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ABSTRACT

Mutations causing single amino acids replacements, also known as missense
mutations, can noticeably affect diverse protein properties such as the ability to fold or
the stability inside cells which often lead to disease. Specifically, disease-causing
missense mutations that bring about a decreased functionality and/or stability
produce the so-called loss-of-function diseases. There are numerous diseases
associated with loss-of-function phenotype, involving from a large number of inherited
monogenic diseases to more complex multifactorial diseases like cancer™. In
particular, this doctoral thesis focuses on the study of a NAD(P)H: quinone-
oxidoreductase 1 (NQO1) polymorphism, P187S, which has been associated with
increased cancer risk®. P187S is a paradigm of loss-of-function mutation that causes
significant defects on stability and function of NQO1. On the one hand, this
polymorphism causes a severe reduction of enzymatic activity, possibly as a
consequence of its low affinity for FAD, while its intracellular instability is linked to an
enhanced proteasomal degradation®”’. Several researches have focused on P187S
showing a X-ray structure cristallographic virtually identical compared to the structure
of wild-type NQO1. In addition, Nuclear Magnetic Resonance (NMR) spectroscopy and
proteolysis experiments confirmed the presence of partially unfolded states in solution
although these results cannot totally explain the destructive effects of P187S in vitro
and in vivo®. In this context, we suggest that the pathogenic mechanisms of this

polymorphism could be deciphered with an in-depth analysis of the protein dynamics.



We used a combination of experimental and computational techniques to investigate
the P187S effects on protein dynamics. Interestingly, the first section of our results
showed that P187S seems to affect the local dynamics of two functionally and
structurally distant sites of NQO1: the N-terminal domain (NTD), related to enzyme
inactivation; and the C-terminal domain (CTD) which appears to play a key role in the
low intracellular stability of P187S. In addition, the treatment of P187S with its natural
ligand FAD may rescue in vitro activity of P187S but the combination with a second
ligand (i.e. dicoumarol) that acts as stabilizer of the still dynamic CTD, is required to

correct the degradation through this domain.

With the goal of evaluating the structural and functional role of CTD, this domain was
exhaustively evaluated. Our results provided evidence for the existence of a
multifunctional allosteric network between the CTD, the FAD binding site and the
P187S site. For wild-type NQO1, we suggest that this network contributes to a very
high affinity for FAD and dicoumarol, whereas P187S seems to disturb the network by
dynamic and structural changes in the FAD binding site and the CTD affecting the

binding affinity of P187S for both ligands.

In the third section, we tried to identify hot spots that would correct the NQO1
alterations caused by P187S by consensus approach®’. Specifically, we found a
suppressor mutation H80R which reactivates P187S by local and dynamic stabilization
of FAD binding site. The deep characterization of the changes exerted by H80R
suggested that this suppressor mutation mainly acts by shifting the conformational
equilibrium of the apo-state towards more competent states for the binding of FAD. A

second consensus mutation E247Q showed a stabilizing effect on the CTD and this



effect is propagated to the distal NTD supporting the existence of the previously
proposed network. In addition, the combination of these two suppressor mutations

strongly protected NQO1 from the loss-of-function caused by P187S.

In summary, the results of this doctoral thesis show that protein dynamics plays a
fundamental role in the loss-of-function mechanisms associated with P187S, and its
understanding is crucial to find alternatives that correct the deleterious effects of this
polymorphism. We propose that our multi-disciplinary strategy could help to decipher
complex mutational effects related to disease in many other loss-of-function genetic

diseases, and to identify structural hot spot as targets for pharmacological correction.






RESUMEN

Las mutaciones que causan la substitucion de un Unico aminoacido, también conocidas
como mutaciones de cambio de sentido, pueden afectar notablemente diversas
propiedades de las proteinas como por ejemplo su habilidad para plegarse, o su
estabilidad dentro de las células y a menudo estos cambios conllevan a enfermedades.
En particular, las enfermedades causadas por este tipo de mutaciones y que provocan
una disminucién de la funcionalidad y/o estabilidad de la proteina son cominmente
conocidas como enfermedades de pérdida de funcidon. Existen numerosas
enfermedades asociadas con el fenotipo de pérdida de funcién, incluyendo desde un
gran numero de enfermedades monogénicas hasta enfermedades multifactoriales mas
complejas como el cancer?. Concretamente, esta tesis doctoral se centra en el estudio
de un polimorfismo de la proteina NAD(P)H quinona oxidorreductasa 1 (NQO1), el
polimorfismo P187S que ha sido asociado con un incremento del riesgo a padecer
cancer’. P187S es un paradigma de mutacion de pérdida de funcién y causa defectos
significativos en la estabilidad y funcién de NQO1. Por un lado, este polimorfismo
provoca una reduccion importante de la actividad enzimatica, posiblemente como
consecuencia de su baja afinidad por el ligando FAD, mientras su inestabilidad
intracelular es relacionada con un aumento en la degradacién proteasomal®™’. Varias
investigaciones se han centrado en el estudio de P187S mostrando que este
polimorfismo presenta una estructura cristalina virtualmente idéntica si Ia
comparamos con la estructura de la proteina natural de NQO1. Adema3s, estudios de

Resonancia Magnética Nuclear (RMN) y experimentos de protedlisis confirmaron la



presencia de estados parcialmente desplegados en disolucién aunque estos resultados
no podian explicar los nocivos efectos de P187S en su totalidad. En este contexto,
nosotros sugerimos que los mecanismos patogénicos de este polimorfismo podrian ser
descifrados con un profundo andlisis de la dindmica de la proteina.

Se usaron una combinacidn de técnicas experimentales y computacionales para
investigar los efectos de P187S en la dindmica de la proteina. De modo interesante, la
primera seccion de nuestros resultados muestra que P187S parece afectar la dindmica
local de dos sitios distantes funcionalmente y estructuralmente de NQO1: el dominio
N-terminal (NTD) relacionado con la inactivacion de la enzima, y el dominio C-terminal
(CTD) el cual parece jugar un papel clave en la baja estabilidad intracelular de P187S.
Ademads, el tratamiento de P187S con su ligando natural FAD podria rescatar su
actividad in vitro aunque la combinacidn con un segundo ligando (p. ej. dicumarol),
gue actie como estabilizador del todavia dindmico CTD, es necesaria para corregir su
degradacion a través de este dominio.

Con el objetivo de evaluar el papel funcional y estructural del CTD , este dominio fue
exhaustivamente analizado en la segunda seccién. Nuestros resultados aportan
evidencias de la existencia de una red alostérica y multifuncional entre el CTD, el sitio
de unién a FAD vy el sitio para P187S. Nosotros sugerimos que para la proteina natural
de NQOL1 esta red contribuye con una alta afinidad por FAD y dicumarol. Sin embargo,
la presencia de P187S parece alterar la red, mediante cambios estructurales vy
dinamicos en el sitio de unién a FAD y el CTD afectando la afinidad de unién de P187S
por ambos ligandos.

En la tercera seccidn se intentaron encontrar puntos clave estructuralmente que

corrigieran los defectos causados por P187S mediante la “técnica de consenso”. En



concreto, se encontré una mutacion de consenso H80R que reactiva P187S mediante
la estabilizacion local del sitio de unidn a FAD. La amplia caracterizacién de los cambios
ejercidos por H80R sugirid que esta mutacion actua principalmente desplazando el
equilibrio conformacional del estado apo de la proteina hacia estados mas
competentes para unir FAD. Una segunda mutaciéon consenso E247Q muestra un
efecto estabilizante sobre el CTD de P187S y el efecto se propaga al distante dominio
NTD apoyando la existencia de la red previamente propuesta. Ademas la combinacion
de estas dos mutaciones supresoras protege fuertemente a NQO1 de la pérdida de

funcion causada por P187S.

En general, los resultados de esta tesis doctoral muestran que la dinamica de proteinas
juega un papel fundamental en los mecanismos de pérdida de funcion asociados con
P187S y su comprension es crucial para encontrar alternativas que corrijan los
devastadores efectos de este polimorfismo. Nosotros proponemos que esta estrategia
multidisciplinar podria ayudar a descifrar complejos efectos mutacionales asociados
con enfermedad en otras muchas enfermedades de pérdida de funcién y ademas
puede servir para identificar estructuralmente puntos clave que sirvan como dianas

para la correccidn farmacoldgica de estas enfermedades.






INTRODUCTION: MISSENSE POLYMORPHISMS AND THEIR EFFECTS

1. INTRODUCTION

1.1 MISSENSE POLYMORPHISMS AND
THEIR EFFECTS

1.1.1 BACKGROUND

The human organism develops through tightly regulated mechanisms of cellular
division, differentiation and death. During cellular division, the genetic content of the
cell must be accurately replicated and therefore, all cells composing the whole human
organism should contain exactly the same genetic information. Nevertheless, a
significant number of changes can occur in the genetic sequence, and these changes
are known as mutations. According to the cell type in which the mutations occur, they
are classified as germinal or somatic mutations. Germinal mutations take place in the
germ cell lineage (i.e. the sperm and egg) and can be transmitted to offspring, while
the somatic mutations are acquired mutations, and are not heritable. Last ones occur
when DNA is duplicated or they can be caused when DNA is damaged by
environmental factors, including UV radiation, chemicals, and viruses. It is estimated
that each human carries an average of 60 de novo mutations that arise during gametes

formation in their parents, while estimated mutation rates in somatic cells are 4 to 25
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times higher'®. Together, these different types of mutations provide the raw material

for evolution, but at the same time may place organisms at risk for disease'**2.

In an evolutionary context, the changes in DNA sequence may are usually divided
based on their “fitness” effects. Although the fitness is an abstract concept and a huge
number of definitions have been offered, there is a common idea broadly accepted:
the fitness is a measure of the capacity of an organism to survive and reproduce in the
environment in which it is found™*. Three categories can be considered when

15,1 . . .
>18 First one includes mutations that are

discussing the mutations effects on fitness
advantageous because they have positive effects on fitness and are essential to
evolution. Second category encompasses, neutral mutations, which have little or no
known effect on fitness. And finally, detrimental mutations which generally reduce
organisms survival and/or fertility, and they are rarely fixed. Although, this simplistic
classification serves as a first approximation to understand the mutations fate, it omits
other traits that may also affect fitness, such as evolutionary context or living
environment. In this way, the effects of mutation are context-dependent and for
example, they may depend on the presence or absence of other mutations and/or
their proximity on the same chromosome, or they may also depend on the living
environment of the organism (a mutation can be neutral or deleterious in one

environment but it can become beneficial if the context changes)'”2.

Alternatively, changes in DNA sequences can be classified according to their
pathogenicity, understanding pathogenicity as the property by which mutations confer
risk for genetic disorders'®. The National Human Genome Research Institute (NHGRI)

defines genetic disorder as “a disease caused in whole or in part by a change in the

10
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DNA sequence away from the normal sequence”. When these disorders are caused by
germinal mutations that only occur in the DNA sequence of a single gene, they are
called Mendelian disorders (or monogenic disorders). On the contrary, the disorders
that involve variations in multiple genes often coupled with environmental causes, are
called multifactorial disorders. Although many genetic disorders can be categorized as
multifactorial, research on monogenic diseases not only provide a priceless
opportunity to learn about gene functions and for reconstructing normal and
pathological pathways, but they would also contribute significantly to our
understanding of the molecular genetic basis of common multifactorial diseases. There
are more than 10000° known monogenic disorders, and different types of mutations
can be the cause. The vast majority is associated with mutations that just involve a
change on a single-base pair or a few base pairs and they are typically referred to as
point mutations. Point mutations may consist on insertions or deletions of nucleotides
in the DNA sequence shifting the way in which the sequence is read (frameshift
mutations), or they can involve a substitution of one nucleotide for a different one.
These last ones are known as nucleotide substitutions. Theoretically, if a nucleotide
substitution exists in at least 1% of the total population, then it will be considered as
Single Nucleotide Polymorphisms (SNP). SNPs are the most abundant variants in the
human genome and they can be found in different parts of a gene, such as in coding or

non-coding regions, with or without any effects on the gene product'®®

. Special
mention requires the SNPs that occur in the protein-coding part of the DNA sequence

since they have the potential to change the protein codified. They can be categorized

as: synonymous or silent, if the amino acid sequence is not altered (it is allowed for the

" The source which estimates this data is the World Health Organization.

11
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redundancy in the genetic code); non synonymous or missense, where the change of a
single base pair causes a change to a different amino acid in the resulting protein; or
nonsense, if a codon that stands for an amino acid mutates to one of three stop
codons in the gene code, bringing about an incomplete protein which is usually non-
functional®. Traditionally, the focus has been non synonymous SNPs (nsSNPs), since
many of them have been related to monogenic disease and they have also been
associated with common multifactorial diseases such as heart disease, hypertension or
cancer?. Recent evidences also suggest that synonymous SNPs (sSNPs) would result in
aberrant mRNA splicing, or affect mRNA stability and thus, protein expression and

enzymatic activity, leading to human diseases®.

Of special interest for this thesis are the nsSNPs which will usually be refered to
throughout this introduction as missense polymorphisms. They can directly affect
diverse protein properties such as, protein folding and stability, protein function,
protein—protein interactions, protein expression and subcellular localization®?*?’.
Considering that most of the monogenic diseases are caused by missense
polymorphisms, the analysis of their impacts on proteins increases our understanding
of the relationships between protein structure and function, and it would allow us to
decipher phenotype-genotype relations®®. Numerous investigations about them have
been undertaken, resulting in a wide variety of tools and databases such as, the Online
Mendelian Inheritance in Man (OMIM) database, the Human Gene Mutation Database

(HGMD), single nucleotide polymorphism database (dbSNP) or the Protein Mutant

Database (PMD) among others??.

