spectra of a and b at 220 nm, which follows the change of B-secondary structure. Circles, Nek9

peptide; squares, Nek9 P-peptide.

the B-signal between 0 and 1.9 uM peptide concentration (Fig.
4A).

When identical CD titration experiments were carried out
with the Nek9 P-peptide, a smaller increase in (3-signal was
observed, in contrast to the unmodified Nek9 peptide (Fig. 4A).
The LCS8 titration with the Nek9 P-peptide shows a smoother
increase at 220 nm and, unlike the unmodified Nek9 peptide,
the signal is not saturated ~1.9 um. The B-signal of the Nek9
P-peptide spectra seems to increase more gradually, probably
indicating a reduced binding affinity of the Nek9 peptide upon
phosphorylation.

To calculate the different binding capabilities between the
two peptides, the change in ellipticity at 220 nm has been rep-
resented as a function of the increase of peptide concentration
(phospho- and unmodified Nek9 peptide) (Fig. 4B). The two
curves were analyzed considering that the concentrations of
protein and peptide are comparable (see “Experimental Proce-
dures”), and the dissociation constant (K)) for each peptide was

12290 JOURNAL OF BIOLOGICAL CHEMISTRY

determined. Using this approach, we have estimated K, val-
ues ~ 0.2 and 3.7 uM for the unmodified and the Nek9 P-pep-
tide, respectively, thus confirming our hypothesis that the
unmodified peptide binds tightly to LC8. These K, values are in
the range of reported LC8-peptide interactions (13) and suggest
that phosphorylation of the Nek9 peptide results in a 18-fold
reduction of binding to LC8, thus supporting conclusions
drawn from crystal structures.

Thermal Denaturation of the LC8 peptide Complex—Protein
stability of the LC8-peptide and LC8-P-peptide complexes was
analyzed by changes of the intrinsic fluorescence during ther-
mal denaturation. Based on our CD experiments, fixed concen-
trations of Nek9 peptides (11 um) were chosen to form a com-
plex with LC8. At this concentration, CD analysis showed a
partial binding of the Nek9 P-peptide to LC8 in comparison
with the Nek9 peptide at 20 °C. The transition curves of the
heat-induced fluorescence emission changes of LC8 com-
plexes are shown in Fig. 5. These curves include LC8 alone,
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and LC8-peptide and LC8-P-peptide complexes. Single coop-
erative transition curves were observed, and the data were
fitted to a two-state temperature-induced protein-unfolding

Thermal denaturation of LC8
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FIGURE 5. Thermal unfolding of LC8 followed by intrinsic fluorescence.
Blue circles indicate the thermal unfolding kinetic of LC8 Red squares indicate
the thermal unfolding kinetic of LC8 in the presence of 11 um Nek9 peptide.
Orange diamonds indicate the thermal unfolding kinetic of LC8 in the pres-
ence of 11 um Nek9 P-peptide.

TABLE 2

Parameters from the thermal unfolding of the LC8:Nek9 peptide
complexes

LC8 LC8:Nek9 peptide

3334*01 3331*01
158 =2 174 = 2

LC8:Nek9 P-peptide

333.8 0.1
156 = 2

T, (K)
AH,, (kcal/mol)

TABLE 3

LC8 Binding to Nek9

model (all curves with R > 0.999). As shown in Table 2, the
transition temperatures of unfolding obtained for the three
curves are quite similar (7, ~333 K), indicating minor
changes produced in the context of a global denaturation.
However, the different extracted thermodynamic enthalpies
support the existence of significant differences for both
Nek9 peptides (Table 2).

In the case of LC8 alone and LC8:Nek9 P-peptide complex,
the enthalpies for the thermal denaturation unfolding experi-
ments are comparable, ~156.8 and 155.8 kcal/mol for each,
respectively. However, these similar values are in contrast with
the higher enthalpy value (~174.2 kcal/mol) shown for the
LC8:Nek9 peptide complex. This higher enthalpy value could
be an indication of a large number of disrupted bonds during
the denaturation experiment, thus suggesting the formation of
a tighter complex between LC8 and Nek9 peptide that would
support our previous observations.

Thermodynamic Profile of the LC8 Complex Formation—
Thermodynamic binding parameters for LC8 in complex with
the two Nek9 peptides were determined by isothermal titration
calorimetry. Experiments performed in two buffers with differ-
ent ionization enthalpies indicated that the binding of the pep-
tides is coupled to a minor proton uptake process. (The number
of exchanged protons, ny;, is small and positive (Table 3).).
Titration experiments of both Nek9 peptides on LC8 showed
that the affinity of the Nek9 P-peptide for LC8 is reduced by
~6-fold in the dissociation constant (K, is 0.16 and 0.96 um, for
both Nek9 peptide and P-peptide, respectively) (Fig. 6). This
decrease of the K, in the Nek9 P-peptide is due to a reduction of
the enthalpy in the complex with LC8 (Table 3), probably by a
reduced number of bonds formed between LC8 and Nek9
peptide.

Thus, the decrease of the affinity for LC8 for the Nek9 P-pep-
tide is basically caused by less favorable enthalpic interactions
(AAH = 1.7 kcal/mol) combined by a partial compensation
from more favorable entropic interactions (—7TAAS = —0.6
kcal/mol) (Table 3). These two factors produce a global reduc-
tion of the affinity, as observed in the difference of the binding
Gibbs energy value (AAG = 1.1 kcal/mol), producing the afore-
mentioned 6-fold decrease of the dissociation constant. The
estimated heat capacities (AC,) of the complex formation for
both peptides are quite similar, —0.21 and —0.22 kcal/K-mol for
the unmodified and the Nek9 P-peptide, respectively. These
values are in good agreement with the binding heat capacities
estimated from the change in solvent-accessible surface area
(SASA), —0.27 and —0.26 kcal/K-mol for the unmodified and

Thermodynamic parameters for the binding of Nek9 peptides to LC8 (pH 7.5 and 25 °C)
Relative errors were 10% for K, and K, 2% for AG, 5% for AH and —TAS, and 10% for ;.

K, K AG® AH¢ —TAS? ny©

X 10°m~! M kcal/mol keal/mol keal/mol
Nek9 peptide 6.2 0.16 —-9.3 —11.2 1.9 0.16
Nek9 P-peptide 1.0 0.96 —8.2 -9.5 1.3 0.26

“K,=1/K,.
2 AG = —RT(InK,,).

¢ AH is the buffer-independent binding enthalpy, and #y, is the net number of exchanged protons between the complex and the bulk solvent upon ligand binding. These two
parameters are estimated by linear regression from the observed binding enthalpies, AH,,, in experiments performed using buffers with different ionization enthalpies,

AHp ;o using this relationship: AH s = AH + nyAHpon).
4 —TAS = AG — AH.

ACEVEN
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FIGURE 6. Calorimetric titrations (isothermal titration calorimetry) for
the LC8 binding to Nek9 peptides and Nek9 P-peptide. Shown are calori-
metric thermograms (upper panels, thermal power versus time) and binding
isotherms (lower panels, normalized heat versus molar ratio) for the titration of
LC8 10 um with 200 um Nek9 peptide (a) and 300 um Nek9 P-peptide (b), in
100 mm NaCl, 10 mm sodium phosphate, 7.5 and 1 mm B-mercaptoethanol, at
25°C.

the Nek9 P-peptide, respectively, employing a well known
structural parameterization of the binding energetics in pro-
teins (AC, = 0.45 X ASASA,bo1ar — 0.26 X ASASA 1.,) (43)
and the crystallographic structures of the complexes and
apoLC8. These values indicate that there are not substantial
conformational changes in LC8 upon binding of the peptides.

DISCUSSION

Post-translational modification of proteins by phosphoryla-
tion is one the most, if not the most, important manner of reg-
ulating protein-protein interactions and many signaling path-
ways inside of the cell (44). DYNLL/LC8 has been recently
postulated to be a dimerization hub that can control the func-
tion of other proteins by regulating their oligomerization state,
normally by inducing higher oligomerization states (13, 21).
This might be the case for the protein kinase Nek9, which is
involved in the control of early events of mitosis, and it has been
shown to interact with LC8 through a canonical consensus
region located in a partially disordered region of the C-terminal
tail. In addition, LC8 negatively controls the binding of Nek9 to
the related kinases Nek6/7 and thus their activation (12), sug-
gesting that LC8 binding may have additional functions in the
context of specific complexes besides regulating oligomeriza-
tion. Thus, the regulation of LC8 binding might represent an
important event to control the function of the target protein, in
this case Nek9 and the formation of the mitotic spindle. In a
recent work, we showed that Nek9 autophosphorylation on
Ser®** may impair the interaction with LC8 in vivo, thus sup-
porting the view that phosphorylation of LC8 binding partners
can have a major effect in regulating the LC8 interaction (12). A
similar LC8-mediated regulation was described for the proapo-
ptotic Bim, which is sequestered to the LC8-dynein motor com-
plexes but can be released upon phosphorylation by JNK kinase
on the LC8 binding consensus motif. In this case, phosphoryl-
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ation occurs on threonines adjacent to the central glutamine
residue of the LC8 binding motif (45).

Examples describing the interaction of different partners to
LC8 such as Dynein intermediate chain and Swallow (46, 47),
indicate that LC8 seems to facilitate the folding and increase the
a-helical content by stabilization of coiled-coil structures in
those proteins. This “chaperone-like activity” of LC8 normally
occurs in proteins with coiled-coil regions next to the LC8
binding consensus motif; those regions are normally intrinsi-
cally or partially disordered. In those examples, binding of LC8
can thus facilitate the formation of coiled-coil structures and
thus dimerization of protein targets. In the case of dynein, in
which LC8 was first described to act as a cargo adapter, this
chaperone-like activity effect of LC8, which indirectly affects
the cargo binding, has also been described (46, 48). In this case,
the dynein intermediate chain is partially disordered and gains
structure upon binding to LC8. In Nek9, our CD experiments
show a high content of a-helical structure at the C-terminal
region (Nek9-CC constructs, Fig. 1), probably indicating the
presence of the predicted coiled-coil structure (1). In our LC8/
Nek9-CC binding experiments with two point mutants for the
LC8 consensus-binding motif, we observed different CD spec-
tra when compared with the wild-type Nek9-CC construct. It
might be that LC8 binding to Nek9 produces changes in the
stability of the predicted Nek9 coiled-coil, thus affecting the
Nek9 oligomerization state, as suggested in previous experi-
ments (12).

We have analyzed the LC8-Nek9 interaction by using differ-
ent biophysical methods. CD is an optimal approach to deter-
minate directly the interaction of the peptide to LC8 by the
measurement of changes in the $-signal, which is the type of
secondary structure formed upon binding of the peptide (22).
The ~18-fold reduction in the K, extracted from the CD exper-
iments with the Nek9 P-peptide is a direct indication of the
perturbation of the interaction produced by the presence of the
phosphate group. In the thermal denaturation unfolding of LC8
complexes, chased by intrinsic fluorescence, the major
enthalpy of the complex between LC8 and the unmodified
Nek9 peptide indicates a major energy released for the disrup-
tion of the complex in comparison with the Nek9 P-peptide.
Finally, the thermodynamic values extracted from isothermal
titration calorimetry experiments also show a 6-fold decrease of
the dissociation constant (K ) for the Nek9 P-peptide, due basi-
cally to less favorable enthalpic interactions, probably indicat-
ing a reduction in the number of bonds formed in the complex.
All three methods point to a direct perturbation of the complex
between LC8 and Nek9 upon phosphorylation on Ser®**.