12
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A mutation can impact the function of a protein altering one or more of its properties
such as structure, catalytic activity, or stability. From a biophysical point of view,
understanding the mechanism by which a mutation impacts protein function has
traditionally required specialized assays to measure these properties, for example, X-
ray diffraction to study the structure or thermal denaturation to measure stability.
Historically, missense polymorphisms have been studied paying close attention to
understand how missense mutations influence folding, stability, solubility, activity and
other structure-based properties, for example, through experimentally derived

29-31
structures and homology models®*~

. Nevertheless, and despite the wide available
information, prediction of the effect and associated phenotypes of missense
polymorphisms remains a challenge. Maybe, the principal cause is that the tools used
for their analysis (i.e. thermal denaturation or X-ray crystallography) divide the
collective effects of mutations into individual contributions from various structural and
physicochemical features. However, many properties used to describe them are highly

connected, making it difficult to separate them from each other***

. Furthermore, it
deserves to be mentioned that these collective effects at molecular levels must be

linked to effects on protein function and stability in vivo®>*.

1.1.2 PROTEIN FOLDING in vitro AND in vivo

Proteins are essential molecules in the most of cell processes, for instance, in
signalling, catalysis, mobility, or recognition. There are proteins capable of performing
their biological functions without achieving a stable structure, such as intrinsically

13
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disorder proteins (IDPs) or proteins with intrinsically disordered regions. However, a
large part of the proteins need to acquire a specific three-dimensional structure to

carry out their function correctly®*®

. Specifically, protein folding refers to the process
by which a protein often folds in its right and functional conformation of low energy.
This conformation is known as native state and is profoundly influenced by the
sequence of amino acids. In particular, it has been shown that many proteins fold
spontaneously in vitro, supporting the Anfinsen hypothesis for protein folding. It
suggests that the linear sequence of the polypeptide chain contains all the necessary

information to conduct the protein folding. This would imply a spontaneous process

that would take place through a single step®’.

However, approximately 90% of all proteins in the cell are large proteins (>100 amino

353839 Although many aspects

acids) and their folding require several steps (Figure 1)
of protein folding in vitro are intrinsic to the biophysical properties of the protein itself,
the folding process can be quite complex, requiring various intermediate steps along

the way toward the native state. The intermediate steps are represented by various

halfway conformations in a folding energy landscape®.

PETAFSS 8

Unfolded State (U) Native State (N)
B - \/ '/ 7
(2 <
Unfolded State (U) Folding Intermediates Native State (N)

Figure 1: Protein folding process in vitro diagrams. A) Single-step process B) Folding

process with intermediate steps.

14
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The energy landscape theory of protein folding is a statistical description of a protein's
potential energy surface*’. The main idea that emerges from this theory is that the
global folding landscape seems a funnel with traps in which the protein can transiently
reside (significantly populated intermediates). Accordingly, several folding routes
towards the native state can be followed**. Multiple factors in this dynamic process
can result in misfolding. Specifically, a missense polymorphism can stabilize a non-
native state in the process producing that this state is favoured over the native state.
In addition, for many proteins the native state is not the state of least energy now that,
they can form amyloid fibers or amorphous aggregates even more stable**. Given the
link between correct folding and function, it is not surprising that these “misfolded”
states may be associated with disease. However, the rugged potential surface
navigated during folding in vitro is often modified in vivo. For instance, the folding
process in vivo usually requires molecules to cross substantial kinetic energy barriers,
and they avoid that intermediate states in folding process or misfolded states can be
kinetically trapped in low energy wells before the native state is reached®®%* These
molecules are present in all types of cells and cellular compartments and they are
known as molecular chaperones (Figure 2)**. Some authors define molecular
chaperone as “any protein that interacts, stabilizes or helps a non-native protein to
acquire its native conformation, but is not present in the final functional structure”
%4 They are involved in different stages of protein folding that include from
cotranslational folding, where they assists emerging chains from the ribosome, to later
stages of the folding process, for instance cooperating on refolding processes of non-
38,39,43.

native states

15
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Chaperones

/\ A (\ Chapj:ones ‘

FEN A

Folding
intermediates

: ’// ,‘\“

Energy

Partially

foldad Oligomers
states

- Amorphous
Native aggregates
state

Amyloid fibrils

Y
A
Y

A

Intramolecular contacts Intermolecular contacts

Figure 2. Energy landscape scheme of protein folding and aggregation. The green surface
shows the multitude of conformations ‘funneling’ to the native state by intramolecular
contacts. Red area shows the conformations moving toward amorphous aggregates or

amyloid fibrils via intermolecular contacts. Both parts of the energy surface overlap

Chaperones assist non-native states in overcoming free energy barriers and promoting

folding to the native state. (Reprinted, with permission of Annual Review of Biochemistry,

from Kim VY.E., 2013) **.

Molecular chaperones do not raise the rate of individual steps in folding process;
rather, they increase the efficiency of the overall process by reducing the probability of
competing reactions as aggregation®. Folding efficiency in vivo depends on a balance
between the physical properties of a protein like thermodynamic and kinetic stability,

and the interaction of the different protein states (partially folded or misfolded states)

16
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with the protein homeostasis network throughout folding process®. At this juncture, it
is important to remember that although some fundamental principles of protein
folding have been established in vitro and they can be widespread, many details of the

folding process in vivo depend on the particular environment where it takes place >4~

45

1.1.2.1 THERMODYNAMIC AND KINETIC STABILITY:

The intracellular levels of proteins in native state are influenced by their

6

thermodynamic and kinetic stabilities**°. Traditionally, the two-state equilibrium

model has been used to introduce the concept of thermodynamic stability in a simple
2,35,47

manner . It describes well denaturation of many small proteins or single-domain

proteins and it can be represented by the following model:
Ky
N U (1)

where the protein “exist” only in two different macroscopic states, N for native state
and U for unfolded state (or ensemble of unfolded states). This model implies a single
step without significantly populated intermediate states. In this context, the
thermodynamic stability is determined by the equilibrium unfolding constant (Ky),
which is related to the standard unfolding free energy change (AG), (difference

between the unfolded and native states) by the Lewis equation:

AG(T) = Gy(T) — Gy(T) = —R - T - In(Ky) (2)

17
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The AG is dependent on temperature and at physiological temperatures (~37°C) it is
usually a small number as a result of the enthalpy-entropy compensation considering

that AG can be also expressed as:

AG(T) = AH (T) — TAS (T) (3)

These two temperature-dependent parameters, enthalpy (AH) and entropy (AS)
changes, together with the denaturation heat capacity change (ACp) provide a whole

description of thermodynamic stability.

Thus, thermodynamic stability determines unfolded protein fraction at equilibrium
which often leads a constant value lower than one (Ky < 1) at physiological
temperatures. It indicates that the unfolding equilibrium is shifted towards the
functional native state leading to a thermodynamically stable situation which changes

with temperature.

However, it must also be considered that the unfolding equilibrium is dynamic and
displays kinetic features. The functional native state of the protein should be
maintained, at least during a physiologically relevant time-scale, to talk about kinetic
stability. The concept of kinetic stability supposes that in a folding/unfolding reaction
there is a kinetic barrier that separates the native state from the non-functional forms,

23447 The inactive

even if the native state is not the most thermodynamically stable
forms may include unfolded and partially unfolded states, as well as irreversibly
denatured states which are very common both in vitro and in vivo. In particular, the

unfolded states are prone to establish nonnative intermolecular contacts with other

adjacent macromolecules in consequence of the exposure of hydrophobic patches and

18
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this usually leads to uncontrolled assembly reactions and subsequent aggregation*®*’.

These processes are associated with a high number of human diseases such as
amyotrophic lateral sclerosis, Alzheimer’s or Parkinson’s diseases where
thermodynamic equilibrium may not be applicable. Accordingly, kinetic stability can be
described in terms of rate for irreversible denaturation and it is often interpreted by a

simple Lumry—Eyring model which describes well the denaturation of many proteins.

K k
NSy p (4)

If transition state theory is applied, the rate for irreversible denaturation can be

related to the free energy transition by the Eyring equation:

kirr = ko exp(_Mi/RT) (5)

where k. is the preexponential factor (the hypothetical value of the rate constant
when the activation free energy equals zero) and AG” is the activation free energy™. At
physiological temperature, if AG” is high, the rate constant for irreversible denaturation
will be low, and the protein will remain in the native state for long periods of time. This
situation is referred as kinetically stable. Kinetic stability is very sensitive to mutational
effects since small changes in AG” can involve important changes in the time-scale in

which the protein is functional and so, it is widely associated with diseases>*’.

The relations between the thermodynamic and kinetic stabilities of a protein range
from a perfect correlation to absolute independence between the two properties®’.
For instance, supposing a simple Lumry—Eyring scenario (4) where the irreversible step

is very fast and unfolding step (N->U) is rate-limiting, the overall denaturation rate (k)
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is determined by unfolding kinetics, Ky (1). In this situation changes on thermodynamic
stability such as mutational effects, may or may not translate into kinetic stability
including the extreme situation in which thermodynamic and kinetic stabilities can be
completely decoupled®’. Alternatively, if the UF step is rate-limiting, the overall
denaturation rate (k) will be the product of the unfolding equilibrium constant (1)
times the rate constant for the U->F step, kirr (5) and under this situation the effects

on thermodynamic stability will immediately affect kinetic stability.

1.1.2.2 PROTEIN HOMEOSTASIS NETWORK

As previously mentioned, between the in vitro and in vivo protein folding processes
there are noticeable differences since many details of in vivo folding depend on the
particular cellular environment, which makes it even more complex. The cellular
environment is highly crowded (concentrations of macromolecules can reach 400
mg/mL) limiting the motions of polypeptide chains and favoring compact non-native
states*. Furthermore, in eukaryotic cells, protein folding must occur in several distinct
compartments with very different chemical composition, which can also result in
different protein-folding problems that each cell must prevent and address*”.
Fortunately, the cells have a central network responsible for the generation and
upkeep of the native state of the proteins and it is known as protein homeostasis
network (or proteostasis network)>>. The complex protein homeostasis network
consists of numerous biological pathways which control protein synthesis, folding,

2,40,42,52
. The

trafficking and degradation and respond to specific forms to cellular stress
protein homeostasis network of mammalian cells involve approximately 1.300

different proteins implicated in protein synthesis (~400), conformational maintenance
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(~300), and degradation (~700), although many of them take part in more than one
pathway*?. Of particular importance in this context are the previously introduced

44-4
molecular chaperones®®3%447¢

.They are not only involved in the protein folding
process of the proteins, but also in various aspects of proteome maintenance including
macromolecular complex assembly, intracellular protein transport or assistance in

protein degradation (Figure 3). Interestingly, there is a family of molecular chaperones

that is key in the protein homeostasis network, the heat shock proteins (HSPs) family.
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Figure 3. Simple overview of different functions of molecular chaperones in protein

homeostasis network. The red arrows show the steps where molecular chaperones take

part.

These molecular chaperones, whose basic function is to selectively recognize non-
native protein conformations, display a wide range of specificities for certain amino

acid sequences and/or structural characteristics, although in most cases are
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hydrophobic areas that are not exposed in the native protein conformation®. HSPs
participate broadly in protein folding and refolding processes as well as show

important implications in the processes of degradation.

In particular, a central feature in the arrangement of protein homeostasis network is
the close interrelation between the molecular chaperones and different protein
degradation pathways. The chaperones help to direct proteins whose functionality
cannot be restored such as nonfunctional, misfolded or aggregated proteins toward
degradation pathways and the balance between cellular protein folding and

degradation is often referred to as protein quality control system (QCS)*%>*.

Proteins can be degraded either individually or on a large scale by several highly

evolutionary conserved mechanisms®°°

. Specifically, in the cytosol and nucleus of
eukaryotic cells many degradation processes are carried out by the ubiquitin-
dependent proteasome (26S proteasome). However, there are some proteins which
are degraded by the proteasome without being ubiquitinated, although the
mechanisms associated are well understood yet>. This type of degradation is
performed by 20S proteasome and it relies on the inherent structural disorder of the
protein degraded. Therefore, IDPs (or proteins with naturally disordered regions) as
well as, proteins that contain unstructured regions due to oxidation, mutation or aging
are susceptible to 20S degradation. The function of the 20S proteasome can be
modulated by interactions with regulatory proteins. And interesting example of this
regulation is given by NQO1, due to the fact that this protein physically binds to the
20S proteasome and protects proteins with unstructured regions (or IDPs) from

degradation (See section 2.2.4)>"°.
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In addition, cells have an alternative strategy to maintain a balanced protein
homeostasis when the mechanisms of refolding and proteosomal degradation are
inhibited (or affected in another way). In this particular case, the misfolded protein can
be sequestered as inclusion bodies which are degraded by selective autophagy, a

degradation pathway interceded by lysosomes>°.

1.1.3 IMPACT OF MISSENSE POLYMORPHISMS AT
MOLECULAR LEVEL

In this section we classify the different effects that a missense polymorphism can

produce at molecular level in a protein (Figure 4), without forgetting that these effects

32,60
d .

can be interrelate

FOLDING AND STABILITY
FUNCTION
DYNAMIC

INTERACTION
LOCALIZATION AND
EXPRESSION

Figure 4.. Possible effects of missense polymorphisms at molecular levels in proteins.
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1.1.3.1 EFFECTS ON PROTEIN FOLDING AND STABILITY

Multiple factors can alter the folding process resulting in destabilization of the correct
fold and/or stabilization of a misfolded state. In particular, the missense
polymorphisms can cause changes in many of the chemical and physical properties of a

protein which can be associated with changes in its structure.

On the one hand, the missense polymorphisms can affect the protein structure by
changes in thermodynamic stability and typically, the change in the folding free energy
between wild type protein and the mutant protein (AAG) is used to quantify the
magnitude of a mutation's effect on stability, since mutations can change both energy
landscape and number of accessible conformations in both folded and unfolded states.
Several comprehensive studies investigated the AAG effects of missense mutations in
different proteins showing that most mutations affect the protein stability in some

way *>®L, It has been observed that most globular proteins are marginally stable from a

thermodynamic perspective, with a AG usually in the range of a -2 to -15 kcal/mol*®2.
In order to put these values in context, the contribution of a single hydrogen bond to
protein stability averages about 1 kcal/mol, showing that it can be easily affected?’.
Since, the presence of nsSNPs affect to the AG of both folded and unfolded states, they
are usually classified as stabilizing or destabilizing depending on the final balance.
Although the fraction of mutations classified like stabilizing or destabilizing varies
according to the protein and the nature of these substitutions, suggesting that the
distribution of AAG effects might be unique for each protein, the most of missense

polymorphisms that have been found associated with diseases are destabilizing and

they lead to protein misfolding®®. Protein misfolding can cause diseases known as
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conformational diseases®”®*

. The degree of destabilization is usually elevated for
mutations that introduce drastic changes of physicochemical properties of mutated
site such as, breakage of salt bridges, alteration of interaction network or disruption of
hydrogen bonds. Moreover, on average, mutations in core residues are much more
destabilizing than mutations on the surface®’. It has been shown that buried residues
conserved throughout evolution are usually important parts of the hydrophobic core
and any variation of theses might destabilize the fold. Nevertheless, the conserved
residues that are exposed on the protein surface are usually involved in protein-

protein interactions and the effects of their mutation will be seen later (See section

1.1.3.4)%.

Special attention must be paid to classify the mutations in terms of their degree of
stabilization/destabilization based on AAG, since the protein kinetic stability must also

be considered®?.

The missense polymorphisms can produce protein kinetic
destabilization, even without altering the thermodynamic stability, which probably

alters the interaction with protein homeostasis network producing effects on protein

function®?’.

1.1.3.2 EFFECTS ON PROTEIN FUNCTION

As indicated above, many pathological conditions are fundamentally rooted in protein
misfolding. Given that protein function and structure are intrinsically linked, the most
of mutations appear to indirectly affect activity via effects on protein structure or
stability. Therefore, treating stability and activity as independently varying parameters
is inherently confusing®™. For instance, a missense polymorphism that decreases the

protein stability, implying a reduction in the concentration of active protein, will cause
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loss of function simply as a consequence of the latter?. In fact, the loss of activity be
considerably greater if, for example, the destabilizing mutation also affected the

323386 proteins perform different functions that

specific activity of the folded protein
are mediated by the various residues that comprise the functional sites and depending
on the functional sites where the mutations occur there will be different
consequences. For instance, some of the most dramatic effects occur in the actives
sites of enzymes and the binding pockets of receptors®’. In particular, the active sites
are formed by a few crucial residues for the reaction (catalytic residues) with a larger
number of surrounding residues which are important for ensuring correct attachment
of the substrates and cofactors to the active site (binding site residues). Catalytic
residues are highly conserved in evolution and it has been suggested that mutations in
these residues are often very detrimental, while residues responsible for binding the
substrate are not as vital to the catalytic function of the enzyme and can change
through evolution, sometimes allowing the enzyme to accommodate new

substrates31¢768

. Alternatively, the biochemical reaction is generally very sensitive to
the accurate geometry of the active sites, so, any change that alters the active sites
(observing or not a conformational change), for instance a mutation, will also affect
the biochemical reaction, either completely abolishing the activity of the mutated

protein or altering its kinetics>*>°.

Traditionally, the effects of disease mutations on protein function are categorized into

344052 0On the one hand, effects related to loss-of-function of the

two basic types
protein. Numerous diseases are associated with loss-of-function phenotype, which is

characterized by a decrease in the protein activity and can even cause a complete loss
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of the activity®’°

. These diseases are typically caused by inherited mutations which
may lead to inefficient folding and excessive degradation, as it happens in cystic
fibrosis, Gaucher disease and phenylketonuria or they may also produce an incorrect
positioning of proteins in compartments where they are metabolically inefficient like in

primary hyperoxaluria 2/4052,71

. On the other hand, other effects imply mutations that
confer altered functionality of a protein or increased protein activity and are
associated with gain-of-function phenotype. Gain-of-function is sometimes linked with
accumulation of toxic aggregates and diseases as known as amyotrophic lateral
sclerosis, Parkinson, Alzheimer’s and Huntington’s diseases are related to this

phenotype>**%*2,

1.1.3.3 EFFECTS ON PROTEIN DYNAMICS

It is important to emphasize that proteins are dynamic molecules that require

60657274 "some of the most

significant motion to carry out their different functions
remarkable examples of dynamics in function include protein folding and unfolding,
ligand recognition and binding, protein-protein interaction and processes as
complicated as transport through membranes, cell replication, transcription and
translation, and assembly and disassembly of protein complexes72. Thus, protein
dynamics, both local and global, play an important role in protein function and the
proteins may be considered as networks of continuous motions that reflect local
flexibility and a propensity for global structural plasticity’®. Although sometimes the
term dynamic and flexibility is used indiscriminately, some authors suggest the

following difference between both terms: dynamics is used for intrinsic molecular

motions, while flexibility is used to express the ability of a protein to adapt its structure
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when it binds a ligand or in response to changes in the environment””. So, a protein
can be flexible as a consequence of its dynamics, yet its dynamics does not

automatically result in flexibility.

The synergy between structure and flexibility is critical to the protein functionality and
the specific recognition of binding partners, such as small molecules, other proteins or
nucleic acids, is essential for the many of the protein functions’. Any interaction
between a protein and another molecule requires the protein to be able to adopt
different conformations along the pathway of the biochemical reaction and the
flexibility of the active site is considered as a requirement for the acceleration of the

enzymatic reaction’®’®

. In particular, a protein must be stable enough to preserve it
native three-dimensional structure, but flexible enough as to allow sufficient substrate
binding, chemical reaction and product release. Often an increase of flexibility may

lead to a concomitant rise of activity and loss of stability, leading to a balance between

stability and function/flexibility”’.

The flexibility of a protein may result in either subtle changes, for instance when a few
amino acid side chains of an enzyme move to bind a small substrate, or in more
noticeable changes as when the folding of certain proteins (or protein domains) is
promoted by the presence of the appropriate ligand”. Internal motions of a protein
have different amplitudes and can be classified according to different timescales which
span a large hierarchy of timescales, from picoseconds to milliseconds or even longer

(Figure 5). The fastest events are small-amplitude motions (atoms moving only a
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VIBRATIONS ALLOSTERIC REGULATION PROTEIN FOLDING

SIDE CHAIN ROTATIONS LIGAND BINDING

Figure 5. Schematic drawing of different protein dynamics process according to timescale
in which they take place. . (Reprinted, with permission of Springer Nature , from Teilum K.,

2009) ”.

fraction of an Angstrém) which affect the protein structure from a more local
standpoint. They include oscillations and vibrations of covalent bonds and fast side
chain rotations on the picosecond to nanosecond timescale. At the other end of the
timescale, large-amplitude motions can be found, such as ligand binding and protein

folding/unfolding which may happen with time constants of hours”>">®,

Several studies have revealed changes of dynamics upon missense polymorphisms

with important functional consequences®®’®”?

. In particular, the nsSNPs can affect the
dynamics of the entire molecule or just a small region, and these changes in protein
dynamics can affect the protein activity in several ways: firstly, they can inactivate or

activate a protein, altering the concentration of active enzyme; secondly, they can

affect the reaction parameters such as Michaelis-Menten constant, and finally they can
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change the transition state of enzyme-substrate complex affecting parameters such as

activation energy or pre-exponential factor’.

A separate remark in protein dynamics should be done to allostery®®’®. Allostery is a
crucial process to living cells whereby a perturbation by an effector at one site of the
protein leads to a functional change at another distant site. Allostery is a property of
the conformational ensemble as a perturbation at any site in the structure leads to a
shift in the distribution of the conformational states across the entire population.
Therefore, allosteric structural and/or dynamic perturbations do not create new
conformational states but rather, they change the relative distributions of the states

within the ensemble’®,

Numerous researches have focused on the study of allosteric effects at the protein
level, finding that an important condition for allostery seems to be the presence of a
significant fraction of residues with low structural stability and high flexibility 7>%°3*,
However, it is essential to study the allostery from a more global point of view to
understand their full biological relevance. In other words, it is necessary to consider
the allosteric effects not only in the protein, but in the pathway or pathways in which it
participates and since these cellular pathways are interconnected, on the whole cell
(i.e. a comprehensive view of the impact of an inactive or partially active protein can

only be achieved by connecting molecular causes to system outcomes)®>%®

. Allostery
plays a fundamental role in many of the processes in the living cell, which reveals its
relevance in disease’®. “Allosteric mutations” can cause disease through different

mechanisms, for instance abolishing or creating sites for allosteric posttranslational

modifications or changing the relative stabilities of the protein conformational states.
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These mechanisms may produce protein deregulation, trapping the protein in an
active or inactive conformation and producing diverse effects depending on how the
function is associated with protein dynamics and the degree of change introduced to

that functional protein motion®®’2.

1.1.3.4 EFFECTS ON PROTEIN INTERACTIONS

As previously commented, the proteins do not act in isolation in the cell but they are
part of a global network of interactions with other proteins, nucleic acids, and other
molecules, which have essential roles in regulatory processes, cellular functions, and

2 . . .. . . . .
328087789 ' Owing to their important roles in all biological processes, it

signalling cascades
is essential to understand how these interactions contribute to human disease. Clearly,
a missense polymorphism which causes, for instance, protein aggregation, will lead to

the loss of all the interactions of that protein, but also other more specific alterations

of the macromolecular interactions can be related to missense polymorphisms.

There are two important factors in macromolecular interactions that can be affected

by the presence of missense polymorphismsgo’91

. One of them is the specificity of the
interaction, which plays a crucial role in recognizing unambiguous binding partners
among a plenty of other molecules, and is in part determined by structural and

physicochemical properties of interfaces of interaction®”®

. Besides of specificity, the
binding affinity is another important factor to consider in regards to protein
interactions. The binding affinity between macromolecules to form a complex can be
measured by the binding free energy (AGyinging), Which represents free-energy change

of the complex-formation®>%2.
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In particular, protein—protein interfaces (PPls) are quite different from protein—ligand
binding interfaces. Protein-ligand binding interfaces are often smaller and have a well-
defined cavity for hosting small-molecule binders, whereas the PPIs are usually formed
by two comparatively large surfaces with complementarity to each other, both in
shape and in chemical nature (amino-acid side chains at the binding interface form
preferentially stabilizing interactions of an electrostatic nature), but they are relatively
flat °*°>% Even then, high affinity and specificity can be achieved in PPIs since there
are key residues that contribute a large amount to binding, and are called hot

32868793 Hot spot is defined as a residue which replacement by an alanine implies

spots
a notable decrease in the free energy of binding (AAGpinging> 1.5 kcal/mol) and
systematic analysis of hot spots has shown a nonrandom composition, preferring
branched hydrophobic and aromatic amino acids such as Leu, lle, Val, Phe, Tyr, Met,

909495 ‘Because of the importance of these hot-spot residues to the interface,

and Trp
its mutation (i.e. changed by a charged or polar residue) can lead to loss or impairment
of the interaction. In addition, there are also other ways in which an nsSNP would
affect protein interactions for instance involving post-translational modifications,

leading to novel interactions (i.e. in amyloidosis) and/or switch of function, or causing

intrinsic disorders®’.

1.1.3.5 EFFECTS ON PROTEIN EXPRESSION AND LOCALIZATION

Cellular functions depend largely on the content and functionality of the proteins
within the cells. There are numerous mechanisms which regulate the cellular functions

96,97 |

varying from modulating gene expression to post-translational modifications n

particular, gene expression in eukaryotes involves a wide range of mechanisms from

32



INTRODUCTION: MISSENSE POLYMORPHISMS AND THEIR EFFECTS

RNA transcription to subcellular localization, including processing of mRNA, translation
into protein for protein-encoding genes, protein folding, and post-translational
modification®®. Gene expression is controlled at all steps in the process although much
of the regulation is achieved at the level of transcription initiation when promoter and
other specific regulatory sequences of genes are bound by transcriptional regulatory
proteins. The amount of protein expressed is determined not only by the mentioned
processes of the cell but also, in some cases, by inherited genetic determinants.
Specifically, numerous SNPs in gene regulatory regions have been associated with

.. . . 2
variation in enzyme levels and human diseases*>*®.

Alternatively, an important mechanism, by which efficient functional regulation is
achieved, is the control of protein localization. Many proteins have functions that are
dependent on specific subcellular environments or they may perform the same

3237 Transporting a protein to the

functions in multiple subcellular compartments
correct compartment allows it to form the necessary interactions with its biological
partners and take part in the corresponding biological networks. This transport can be
mediated by signal peptides, which can also be masked or modified by carrier proteins
that recognize a particular pattern of post-translational modifications, being part of an
important regulatory mechanism®®. The presence of missense polymorphisms in a
signal peptide can impair its function and thus, direct the protein to a wrong
subcellular compartment, which will also have deleterious effects on the other

proteins that function there®*%
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1. INTRODUCTION

1.2 NAD(P)H:quinone oxidoreductase |

NAD(P)H: quinone oxidoreductase-1 (NQO1; EC 1.6.5.2), also known as DT Diaphorase,
was detected accidentally in 1958 by Ernster and Navazio in the soluble fraction of rat
liver homogenates, during studies of NAD and NADP dehydrogenases®. They named it
DT Diaphorase because of its ability to use both NADH and NADPH as cofactors in its

obligate two-electron reduction of quinones substrates'®.