The crystal structures of LC8 with both Nek9 peptides shed
light to the binding differences observed in the biophysical
experiments. The interaction of both Nek9 peptides to LC8 is
carried out by a similar 3-like antiparallel strand, which starts
seven N-terminal positions to GIn®*®, namely from Gly**! to
Thr®*, forming a total number of eight backbone B-sheet
hydrogen bonds between the Nek9 peptide and 33 strand of
LC8 (see Fig. 2). However, comparisons between the six LC8
monomers in the asymmetric unit indicate that the phosphate
negative charge on Ser®** perturbs the interaction with LCS8,
displaying a high degree of flexibility that affects mainly the
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binding of the first half of the peptide, from positions —7 to —4
(Gly** to Ser®**). The position of Ser®** in the LC8 binding
motif of Nek9 is located four positions N-terminal to the central
GIn®*® and varies from Asp, Ser, Asn and Thr in the consensus
sequence analysis for LC8 binding partners (13). Interestingly,
some of them are either residues susceptible of being phospho-
rylated or residues with an inherent negative charge.

Despite the lower affinity for the Nek9 P-peptide and the
important binding differences described in vivo (12), the high
protein concentration in crystals favors the formation of fairly
similar LC8:Nek9 complex structures. However, such high
concentration of proteins are difficult to occur in the cellular
context, and the reported K, values strongly suggest that the
differences between the unmodified and the Nek9 P-peptide
are sufficient to perturb binding in vivo. The slight shift
observed in the LC8 homodimer interface, the two disrupted
hydrogen bonds in the Nek9 P-peptide complex and the higher
flexibility of the Nek9 P-peptides produces a binding reduction
on LC8 upon Ser®** phosphorylation.

We thus provide for the first time in vitro experimental data
directly indicating that phosphorylation can regulate the bind-
ing of LC8 to a particular protein partner, in this instance,
Nek9. Regulation of protein-protein interaction by phosphor-
ylation is one of the most common ways to regulate many cel-
lular signaling pathways. In the case of the mitotic Nek9/Nek6/
Nek?7 signaling module, LC8 seems to interfere in this pathway
by a direct binding competition with the downstream kinases
Nek6 and Nek7, regulation that can be reversed by direct phos-
phorylation on the interface between the two proteins. The fact
that LC8 has multiple binding partners, that it is ubiquitously
present, and that many of its protein partners contain Ser/Thr
residues in the consensus binding motif, suggest that phospho-
rylation on this motif might be a general mechanism of control-
ling LC8 interaction in different cellular contexts.
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Abstract

The metabolism of arginine towards ATP synthesis has been considered a major source of energy for microorganisms such
as Mycoplasma penetrans in anaerobic conditions. Additionally, this pathway has also been implicated in pathogenic and
virulence mechanism of certain microorganisms, i.e. protection from acidic stress during infection. In this work we present
the crystal structures of the three enzymes composing the gene cluster of the arginine deiminase pathway from M.
penetrans: arginine deiminase (ADI), ornithine carbamoyltransferase (OTC) and carbamate kinase (CK). The arginine
deiminase (ADI) structure has been refined to 2.3 A resolution in its apo-form, displaying an “open” conformation of the
active site of the enzyme in comparison to previous complex structures with substrate intermediates. The active site pocket
of ADI is empty, with some of the catalytic and binding residues far from their active positions, suggesting major
conformational changes upon substrate binding. Ornithine carbamoyltransferase (OTC) has been refined in two crystal
forms at 2.5 A and 2.6 A resolution, respectively, both displaying an identical dodecameric structure with a 23-point
symmetry. The dodecameric structure of OTC represents the highest level of organization in this protein family and in
M.penetrans it is constituted by a novel interface between the four catalytic homotrimers. Carbamate kinase (CK) has been
refined to 2.5 A resolution and its structure is characterized by the presence of two ion sulfates in the active site, one in the
carbamoyl phosphate binding site and the other in the B-phosphate ADP binding pocket of the enzyme. The CK structure
also shows variations in some of the elements that regulate the catalytic activity of the enzyme. The relatively low number
of metabolic pathways and the relevance in human pathogenesis of Mycoplasma penetrans places the arginine deiminase
pathway enzymes as potential targets to design specific inhibitors against this human parasite.
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Introduction

Mycoplasmas belong to the class Mollicutes, a widely distributed
group of microorganisms evolved from Gram-positive bacteria by
a reduction in their genomes. The loss of genetic information
related to metabolic activities and biosynthetic capabilities for
essential compounds has emphasized the parasitic mode (of life) of
all known Mycoplasma species, with each specie usually showing a
strict host and tissue specificity [1]. Mycoplasma penetrans is a human
parasite which persistently colonizes the respiratory and urogenital
tracts invading and surviving within infected cells [2]. Lacking a
complete tricarboxylic acid cycle and cytochromes, most molli-
cutes obtain ATP mainly through glycolysis and fermentative
metabolism of carbohydrates. However, some Mjycoplasma species
are nonglycolytic or nonfermentative, and for them arginine
catabolism has been considered, though not conclusively estab-
lished, as the major source of energy [3]. In these cases, arginine
degradation is done by means of the arginine deiminase (ADI)
pathway, an anaerobic route found in Bacteria [4], Archaea [5],
and amitochondrial Eukarya [6-8]. In mycoplasmas, the ADI
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pathway varies at the genomic level, ranging from the complete
absence of all the genes in some species, to their presence, even
though not necessarily functional, in others [9]. In this regard, M.
penetrans possesses and expresses the complete set of the ADI
pathway genes at the same time while exhibiting a fermentative
metabolism.

The ADI pathway is composed by three catalytic enzymes:
arginine deiminase (ADI, EC 3.5.3.6), ornithine carbamoyltrans-
ferase (OTC, EC 2.1.3.3) and carbamate kinase (CK, EC 2.7.2.2).
This pathway performs the conversion of arginine to ornithine,
ammonia, COy and ATP, yielding one mole of ATP per mole of
arginine. ADI catalyzes the first step of the argininine degradation
pathway, the deimination of arginine, producing citrulline and
ammonium. Subsequently, OTC processes citrulline and uptakes
inorganic phosphate to generate ornithine and carbamoyl
phosphate. OTC enzymes can also be anabolic and catalyze the
reverse reaction. The anabolic OTC can synthesize citrulline to be
utilized in the arginine biosynthetic pathway or in the urea cycle.
In this sense, some organisms, such as Pseudomonas aeruginosa,

encode different OTCs genes dedicated to either the ADI pathway
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or to the arginine biosynthetic pathways [4,10,11]. In the last step
of the ADI pathway, CK catalyzes the hydrolysis of the carbamoyl
phosphate to COy and ammonia, while the phosphate group is
used to phophorylate ADP to generate ATP. Similarly to OTCs,
in some organisms such as Pyrococcus _furiosus, CK can catalyze the
opposite reaction synthesizing carbamoyl phosphate from carba-
mate and ATP [12].

The absence of the arginine deiminase gene (ADI) in the human
genome, and the presence and importance of it in pathogenic
protozoa like Giarda intestinalis [13,14] and pathogenic bacteria like
Pseudomonas aeruginosa [15-17] (primarily infecting immuno-com-
promised patients [18]), make the ADI enzyme an attractive
therapeutic target for some parasitic and bacterial infections.
Additionally, ADI might represent a potential tumor growth
inhibitor [19-22]. ADI structures and reaction mechanisms have
been described in detail in Pseudomonas aeruginosa [23,24] and
Mycoplasma arginini [25]. In the present work we have resolved the
structure  of ADI from Mycoplasma penetrans at 2.3 A, and
comparison to previous substrate-bound structures of ADI from
M.argimini reveals substantial structural rearrangements in the
active site of the enzyme upon binding of the substrate.

As previously mentioned, OTC (ornithine carbamoyltransfer-
ase) can be both anabolic or catabolic in some microorganisms
[10,26], possessing different genes for both catabolic and anabolic
reactions, such as in P. aeruginosa. The anabolic reaction is related
to the arginine biosynthesis in plants and to the urea cycle in the
mitochondria in mammals [27,28]. OTC is closely related to the
aspartate transcarbamoylase (ATCase, EC 2.1.3.2) [29], a well-
known example of an allosteric enzyme in the biosynthesis of
pyrimidine. All transcarbamylases or carbamoyltransferases share
the same basic overall protein fold which contains two domains: a
CP-binding domain (carbamoyl phosphate binding domain) and
an amino acid binding domain. The basic quaternary structure
organization is a homotrimer, with the active site located at the
interface between monomers [30,31]. OTC proteins have a wide
average range of quaternary structures, the most basic form being
a homotrimer [32]. However, in some cases, such as Lactobacillus
hilgardii, the quaternary assembly is an homohexamer, containing
two homotrimers [33]. Additionally, a dodecameric assembly
containing four homotrimers has been observed in the catabolic
OTC of P.aeruginosa [31] and in the hyperthermophilic Pyrococcus
JSuriosus  [34]. Dodecameric assemblies of OTCs have been
suggested to be involved in thermophilic resistance or in allosteric
enzyme regulation by cooperativity [31,35,35]. The two crystal
structures of OTC from Mycoplasma penetrans described in this work
possess a quaternary dodecameric assembly, which, despite a
similar organization, is unique to Mpycoplasma penetrans at the
interface between the catalytic homotrimers and contain particular
interactions.

Carbamate kinase (CK) generates ATP from carbamoyl
phosphate and ADP, and this constitutes the last step in the
fermentative catabolism of arginine, agmatine and allantoin/
oxalurate [4,36-40]. The absence of this protein in animals and its
importance in generating energy in some pathogenic microorgan-
isms like Gilardia intestinalis or Trichomonas vaginalis makes CK an
attractive therapeutic target [7,41]. Structures of CK bound to
ADP and to sulfate ions have already been described in two
different organisms, Enterococcus faecalis and Pyrococcus furiosus [42—
44], and in both cases there was a substantial structural
rearrangement upon binding of substrates. The structure here of
CK from M.penetrans differs from the previous structures by the
presence of two sulfate ions, one in the carbamoyl phosphate
pocket and another in the B-phosphate ADP binding pocket.
Particularly interesting in the M.penetrans CK structure described
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here, is the “open” and non-catalytic conformation of the PSD
subdomain, despite the presence of a sulfate ion in the carbamoyl
phosphate-binding pocket.

Results

Protein expression and purification

The expression of arginine deiminase (ADI) from the pET-19b
recombinant plasmid as described in Methods produced mostly
insoluble protein. Transcription analysis of the M. penetrans arc
operon, performed by primer extension, indicates the existence of
two transcription start sites (unpublished results), giving rise upon
translation, to the above described long-ADI and to a short-ADI
form initiating at Met43 and ending at Lys452. Remarkably,
pairwise and clustal alignments between ADI sequences from
different Mycoplasma species and from M. penetrans start around
Met43 residue of the short ADI-form, leaving N-terminal
extensions (i.e., residues 1-42) without alignment in relation to
the homologous sequences. To check if the recombinant
expression of short-ADI would overcome the solubility problems
encountered with long-ADI, the corresponding coding sequence
was amplified from plasmid pBE-arcA by using adi-7 and adi-6 as
forward and reverse primers, respectively (see Table S1). The 5'-
end of adi-7 primer also bears an Ndel restriction site, allowing the
cloning of the amplified short-ADI coding sequence into the pET-
19b expression vector, as described for the long-ADI form. The
same protein purification protocol described in Methods was
applied to the short-ADI form. The recombinant production of
short-ADI substantially improved from the production of the full
length or long-ADI form in terms of both expression yields and
solubility. Gel filtration of short-ADI, as expressed in FE.coli,
indicated the formation of a dimer, probably representing the
biological unit of the protein. The final protein yield was 4 mg of
recombinant ADI per liter of culture.

Recombinant production of full-length M. penetrans OTC in
E.coli yielded a high level of expression, and the protein was easily
purified by Ni**-affinity interaction through the N-terminal His-
tag from the pET-19b vector. Gel filtration chromatography of
recombinant OTC indicated the presence of high molecular
oligomerization forms, probably corresponding to a dodecameric
structure, although other lower molecular weight oligomers could
also be isolated. The final protein yield was 15 mg of recombinant
OTC per liter of culture. Full-length carbamate kinase (CK) was
also produced in E.coli in high yields and subsequently purified by
Ni**-affinity chromatography. Recombinant M. penetrans CK also
eluted from the gel filtration column mainly as a dimer, suggesting
that such a form might also correspond to the biological unit of the
enzyme. The final protein yield was 6 mg of recombinant CK per
liter of culture.

Before attempting the crystallization studies, the functionality of
the three purified enzymes was tested by performing specific
activity assays [45]. Activity data of ADI, OTC, and CK measured
from crude cell extracts of M. penetrans, compared to the enzymes
expressed in E. coli, allowed us to conclude that the obtained
recombinant proteins behave as their native counterparts (data not
shown).

Crystal structure of arginine deiminase (ADI) from
Mycoplasma penetrans

The polypeptide chain of ADI can be clearly and completely
traced in the electron density maps from Glyd4 to Lys452
(Figure S1). Crystals of M.penetrans ADI display a large unit cell
composed of twelve molecules in the asymmetric unit. All the
molecules in the asymmetric unit display a similar structure, with

October 2012 | Volume 7 | Issue 10 | e47886



an rms deviation of 0.25 A for the mainchain. Based on results
obtained by gel-filtration chromatography, the biological unit can
be considered to be a dimer (making up 6 dimers in the
asymmetric unit). Structural alignment software (PDBefold) shows
homology with the only other two known ADI structures, from
Mycoplasma  arginini (PDB code 1LXY) and from Pseudomonas
aeruginosa (PDB code 1RXX). These structures display rms
deviations with M.penetrans ADI of 1.54 A and 1.85 A, for 391
and 360 aligned residues with a pair-wise sequence identity, of
59% and 28%, respectively.

The overall protein fold and the secondary structure elements
found in previous ADI structures are conserved in M. penetrans and
consist of the repetition of a three-stranded mixed B sheet and a
helix forming five BPaf modules in a cyclical arrangement
(Figure S1). This 5-fold pseudosymmetric moiety is also charac-
teristic of other arginine-catabolizing enzymes such as Arg:Gly
amidinotransferase (AT, [46]; PDB code 1JDW), dimethylarginine
dimethylaminohydrolase (DDAH, [47]; PDB code 1H70) and
agmatine deiminase (AgDI, [48]; PDB code 2JER). This
characteristic protein fold seems to have evolved to interact and
catalyze reactions containing guanidinium substrates, such as
arginine. In the case of the arginine deiminase enzymes (ADI), this
5-fold pseudosymmetric o/ modular domain also contains an
additional 85-residue o-helical domain between the first and
second module (helices a4 to a8, see Figure S1). The role of this
five-helix bundle domain, that is absent in the AT, DDAH and
AgDI structures, is still not clear, but it has been speculated that it
can participate in the activation of processes such as apoptosis
[25].

The active site of the enzyme is located approximately at the
center of the structure, forming a buried and compact substrate-
binding pocket. Previous structures of M.arginini ADI in a covalent
complex with two L-arginine substrate intermediates ([25]; PDB
code 1LXY and IS9R) defined the binding pocket and the
catalytic residues of the enzyme. In our apo-form structure of ADI
from M. penetrans, all the substrate binding residues for the
enzymatic reaction are conserved, but need to undergo substantial
structural rearrangements to carry out the catalytic reaction. The
apo-form ADI structure of M.penetrans would correspond to the
“open” conformation of the enzyme, whereas the intermediate-
substrate bound ADI structure of M.arginini would represent the
“closed” conformation (Figure 1). As observed for many enzymes
that follow an induced-fit mechanism, the occurrence of “open”
and “closed” conformations are necessary to permit the correct
catalytic reaction, which allows for the entrance and the release of
the substrate and end product, respectively.

In the intermediate-bound ADI structure from M.arginini (PDB
code 1LXY), the amino and carboxylate groups of the arginine
substrate establish polar and charged interactions with Leu44,
Asnl55, Argl80, Arg232 and Gly392 (Leu88, Asnl198, Arg223,
Arg276 and Gly434 in the M.penetrans numbering). In our apo-
form structure of M.penetrans ADI, the carbonyl groups of Leu88
and Gly434 are moved 2 A away from their binding positions with
the amino group of the arginine substrate, whereas Asnl198 is
located in a similar position. Arg223 and Arg276 (M. penetrans
numbering), which bind the carboxylate group of the arginine
substrate, undertake substantial movements of approximately 4 A
(particularly for Arg276) from their positions in the “open” to the
“closed” conformations (Figure 1). The fixation of the aliphatic
moiety of the arginine substrate is established by hydrophobic
interactions with the Phe158 and Met268 sidechains (Phe201 and
Met312 in the M.penetrans numbering). Comparison between the
“closed” and our apo-form of M.penetrans ADI (“open” confor-
mation) indicates that, whereas Phe201 does not move from its
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location, Met312 needs to move approximately 3 A to interact
with the substrate during the catalytic reaction.

The catalytic reaction of the ADI enzyme is performed by the
catalytic triad composed of Cys440, His313 and Glu257, where
the sulfur of Cys440 catalyzes a nucleophilic attack on the
guanidino carbon of the arginine substrate. The role of Asp204
and Asp315 is also crucial for the stabilization of the tetrahedral
intermediates during the catalytic reaction, as observed in the two
intermediate complexes of ADI from AMycoplasma arginini and
Pseudomonas [24,25]. In our “open” conformation of M.penetrans
ADI, Cys440 is located in a similar position as in the “closed”
conformation, whereas His313 and Glu257 need to move about 3
A to interact with the arginine substrate. Asp204 and Asp315 also
move in this conformation, albeit to a lesser degree (Figure 1).

Therefore, it is essentially the movement of three loops
containing some of the catalytic and binding residues of the active
site. pocket that is needed to switch from the “open” to the
“closed” conformation of the enzyme, namely the loops o9-f35,
B6-010 and B7-011 (Figure 1B). These three “mobile” loops are
essentially shaping one side of the active site pocket, whereas the
other side does not seem to undertake any substantial rearrange-
ment upon substrate binding. A similar substrate induced-fit
mechanism from the “open” to the “closed” conformation has
also been previously described for the Pseudomonas aeruginosa ADI
[23,24], which has a 28% sequence identity with the ADI from
Mpycoplasma. Interestingly, a notable difference in the P.aeruginosa
apo-form of ADI is the presence of an arginine residue, which
corresponds to Met435 in M. penetrans, which is located in the
middle of the active site pocket forming a salt bridge with an
aspartate residue. This interaction needs to be disrupted and the
arginine side chain displaced from the active site to allow the
binding of the substrate. This does not occur in the Mycoplasma
ADI and might be a reason for the large disparity in affinities for
the substrate binding displayed by two orders of magnitude
difference in the A, constant [24].

Crystal structure of ornithine carbamoyltransferase (OTC)

from Mycoplasma penetrans

Two different crystal forms of the OTC from M.penetrans have
been refined. The first one belonged to the P2,3 space group and
was refined to 2.6 A, and the second one belonged to a P321 space
group and was refined to 2.5 A. In both crystal forms the
polypeptide chain of AM.penetrans OTC can be clearly and
completely traced in the electron density maps (from Metl to
Tyr342). The asymmetric unit of M penetrans O'TC is composed of
four molecules in both crystals forms, displaying an average rms
deviation of 0.35 A between the four molecules. Structural
alignment server (PDBefold) shows high homology with many
OTC structures deposited in the PDB data bank, being the top
ones from Pseudomonas aeruginosa (PDB code 1DXH) and from
Escherichia coli (PDB code 1AKM). These structures display rms
deviations compared with M.penetrans OTC of 1.26 A and 1.21 A,
for 328 and 309 aligned residues with a sequence identity of 47%
and 46%, respectively.

Despite the different space groups of the two crystal forms, in
both cases an identical dodecameric quaternary structure was
observed with an exact 23 point-group symmetry. In the two
crystal forms this dodecameric structure was predicted by the
PISA  server (http://www.ebi.ac.uk/msd-srv/prot_int/pistart.
htlm) and might correspond to the biological unit of the protein.
The elution time in the gel filtration purification of the
recombinant M.penetrans OTC also corresponds to the formation
of a dodecameric quaternary structure. In most cases the
oligomeric structure of OTC corresponds to a homotrimer, which
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Figure 1. Conformational changes on the ADI structures upon substrate binding. (A) Stereo view representation of the superposition of
the open active-site of Mycoplasma penetrans ADI (yellow) with closed active-site of the Mycoplasma arginini ADI in complex with arginine (white).
ADI residues involved in the substrate binding and catalysis are labeled and shown in stick representation. (B) Stereo view ribbon representation of
the superposition between the Mycoplasma penetrans ADI (yellow) with the Mycoplasma arginini ADI in complex with arginine (blue). Three major

mobile loops of the ADI structure are labeled.
doi:10.1371/journal.pone.0047886.9001

represents the catalytic unit of the enzyme [32]. Only three OTCs
have been reported to possess a similar dodecameric quaternary
structure as M.penetrans, OTCs from Pseudomonas aeruginosa ([31];
PDB code 10RT), Pyrococus furiosus ([34]; PDB code 1ALS) and
Thermotoga maritima (PDB code 1VLV; only deposited). Remark-
ably, two of them are thermophiles, suggesting a potential role of
the quaternary compact structures in high temperature protection
in those environments. In all cases the dodecamer structure is
formed by the interaction of four homotrimers disposed in a
tetrahedral manner [34,49,50]. The four three-fold symmetry
axes, located at the vertexes of the tetrahedral, are perpendicular
to the center of the opposite homotrimer, and the three two-fold
symmetry axes pass through the middle of opposite edges.

The trimeric structure of OTC is conserved in all known
structures of OTCs and represents the catalytic unit of the
enzyme, displaying one active site per monomer (Figure S2). As
with all other known OTCs structures, the monomer consists of
two domains of approximately similar size, the carbamoyl
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phosphate-binding domain (or polar domain, residues 1-150)
and the ornithine-binding domain (or equatorial domain, residues
151-320). Each domain is named according to their respective
involvement in substrate recognition. The secondary structure of
each domain is made up of a five-stranded parallel B-sheet
surrounded by o-helices, with helices a5 and al4 of M.penetrans
OTC linking the two domains (Figure S2). The active site is
located in a cleft formed between the two domains, and by
comparison with other OTC structures, residues from both
domains are involved in the catalytic reaction. By comparison
with OTC structures bound to substrate analogs [51,52], the
relative positions of residues binding the carbamoyl phosphate
moiety are mainly conserved in the M.penetrans OTC, including the
positive pocket shaped by Ser59, Thr60, Arg6l, Thr62, Argl10,
His137, GInl40 and Arg328 (M.penetrans OTC numbering).
Structural comparison between the apo- and the substrate-bound
forms of OTCs [51,52] indicate that the carbamoyl phophate-
binding domain displays less flexibility than the ornithine-binding

October 2012 | Volume 7 | Issue 10 | e47886



domain, in which larger structural rearrangements are induced
during the catalytic reaction. Thus, whereas the catalytic patch
formed by residues His275, Cys276 and Leu277 does not vary its
position between the apo- and the substrate-bound forms in the
ornithine-binding domain [51,52], the loop between Trp237 and
Phe247 displays a different conformation in the apo form of the
M.penetrans OTC. Interestingly, this loop constitutes the main
binding site for ornithine and is formed by the conserved
DxxxSMG motif (between B8 and 10) in all OTC structures,
except in our structure of M.penetrans O'TC, in which methionine is
substituted by leucine. The movement of this SMG-loop seems to
be essential for binding of the second substrate and product release
during the catalytic reaction [51].