1.2.1 LOCATION, STRUCTURE AND REACTION MECHANISM

The human NQO1 (NQO1) enzyme is encoded by the NQO1 gene (also referred as

101,102

DIA4), which is maps to chromosomal location 16g22.1 . NQO1 is a flavoenzyme

broadly distributed in human tissues, with highest levels in epithelial and endothelial

103

cells, especially of the kidney and gastrointestinal tract™ . In addition, this enzyme is

102-105

highly expressed in some cancer cells . Intracellularly, NQO1 is in essence a

cytosolic enzyme, although it has also been localized in smaller amounts in

mitochondria, endoplasmic reticulum and nucleus™®* %,

Structural studies have shown that NQO1 is a homodimeric enzyme with 273 residues

105

per monomer, each with an approximated molecular mass of 31 KDa"". Each subunit
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contains one molecule of flavin adenine dinucleotide (FAD), which is tightly bound.
Two domains form each monomer, a N-terminal domain (residues 1-220), which is a
large catalytic domain, and a C-terminal domain (residues 221-273), which is involved
in dimerization and forms part of the binding site for the adenosine portion of the
NAD'%. The catalytic domain comprises a five-stranded parallel B-sheet in the middle
of five a-helix, whereas the smaller C-terminal domain is composed of an antiparallel

107,108

hairpin motif, an a-helix and several loops . There are two functional active sites

per dimer, each located at the interface between the two subunits. FAD molecules,
attached non-covalently, form one of walls of each active site while the rest of the

boundaries are formed by residues from both monomers (Figure 6)'**"".

Quinone(H,) NAD(P)H

NQO1(FAD)

\

NQO1(FAD)-Quinone(H,) NQO1(FAD)-NAD(P)H

NQO1(FADH,)-Quinone NQO1(FADH,)-NAD(P)*

Quinone NQO1(FADH,) \ NAD(P)*

Figure 6.A) Crystal structure of native human NQO1 at 1.7 A resolution (PDB accession

107

code: 1D4A) The non-covalently bound FAD is shown at both sites™ . B) Ping-pong

mechanism of NQO1.
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The active sites are essentially large hydrophobic pockets with three defined binding
spaces, one for the adenine and ribose parts of NAD(P)H, another for FAD molecule
and one last for nicotinamide moiety of NAD(P)H or the electron acceptor molecule'®.
NQO1 active sites have the ability to accommodate a broad range of substrates such

as, quinones, vitamin K1 and dichloroindophenol (DCPIP)'?’.

The reaction proceeds via a substituted enzyme mechanism, also called “ping-pong”,
and the two-electron reduction occurs in two sequential steps (Figure 6)'%. Firstly,
NAD(P)H reduces the FAD cofactor bound in the active site of NQO1, forming NAD(P)"
and FADH,. Subsequently, NAD(P)" is released and the enzyme can consequently
accept the second substrate, often a quinone, which is reduced by FADH, and forming
again FAD. This regenerates the initial form of the enzyme, enabling a further round of
catalysis. This reaction is strongly and competitively inhibited, with respect to
NAD(P)H, by dicoumarol, a hydroxycoumarin with strong anticoagulant activity, which

binds in the active site, presumably overlapping with the NAD(P)H binding site%%*>1%,

1.2.2 FUNCTIONS OF NQO1

NQOL1 is essentially known for its antioxidant and detoxifying capacities, although it is a

105,109

versatile protein showing multiple roles within the cells . Some of the potential

functions that have been described for NQO1 are summarized in Figure 7.
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20S PROTEASOME DETOXIFICATION
GATEKEEPER SYSTEM

\

ANTITUMOR ANTIOXIDANT
BIOACTIVATOR ENZYME

Figure 7. Schematic summarization of NQO1 functions.

1.2.2.1 NQO1 AS DETOXIFICATION SYSTEM

A considerable body of literature exists supporting the role of NQO1 as a detoxification

system and this NQO1 role is attached to its catalytic mechanism: the obligatory two-

103,110-113

electron reductions . NQO1 prevents the formation of damaging semiquinones

by obligate two-electron reductions of exogenous and endogenous quinones,

guinoneimines,  nitroaromatic compounds and azo dyes, to stable

105,108,114

hydroquinones . Semiquinones are very unstable substances which quickly

111 |

react with molecular oxygen at physiological pH to form superoxide free radicals n

addition, NQO1 acts as a Phase Il detoxification enzyme, since the hydroquinone

products of the NQO1 reaction are metabolites more water soluble and therefore,

102,112
d

more easily excrete . These reductions lessen quinone levels, minimizing the

opportunities to participate in reactions that could lead to sulfhydryl depletion'®**3. A

separate remark should be made for the NQO1’s ability in the protection against
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benzene toxicity. Humans are exposed to benzene via contact with cigarette smoke,
gasoline emissions, or products of incomplete combustion and NQO1 is capable of
reducing benzoquinones to hydroquinone and catechol, resulting in

detoxification!*>!1>118,

1.2.2.2 NQO1 AS AN ANTIOXIDANT ENZYME

On the other hand, numerous reports have suggested that NQO1 may play an
antioxidant role, possibly by the reduction of certain endogenous quinones'®%10>109113,
NQO1 helps maintain some endogenous antioxidants in their reduced and active
forms, and thus, NQO1 may help protect cellular membranes against oxidative
damage'®. In particular, NQO1 can reduce ubiquinone and vitamin E quinone
devoided of antioxidant potential, to ubiquinol and Vitamin E hydroquinone

109

respectively, both compounds with reported antioxidant capacities™ . In addition,

NQO1 can directly scavenge free superoxide by reaction with its cofactor, producing

117" Although NQO1 scavenges

hydrogen peroxide as end product of the reaction
superoxide less efficiently than superoxide dismutase (SOD), this NQO1 property
would be especially important in tissues with low SOD expression such as

cardiovascular cells*’8,

1.2.2.3 NQO1 AS ACTIVATOR OF CANCER PRODRUGS

This function of NQOL1 is of special interest since, as previously mentioned, NQO1 is
over-expressed in many cancerous tissues, compared to normal tissues. Bioactivation
of antitumor quinones by NQO1 have been widely demonstrated, and different types

of quinones such as, mitomycin C (MMC), indoloquinone EQ9, and
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aziridinylbenzoquinones (AZQ) among others, have been characterized as quinones

bioactivated by this enzyme®* !,

1.2.2.4 NQO1 AS A GATEKEEPER OF 20S PROTEASOME

In addition, other protective roles can be associated with NQO1 beyond its enzymatic
activity. In particular, an important role of NQO1 is its ability to physically interact with
other proteins and there are numerous examples where such interactions are relevant
for cellular function. NQO1 binds physically to 20S proteasome and protects some IDPs
from degradation such as, p33, p53, p63, p73, c-Fos, C/EBP, PGC-1 or Ornithine
decarboxylase (ODC). It seems that the regulatory role of NQO1 is conserved

3738122 Apart from its association with the proteasome, NQO1

throughout evolution
has been shown in several instances to bind the IDP substrates in an NADH-dependent
manner, even competing with the 20S proteasome for substrate interaction, although
the exact molecular mechanism underlying NQO1’s ability to inhibit substrate
degradation remains uncertain®® . It should be highlighted the NQO1 functions as
p53 protein stabilizer because tumor suppressor p53 plays an important role in
protection of genome against internal and external stresses preventing the cell
transformation and tumor formation. Under normal conditions, p53 is a short-lived
protein that is regulated mainly by changes in its stability. However, in response to a
range of stress signals, p53 is stabilized and activated, leading to cell cycle arrest,
senescence, or apoptosis'>>. Furthermore, it is also important to mention the interplay
between NQO1 and the 20S proteasome since, on the one hand NQO1 can prevent the

proteolytic activity of the proteasome, while on the other hand, the proteasome

regulates NQO1 levels since when NQO1 is in apo state (NQO1 in absence of FAD
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binding) the protein is largely unstructured and it becomes a substrate of the 20S

proteasome’’*%.

1.2.3 POLYMORPHISMS IN NQO1

There are more than 250 SNPs in the NQO1 gene according to the dbSNP database

(http://www.ncbi.nlm.nih.gov/SNP), including the two most prevalent variants in the

human population, NQO1*2 and NQO1*3. NQO1*2 is the polymorphism most
frequent and it is a missense polymorphism which replaces the cytosine at position
609 of the cDNA for a thymine (c.C609T, rs1800566). This change codes for a proline to
serine change in the residue 187 of the human protein (P187S). The NQO1*3 is less
frequent and it represents a cytosine for thymine change at position 465 of the NQO1
cDNA (c.C465T, rs1131341). This change results in an arginine-to-tryptophan amino
acid substitution at residue 139 (R139W) in the protein™****'*_ |n this thesis NQO1*2

will be referred to as P187S and NQO1*3 as R139W.

1.2.3.1 THE P187S POLYMORPHISM

The majority of investigation on NQO1 polymorphisms have been focused on P187S
now that this polymorphism is the most noticeable, both in terms of frequency and

phenotypic consequences™*?

. The P187S polymorphism has been found in wide variety
of cell lines, many of them tumour cell lines commonly used in research. Its global

allelic frequency in the human population is estimated to be 0.29, being as high as 0.5

in some Asian populations (http://www.ensembl.org/index.html). There is a clear

relation between this polymorphism and increased cancer risk and there is a wide
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variety of cancer types associated with P187S such as, gastrointestinal, liver, colorectal,

3,124-127

lung, breast and thyroid among others . In addition, P187S has also been related

to increased susceptibility to poisoning by benzene and other carcinogenic

12116128 “ther functions of NQO1 are also affected by the presence of this

chemicals
polymorphism, for example, showing reduced efficiency as activator of cancer
prodrugs, or affecting multiple protective roles associated with interaction of NQO1

with other proteinslzg’lao.

P187S is a typical example of mutation associated with loss-of-function and
intracellular instability of the enzyme. This polymorphism was reported in 1980 by

130,131
30131 currently,

Edwards et al., but it was not characterized for the first time until 1992
it is well-known that P187S shows a reduction or even a total loss of the enzymatic
activity in the homozygous mutant. It seems to be related to a strong decrease, 10-100
fold, of the FAD binding affinity*>*32. In addition, this polymorphism gives rise to
reduced intracellular stability of the protein undergoing a fast degradation by 20S/26S
proteasome6’7. X-ray crystallographic analysis of P187S showed a structure virtually
identical to the wild-type NQO1 structure, although Nuclear Magnetic Resonance
(NMR) spectroscopy and proteolysis experiments confirmed the presence of partially
unfolded states in solution and a particularly high flexibility of its C-terminus’.
However, these results cannot totally explain the destructive effects of P187S in vitro

and in vivo, and protein dynamics analysis in depth should be carry out (as we do in

Publication 1 and Publication 2).
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1.2.3.2 THE R139W POLYMORPHISM

This polymorphism was characterized by Pan and colleagues about 1995 while they
were researching the MMC resistance of several types of cells lines******. R139W SNP
is also associated with increased cancer risk, although it is less well studied than P187S
SNP. It has an estimated global allele frequency of 0.02, reaching to 0.07 in Spanish

Iberian population (http://www.ensembl.org)®. R139W SNP results of an enhanced

alternative splicing events that can lead to a truncated mRNA with a deletion of exon
4, and therefore, to decrease the expression of the active full-length enzyme. Skipping
of exon 4 quantitatively varies among cancer sublines and it removes residues 102—-139
critical for quinone-binding site of NQO1 which carries out a very unstable and inactive

105,134,135

protein . In addition, R139W has been associated with reduced sensitivity

133134 Even though

towards some cancer prodrugs, such as MMC, in some cell lines
R139W is traditionally related to childhood acute lymphoblastic leukaemia and studies

to characterize this polymorphism have been performed, its involvement in disease

development was not well determined so far=.
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2. OBIJECTIVES

The main objectives of this doctoral thesis are:

1. Analysing the relation between protein dynamics, stability and functionality of

3.

two NQO1 polymorphisms and understanding their loss-of-function

mechanisms.

Determining the effects of P187S polymorphism on the C-terminal domain of

NQO1 and its link with the deleterious effects associated with this

polymorphism.

Studying the effects of P187S polymorphism on N-terminal domain, in

particular on FAD binding site, and its rescue by suppressor mutations.
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2. OBIJETIVOS

Los objetivos principales de esta tesis doctoral son:

1. Analizar la relacion entre la dindmica, la estabilidad y la funcionalidad de dos

polimorfismos de NQO1 y entender sus mecanismos de pérdida de funcion.

2. Determinar los efectos del polimorfismo P187S en el dominio C-terminal de

NQO1 vy su relacion con los efectos deletéreos asociados con este polimorfismo.

3. Estudiar los efectos del polimorfismo P187S en el dominio N-terminal, en
particular en el sitio de unién a FAD, y su rescate mediante mutaciones

supresoras.
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3. RESULTS

This chapter presents the results obtained throughout the development of this doctoral thesis.
They are classified in different sections according to the proposed objectives.

OBJECTIVE 1

* PUBLICATION 1

¢ E. Medina-Carmona, R.J. Palomino-Morales, J.E. Fuchs, P.G. Esperanza, M.T. Noel,
E. Salido, D.J. Timson, A.L. Pey, Conformational dynamics is key to understanding
loss-of-function of NQO1 cancer-associated polymorphisms and its correction by
pharmacological ligands, Sci. Rep. 6 (2016) 1-13. doi:10.1038/srep20331.

¢JCR Impact Factor (2016): 4.259

eCategory name /Quartile in Category: Multidisciplinary Sciences / Q1

OBJECTIVE 2

e PUBLICATION 2

¢ E. Medina-Carmona, J.L. Neira, E. Salido, J.E. Fuchs, R. Palomino-Morales, D.J.
Timson, A.L. Pey, Site-to-site interdomain communication may mediate different
loss-of-function mechanisms in a cancer-associated NQO1 polymorphism, Sci.
Rep. 7 (2017) 1-18. doi:10.1038/srep44532.

¢JCR Impact Factor (2016): 4.259

eCategory name / Quartile in Category: Multidisciplinary Sciences / Q1

OBJECTIVE 3

e PUBLICATION 3

¢ E. Medina-Carmona, J.E. Fuchs, J.A. Gavira, N. Mesa-Torres, J.L. Neira, E. Salido,
R. Palomino-Morales, M. Burgos, D.J. Timson, A.L. Pey, Enhanced vulnerability of
human proteins towards disease-associated inactivation through divergent
evolution, Hum. Mol. Genet. 26 (2017) 3531-3544. doi:10.1093/hmg/ddx238.