The interfaces between monomers within the catalytic homo-
trimer are located mainly within the carbamoyl phosphate-binding
domain, and are basically formed by the a2 helix and part of the
last o14 helix that interacts with the region formed by the B2
strand and the a3 helix from the adjacent monomer (Figure S2).
Analysis of the quaternary structure of the homotrimer structures
of M.penetrans OTC (PISA server) displays a buried average
interface of 590 A? between monomers. Each monomer contrib-
utes 60 residues to the interface, including 12 hydrogen bonds and
9 salt bridges. The total buried surface in the homotrimer structure
is 1750 A? (indicating an energetically favorable formation of the
homotrimer that constitutes the catalytic unit) with some of the
interface residues as part of the active site.

The interface between homotrimers that constitute the
dodecameric structure is mainly located at the four 3-fold
symmetry axes at the vertices of the tetrahedron (Figure 2). This
interface is mainly formed by three ol helices and the loop
between ol and Bl from three monomers from the different
catalytic trimers located around each 3-fold symmetry axes. The
interface between two monomers buries approximately 330 A
that would represent a total of 990 A? for each 3-fold symmetry
axes interaction. Each monomer contributes 35 residues to the
interface, mainly consisting of the aforementioned ol helix
residues, but with additional residues from the N- and C-terminal
regions. Quaternary structure analysis by the PISA server indicates
that the interface between two monomers contains 5 hydrogen
bonds and 4 salt bridges. In Figure 2 the interface between
homotrimers is located around the threefold symmetry axis at one
top of the dodecamer. In the M.penetrans OTC dodecamer, this
interface forms an intermolecular network of hydrogen bonds
between Asn42 and Asn43 from the three monomers, which is
unique to the sequence of M.penetrans OTC (Figure 2C).

Interestingly, the four known dodecameric structures of OTC
(including the M.penetrans OTC) display completely different
chemical profiles of the residues involved in the three-fold
interface and only the relative positions of the main chain atoms
can be superimposed. In the case of the Pfuriosus OTC, the
interaction around the threefold symmetry axis is mainly
hydrophobic (Figure 2E), presenting major interactions between
Met29, Trp33 and Lys38 [34]. In the case of the P.aeruginosa OTC,
the threefold symmetry axis interface is basically charged and
polar (Figure 2D), with major contribution of Arg28, Arg32,
Thr39 and GIn41 [31]. The fourth dodecamer structure of an
OTC is that of Thermotoga maritima (PDB code 1VLV; only
deposited), and in this case the threefold symmetry axis interface
presents a mixture of polar and hydrophobic interactions
(Figure 2F). These different interfaces produce minor shifts and
rotations between homotrimers in the global quaternary structure
arrangement when a catalytic trimer is superimposed within the
dodecamer.
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In the case of Pfuriosus, and perhaps in T.maritima, the
domecameric quaternary structure has been involved in the
extreme thermal stability of these microorganisms. It has been
suggested that the thermophilic properties of the P.furiosus OTC
are, in part, the result of the hydrophobic interfaces between
homotrimers [49,50]. In the case of P.aeruginosa, the dodecameric
structure was first directly involved in the allosteric mechanism of
the enzyme, which displays a marked cooperativity for carbamoyl
phosphate [31], although it was later found than OTC homo-
trimers could also retain such cooperativity [53,54]. In any case,
the presence of higher oligomerization structures might be linked
to an increase in the efficiency of the reaction in the ADI pathway,
by means of thermal protection or by quaternary structure-
induced cooperativity. Interestingly, a tunnel mechanism between
OTC and the next catabolic enzyme of the ADI pathway,
carbamate kinase (CK), has been suggested, as a means to protect
from high temperatures and to efficiently transfer the labile
(relatively unstable) product of the OTC reaction, carbamoyl
phosphate [55].

Crystal structure of carbamate kinase (CK) from
Mycoplasma penetrans

The polypeptide chain of the M.penetrans CK can be traced in
the electron density maps from Arg3 to Ser133 and from Lys157
to Ala309 (Figure S3). The gap in the electron density maps
corresponds to the flexible PSD domain (“Protruding SubDo-
main”), and only residues at both ends of the PSD domain and the
internal loop from Alal43 to Vall50 could be partially modeled in
the electron density, all displaying high temperature B-factors and
giving as a result a poor agreement between R, and the R, in
the final refined structure. Crystals of M.penetrans CK display a unit
cell composed of one molecule in the asymmetric unit. Based on
results obtained by gel-filtration chromatography, by predictions
of the PISA server and by previous structures of CK from other
organisms, the biological unit can be considered to be a dimer.
Structural alignment server PDBefold shows strong homology with
the other known CK structures, such as CK from Pyrococcus furiosus
(PDB code 1E19), from Giardia lamblia (PDB code 2KZF) and from
Enterococcus faecalis (PDB code 2WEDS). These structures display rms
deviations with M.penetrans CK of 1.23 A, 1.59 A and 1.54 A, for
279, 266 and 271 aligned residues with sequence identities of 43%,
37% and 41%, for P.furiosus, G.lamblia and E.faecalis, respectively.

The overall protein fold and the secondary structure elements
are conserved in M penetrans CK and basically consist of a central
eight-stranded parallel B-sheet, with six strands parallel in one
orientation and two strands in an opposite orientation (12 and
B14), surrounded by a-helical elements at both sides of the central
B-sheet (Figure S3). As previously described for the first CK
structures from E. faecalis and P, furiosus [42,43], the structure can be
divided in two domains, with a large crevice in the middle that
creates the binding sites for the two substrates, carbamoyl
phosphate (CP) and ADP. The N-terminal domain (residues
Metl to Ala222), rich in o-helices, is composed by two sets of four
stranded P-sheets, the first sheet constituted by four parallel
strands from the central B-sheet and the second sheet smaller and
formed by mixed B-strands. This domain contains three long o-
helices, a1, a2 and a3, which make up the entire dimer interface,
and the mobile PSD domain (“protruding subdomain”, from
Lys126 to Vall59), which is involved in the catalytic reaction by
an overall “rigid body”” movement upon substrate binding. The C-
terminal domain (residues Asp223 to Ala309) is smaller and
formed by the four mixed B-strands from the central B-sheet,
surrounded by three o-helices. Whereas the binding residues for
carbamoyl phosphate basically emanate from the N-terminal

October 2012 | Volume 7 | Issue 10 | e47886



Structures of the Arginine Deiminase Pathway

Figure 2. OTC dodecamer structure and the threefold interface between homotrimers. (A) Ribbon representation of the Mycoplasma
penetrans OTC dodecamer. Each monomer is shown with a different colour. (B) Surface view of the M. penetrans OTC dodecamer. Each homotrimer is
shown with a different color. (C, D, E, F) Stereo ribbon representation of the threefold interface between homotrimers. Residues involved in the
dodecamer assembly are labeled and shown in stick representation for different species; (C) Mycoplasma penetrans, (D) Pseudomonas aeruginosa, (E)

Pyrococcus furiosus, (F) Thermotoga maritima.
doi:10.1371/journal.pone.0047886.9002

domain, the C-terminal domain is responsible for the binding of
ADP. Interestingly, in our structure of M.penetrans CK, two sulfate
ions from the crystallization buffer might be present in the - and
v-phosphate-binding pockets of the synthesized ATP product
molecule, with only present in such position in the CK structures
from F.faecalis (PDB codes 2WE4 and 2WED5).

In our current structure of M.penetrans CK, the location of some
of the residues that have been suggested to contact the phosphate
group of the carbamoyl phosphate substrate (CP) are conserved.
These are the sidechain of Lys209 and the amino backbone
nitrogens of Glyl0, Asnll, Gly47, and Gly48. However, the
putative coordination of the phosphate group of CP shown for the
E.faecalis CK is not complete in M.penetrans, since the sidechain of
Lys126 (Lys128 in the structure of the E.faecalis CK), which
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belongs to the mobile PSD domain, is not interacting with the
sulfate ion. Interestingly, the inferred position of the PSD domain
in the M.penetrans CK is in an “open” orientation, more similar to
the E faecalis CK-ADP bound structure (PDB code 2WED5) than to
the FE.faecalis CK-SOy4-bound structure (PDB code 2WE4)
(Figure 3). In our M.penetrans CK structure, the PSD domain can
only be partially traced in the electron density maps, with all atoms
displaying high values of temperature B-factors, indicating a strong
tendency of this domain to shift between different conformations.
The PSD domain has been postulated to act as a “rigid body” that
is triggered upon the binding of the CP molecule to allow the
catalytic reaction [43]. However, in our M.penetrans CK structure,
despite the presence of a sulfate ion occupying a similar CP
binding site as in the £.faecalis CK-SOy4-bound (PDB code 2WE4),
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Figure 3. Conformational changes on the CK structures upon substrate binding. (A) Stereo view representation of the superposition of the
active site of CK from Mycoplasma penetrans (yellow) and Enterococcus faecalis (ligth blue). Sulfate ions are shown in stick representation. CK residues
involved in the substrate binding and catalysis are labeled and shown in stick representation. (B) Stereo view ribbon representation of the
superposition of the CK from Mycoplasma penetrans (yellow) and Enterococcus faecalis (ligth blue). Sulfate ions are shown in stick representaion. (C)
Stereo view representation of the superposition of the active site of CK from Mycoplasma penetrans (yellow) and from Enterococcus faecalis in
complex with ADP (light blue). Sulfate ions and ADP molecule are shown in stick representation. CK residues involved in the substrate binding and
catalysis are labeled and shown in stick representation. (D) Stereo view ribbon representation of the superposition of the CK from Mycoplasma
penetrans (yellow) and Enterococcus faecalis (ligth blue) in complex with ADP.

doi:10.1371/journal.pone.0047886.9003

the PSD domain displays an “open’ conformation, not productive
for the phosphoryl transfer of the carbamoyl phosphate to the
ADP molecule.

The second sulfate ion found in the M.penetrans CK structure is
located approximately in a similar position as the B-phosphate of
the ADP molecule observed in the E. faecalis and P furiosus CK-
ADP bound structures ([42,43]; PDB codes 2WE5 and 1E19,
respectively). Mimicking the ADP B-phosphate, the second sulfate
ion interacts with the side chains of Lys271, Thr229 and the
amino backbone nitrogen of Ala230. In our M. penetrans CK
structure this sulfate ion is also at contact distance with the
sidechain of Asnll (3.24 A), adopting the Bl-al loop in a
conformation similar to the CK-SOy-bound E.faecalis structure
(PDB code 2WED)). Interestingly, the sidechain of Asnll can
potentially interact with both sulfate ions in our structure, the
putative B-phosphate and mobile y-phosphate of ATP, suggesting
a participation of this residue in bridging the transfer of the
phosphoryl group during the reaction of the enzyme. The other
regions in the structure that might interact with the ADP molecule
are in the “open” conformation, as observed in the CK-SO4-
bound structure (PDB code 2WE5). These observations support
the plasticity observed in most of the active-site regions of enzymes
to allow catalysis and release of the end products.

In summary, the M.penetrans CK structure bound to two sulfate
ions displays some differences in comparison to previous structures
(CK-ADP from Efaecalis and P.furiosus; and CK-SO4 from
E faecalis). In the M.penetrans CK structure, despite the CP binding
site being occupied by a sulfate ion, the PSD domain adopts an
“open” orientation, which differs from the “closed” orientation
observed in the CK-SOy4 complex structure from FE faecalis, in
which a sulfate ion occupies a similar position or in the G.lamblia
CK structure ([56]; PDB code 3KZF), in which a glycerol
molecule occupies the putative CP binding site. The orientation of
the PSD domain in the M. penetrans CK resembles the PSD
domains in the CK ADP-bound structures from £, faecalis and
P.furiosus, but in both cases without any sulfate ions in the CP
binding site (Figure 3D).

The movement of the PSD domain between an “open” and
“closed” orientation to interact with the CP molecules has been
described to be essential for the catalytic mechanism of the
phosphoryl transfer between CP and ADP, allowing the interac-
tion of the sidechain of Lys126 with CP molecule [43]. In our
M. penetrans CK structure, the “open” orientation of the PSD
domain with a sulfate ion occupying the CP binding site has not
been observed, and might represent a structural snapshot of the
binding of CP before the enzymatic reaction occurs. However/
likewise, it could also be an example of the product complex before
the release of the CP from the active site in the anabolic reaction of
synthesis of the carbamoyl phosphate from carbamate [42].
Similarly, the binding of the second ion sulfate at the B-phosphate
position of the ADP molecule indicates the strong binding
tendency of this region to interact with charged ions (sulfates or
phosphates). Remarkably, in a previous E.faecalis CK sulfate-
bound structure, this second binding site pocket was not occupied
by any sulfate ion.
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Conclusions

The arginine deiminase pathway (ADI) is the most widespread
anaerobic route for arginine degradation in microorganisms and
performs the conversion of arginine to ornithine, ammonia, and
COy, generating one mole of ATP per mole of arginine consumed.
The ADI pathway constitutes an important source of energy in
some microorganisms and like many other enzymatic pathways, it
is also organized in a gene cluster to better regulate and optimize
the production of the proteins. Here we have described the
structure of the three enzymes that constitute the gene cluster in
the ADI pathway in Mycoplasma penetrans (together with the specific
membrane-associated arginine permease coded by arcD gene) and
compared them to previous structures of the enzymes. Arginine
deiminase (ADI), which catalyzes the first step in the ADI
pathway, have been crystallized in its apo-form, and differs from
the previous substrate-bound structures of Mycoplasma arginini by
displaying an “open” conformation of the active site. The second
enzyme of the pathway is ornitine transcarbamylase (OTC), which
can catalyze the reaction in both directions and displays a
dodecameric structure in the two crystal forms that have been
crystallized. Dodecameric organization of OTC has been
described in three microorganisms, P.aeruginosa, P.furiosus and
T.maritima, in other organisms homotrimers can be found as the
usual oligomeric form of this enzyme. Interestingly, the interfaces
that form the OTC dodecamer in all these organisms are
completely different, not showing any sequence homology between
them and displaying either charged or hydrophobic interactions in
the 3-fold symmetry axes of the dodecamer. Our current structure
of M.penetrans OTC shows a novel interface forming the
dodecamer. The last enzyme of the pathway is the carbamate
kinase (CK), which is responsible for the formation of new
molecules of ATP from carbamoyl phosphate. The crystal
structure of CK contains two sulfate ions in the active site pocket,
mimicking the binding of the B- and y-phosphate of the ATP
product molecule before the phosphorylation reaction has
occurred. Interestingly, in our CK structure the position of the
mobile PSD domain is in an “open” and non-catalytic conforma-
tion, despite the CP binding site being occupied by a sulfate ion,
and might represent a structural snapshot of the binding of the
substrates before the catalytic reaction occurs. The structural
characterization of the enzymes of the ADI pathway in Mycoplasma
penetrans has shed light to particular features of these proteins that
eventually might provide new tools to interfere in the growing and
proliferation of this pathogenic organism in humans.

Methods

Gene cloning and mutagenesis

A 3749-bp fragment (namely ArcABC) containing the genes for
arginine deiminase (ared), ornithine carbamoyltransferase (arcB),
and carbamate kinase (arcC) was isolated from Mycoplasma penetrans
GTU-54 strain (kindly provided by J. Baseman, University of
Texas, San Antonio, USA) genomic DNA by PCR amplification
using the set of primers Arclpenetr (forward) and Arc2penetr
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(reverse); see Table SI for their respective sequences. The
ArcABC fragment was blunt-end cloned into the EcRV site of
plasmid vector pBE, a derivative of pBSKII (Stratagene, CA) in
which the multicloning site has been removed and substituted by a
single EcoRV site [57]; the recombinant plasmid pBE-ArcABC
was transformed into E. colt XL1-Blue strain. TGA is a stop codon
in the universal genetic code but mycoplasmas translate such a
codon as a tryptophan. Therefore, before attempting the
heterologous expression in E. coli of mycoplasma gene products,
any TGA in a coding region should be changed to TGG in order
to incorporate the native Trp residue into the corresponding
polypeptide. The arc4A gene of M. penetrans contains two TGA
codons that code for Trp317 and Trp339 in the arginine
deiminase (ADI) amino acid sequence; equally, the arcB gene
contains two TGA codons that code for Trp129 and Trp237 in the
ornithine carbamoyltransferase (OTC). On the contrary, arcC gene
coding for carbamate kinase (CK) does not contain any TGA
codon. TGA codons were changed to TGG by site-directed
mutagenesis, performing for each gene (arcd and arcB) six
consecutive PCR steps, as outlined in Figure S4. The different
couples of primers for each PCR reaction (numbered 1-6) and
cach gene (ADI and OTC) are indicated in Table S1, along with
the length (in base pairs) of the amplified fragment. Mutagenic
primers correspond to numbers 2, 3, 4, and 5; moreover, primers 2
and 4 are fully complementary to primers 3 and 5, respectively,
and include the same point mutations (indicated with a bold
character in Table S1). Phusion DNA polymerase (New England
Biolabs) and 2 mM MgCl, were used in all PCR reactions. Briefly,
using the pBE-ArcABC recombinant plasmid as a template, a first
PCR (PCR1 in Figure S4) amplifies from the start codon of the
corresponding coding sequence to the first TGA codon to be
mutated; a second PCR (PCR2) amplifies from the first TGA
codon to the second one; and, finally a third PCR3 amplifies from
the second TGA to the stop codon of the coding sequence. Next,
using primers 1 and 4 and as DNA template the products of PCR1
and PCR2 reactions, PCR4 allowed to amplify from the start
codon to the second TGA (already changed to TGG); in the same
way, with the use of primers 3 and 6 and PCR2 plus PCR3
products as templates, PCR5 amplifies from the first TGA (TGG)
to the stop codon. Note that PCR1, PCR2, and PCR3 products
overlap at the ends including the mutated TGA codons (see
Figure S4). Finally, the complete gene incorporating both changed
TGG codons was obtained with PCR6 by using primers 1 and 6
and PCR4+PCR) reaction products as templates; in this case, the
complementary overlapping sequence between both PCR prod-
ucts corresponds to the DNA region expanding from the first to
the second TGG. Not being necessary to change any TGA codon,
the arcC gene was directly amplified from pBE-ArcABC using the
corresponding primers 1 and 6 (ck-1 and ck-6 in Table SI,
respectively). The products of the three PCR6 reactions (corre-
sponding to arcC, and the mutated ared and arcB genes) were
cloned into the £coRYV site of the pBE vector and the recombinant
plasmids pBE-ArcA, pBE-ArcB, and pBE-ArcC were transformed
into E. colt XL1-Blue strain. For each gene, three independent
clones were sequenced. Sequencing reactions with fluorescent
dideoxynucleotides were performed using the Big Dye 3.0
Terminator kit (Applied Biosystems) following the manufacturer’s
instructions and analyzed in an ABI 3100 Genetic Analyzer
(Applied Biosystems). The substitution of TGA by TGG codons
was confirmed in the ared and arcB genes, and no other change
with regard to the native sequences (including the arcC gene) was
observed.
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Protein expression and purification

For the recombinant expression of individual proteins, TGA
mutated arcd (long-ADI, see below), arcB, and arcC' genes were
cloned into pET-19b plasmid vector (Novagen) as follows.
Mutated genes were excised from the corresponding pBE
derivative (see above) by digestion with Ndel and BamHI restriction
enzymes, whose recognition sequences were borne by the 5'-end
of PCR primers 1 and 6, respectively (underlined in Table S1).
The Ndel-BamHI fragments were ligated to pET-19b expression
vector, previously linearized with the same restriction enzymes,
allowing the fusion of a His;(-tag coding sequence to the 5'-end of
each gene. Finally, the obtained recombinant plasmids were
transformed into E. coli host expression strain BL21 (DE3).

Cells were grown at 37°C in Luria—Bertani (LB) growth
medium supplemented with ampicillin (50 mg/L) to an optical
density at 600 nm of 0.9 for ADI expression or 0.7 for OTC and
CK expression. Protein expression was then induced by addition
of 1 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) to the
culture medium, followed by shaking at 37°C for 3 hours. Induced
cells were harvested by centrifugation, and resuspended in 5 mM
imidazole, 0.5 M NaCl, 20 mM Tris-HCI (pH 7.9) (namely
Binding Buffer), containing 1 mM phenylmethanesulfonyl fluoride
(PMSF). Cells were disrupted by sonication, and the insoluble
material removed by centrifugation at 40000 xg for 20 minutes;
supernatants were recovered and passed through a 0.45 um filter.
The histidine-tagged recombinant proteins were purified by
loading the supernatants onto Hi-Trap Chelating Sepharose (GE
Healthcare) chromatography columns equilibrated in Binding
Buffer. Columns were washed with 60 mM imidazole, 0.5 M
NaCl, 20 mM Tris-HCl (pH 7.9), and His-tagged retained
proteins were eluted with 1 M imidazole, 0.5 M NaCl, 20 mM
Tris-HCI (pH 7.9). Fractions containing the eluted proteins were
pooled, dialyzed against 50 mM NaCl, 20 mM Tris—HCI (pH 8.0)
buffer, and then loaded onto a Hil.oad Superdex 200 26/60 gel-
filtration column (GE Healthcare) previously equilibrated with the
same buffer, as a final polishing purification step. Eluted fractions
were analyzed by SDS-PAGE, and the purest samples were
pooled, frozen in liquid-N,, and stored at —80°C. Protein
concentration was estimated by the Coomassie-binding method
of Bradford, using bovine serum albumin as a standard.