¢JCR Impact Factor (2016): 5.340

eCategory Name / Quartile in Category: Genetics & Heredity / Q1

e PUBLICATION 4

¢ |.G. Mufoz, B. Morel, E. Medina-Carmona, A.L. Pey, A mechanism for cancer-
associated inactivation of NQO1 due to P187S and its reactivation by the
consensus mutation H80R, FEBS Lett. 591 (2017) 2826—-2835. d0i:10.1002/1873-
3468.12772.

¢JCR Impact Factor (2016): 3.623

eCategory Name / Quartile in Category: Biophysics / Q1
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PUBLICATION 1

Conformational dynamics is key to understanding loss-of-function of
NQO1 cancer-associated polymorphisms and its correction by
pharmacological ligands.
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SCIENTIFIC REPLIRTS

Conformational dynamics is key

‘to understanding loss-of-function

of NQO1 cancer-associated
Jeooere: polymorphisms and its correction
e by pharmacological ligands

Medina-Carmona Encarnacién®”, Rogelio J. Palomino-Morales?*, Julian E. Fuchs®*", Padin-
Gonzalez Esperanzal, Mesa-Torres Noel', Eduardo Salido*, David J. Timson*® & Angel L. Pey?

Protein dynamics is essential to understand protein function and stability, even though is rarely
investigated as the origin of loss-of-function due to genetic variations. Here, we use biochemical,
biophysical, cell and computational biology tools to study two loss-of-function and cancer-associated
polymorphisms (p.R139W and p.P187S) in human NAD(P)H quinone oxidoreductase 1 (NQO1), a

* FAD-dependent enzyme which activates cancer pro-drugs and stabilizes several oncosuppressors.

© We show that p.P187S strongly destabilizes the NQO1 dimer in vitro and increases the flexibility of

. the C-terminal domain, while a combination of FAD and the inhibitor dicoumarol overcome these

. alterations. Additionally, changes in global stability due to polymorphisms and ligand binding are
linked to the dynamics of the dimer interface, whereas the low activity and affinity for FAD in p.P187S is
caused by increased fluctuations at the FAD binding site. Importantly, NQO1 steady-state protein levels
in cell cultures correlate primarily with the dynamics of the C-terminal domain, supporting a directional
preference in NQO1 proteasomal degradation and the use of ligands binding to this domain to stabilize
p-P187S in vivo. In conclusion, protein dynamics are fundamental to understanding loss-of-function in
p-P187S, and to develop new pharmacological therapies to rescue this function.

The study of NAD(P)H quinone oxidoreductase 1 (NQO1, EC 1.6.5.2) polymorphisms is particularly interesting
due to its enhanced expression in several types of cancer'. NQO1 is a dimeric, two-domain FAD-dependent
enzyme (Fig. 1A) which catalyses the two electron reduction of quinones and related substrates through an
enzyme-substituted mechanism in which NAD(P)H enters the active site, reduces the FAD and exits as the oxi-
: dised form, allowing the subsequent substrate binding and reduction by the FADH,*. Primarily, NQO1 avoids
: the formation of reactive semiquinones, maintains antioxidants such as a-tocopherol and ubiquinone in their
. reduced state, and also activates some anticancer bioreductive drugs (e.g. mitomycin C (MMC) and a MMC ana-
. logue, EO9)**. Additionally, NQO1 interacts with tumour suppressors such as p53 and p73 and stabilizes them
© towards proteasomal degradation®, while its interaction with the 20S proteasome prevents the degradation of a
. plethora of proteins with intrinsically disordered regions, including several cell cycle regulators, tumor suppres-
sors and apoptotic proteins'.
Two single nucleotide polymorphisms in NQO1 were originally isolated from cancer cell lines, namely
rs1800566/c.C609T/p.P187S and rs1131341/c.C465T/p.R139W''-13. The frequency of the p.P187S allele is much

!Department of Physical Chemistry, Faculty of Sciences, University of Granada, Granada, Spain. 2Department
of Biochemistry and Molecular Biology I, Faculty of Sciences, University of Granada, Granada, Spain. 3Centre for
Molecular Informatics, Department of Chemistry, University of Cambridge, Cambridge, UK. “Hospital Universitario
de Canarias, Tenerife, Spain. °School of Biological Sciences, Queen’s University Belfast, Belfast, UK. School of
© Pharmacy and Biomolecular Sciences, The University of Brighton, Brighton, UK. *These authors contributed equally
* to this work."Present address: Institute of General, Inorganic and Theoretical Chemistry, Faculty of Chemistry
. and Pharmacy, University of Innsbruck, Innsbruck, Austria. Correspondence and requests for materials should be
addressed to A.L.P. (email: angelpey@ugr.es)
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Figure 1. Dicoumarol and FAD mediated stabilization of NQO1 enzymes. (A) Structural location of
Arg139 (red) and Pro187 (blue) and the ligands FAD (orange) and dicoumarol (dark green) based on the
ternary complex determined by X-ray diffraction (PDB: 2F10?°). The N-terminal domain (residues 2-217) and
C-terminal domain (residues 218-274) are displayed in cyan and light green, respectively; (B,C) Binding sites
of FAD (B; PDB: 1D4A%) and dicoumarol (C, PDB: 2F10%), as determined by X-ray diffraction. (D,E) DSC
profiles of R139W and P187S enzymes in the absence and presence of 100 uM FAD and 250 pM dicoumarol.
Lines in panel (D) are fits to a two-state kinetic model. (F) Dicoumarol concentration dependence of T, values
for NQOL1 enzymes in the absence (open symbols) and presence (closed symbols) of 100 uM FAD. For WT

and p.R139W, T, values are derived from fits to a two-state kinetic model, while for p.P187S correspond to the
maximum of the heat capacity values for the high-temperature transition.

higher than of p.R139W in human population (about 30% vs. 1-2%; www.ensemble.org;)'%. A recent compre-
hensive meta-analysis using over 21000 cases and 25000 controls have supported an association of the p.P187S
polymorphism in homozygosis and an overall increased cancer risk'. Although p.R139W is rarely found in
homozygosis, this polymorphism in heterozygosis has been associated with increased risk of developing acute
lymphoblastic leukemia in children'®. To our knowledge, no exhaustive association studies of these polymor-
phisms and the response to different chemotherapies have been described so far.

p.P187S is known to strongly reduce cellular NQO1 protein levels and activity'>'7, thus diminishing its effi-
ciency in the reductive activation of cancer drugs such as MMC. The intracellular instability of p.P187S is caused
by enhanced fast degradation by the 20S/26S proteasome'®!? while its low activity is in part associated to its low
affinity for FAD'8021, The p.R139W polymorphism is less well studied, showing WT activity levels towards using
dichlorophenol indophenol (DCPIP) as substrate® but reduced activity towards MMC!!. This polymorphism is
thought to primarily reduce the sensitivity towards MMC in cell lines due to alternative splicing causing skipping
of exon 4, and therefore, decreasing the expression of the active full-length enzyme!*?2, Even though p.P187S
does not affect the overall conformation of NQO12, a higher population of apo-NQO1 due to its defect in FAD
binding may shift the folding equilibrium towards partially denatured states, which are much more sensitive
to proteasomal degradation'®2%2!. Therefore, boosting intracellular levels of FAD may protect p.P187S towards
degradation'®?*?!. Remarkably, X-ray crystallographic analysis of p.P187S has revealed no significant structural
changes, while nuclear magnetic resonance (NMR) spectroscopy and proteolysis experiments supported partial
unfolding and enhanced flexibility of p.P187S in solution®..

Protein dynamics is a key factor in many aspects of protein function, such as enzyme catalysis?’, allosteric
regulation®® and protein degradation®. In the case of NQO1, polymorphisms may affect local dynamics therefore
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NQOI1 (Ligand) Ky Ky,

WT (FAD) ~1nM 60nM
P.RI39W (FAD) ~3nM 70nM
p.P187S (FAD) 400nM N.app.
WT (Dicoumarol) 1224+37nM N.app.
p-R139W (Dicoumarol) 56+ 18nM N.app.
p-P187S (Dicoumarol) 11+3pM N.app.

Table 1. Binding affinity of NQO1 variants for FAD and dicoumarol determined by ITC. Dissociation
constants correspond to fittings to a two-sequential binding sites or to a single-set of independent binding
sites (N. app. indicates a single set of sites model). FAD binding constants are the average of two independent
titrations (from?°) and dicoumarol binding constants are best-fits values + fitting errors from a single titration
(Fig. S1).

leading to changes in protein stability and functionality, and also, natural ligands may overcome these dynamic
effects and be used to rescue NQO1 function. Thus, we explore here the relation between protein dynamics,
stability and functionality of NQO1 polymorphisms using a combination of experimental and computational
procedures, including biophysical binding and stability studies, analyses of the local flexibility by proteolysis and
mass spectrometry, molecular dynamic simulations and expression studies in cultured cells. The results provided
here are critical to understanding NQO1 loss-of-function in cancer patients and for the discovery of new ligands
aimed at rescuing NQO1 function by shielding the polymorphic variants from proteasomal degradation.

Results

FAD and dicoumarol additively stabilize NQO1 enzymes towards thermal denaturation.
Arg139 and Pro187 are located in solvent exposed loops within the N-terminal catalytic domain (Fig. 1A). These
two residues are not directly involved in the binding sites of FAD and/or NADH/dicoumarol (Fig. 1A-C), even
though p.P187S strongly decreases NQOL1 activity (k., of 0.5-1s7! for p.P187S vs. 100-150s~! for WT, in three
different protein batches) and affinity for FAD!>172021 (see Table 1). Nevertheless, addition of FAD causes a
strong kinetic and thermal stabilization of all NQO1 enzymes'®* (Fig. 1D-F). The p.P187S polymorphism also
decreases the binding affinity for dicoumarol by 100-fold compared to WT and p.R139W (Table 1 and Fig. S1). As
also seen with FAD, dicoumarol is able to enhance the thermal and kinetic stability of all NQO1 enzymes, and its
stabilizing effect is additive to that of FAD (Fig. 1D-F). Therefore, two ligands interacting with different structural
regions of NQO1 (FAD primarily with the N-terminal domain, while dicoumarol interacts with residues at both
N-terminal and C-terminal domains, Fig. 1B,C) may enhance the global stability of NQO1 polymorphisms in
vitro.

Proteolysis supports local changes in NQO1 protein dynamics by cancer-associated polymor-
phisms and their modulation upon ligand binding. To investigate the potential effects of NQO1 pol-
ymorphisms on protein dynamics, possibly leading to reduced conformational stability and impaired catalytic
function, we have performed proteolysis studies with thermolysin. First, we have determined the sensitivity of
NQOL variants towards degradation using different concentrations of protease and the effect of added FAD (Fig. S2),
since as purified, WT and p.R139W contain significant amounts of FAD bound, while P187S is essentially an
apo-protein'®?. As purified, WT and p.R139W show similar resistance towards proteolysis by thermolysin, while
p.P187S is about 100-fold more sensitive. Addition of FAD has little or no effect in the sensitivity of native NQO1
enzymes towards degradation, even though some changes in the proteolysis patterns are observed (Fig. S2). These
results agree well with those of a recent study performed with WT and p.P187S using trypsin®'. Addition of
dicoumarol has little effect on the extreme sensitivity of p.P187S towards degradation, while simultaneous addi-
tion of FAD and dicoumarol strongly protects p.P187S (Fig. S2).

To characterize the proteolysis patterns of NQO1 enzymes in the absence and the presence of FAD and dicou-
marol, we have performed kinetic analyses by SDS-PAGE in combination with HPLC/ESI-MS and N-terminal
sequencing of selected proteolysis products. WT and p.R139W are degraded at similar rates, although degrada-
tion of p.R139W is slightly faster, and the proteolysis rates of these two variants are not affected by the addition
of FAD (Figs 2A,B and 3A). For these two variants, we observed the accumulation of two partially proteolyzed
forms: i) one with a molecular mass of ~31.5kDa (Table S1; note that our full-length construct is ~32.6kDa) and a
N-terminal sequence (Seq A, site WT-1; Fig. 3B) consistent with the cleavage in the far N-terminal sequence and
the release of the his-tag (forming a species with a theoretical mass of 31555 Da). Therefore, this cleavage event
essentially leads to the formation of a native full-length NQO1 enzyme; ii) a second form with a size of ~22.8kDa
(from HPLC/ESI-MS analyses, see Table S1) and the N-terminal sequence (Seq B, site WT-2; Fig. 3B), consistent
with cleavage between Ser72-Val73 and that would generate a form with a theoretical mass of 22825 Da (in agree-
ment with its experimentally determined mass; Table S1). Therefore, the main proteolysis product of WT and
p-R139W by thermolysin is formed upon cleavage at the N-terminal region of NQO1 (named I,, ) and contains
residues 73-274. This cleavage site differs from those for trypsin and chymotrypsin previously reported in WT
NQOI1 (occurring at residues 230-240°), probably due to different protease specificities.

Proteolysis of p.P187S by thermolysin is very fast and shows a different pattern, with the accumulation of
two partially proteolyzed forms (Fig. 2A): a transiently populated form with a mass of 29.9kDa that leads to
the formation of a 28.2 kDa product that is strongly stabilized by FAD (Fig. 2B). This proteolysis pattern also
resembles that of p.P187S using trypsin?!. The 28.2kDa product has an N-terminal sequence (Seq C in Fig. 3B)
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Figure 2. Proteolysis of NQO1 enzymes by thermolysin. Different panels display different experimental
conditions: panel (A) show data for NQO1 enzymes as purified; panel (B) shows NQO1 enzymes in the
presence of 100 pM FAD; panel (C), apo-NQO1 enzymes. In each panel, SDS-PAGE gels are shown at the upper
part, while the time-dependence of native bands (closed circles) and selected intermediates (open triangles for
I, s and open circles for I,4,) are shown. Samples identified by HPLC/ESI-MS are indicated in the gels together

with their molecular weight determined by this technique.
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Figure 3. Proteolysis probes the local dynamics at N-terminal and C-terminal domains of NQO1 and the
effects of polymorphisms and ligand binding. (A) Proteolysis rate constants of different NQO1 enzymes
under different experimental conditions: NQO1 (as purified), FAD (in FAD excess), Apo (FAD withdrawn),
Dic (in dicoumarol excess) and FAD + Dic (in FAD and dicoumarol excess). (B) Cleavage sites mapped onto
the sequence of the WT NQO1 construct used in our study. Numbering corresponding to the NQO1 sequence
excluding the N-terminal tag. Seqs (A-C) are N-terminal sequences determined for selected proteolysis
products (highlighted in blue and underlined). The primary cleavage sites are labeled in red. See the main text
for additional details. (C-F) proteolysis probes the local dynamics of NQO1 proteins. (C) The linear response
of proteolysis rate constants with protease concentration shows that the proteolysis step is rate-limiting under
these conditions; (D) Far-UV CD signals at 220 nm after 4 h incubation at selected urea concentrations (protein
concentration 6 pM in monomer); (E) Proteolysis of NQO1 enzymes as holo-proteins after incubation with

1 M urea for at least two hours (open symbols) or without urea (closed symbols). Thermolysin concentrations
were 0.1 uM (WT and p.R139W) and 1 nM (p.P187S). (F) Dependence of the proteolysis rate constants at
different urea concentrations after correction by the urea effect on thermolysin activity reported by?® (k").

The equilibrium m values are —0.14 £0.12 (WT), —0.30 £ 0.15 (p.R139W) and —0.12 +0.21 (p.P187S), in
kcal- mol™t-M L.

consistent with cleavage between residues 1 and 2 of our NQO1 construct, and thus, thermolysin is also cleaving
at its C-terminal region. Since thermolysin cleaves at the N-terminus of hydrophobic residues?, the cleavage site
is either between Gly235-Phe236 (theoretical mass, 28087 Da) or Phe236-Leu237 (theoretical mass, 28234 Da)
which we refer to as the P187S site (Fig. 3B) and the intermediate formed as I,g,. Therefore, FAD binding seems
to strongly affect NQO1 dynamics, but in the case of p.P187S, the far C-terminal region is still highly dynamic
and sensitive to proteolysis (in agreement with*'). Dicoumarol binding strongly protects (by ~400-fold; Fig. 3A)
p.P187S towards degradation in the presence of FAD (Figs S2 and S3), supporting the hypothesis that its binding
overcomes the dynamical effects of this polymorphism when FAD is also bound. In contrast, dicoumarol binding
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modestly protects WT and p.R139W (~5-fold), and this stabilization does not depend on the addition of a FAD
excess (Fig. 3A). We also noted that, a dicoumarol specific effect on the C-terminal dynamics of p.P187S could
contribute to the low affinity of this variant for dicoumarol (Table 1).

Since p.P187S contains low levels of FAD as purified due to its low binding affinity?**! (and Table 1), we eval-
uated the proteolysis kinetic patterns of the three apo-proteins (Fig. 2C). Interestingly, all three NQO1 enzymes
show a similar behaviour, being extremely sensitive towards cleavage, and thus they appear to be very dynamic
ensembles (Figs 2C and 3A). In the case of WT and p.R139W, removal of FAD leads to a 200-fold increase in the
sensitivity towards thermolysin (Fig. 3A), which qualitatively agrees with previous reports on WT NQO1 using
trypsin®"*. Analyses of the proteolysis reactions of apo-NQO1 enzymes at short times revealed a very heteroge-
neous mixture of proteolysis products (Fig. 2C), but we also detected high levels of the two proteolysis products
corresponding to those found in p.P187S, with masses of 29.9 and 28.2kDa (Table S1). According to these data,
and previous proteolysis experiments on apo WT using trypsin*"?, proteolysis of apo-enzymes support a highly
flexible C-terminal domain.

The cleavage site between Ser72-Val73 (site WT-2) is located in a helix and displays average B-factors and
low solvent accessibility based on the crystal structures of either WT or p.P187S NQO1 (Fig. S4). In principle,
this cleavage site would not be accessible in the native state, and thus, it would require a local unfolding event
to become susceptible to proteolysis. In all structures analyzed, the cleavage site for p.P187S (Gly-235-Leu237;
site P187S) is found at a more solvent-exposed region with high B-factors (Fig. S4), suggesting that this region
would be highly dynamic in the native state. However, caution is required when using the X-ray crystal structure
to derive dynamic information on these cleavage sites, and instead, we used dynamic information obtained from
molecular dynamic simulations (see next section).

To determine whether cleavage at sites WT-2 and P187S occur through an unfolding event or due to a local
fluctuation, we have measured the kinetics of proteolysis in the presence of low urea concentrations?. First, we
confirmed that, under the experimental conditions, the proteolysis step is rate-limiting for all NQO1 enzymes
(Fig. 3C). Then, we selected low urea concentrations (0-1 M) that do not cause significant unfolding based on
Far-UV CD measurements (Fig. 3D). These conditions are thus reflecting proteolysis of NQO1 enzymes under
near-native conditions. In this scenario, if significant unfolding is required to reach the cleavable state, the pro-
teolysis rate constant will strongly depend on urea concentration (i.e. urea will speed up proteolysis), and the
urea concentration dependence of the proteolysis rate constant will yield the equilibrium m value between the
native and cleavable states, which is expected to be 3.1kcal-mol~-M™! for the complete unfolding of the NQO1
monomer”. Conversely, if a local fluctuation leads to the cleavable state, then the proteolysis rate constants will
be essentially independent of urea concentration®. In our case, we found that proteolysis was somewhat slowed
down by the presence of urea (Fig. 3E), due to the modest inhibition of thermolysin by urea?®. When corrected for
this effect (k" in Fig. 3F), equilibrium m values are almost zero (Fig. 3F), supporting the local fluctuation mecha-
nism for the proteolysis of all three holo-NQO1 enzymes.

Effect of polymorphisms and ligand binding on NQO1 global stability from MD simulations.
We have then studied whether the changes in thermal/kinetic stability of NQO1 due to polymorphisms and
ligand binding correlate with changes in the average dynamics of NQO1 using molecular dynamics (MD) simu-
lations. In these simulations, the polymorphisms and/or the ligands have no significant effects on the overall sec-
ondary structure content (a-helix and 3-sheet; Table S2) in agreement with previous experimental spectroscopic
analyses?. Furthermore, we do not observe major differences in sampled conformations as the maximum RMSD
between all systems is below 2 A.

Three parameters that refer to the conformational dynamics were analyzed: B-factors (Fig. 4A), dihe-
dral entropies and total vibrational entropies from normal mode analyses (Fig. S5). Average B-factors for the
apo-proteins showed a good correlation with their effect on thermal/kinetic stability, with larger average values
as the stability decreases. These effects were also observed for dihedral and vibrational entropies, but to a lower
extent. Addition of FAD causes to all three proteins a remarkable decrease in the average B-factors (Fig. 4A),
consistent with the strong stabilization exerted by FAD in all three variants® (and Fig. 1). Again, the same trend
is observed for the dihedral and vibrational (Fig. S5) entropies, but the results are less pronounced. Addition of
dicoumarol also reduces the flexibility of apo- and holo-forms of WT and p.P187S (Figs 4A and S5), consistent
with its global stabilizing effect on both variants.

Since the NQO1 dimer dissociates prior to the rate-limiting step of thermal denaturation®, the stability and
flexibility of the monomer-monomer interface must strongly affect the kinetic stability of NQO1. Indeed, the
destabilizing effect of polymorphisms and stabilizing effect of FAD binding are associated with large changes in
the flexibility of the monomer-monomer interface (Fig. 4B). These changes in flexibility may affect the optimal
interactions at the dimer interface, thus contributing to the kinetic stability of NQO1 enzymes.

Correlation between changes in local dynamics from proteolysis and MD simulations. As
native state local fluctuations govern NQO1 proteolysis kinetics, we have used our MD simulations to correlate
proteolysis experiments by thermolysin (and trypsin®') with changes in flexibility at the residue level. In the
case of NQOJI, proteolysis kinetics at a certain site depends on the local dynamics of the site as well as on the
intrinsic preference of the protease to cleave at that sequence. For these analyses, we have considered a window
of about 10 residues around the cleavage site, since the conformation (and dynamics) of 10-12 residues around
the cleavage site determines efficient protease binding and cleavage™®. The flexibility of all three variants around
the Ser72-Val73 cleavage site decreases upon FAD binding, whereas only WT and p.R139W also showed a similar
decrease in the Gly235-Leu237 cleavage site (Fig. 4C-E). These results are consistent with fast cleavage of holo-p.
P187S at the P187S site (Fig. 3A,B; please see?! for similar results using trypsin). Similar analyses performed using
dihedral entropies showed that FAD binding causes a modest decrease in flexibility at the Ser72-Val73, but no
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Figure 4. MD simulations support the role of global and local dynamics on the effects of polymorphisms
on stability, catalytic function and ligand binding. (A,B) Effects on the global (A) and dimer interface (B)
dynamics (B-factors); (C-E) Effects of NQO1 polymorphisms, FAD and FAD + dicoumarol binding on the
dynamics at the residue level at the vicinity of the N-terminal and C-terminal primary cleavage sites of the
NQO1 enzyme. (F-H) Difference in dynamics (F), o-helix (G) and 3-sheet (H) propensities between p.P187S
and WT NQO1 without bound ligands and with FAD bound at the residue level. (I,J) Effect of ligand binding
(FAD, dicoumarol and FAD + Dicoumarol) on the local dynamics of WT (I) and p.P187S (J) at the residue level.
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clear effect at the Gly235-Leu237 site (Fig. S5). Simultaneous binding of FAD and dicoumarol caused a decrease
in flexibility at the Gly235-Leu237 cleavage site of p.P187S (Fig. 4E), supporting the conclusion that this variant is
protected towards proteolysis in the presence of both ligands.

Changes in local dynamics at the FAD and NADH/Dicoumarol binding sites explain the catalytic
impairment of p.P187S. p.P187S binds FAD and dicoumarol (a competitive inhibitor of NADH) with
~10-100 fold lower affinity than the WT enzyme?*?! (Table 1). To explain these alterations in binding affinity at
the structural and dynamic levels, we have compared the flexibility (B-factors) and secondary structure propen-
sities of p.P187S and WT NQO1 from our MD trajectories (Fig. 4F-]). It is worth noting that changes in either
the ligand-free or the ligand-bound conformational ensembles are expected to affect the ligand binding affinity.

The p.P187S polymorphism seems to affect the flexibility of different regions important for FAD binding
(Figs. 1B and 4F). As apo-protein, this polymorphism increases the flexibility of the region 58-67, which is
compensated by FAD binding in p.P187S, and thus causes an energy (entropic) penalty to fix the right interaction
of GIn66, Tyr67 and Pro68 with the FAD molecule. A significant increase in flexibility is also found for p.P187S,
either as apo- and holo-enzyme, in the region 127-134 including Tyr126 and Tyr128 which are part of the FAD
binding site, also possibly affecting the proper interaction with FAD. In the FAD-bound state of p.P187S, we also
observed local changes in secondary structure propensities at several regions involved in the FAD binding site
(residues 123-127, 170-179 and 241-248; Fig. 4G,H) which may also destabilize the FAD-NQO1 complex in this
variant by distorting the FAD binding site.

Binding of dicoumarol has also significant effects on the local dynamics of NQO1 WT and p.P187S (Fig. 41,])
altering the dynamics of three regions forming the dicoumarol binding site (Fig. 1C), and notably, these changes
differ between WT and p.P187S (Fig. 41,]). Residues 127-136, 149-155 and 230-238 involve regions of high flex-
ibility in the apo-state of WT, which show much lower flexibility upon ligand binding, especially in the ternary
(FAD + dicoumarol) complex (Fig. 4I). It is also important to note that in our MD simulations, dicoumarol does
not adopt a well-defined binding pose in the absence of FAD, but binding becomes much stronger when FAD is
also present. The most noticeable change in p.P187S is found in the region 127-136 (Fig. 4]), which is much more
flexible in the apo-state than that for WT. Therefore, this region becomes much more conformationally restrained
in the ternary complex, and thus, entropically penalizes dicoumarol binding to p.P187S explaining its lower affin-
ity for this inhibitor.

Rescue of p.P187S in cultured cells requires stabilization of its C-terminal domain. The dynamic
alterations caused by p.P187S might be important to understand the low activity and stability of this polymor-
phism in vivo. Since small ligands such as FAD and dicoumarol correct these dynamic alterations in vitro, they
could be used pharmacologically to rescue p.P187S. We have thus evaluated the effect of riboflavin and dicouma-
rol in NQOI protein levels using cell lines endogenously expressing different NQO1 variants: HeLa (homozygotes
for WT), HCT 116 (heterozygotes for p.R139W) and Caco-2 cells (homozygotes for p.P187S).

The steady-state levels of p.P187S in Caco-2 cells are enhanced 4-5 fold in the presence of dicoumarol, while
riboflavin alone (a precursor of FAD) has a much lower effect (Fig. 5). Remarkably, these two ligands have small
effects on the protein levels of WT (HeLa cells) and p.R139W (HCT 116 cells) (Fig. 5). Since the stability of
p.P187S towards proteasomal degradation correlate well with its protein levels in cells, without significant effects
on mRNA levels®, these results suggest that dicoumarol binding is protecting p.P187S towards proteasomal deg-
radation. Therefore, our results may imply that the intracellular stability of p.P187S strongly depends on the
dynamics of its C-terminal domain, which could be therapeutically targeted by ligands binding to its C-terminal
domain (such as dicoumarol). Moreover, since intracellular levels of NQO1 are determined to a large extent
by the rate of degradation by the 26 S and/or 20S proteasome'®', our results also suggest that the proteasome
degrades p.P187S preferentially through its flexible C-terminal end.