Crystallization and data collection

Crystals of arginine deininase (ADI) were obtained at 18°C by
sitting drop vapor diffusion methods. The reservoir solution
contained 0.9M Trisodium citrate, 0.1M Sodium cacodylate pH
6.5. Single crystals appeared after 2 days from equal volumes of
protein solution (5 mg/ml in 5 mM Tris pH 8.0, 50 mM NaCl)
and reservoir solution. Crystals of ornithine carbamoyltransferase
(OTC) were grown at 18°C by sitting drop vapor diffusion
methods in two different reservoir conditions: in 0.2M ammonium
acetate, 39% MPD, 0.1M tri-sodium citrate pH 5.5 (trigonal space
group) and in 15% PEG20000 and 0.1M MES pH 6.5 (cubic
space group). Crystals of carbamate kinase (CK) were obtained at
18°C by sitting drop vapor diffusion methods in a reservoir
condition with 1.8M ammonium sulfate, 2% PEG400, 0.1M
HEPES pH 7.0. All crystals were cryo-protected in reservoir buffer
containing 12% glycerol and flash-frozen in liquid nitrogen prior
to diffraction analysis. Diffraction data were recorded from cryo-
cooled crystals (100K) at Grenoble beamline 1D23-2. Data were
integrated and merged using XDS [58] and scaled, reduced and
further analyzed using CCP4 [59] (Table 1).
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Structure determination and refinement

The structure of ADI was determined from the x-ray data by
molecular replacement using the PDB from Mycoplasma arginini
(PDB code 159S) as a model. The two structures of OTC were
determined from the x-ray data by molecular replacement using
the PDB from Pseudomonas aeruginosa (PDB code 1DXH) as a
model. The structure of CK was determined from the x-ray data
by molecular replacement using the PDB from Enterococcus faecalis
(PDB code 2WE5) as a model. The initial electron density maps
produced from molecular replacement programs were manually
improved to build up complete models for ADI, OTC and CK
using the program COOT [60]. Model refinement was performed
with CNS [61] and Phenix [62]. ADI contained 12 molecules in
the asymmetric unit and the Ramachandran analysis shows
95.36% of residues (4543) are in preferred regions, 4.47% of
residues (213) are in allowed regions and 0.17% of residues (8) are
in outlier regions. OTC crystal 1 contained four molecules in the
asymmetric unit and the Ramachandran analysis shows 94.71% of
residues (1288) are in preferred regions, 4.41% of residues (60) are
in allowed regions and 0.88% of residues (12) are in outlier
regions. OTC crystal 2 also contained four molecules in the
asymmetric unit and the Ramachandran analysis shows 94.34% of
residues (1283) are in preferred regions, 4.34% of residues (59) are
in allowed regions and 1.32% of residues (18) are in outlier
regions. CK contained one molecule in the asymmetric unit and
the Ramachandran analysis shows 90.88% of residues (259) are in
preferred regions, 7.37% of residues (21) are in allowed regions
and 1.75% of residues (5) are in outlier regions. Refinement and
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Table 1. Data collection and refinement statistics.

Data Collection ADI OTC (crystal 1) OTC (crystal 2) CK

Space group P2, P321 P2,3 P3,21

Cell dimensions

a b, c (A) 120.5, 128.8, 220.3 183.6, 183.6, 117.3 167.9, 167.9, 167.9 51.8,51.8, 174.2
o, B,y () 90, 914, 90 90, 90, 120 90, 90, 120 90, 90, 120
Resolution (A)? 30-2.3 (2.40- 2.30) 49-2.5 (2.64-2.50) 50-2.6 (2.74-2.60) 45-2.38 (2.51-2.38)
Rmergeb 0.060 (0.367) 0.090 (0.436) 0.094 (0.367) 0.068 (0.388)
I/oy 9.8 (2.0) 12.1 (2.6) 8.7 (24) 11.8 (2.5)
Completeness (%) 97.6 (96.1) 98.2 (89.7) 98.6 (95.4) 97.7 (92.2)
Redundancy 1.9 (1.9) 4.8 (3.4) 24 (2.3) 4.8 (4.5)
Refinement

Resolution (A) 30-2.3 49-2.5 48-2.6 45-2.5

No. Reflections 288889 74328 47453 9819
Rwork/Rfree” 21.60/24.23 17.01/21.51 17.9/23.9 23.19/28.68

No. Atoms 39631 11190 11035 2558

No. aa protein 4788 1376 1368 309

Water 1615 418 339 33

R.m.s deviations

Bond lengths (A 0.007 0.008 0.009 0.008

Bond angles (°) 1.33 1.154 1.206 1.155

PDB code 4E4) 4AMU 4ANF 4AXS

Statistic for highest resolution shell is shown in parentheses.

mee,ge =Y |li = <1>|/31;, where |; is the ith measurement of the intensity of an individual reflection or its symmetry-equivalent reflections and <I> is the average
intensity of that reflection and its symmetry-equivalent reflections.

Rwork = 2. |IFol = [F[I7Y. |Fo| for all reflections and Reee = . ||Fo| — [Fe|l/Y. |Fol calculated based on the 5% of data excluded from refinement.
doi:10.1371/journal.pone.0047886.t001

data statistics are provided in Table 1. Structural representations
were prepared with PYMOL [63].

Accession codes

Protein Data Bank: Coordinates and structure factors from the
three structures were deposited in the PDB data with accession ID
codes 4E4] (MpADI), 4AMU (MpOTC), 4ANF (MpOTC) and
4AXS (MpCK).

Supporting Information

Figure S1 ADI structure and sequence alignment. (A)
Ribbon representation of the ADI structure from Mjycoplasma
penetrans. The o-helix and B- strands are represented in red and
golden, respectively, and are labeled sequentially from N-
terminus. (B) Surface representation of ADI from M. penetrans. AS
indicates the active site pocket. (C) Surface representation of ADI
from M.argimini (PDB code) in complex with arginine in the active
site (colored in magenta). AS indicates the active site pocket. (D)
Topology-based sequence alignment of ADI from AMycomplasma
penetrans, Mycoplasma argimini  and  Pseudomonas — aeruginosa. The
secondary structural elements are labelled and shown above the
sequence as rectangles or arrows for o-helix and B-strands,
respectively. Active site residues are colored in red. Identical or
highly conserved residues are highlighted in yellow.

(PDF)
Figure 2 OTC structure and sequence alignment. (A)

Ribbon representation of the structure of the OTC monomer from
Mycoplasma penetrans. The o-helix and B-strands are represented in
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red and golden, respectively, and are labeled sequentially from the
N-terminus. Residues involved in the active-site are shown in stick
representation. (B) Ribbon representation of the OTC homotrimer
structure. (C) Topology-based sequence alignment of OTC from
Mpycoplasma  penetrans, Pseudomonas aeruginosa, Themortoga maritima,
Pyrococeus  furiosus, Lactobacillus  hilgardii, Gleobacter violacius and
Escherichia coli. 'The secondary structural elements are labeled
and shown above the sequence as rectangles or arrows for o-
helices or for B- strands, respectively. Active site residues are
colored in red. Identical or highly conserved residues are
highlighted in yellow.

(PDF)

Figure S3 Structure of the CK from M. penetrans and
sequence alignment. (A) Ribbon representation of CK from
Mycoplasma penetrans. The o-helix and B-strands are represented in
red and golden, respectively, and are labeled sequentially from the
N-terminus. Residues involved in the active-site are shown in stick
representation. (B) Ribbon representation of the dimer of CK. In
one of the monomers, the N-terminal domain is in colored in light
blue, the C-terminal domain in forest green and the PSD domain
in lime green. The two sulfate ions are shown in stick
representation. (D) Topology-based sequence alignment of CK
from Mycoplasma penetrans, Enterococcus faecalis, Pyrococcus furiosus and
Gilardia lamblia. The secondary structural elements are labeled and
shown above the sequence as rectangles or arrows for a- helices or
forB-strands, respectively. Active site residues are colored in red.
Identical or highly conserved residues are highlighted in yellow.
(PDF)
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Supplemental figure (S1). ADI structure and sequence alignment.

Ribbon representation of the ADI structure fromMycoplasma penetrans. The a-helix and B-
strands are represented in red and golden, respectively, and are labeled sequentially from N-
terminus. (B) Surface representation of ADI from M.penetrans. AS indicates the active site
pocket. (C) Surface representation of ADI fromM.arginini (PDB code) in complex with arginine
in the active site (colored in magenta). AS indicates the active site pocket. (D) Topology-based
sequence alignment of ADI fromMycomplasma penetrans, Mycoplasma arginini and
Pseudomonas aeruginosa. The secondary structural elements are labelled and shown above

the sequence as rectangles or arrows for a-helix and B-strands, respectively. Active site
residues are colored in red. Identical or highly conserved residues are highlighted in yellow.
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Supplemental figure (S2). OTC structure and sequence alignment.

(A) Ribbon representation of the structure of the OTC monomer from Mycoplasma penetrans.
The a-helix and B-strands are represented in red and golden, respectively, and are labeled
sequentially from the N-terminus. Residues involved in the active-site are shown in stick
representation. (B) Ribbon representation of the OTC homotrimer structure. (C) Topology-based
sequence alignment of OTC from Mycoplasma penetrans, Pseudomonas aeruginosa,
Themortoga maritima, Pyrococcus furiosus, Lactobacillus hilgardii, Gleobacter violacius and
Escherichia coli. The secondary structural elements are labeled and shown above the sequence
as rectangles or arrows for a-helices or for B- strands, respectively. Active site residues are
colored in red. Identical or highly conserved residues are highlighted in yellow.
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Supplemental figure (S3). Structure of the CK from M. penetrans and sequence
alignment.

(A) Ribbon representation of CK from Mycoplasma penetrans. The o-helix and B-strands are
represented in red and golden, respectively, and are labeled sequentially from the N-terminus.
Residues involved in the active-site are shown in stick representation. (B) Ribbon representation
of the dimer of CK. In one of the monomers, the N-terminal domain is in colored in light blue, the
C-terminal domain in forest green and the PSD domain in lime green. The two sulfate ions are
shown in stick representation. (D) Topology-based sequence alignment of CK from
Mycoplasma penetrans,Enterococcus faecalis, Pyrococcus furiosus and Giardia lamblia. The
secondary structural elements are labeled and shown above the sequence as rectangles or
arrows for a- helices or forp-strands, respectively. Active site residues are colored in red.
Identical or highly conserved residues are highlighted in yellow.
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Supplemental figure (S4). Mutagenesis strategy.

Scheme illustrating the strategy followed to change the two TGA, coding for tryptophan in M.
penetrans, by TGG codons before the heterologous expression ofarcA (ADI) and arcB (OTC)
genes in E. coli. Numbered arrows indicate the primers (see Table S1 for primer sequences and
features). The successive six PCR amplifications carried out are also indicated. Cloning of arcC
gene, which does not contain any TGA codon, was performed in a single reaction (PCR6) using
primers 1 and 6.



Primer Sequence (5'- 3%)

Arc1d GTCGACCCACATGAGCTTAAAGGGATAG

Arc2t GTCGACTACTTGTTGGAGCTTGAGAAATTC

adi-1 CATATGTTGGTTATTACAATTGCACTAAATAT

adi-2* CTAACATTGTTAACCAAGTATCTAAATGCATTAG
adi-3* CTAATGCATTTAGATACTTGGTTAACAATGTTAG
adi-4* GETTTAACATTTAGATCAATTTCcCAAATCTTTAATACATTC
adi-5* GAATGTATTAAAGATTTGOGAAATTGATCTAAATGTTAAACC
adi-& CEATCCTTATTTTTTTAAATTTTCTCTAATTAAAGE
adi-7 CATATGATGAGTAGTATTGATAAAAATTCAC

otc-1 CATATGATGCCAGTAAATTTAAAAGGAAGAAG
otc-2* CTGTTAACCCATTcCAAACTGGAACTCCAG

otc-3* CTGGAGTTCCAGTTTGQAATGGGTTAACAG

otc-4* CTCCAAGAGATACCCAAACGTCTGTATAG

otc-5* CTATACAGACGTTTGEGTATCTCTTGGAG

otc-6 GGATCCCTAGTAACCAATTGTAGACAGAATG

ck-1 CATATGATGTCTAGAATTGTTATTGCTTTAG

ck-E CGCATCCTTAAGCAATTATTTTITGTACCACTTAATC

% Uszed to perfiorm PCR amplification of the DNA fragment containing arca, arcB, and arcC
genes from M. penetrans genomic DNA.