Discussion

The effects of pathogenic genetic variations on protein folding, stability and function are often interpreted using
high-resolution crystal structures. However, alterations in protein dynamics are not straightforwardly inferred
from this type of structural approach. Particularly, the effect of the p.P187S polymorphism on the crystal struc-
ture of NQO1 have been shown to be marginal®!, and therefore, little insight into the pathogenic mechanisms
leading to increased risk of cancer can be extracted from these static analyses. By contrast, the present study
shows that the pathogenic effects of p.P187S can be studied in-depth using a combination of experimental and
computational approaches aimed at correlating changes in protein dynamics, stability and functionality in vitro
and inside cells. Indeed, the low activity and stability of p.P187S appears to have a dynamic origin, caused by a
significant increase in local flexibility at the active site, particularly at the FAD and NADH/substrate binding
sites and at the dimer interface. While riboflavin/FAD supplementation may rescue the activity of p.P187S by
shifting the equilibrium towards the functional holo-state, the intracellular stability of this polymorphism seems
to require a ligand (such as dicoumarol) that overcomes the dynamic alterations at the C-terminal domain, at
least in our cell model systems. In the case of p.R139W, dynamic alterations are much weaker thus leading to only
modest changes in activity and stability'?**2, and therefore, the main molecular pathogenic mechanism for this
polymorphism is likely to be the skipping of exon 4 (residues 102-139 of the full-length protein) that destroys the
binding sites of FAD and the substrate (Fig. 1B,C) rendering an inactive and unstable protein'!.

A recent study has shown that apo-NQO1 proteins are highly susceptible to proteolysis by trypsin, and in
the case of p.P187S, this high susceptibility is not corrected upon FAD binding®'. These results, in combination
with those from NMR spectroscopy, have supported that p.P187S in the apo-state is highly dynamic, while in the
holo-state its C-terminal domain remains flexible, which may compromise its catalytic efficiency?!. Importantly,
our present work allows to map changes in protein dynamics at the residue level due to p.P187S and ligand
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Figure 5. Pharmacological rescue of p.P1878S. Effect of riboflavin (Rb) and/or dicoumarol (Dic) on the steady-
state NQO1 protein levels in HeLa cells (expressing WT NQO1), HCT 116 cells (heterozygous for p.R139W)
and Caco-2 cells (homozygous for p.P187S). Representative western-blots for NQO1 and (3-actin in soluble
extracts upon treatment with or without riboflavin and/or dicoumarol. The plots show the protein NQO1 levels
corrected for 3-actin levels and normalized using those from untreated cells. Data are mean & S.E.M. from three
independent experiments.

binding, and also to link them with alterations in protein stability (specially at the monomer:monomer inter-
face and the C-terminal domain) and activity. Indeed, p.P187S affects the dynamics of both the C-terminal (as
previously shown by?') and N-terminal domains, particularly at the FAD and NADH/dicoumarol binding sites,
and these dynamic alterations in both domains contribute to its poor catalytic performance and binding affinity
for these ligands. We also observe that FAD binding is not sufficient to correct the dynamic alterations at the
C-terminal domain in vitro (as also shown by?') and in eukaryotic cells, and that dicoumarol binding is required
for its correction. Our experiments thus support that the dynamics of the C-terminal domain, and its modula-
tions by ligands, determine to a large extent the intracellular stability of p.P187S.

Our results have important implications for the search of pharmacological ligands correcting NQO1 intra-
cellular stability and function, as new therapeutic approaches for those cancer patients bearing the p.P187S pol-
ymorphism, similar to those recently proposed to rescue unstable cancer-associated mutants of p53°2. Protein
degradation by the 20 S proteasome may proceed by either the N- and C-terminus, as well as from internal
sequences, and depends on the protein substrate and the local stability of the initiation site recognized by the
proteasome®. Similarly, degradation by the 26 S proteasome requires the recognition of a polyubiquitin tag and
a disordered initiation site, often in the form of a dynamic tail of about 30 amino acids®. Therefore, local (rather
than global) unfolding rates and/or thermodynamic stabilities may determine the directional preference of pro-
teasomal to degrade proteins (as recently proposed by**). Our MD simulations show that the C-terminal end
of NQOL1 is more flexible than the N-terminal (Fig. S6), which may imply that degradation of the WT protein
proceeds preferentially through its C-terminal. Accordingly, the enhanced proteasomal degradation of p.P187S
would be linked to its dramatic effect on the C-terminal dynamics. Therefore, in the search for novel pharmaco-
logical chaperones to rescue p.P187S, we should take into account their effects on the stability and dynamics of
the C-terminal domain.

In conclusion, we provide a comprehensive picture of the structural and dynamic consequences of NQO1
polymorphisms, linking changes in protein dynamics with impaired NQO1 function and FAD binding, par-
ticularly for p.P187S, and leading to increased cancer susceptibility (and to lower responses to some chemo-
therapeutic strategies). Moreover, alterations in protein dynamics can be modulated by small ligands, therefore
setting a molecular framework to search for new pharmacological ligands to treat patients bearing these poly-
morphisms. Additionally, our approach could be used to unravel the pathogenic mechanisms underlying other
loss-of-function genetic diseases associated to increased protein turnover, and notably, to dissect the complex
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effects of mutations and polymorphisms on the conformational and dynamic features of native proteins ulti-
mately causing catalytic and stability defects.

Materials and Methods

Protein expression and purification. NQO1 enzymes were expressed in and purified from Escherichia
coli as N-terminal hexahis-tagged proteins as described?’. Apo-proteins were obtained upon treatment with
potassium bromide as described®. NQO1 enzymes were stored in HEPES-KOH 50 mM pH 7.4 at —80°C and
their concentration measured spectrophotometrically as described®. Three independent purifications of each
NQOL1 were used thorough this study, and control experiments were performed to confirm that the results are
batch-independent.

Differential scanning calorimetry (DSC). DSC studies were performed on a capillary VP-DSC differ-
ential scanning calorimeter (Malvern Instruments) with a cell volume of 0.135mL. Scans were performed at a
1-3°C-min"! in a temperature range of 5-80 °C using 5-30 pM NQOI1 (monomer) in 50 mM HEPES-KOH, pH
7.4. In some experiments, FAD and/or dicoumarol (both from Sigma-Aldrich) were added to a final concentra-
tion up to 0.5 mM. Stock solutions of dicoumarol 10 mM were prepared in 0.1 M NaOH.

Activity measurements. NQOTI activity was measured in 50 mM HEPES-KOH, pH 7.4. A reaction mix-
ture containing recombinant NQO1 and 0.5 mM NADH was incubated at 30 °C for 5min in a 1 cm path length
quartz cuvettes in a thermostatized Agilent 8453 diode-array spectrophotometer. The reaction was triggered by
the addition of DCPIP 75pM as the electron acceptor. Initial reaction rates were determined from changes in
Agoonm resulting from the reduction of DCPIP and corrected for the non-enzymatic reaction. The NQO1 concen-
tration used varied depending on the variant to ensure linearity over time and protein concentration: 1-2nM for
WT and 25-50 nM for p.P1878S. The specific activity was calculated using €4, = 21000 M -cm ™! for DCPIP.

Isothermal titration calorimetry (ITC). Experiments were performed in a VP ITC,y, microcalorimeter
(Malvern Instruments) with a cell volume of 0.205mL. Cell samples contained 5pM NQO1 enzymes (dimer)
in HEPES-KOH 50 mM pH 7.4 and were titrated using 0.25 mM dicoumarol by performing 30-50 injections of
0.8-1.2pL each 180-240s. Data were corrected for heats of dilution by performing dicoumarol titrations into
buffer. After peak integration, binding isotherms were analyzed using a one-type of independent sites model
using the software provided by the manufacturer.

Proteolysis by thermolysin. Thermolysin from Bacillus thermoproteolyticus rokko was purchased from
Sigma-Aldrich, dissolved in HEPES-KOH 50 mM CaCl, 10mM pH 7.4, stored at —80°C and its concentra-
tion measured spectrophotometrically using €5 ,,, = 66086 M~ '.cm™!. Proteolysis was performed at 25°C in
HEPES-KOH 50 mM CaCl, 10 mM pH 7.4 using 20 pM in NQO1 (monomer), and the reaction was initiated
by the addition of thermolysin (at a final concentration of 10 pM-1 M) in a final volume of 200 pL. Proteolysis
reactions were performed using the NQO1 proteins as purified or as apo-proteins. In some cases, FAD and/
or dicoumarol were added to a final concentration of 100 pM. At different times, 20 pL of the reaction mixture
were withdrawn and proteolysis quenched by addition of 5L of EDTA 100 mM pH 8, mixed with Laemmli’s
buffer and denatured at 95 °C for 5 min. Samples were resolved in 12% acrylamide SDS-PAGE gels, stained with
Coomassie Blue and densitometered using Image]J (http://rsbweb.nih.gov/ij/). After normalization of the inten-
sities using that of the control sample in the absence of thermolysin, the Intensity (I) vs. Time () profiles were
analyzed using a single exponential function:

I=1,- expfk't

where k is the proteolysis rate constant and I, the initial intensity.

In some cases, NQO1 samples were incubated with urea (0-1 M) for 4hours at 25 °C and then proteolysis
rates constants were determined as described above. In this case, the observed proteolysis rate constants (k) were
corrected for the corresponding inhibitory effect of urea on thermolysin at a given urea concentration reported
by?®. These corrected constants (k") were used to determine equilibrium m values from the slope of aIn k” vs.
[urea] as previously described?.

Limited proteolysis studied by mass spectrometry and N-terminal sequencing. Inselected con-
ditions, proteolysis reactions were performed as described above in a volume of 500 pL. After quenching with
EDTA, samples were concentrated to 100 pL and submitted to two concentration/dilution cycles with water to a
final volume of 100 pL using Vivaspin 10000 Da cut-off filters. These samples were analyzed by high performance
liquid chromatography/electrospray-ionization mass spectrometry (HPLC/ESI-MS) at the high resolution mass
spectrometry service at the Centro de Instrumentacién Cientifica, University of Granada. HPLC/ESI-MS was
performed in a Acquity UPLC system (Waters) using a gradient of water/formic acid (0.1%) and acetonitrile/for-
mic acid (0.1%) using a Acquity UPLC BEH300 C4 column (2.1 x 50 mm; Waters) coupled to a QTOF Synapt62
HDMS (Waters).

For N-terminal sequencing, 100 pL of selected proteolysis mixtures were denatured in Laemmli s buffer and
run in a 12% SDS-PAGE followed by electrotransference to a polyvinylidene difluoride (PVDF) membrane. The
membrane was stained with Coomassie blue G-250 and selected bands were cut, destained and equilibrated in
water for N-terminal sequencing by the Edman s method (performed at the service of Protein Chemistry, Centro
de Investigaciones Bioldgicas, Madrid, Spain).
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Circular dichroism spectroscopy. The effect of low urea concentrations (0-2 M) on the conformation of
holo-NQO1 enzymes was monitored by circular dichroism (CD) spectroscopy in a Jasco J-710 spectropolarime-
ter and thermostatized at 25 °C using a Peltier element. Protein samples (6 xM NQO1 monomer) were prepared
in HEPES-KOH 50 mM pH 7.4 in the presence of 0-2 M urea, incubated at 25 °C for 4-6h and their Far-UV CD
spectra acquired using 1 mm path length cuvettes. Four scans were measured for each sample in a 210-260 nm
range at 100 nm-min ! scan rate and averaged. The corresponding blanks without NQO1 were measured similarly
and subtracted.

Structural analyses based on the NQO1 crystal structures.  Structural calculations were performed
using the structures 2F10 (for WT NQOL1 in the presence of dicoumarol)*, 1DXO (for WT NQOL in the pres-
ence of duroquinone)® and 4CF6 (for p.P187S in the presence of Cybacron blue)?!. Average B-factors were
determined for the different protein chains described in the structures and the averages are presented. Solvent
accessible surface areas (SASA) of the main-chain and side-chains were calculated using the Shrake-Rupley algo-
rithm?” with a radius of 1.4 A for the solvent probe and the Chothia set for the protein atoms® and a -X-Gly-X-
model for the unfolded state using a home-built software kindly provided by Prof. Jose M. Sanchez-Ruiz (Dept. of
Physical Chemistry, University of Granada).

Molecular dynamics simulations. We set up ten independent molecular dynamics simulations of
wild-type and mutated NQO1 as apo systems, binary complexes with FAD or dicumarol as well ternary com-
plexes. Systems were prepared in dimeric state on basis of crystal structures of the complex with FAD (PDB:
1D4A%¢) and the ternary complex (PDB: 2F10%). Systems were prepared for simulation using protonate3d and
mutated in MOE®.

Simulations were performed using the GPU implementation of pmemd in Amber12%. Protein residues
were parametrized using the Amber forcefield 99SB-ILDN*!. FAD and dicumarol were parametrized within the
Generalized Amber Force Field using additional bonding parameters for FADH*. Partial charges for ligands were
derived as described earlier*®. After employing an extensive equilibration protocol*, unrestrained systems were
sampled for 100 ns in NpT ensemble and 5,000 equal-spaced snapshots were saved to trajectory.

After ensuring thermodynamic and structural stability of simulations, we analyzed resulting conformational
ensembles using cpptraj from AmberTools*. We analyzed secondary structure elements and B-factors of Cau
atoms (derived from root mean squared fluctuations) after a global alignment as a metric for flexibility. Total
vibrational entropies were calculated via a normal mode analysis of the covariance matrix of Co atoms*.

Furthermore, we extracted backbone dihedral angles and calculated dihedral entropies based on resulting
distributions after employing parameter-free kernel density estimation*’. Integration over probability densities
yields a thermodynamics entropy depicting a metric for local flexibility of the backbone*®. Dihedral entropies
over all three backbone torsions were summed to give a total dihedral entropy per residue. All values are pre-
sented as arithmetic average over two dimer sub-units. Interface residues were defined as all residues with an
atom closer than 3 A to the adjacent sub-unit.