* Mutagenic primers used to change the two TGA by TGG codons in each archA and arcB coding
sequence.

Suplemental Table (S1) Primers.

Underlining indicates the restriction sites introduced at the 5’ end of selected primers. A bold
lowercase character indicates the changed base in mutagenic primers.






4. Discussion.






Discussion

The results in this thesis include the structural analysis of the NIMA-
pathway and of the ADI pathway. In both instances the role of protein-protein
interactions, the functional implications of their association manner, and the
importance of protein crystallization as a major structural technique have been
explored.

Our studies in the NIMA-pathway include two crystal structures of LC8 with
a peptide corresponding to the intrinsically disordered Nek9 LC8-binding motif
with and without a phosphate on Ser944. These structures, together with other
biophysical analysis techniques, have shed light into a novel regulatory
mechanism that interferes with LC8 protein-protein interaction upon
phosphorylation. Additionally, we also present three different crystal structures
of the enzymes composing the ADI pathway in M.penetrans: arginine
deiminase, ornithine carbamoyl transferase amd carbamate kinase. Different
structural features are analyzed for each enzyme of the pathway. For instance,
the dodecameric structure of OTC allows us to study in depth how the
dodecameric assemble occurs and modifies between mesophyll and

thermophile organisms.

4.1 Regulation of the DYNLL/LCS8 binding to Nek9 by phosphorylation.

Phosphorylation is one of the most common post-translational modifications
that occur within the cell. Phosphorylation/dephosphorylation cycles can
regulate many protein-protein interactions, and therefore, many signaling
pathways inside the cell [44,64]. Nek9 is a kinase involved in the control of
early events of mitosis, which controls the formation of the mitotic spindle
through the activation of the related kinases Nek6/7 [57,83]. Although
DYNLL/LCS8 was initially described as an accessory subunit of the large dynein
motor complexes [103,114,115], it has been recently postulated to act as a
dimerization hub in protein complexes promoting dimerization, structural
stabilization of IDPs and could hence allosteric regulation in its binding partners
in diverse complexes and networks [128]. The protein kinase Nek9 is one of
these LC8 partners, it has been shown to interact with LC8 through a canonical
consensus region located in a partially disordered region of the C-terminal tail.

As a result of LC8 binding on Nek9, it has been proposed that LC8 negatively
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controls the binding of Nek9 to Nek6/7 and consequently their activation
cascade [63,64].Thus suggest that LC8 binding may have additional functions,
besides oligomerization, in the context of specific complexes in the Nek9-
Nek6/7 cassette. In this thesis, we have shown that Nek9 autophosphorylation
on Ser944 weakens the interaction with LC8 and thus supports the idea that
phosphorylation of LC8 binding partners can have a role in the regulation of the
LC8 interaction in vivo [63].

It is proposed that LC8 acts as “chaperone-like” protein. During interaction
with different partners, it can behave as a hub protein promoting dimerization, it
can stabilize IDPs and it can also increase the a-helical content by stabilization
of coiled-coil structures in proteins with coiled-coil regions next to the LC8
binding consensus motif. This is the case of dynein intermediate chain (DIC 1
and 2) and Swallow [145,192]. For the dynein intermediate chain, LC8 was first
described to act as a cargo adapter, nonetheless the current view is that the
dynein intermediate chain is partially disordered and gains structure upon
binding to LC8, meanwhile the cargo binding ability is only indirectly affected by
the binding to LC8 [146,192].

In the present thesis, our CD experiments show a high content of a-helical
structure in the C-terminal region of Nek9 (from 893 to 974) (see figure 1,
publication [), probably indicating the presence of the predicted coiled-coll
structure [57]. This is supported by the higher ordered multimeric structures that
appear during the gel filtration purification of the recombinant Nek9-CC protein
[63]. In our LC8/Nek9-CC binding experiments, the comparison of the CD
spectra of a mixture of the two proteins, LC8 and Nek9-CC constructs, and the
sum of their individual spectra suggest variations in the composition of
secondary structure elements. In particular, the increase in ellipticity at 222 nm
may indicate changes in the B/a contain. These results are in agreement with
crystal structures of LC8-peptide complexes, with the formation of an extra 3-
strand upon binding to LC8 [110].

Two point mutants for the LC8 consensus-binding motif perturb binding to
LC8; the highly conserved GIn948 (Nek9-CC Q948A), and the phospho-
mimetic mutation on Ser944 (Nek9-CC S944E). Individual CD spectra of both
Nek9-CC point mutants display similar profiles as the wild-type form, probably
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indicating the formation of a coiled-coil structure. However, the CD spectra of
the mixture of LC8 with both Nek9-CC point mutants show differences in the
CD profile compared with wild-type, in particular in the region around 222 nm.
This reduction in the ellipticity probably indicates a decrease in the affinity of
LC8 for both Nek9 mutants. Interestingly, the two point mutants display
differences in the CD spectra in the region around 210 nm. In addition to the
reduction of binding to LC8, these changes at 210 nm could also indicate
changes in the stability of the predicted Nek9 coiled-coil, thus affecting the
Nek9 oligomerization state, as suggested in previous experiments [63].

An interesting methodology optimized in this thesis in the measuring of the
binding interaction of the complex LC8-Nek9 by measuring CD changes around
the B-signal [110]. The increase of the ellipticity at 220 nm indicates a gain of -
structure produced by the binding of the Nek9 peptide. Identical CD titration
experiments were carried out with the Nek9 peptide and with the Nek9 P-
peptide. The 18-fold reduction in the binding constant with the Nek9 P-peptide
measured from the CD titration experiments is a direct indication of the
perturbation of the interaction produced by the presence of the phosphate
group on Ser9%44.

Protein stability of the LC8 alone, LC8-peptide and LC8-P-peptide
complexes was also analyzed by changes of the intrinsic fluorescence during
thermal denaturation. The LC8 and its peptide-complexes unfold at the same
temperature, but the major enthalpy of the complex between LC8 and the
unmodified Nek9 peptide indicates a major energy released for the disruption of
the complex. Moreover, the LC8 Nek9 P-peptide complex shares a similar
enthalpy value with LC8 alone indicating that Nek9 P-peptide interacts weaker
with the LC8 protein.

Finally, the thermodynamic values extracted from the isothermal titration
calorimetry experiments (ITC) also show a 6-fold decrease of the dissociation
constant (Kd) for the Nek9 P-peptide. This can be attributed basically to less
favorable enthalpic interactions, probably indicating a reduction in the number
of bonds formed in the complex and combined by a partial compensation from
more favorable entropic interactions.

All these three different biophysical methods indicate a direct perturbation
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of the complex between LC8 and Nek9 upon phosphorylation on Ser944.

In the present thesis crystals of LC8 with both Nek9 peptides (+ and —
phosphate) were grown in a similar reservoir condition, but displayed different
crystallographic space groups. Both crystal forms display a similar LC8
homodimeric structure established in the recent years by different structures,
either in the apo form or in complex with peptides [61,103,104,106,110]. The
interaction of both Nek9 peptides to LC8 is carried out by a similar B-like
antiparallel strand from Gly941 to Thr949, forming a total number of eight
backbone B-sheet hydrogen bonds between the Nek9 peptide and B3 strand of
LC8. However, comparisons between the six LC8 monomers in the asymmetric
unit indicate that the phosphate negative charge on Ser944 perturbs the
interaction with LC8, displaying a high degree of flexibility that affects mainly
the binding of the first half of the peptide, from positions -7 to -4 (Gly941 to
Ser944, being GIn948 the position 0). The position of Ser944 in the LC8 binding
motif of Nek9, located at -4, varies from Asp, Ser, Asn and Thr in the consensus
sequence analysis for LC8 binding partners [61]. Interestingly, some of them
are residues susceptible of being phosphorylated or residues with an inherent
negative charge. The formation of fairly similar LC8-Nek9 complex structures
for both peptides is due the high protein concentration in crystallization even
with the lower affinity for the Nek9 P-peptide and the important binding
differences described in vivo [63]. However, such high concentration of proteins
is difficult to occur in the cellular context, and the reported Kd values strongly
suggest that the differences between the unmodified and the Nek9 P-peptide
are sufficient to perturb binding in vivo.

Detailed comparison of both LC8 complexes indicates a high conservation
for most of the interactions. Nevertheless, structural differences include the
backbone hydrogen bond of the carbonyl group of Gly941, which is not formed
in some of the P-peptide molecules, and the hydrogen bond between Ser944
and LC8 Thr67, which is disrupted in all cases by the presence of the
phosphate group at Ser944.

Moreover, structural superposition of the six different peptides found in the
asymmetric unit show that the Nek9 P-peptides display a high degree of

flexibility when compared with the unmodified Nek9 peptides, which displays an
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almost identical superposition. This increase of flexibility displayed by the Nek9
P-peptide is more prominent at the N-terminal part of the P-peptide (from
Val940 to His943). These results suggest that phosphorylation on Ser944,
which is located at -4, affects the interaction of the Nek9 peptide to LC8 by
producing a destabilization of the complex, mostly affecting positions from -7 to
4.

When comparing both structures, a shift in one of the LC8 monomers with
respect to the other monomer comes out in the LC8 homodimer. This shift is
produced in the LC8 homodimer structure upon binding to the Nek9 P-peptide.
This shift might be attributed to the presence of a phosphate group at Ser944,
in which its negative charge might somehow interfere in the dimer interface. It is
possible that the lysine residues from the opposite subunit next to the
phosphate group are affected by the negative charge of the phosphate group.
We suggest that this movement in the homodimer quaternary structure upon
Ser944 phosphorylation could be significant to perturb the binding and stability
of the Nek9 peptide to LC8.

Accordingly, in addition to the biophysical experiments, the comparison of
the two crystal structures can be summarized in a slight shift in the LC8
homodimer interface, in two disrupted hydrogen bonds in the Nek9 P-peptide
complex and in a high flexibility of the bound Nek9 P-peptides, thus resulting in
a binding reduction on LC8 upon Ser944 phosphorylation.

Interestingly, in agreement with Laura Regué’s work [63] the binding
reduction on LC8 upon Nek9 Ser944 phosphorylation totally disrupts the
interaction in vivo. Considering that the significant but not restrictive in vitro Ky
decrease upon phosphorylation induces such changes in vivo, probably it
entails an unknown direct or indirect environmental factor in in vivo. Taking into
account the LC8 function as a hub protein in a wide variety of partners with high
presence in the cell, like the dynein motor complex, and also the relative low
concentration in the cell of major protein kinases, like Nek9, we suggest that
slight changes of LC8 binding K4 can result in a complete dissociation due to
protein binding competition.

Regulation of protein-protein interaction by phosphorylation is one of the

most common ways to regulate cellular signaling pathways. In the case of the
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mitotic Nek9/Nek6/Nek7 cassette, LC8 seems to interfere in this pathway by a
direct binding competition with the downstream kinases Nek6/7, regulation that
can be reversed by direct phosphorylation on the interface between the two
proteins. In the present work we provide in vitro experimental data directly
indicating that phosphorylation can regulate the binding of LC8 to a particular
protein partner, in this case, Nek9. The fact that LC8 has many of its multiple
binding partners contain Ser/Thr residues in the consensus binding motifs and
that it is ubiquitously present; suggest that phosphorylation on this motif might
be a general mechanism of controlling LC8 interaction in different cellular

contexts.

4.2 ADI pathway in M.penetrans.

In the present thesis we present the crystal structures of the three enzymes
composing the ADI pathway: arginine deiminase (ADI, EC 3.5.3.6), ornithine
carbamoyltransferase (OTC, EC 2.1.3.3) and carbamate kinase (CK, EC
2.7.2.2).

The arginine deiminase (ADI), which catalyzes the first step in the ADI
pathway, has been crystallized in its apo-form. It displays an “open”
conformation of the active site and differs from the previous substrate-bound
structures of Mycoplasma arginini that represents the “closed” conformation.
Based on results obtained by gel-filtration chromatography and crystallization,
the biological unit can be considered to be a dimer. The occurrence of “open”
and “closed” conformations are necessary to permit the correct catalytic
reaction, which allows for the entrance and the release of the substrate and end
product, respectively, following an induced-fit mechanism.

In our “open” structure of M.penetrans ADI, the carbonyl groups of Leu88
and Gly434 are moved 2 A away from their binding positions with the amino
group of the arginine substrate, whereas Asn198 is located in a similar position
and Phe201 does not move from its location. Met312 needs to move
approximately 3 A to interact with the substrate during the catalytic reaction,
and Arg223 and Arg276, which bind the carboxylate group of the arginine
substrate, must undertake substantial movements of approximately 4 A from
their positions in the “open” to the “closed” conformations.

In summary, three loops, namely a9-85, p6-a10 and p7-a11 (see figure 1,
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publication II), containing some of the catalytic and binding residues of the
active site pocket, are responsible for switching between the “open” and the
“closed” conformation of the enzyme.

Two different crystal forms of the ornithine carbamoyltransferase (OTC)
from M.penetrans have been solved. In both crystal forms the asymmetric unit
is composed of four molecules, which is arranged in a dodecameric quaternary
structure. This dodecameric structure was also confirmed by the PISA server
(http://www.ebi.ac.uk/pdbe/pisa/) and based on gel filtration experiments,
probably corresponds to the biological unit of the protein.

Only three OTCs have been reported to possess a similar dodecameric
quaternary structure as M.penetrans, from Pseudomonas aeruginosa ([156];
PDB code 10RT), from Pyrococus furiosus ([157]; PDB code 1ALS) and from
Thermotoga maritima (PDB code 1VLV; only deposited). Remarkably, two of
them are thermophiles, suggesting a potential role of the quaternary compact
structures in high temperature protection in those environments. In all cases the
dodecamer structure is formed by the interaction of four homotrimers disposed
in a tetrahedral manner [56,157,193].

The interface between homotrimers is mainly formed by three a-helices
(a1-helix) and the loop between a1-helix and 1-sheet from three monomers
from the different catalytic trimers located around each 3-fold symmetry axis.
The four known dodecameric structures do not share any sequence similarity.
For example, in the M.penetrans, the OTC dodecamer interface forms an
intermolecular network of hydrogen bonds between Asn42 and Asn43 from the
three monomers, which is unique to the sequence of M.penetrans OTC. In the
case of the P.furiosus OTC the interaction around the threefold symmetry axis
is mainly hydrophobic presenting major interactions between Met29, Trp33 and
Lys38 [157]; in the case of the P.aeruginosa OTC the threefold symmetry axis
interface is basically charged and polar, with major contribution of Arg28, Arg32,
Thr39 and GIn41 [156]; and in the case of T.maritima (PDB code 1VLV; only
deposited) the threefold symmetry axis interface presents a mixture of polar
and hydrophobic interactions. Thus, comparison of the four known dodecameric
OTC structures results in a similar helical interface but with completely different

chemical profiles of the residues involved in the three-fold interface and only
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the relative positions of the main chain atoms can be superimposed.

Comparison of M.penetrans and T.maritima OTCs by using the PISA server
displays a similar solvation free energy gain by forming the homotrimers
interface (one to one) and also a similar number of hydrogen bonds and salt
bridges in a analogous buried area (Table 4.1). In the case of the hyper-
thermophillic P.furiosus OTC, its homotrimer interfaces differs substantially from
the other dodecamers, its high protein affinity and reduced buried area
increases the compactness and despite their diminished number hydrogen
bonds, the connectivity increases by the formation of new hydrophobic
interactions. Finally, for P.aeruginosa OTC, a mesophyll like M.penetrans, the
number of salt bridges and hydrogen bonds are similar to M.penetrans but
differs in decrease number of hydrophobic interactions. All dodecameric OTC
studied in this thesis do not show any sequence homology but instead they
have similar relative positions of the interacting residues.

In the case of P.furiosus, and probably also in T.maritima, the domecameric
quaternary structure for OTC can be a consequence of the extreme thermal
stability of these microorganisms. It has been suggested that the thermophilic
stability properties of the P.furiosus OTC are the result of the hydrophobic
interfaces between homotrimers [56,193]. Other features that differ significantly
between thermophillic and mesophyll organisms proteins are the higher
compactness and connectivity generally increasing the number of highly
connected residues in thermophillic proteins [194]. In the case of P.aeruginosa,
the dodecameric structure was firstly assumed to be directly involved in the
allosteric mechanism of the enzyme, which displays a marked cooperativity for
carbamoyl phosphate [156]. However later studies found than OTC
homotrimers could also retain such cooperativity [195,196]. In any case, OTC
high oligomerization structures might be connected to an increase in the
efficiency of the reaction in the ADI pathway, by means of thermal protection, by
quaternary structure-induced cooperativity or by increasing the local
concentration of the carbamoyl phosphate achieving an efficient
product/substrate transfer between enzymes. In this way, a tunnel mechanism
between OTC and the next catabolic enzyme, carbamate kinase (CK), has

been suggested as a means to protect carbamoyl phosphate from high
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temperatures and enhancing the product transfer and reducing its life time in
cytoplasm [189]. Taking into account that M.penetrans OTC homotrimers
interface has similar properties than the thermophillic organism T.maritima, we
suggest that the dodecamer assemble might be an important feature in a cell to
increase the local concentration of the carbamoyl phosphate and to optimize
the product transfer to CK enzyme, which has been shown to directly interact
with OTC [188-190].

oTC
homotrimers Buried AiG Nus N
interface Area (A?) (kcal/mol) sB
P.furiosus 604.1 -8.3 3 5
T.maritima 703.1 -3.4 8 2
M.penetrans 687.4 -3.5 7 4
P.aeruginosa 7371 -0.6 8 1

Table 4.1: OTCs engaged homotrimer interfaces physicochemical properties.

Buried area indicates, in A’ the interface area calculated as difference in total accessible
surface areas of isolated and interfacing structures divided by two. AiG indicates the solvation
free energy gain upon formation of the interface, in kcal/mol. The value is calculated as
difference in total solvation energies of isolated and interfacing structures. Negative AiG
corresponds to hydrophobic interfaces, or positive protein affinity. This value does not include
the effect of satisfied hydrogen bonds and salt bridges across the interface. Ny indicates the
number of potential hydrogen bonds across the interface. Each hydrogen bond contributes
about 0.5 kcal/mol into the free energy of protein binding. Ngg indicates the number of potential
salt bridges across the interface. Each salt bridge contributes about 0.3 kcal/mol into the free
energy of protein binding.

Finally, the crystal structure of the M.penetrans carbamate kinase (CK), the
last enzyme of the ADI pathway, has been determined. The structure displays a
homodimer assembly organization, as predictions of the PISA server, supported
by gel-filtration chromatography and reported in previous CK structures from
other organisms. Our CK structure is bound to two sulfate ions and displays
substantial differences compared to other reported CK structures, such as the
complex CK-ADP from P.furiosus and E.faecalis ([184,186]; PDB codes 1E19

and 2WES5, respectively); and CK-SO,4 from E.faecalis ([186]; PDB code 2WE4).
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A distinctive feature of the M,penetrans CK structure is the orientation of the
PSD sub-domain. In the CK-SO,4 complex structure from E.faecalis, in which a
sulfate ion occupies a similar position, or in the G.lamblia CK structure ([197];
PDB code 3KZF), where a glycerol molecule occupies the putative CP binding
site, their PSD domain adopts the “closed” orientation. However, in our
M.penetrans CK structure, despite the CP binding site being occupied by a
sulfate ion, the PSD domain displays an “open” orientation. In fact, the
orientation of the PSD domain in the M.penetrans CK resembles the PSD
domains in the CK ADP-bound structures from E.faecalis and P.furiosus, in both
cases without any sulfate ions occupying the CP binding site. Taking into
account that the movement of the PSD domain between an “open” and “closed”
orientation to interact with the carbamoyl phosphate (CP) molecules has been
described to be an essential mechanism for the phosphoryl transfer between
substrates [186], the M.penetrans CK structure, with an “open” orientation of
the PSD domain and a sulfate ion occupying the CP binding site, might
represent a structural snapshot of the binding of CP before the enzymatic
reaction occurs. Otherwise, it could also be an example of the product complex
before the release of the CP from the active site in the anabolic reaction of

synthesis of the carbamoyl phosphate from carbamate [184].
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Conclusions

5.1 Publication I: Structural analysis of the regulation of the DYNLL/LC8
binding to Nek9 by phosphorylation.

5.1.1 Nek9 peptide binding to LC8 induces a B-strand formation on the LC8

binding motif, which is intrinsically disordered in solution.

5.1.2 Phosphorylation on Nek9 Ser944 induces a direct perturbation on the
LC8 and Nek9 complex that results in a significant decrease of the

dissociation constant (Kd).

5.1.3 The negative charge of the phosphate on Ser944 perturbs the
interaction with LC8 by increasing the degree of flexibility of the N-
terminal region of the Nek9 peptide (from Gly941 to Ser944).

5.1.4 Additionally, two interface hydrogen bonds are disrupted upon
phosphorylation on Ser944, resulting in reduction of the binding to LC8.

5.1.5 LC8 binding to Nek9 produces changes in the predicted Nek9 coiled-

coil structure, which can affect the Nek9 oligomerization state.

5.2 Publication II: Structural characterization of the enzymes composing the

arginine deiminase pathway in Mycoplasma penetrans.

5.2.1 The crystal structure of the three enzymes of the ADI pathway in
Mycoplasma penetrans has disclosed to particular features that
eventually might provide new tools to interfere in the proliferation of this

pathogenic organism in humans.

5.2.2 The “open” conformation of the crystal structure of arginine deiminase
reveals the “induced fit” mechanism of the enzyme. Basically three
loops containing some of the catalytic and binding residues of the

active site pocket switch from the “open” to the “closed” conformation.
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5.2.3 These three “mobile” loops are essentially shaping one side of the
active site pocket, whereas the other side does not seem to undertake
any substantial rearrangement upon substrate binding.

5.2.4 Ornitine transcarbamylase (OTC) displays a dodecameric structure,
which has only been described in three other microorganisms,
P.aeruginosa, P.furiosus and T.maritima. (homotrimers are the usual

oligomeric form).

5.2.5 Our M.penetrans OTC shows a novel type of interface forming the
dodecamer. In all organisms with dodecamer interfaces are different,
not showing any sequence homology and displaying either charged or

hydrophobic interactions.

5.2.6 We suggest that the OTC dodecamer assembly might be an important
feature to increase the local concentration of the carbamoyl phosphate

and improving the transfer to the CK enzyme.

5.2.7 The crystal structure of CK contains two sulfate ions in the active site
pocket, mimicking the binding of the B- and y-phosphate of the ATP

product molecule before the phosphate transfer.

5.2.8 Interestingly, in M.penetrans CK structure the position of the mobile
PSD domain is in an “open” and non-catalytic conformation, despite the
carbamoyl phosphate binding site being occupied by a sulfate ion, and
might represent a structural snapshot of the binding of the substrates

before catalysis.
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