Cell culture and immunoblotting. HeLa, HCT 116 and Caco-2 cell lines were grown in RPMI-1640
with ultraglutamine, supplemented with 10% of FBS (Hyclone) and 1x Antibiotic Antimycotic Solution
(Sigma-Aldrich). Cells were incubated with riboflavin 10 pM and/or dicoumarol 100 pM (both from
Sigma-Aldrich) for 24 h. Cells were then collected and lysed in RIPA buffer (50 mM Tris-HCI, 150 mM NacCl,
0.1% Triton X-100, 0.1% sodium dodecyl sulphate, 1 mM sodium orthovanadate, 1 mM NaF pH 8) with protease
inhibitors (COMPLETE, from Roche) and lysed by freezing-thawing cycles and centrifuged at 18000 g for 15 min.
Soluble extracts were collected and the amount of total protein determined by the BCA method (Pierce) using
bovine serum albumin as a standard. Approximately 100 ug of total protein were denatured in Laemmli s buffer
at 95°C for 5min and loaded into 12% polyacrylamide gels and separated. After transferring to polyvinylidene
difluoride membranes (GE Healthcare), immunoblotting was carried out using primary monoclonal antibodies
anti-NQOI and anti-3-actin (Santa Cruz Biotechnology) from mouse at 1:500 and 1:10000 dilutions, respec-
tively. As secondary antibody, we used goat anti-mouse IgG-HRP (Santa Cruz Biotechnology) at 1:1000 dilution.
Chemiluminiscent detection of bands was carried out using Clarity™ Western ECL Blotting Substrate (Biorad)
and analyzed using a luminescent image analyzer LAS-4000 mini (Fujifilm).
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Encarnacién Medina-Carmona?, Jose L. Neira®3, Eduardo Salido*, Julian E. Fuchs?®,
Rogelio Palomino-Morales®, David J. Timson’ & Angel L. Pey?!

Disease associated genetic variations often cause intracellular enzyme inactivation, dysregulation

and instability. However, allosteric communication of mutational effects to distant functional sites
leading to loss-of-function remains poorly understood. We characterize here interdomain site-to-site
communication by which a common cancer-associated single nucleotide polymorphism (c.C609T/p.
P187S) reduces the activity and stability in vivo of NAD(P)H:quinone oxidoreductase 1 (NQO1). NQO1
is a FAD-dependent, two-domain multifunctional stress protein acting as a Phase Il enzyme, activating
cancer pro-drugs and stabilizing p53 and p73a oncosuppressors. We show that p.P187S causes
structural and dynamic changes communicated to functional sites far from the mutated site, affecting
the FAD binding site located at the N-terminal domain (NTD) and accelerating proteasomal degradation
through dynamic effects on the C-terminal domain (CTD). Structural protein:protein interaction
studies reveal that the cancer-associated polymorphism does not abolish the interaction with p73a,
indicating that oncosuppressor destabilization largely mirrors the low intracellular stability of p.P187S.
In conclusion, we show how a single disease associated amino acid change may allosterically perturb
several functional sites in an oligomeric and multidomain protein. These results have important
implications for the understanding of loss-of-function genetic diseases and the identification of novel
structural hot spots as targets for pharmacological intervention.

Native proteins are heterogeneous ensembles sampling a wide variety of microscopic conformations'. The rela-
tive population of these states is determined by their intrinsic stabilities (i.e. free energies) as well as their rates of
interconversion (i.e. kinetic barriers)"2. Large-scale and slow collective motions (in the ms to s time scales) deter-
mine the transitions between a small number of low energy states that correspond to different conformational
states (with intrinsically different structure and energetic balance)'~*. Within these low energy states, small-scale
fluctuations rapidly occur, such as backbone and side-chain dynamics, which are the main source of conforma-
tional dynamics>**. A deep structural, thermodynamic and kinetic understanding of collective and local protein
motions is essential to understand protein function, regulation, degradation and evolution*-1°.

Protein allostery is the phenomenon that allows communication between two distant sites in a protein (e.g.
two binding sites for different ligands or between a ligand binding and a mutated/post-translational modification

!Department of Physical Chemistry, Faculty of Sciences, University of Granada, Av. Fuentenueva s/n, 18071, Granada,
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site)!!. Ligand binding remodels protein conformational ensembles by stabilizing binding competent states from
such a conformationally heteregenous pre-existing equilibrium. The consequent population-shift of microstates
is macroscopically observed as a conformational change**~'*. Accordingly, structural and dynamic aspects of these
conformational changes have significant impact on protein function and regulation (e.g. on ligand binding affin-
ity and energetics)> !5, A combination of functional, structural and thermodynamic analyses is a powerful
approach to identify allosteric networks and pathways in proteins and to distinguish between different allosteric
mechanisms (e.g. induced-fit vs. conformational selection)*'>1416,

Disease-associated inherited changes in protein sequence (i.e. mutations and polymorphisms) affect protein
activity, regulation and stability'”-?2. However, allosteric site-to-site communication underlying loss-of-function
genetic variations has rarely been investigated in multi-domain oligomeric proteins®*-?. Here, we hypothesize that
the cancer-associated single nucleotide polymorphism p.P187S (rs1800566/c.C609T) in the NADP(H):quinone
oxidoreductase 1 (NQO1; EC 1.6.5.2) mediates enzyme loss-of-function through long-range site-to-site effects
originating at the p.P187S site and communicated to distant functional sites through a hypothetical allosteric inter-
action network (Fig. 1). NQO1 is a two-domain FAD-dependent enzyme (Fig. 1A,B) involved in the two-electron
reduction of quinones, important for Phase II detoxification reactions, superoxide scavenging and activation of
certain cancer pro-drugs®. The N-terminal domain (NTD) binds FAD and the smaller C-terminal domain (CTD,
residues 225-274) is structurally involved in binding of NADH, substrates and competitive inhibitors (e.g. dicou-
marol) (Fig. 1B,C). NQOL1 also interacts with and stabilizes cancer-associated transcription factors such as p53
and p73a%-%, even though the structural basis of this intracellular interaction is unknown. Although p.P187S
strongly reduces NQOL1 levels and activity in vivo, crystallographic analyses of holo-p.P187S have shown no
significant effect on functional or structural sites such as FAD binding site, the CTD or the monomer:monomer
interface®'. However, molecular dynamics (MD) simulations, biophysical experiments and expression analyses
have supported the hypothesis that p.P187S inactivates and destabilizes NQO1 through dynamic changes in the
apo-state, in particular on two functionally and structurally distant sites (Fig. 1D): the FAD binding site, associ-
ated with enzyme inactivation; and the CTD, associated with enhanced proteasomal degradation of p.P1875?2%#31,

In this work, we investigate how the p.P187S polymorphism affects the FAD binding site and the CTD of
NQOL1 through long-range communication of structural and dynamic perturbations (Fig. 1D), as well as their
potential effects on the binding site of oncosuppresors. To do so, we characterize wild-type (WT) and p.P187S
NQOL1 in their full-length and C-terminal truncated (A50-NQO1) forms using a multi-disciplinary approach.
Overall, we show how a single amino acid substitution may cause protein loss-of-function by simultaneously
affecting multiple functional sites in a complex oligomeric and multidomain protein with metabolic and regula-
tory roles.

Results

The CTD of NQO1 plays an important role in the conformational equilibrium of the apo-state.
Structural analyses*” have shown that the CTD forms part of NQO1 dimer interface (Fig. 1A,B), adding up to
35% of the total buried surface at this interface (960 A? of 2700 A% per monomer; calculated using cpptraj*?).
Calculations using the PISA server (http://www.ebi.ac.uk/pdbe/pisa/**) reveal that at least one residue of the CTD
is involved in 40% of the hydrogen bonds and half of the salt bridges at the dimer interface. In addition, the CTD
forms part of the dicoumarol binding site (Phe232 and Phe236; Fig. 1C), but it does not seem essential for FAD
binding or stable folding of the NTD (Figure S1°!). While Pro187 is not close to the FAD or dicoumarol binding
sites, its shortest distance to the CTD is about 4 A (with GIn268 and Ile269) (Fig. 1B,D). Therefore, it is unclear
whether deletion of the CTD affect the dimerization, activity and stability of NQOI, as well as the structural and
dynamic effects caused by p.P187S on the FAD binding site and the CTD (Fig. 1C,D and ref. 24).

NQO1 WT and p.P187S in their full-length and C-terminal deleted (lacking the last 50 residues at the
C-terminus, A50-NQOL1) versions were expressed in and purified from E. coli. To investigate their oligomeric
state, their hydrodynamic behavior was analyzed by size-exclusion chromatography (SEC) and dynamic light
scattering (DLS) (Figure S2A and S2B). Our results show that all NQO1 variants behave as dimers in solution
even at concentrations <1pM (note that dimers of NQO1 and A50-NQOI1 are expected to have a molecular
weight of 65.2 and 53.9kDa, respectively). The 1-1 echo pulse sequence of NQO1 WT and P187S mutant were
also used to measure T, relaxation times of the most down-field isolated amide protons of both spectra, yielding a
molecular weight of approximately 78 kDa (at 20 LM concentration in monomer units; see Supplementary infor-
mation). We attempted to detect dimer dissociation and to determine their dissociation constants by isothermal
titration calorimetry (ITC; Figure S2C). However, dilution of NQO1 dimer caused little or no heat change com-
pared to the blank (i.e. buffer) dilution heats, thus supporting that dissociation of dimers in the low micromolar
range initially used during titrations occurs to little or negligible extent. This result is important considering that
the amount of surface exposed to the solvent upon dimer dissociation (expected to be about 5400 A; see above)
would give a remarkable heat release, in the 10-15kcal-mol ™! range at 25 °C, using the previously published
structure-energetics correlations®.

Remarkably, NQO1 proteins as purified show different amounts of FAD bound, with WT having the highest
content, A50-WT showing intermediate levels (about 4-fold lower than for WT), and p.P187S and A50-p.P187S
displaying negligible levels of bound FAD, as judged from their corresponding absorption near-UV /visible spec-
tra (Fig. 2A). To investigate their overall conformation, we have prepared apo-proteins and then added precise
concentrations of ligands to achieve different ligation states (holo-NQO1, with FAD, and holo-NQO1+ dicouma-
rol, with an excess of FAD and dicoumarol). The far-UV circular dichroism (CD) spectra of full-length and A50
apo-proteins show a high content of ordered secondary structure (Fig. 2B-E). Binding of FAD alters the second-
ary structure content, increasing the ellipticity at 222 nm (a hallmark for a-helical content) by 20-25% in all cases
except for p.P187S in which this increase is of 10% (Fig. 2E,G; note that in all cases, a statistical comparison of a
given variants as holo- vs. apo-protein yields a p value < 0.05 using a t-test). Binding of dicoumarol, that interacts
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Figure 1. NQOI structure, dimerization and functional definition of the hypothetical allosteric interaction
network. (A) Two views of the NQO1 dimer showing the protein surface and the dimerization interface (as
calculated using the PISA server®*); the N-terminal domains (NTD) are displayed in red (monomer #1) and
brown (monomer #2) while the C-terminal domains (CTD) are displayed in blue (monomer #1) and cyan
(monomer #2); (B) Two views of the NQOI1 dimers displaying secondary structures of NTD (residues 2-225, in
blue) and the CTD (residues 226-271, in red). FAD, dicoumarol (dic) and P187 are shown in cyan, light brown
and green, respectively. (C) Close-up view of the FAD and dicoumarol binding sites, with the residues belonging
to the NTD (blue) and CTD (red) highlighted. (D) Schematic representation of the hypothesized allosteric
interaction network involving the p.P187S and FAD binding sites and the CTD. In the FAD binding site (left
panel), the highly dynamic loop 57-66 in the apo-state of p.P187S is indicated with a cyan arrow to highlight its
far location from the CTD and p.P187S sites. Structures were displayed with Pymol® using the NQO1 structure
(PDB:2F10).

with both NTDs and CTDs in full-length NQO1, leads to further increase of 16% in holo-p.P187S (p < 0.05)
but not in holo-WT, while it causes only small increments (6-9%) in A50 variants (Fig. 2EG). Since apo-NQO1
intrinsically populates partially unfolded conformations??+31:%, these results suggest that binding of FAD and
dicoumarol to full-length and A50 variants leads to a shift in the conformational equilibrium of NQO1 towards
more compact, ligand binding competent conformations. Accordingly, DLS experiments showed a decrease in
the hydrodynamic radii of WT and p.P187S when FAD or FAD + dicoumarol are added, respectively (Fig. 2H),
further supporting a more compact average dimer conformation in the presence of these ligands. In the case of
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Figure 2. Conformational analysis of NQO1 variants. (A) FAD bound to the proteins as purified from
Near-UV/visible absorption spectra. (B-E) Far-UV CD spectra of NQO1 variants as apo-proteins, in the
presence of FAD (Holo) or FAD + dicoumarol (Holo + dic); (F,G) values of mean residue ellipticity ([O]yzg) at
222 nm from spectra shown in panels (B-E,H) hydrodynamic radius for NQO1 variants in the different ligation
states. Data in panels A-G are the average from three independent experiments, while in panel H are from 3 to 6
independent experiments. Values in panels F, G and H are mean = s.d. from replicates. In all cases, two to three
different protein purifications were used, and the temperature was 25 °C.

the A50 variants, binding of FAD and/or dicoumarol led to much smaller effects on the hydrodynamic radius
(Fig. 2H) indicating an important role of the CTD in the conformational equilibrium of apo-NQO1.

The dynamic CTD of p.P187S neither contributes to its low in vitro kinetic stability nor to ligand
mediated stabilization of NQO1 dimers. p.P187S strongly decreases the in vitro thermal and kinetic
stability of NQO1 by accelerating dimer unfolding and dissociation*>?*. To investigate the role of the CTD on its
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Figure 3. Thermal stability of NQO1 variants. Experiments were performed using NQO1 variants in different
ligation states. Raw denaturation curves were normalized using linear pre- and post-transition baseline for sake

of comparison.
WT 504 | 557 | 637
p.P187S 426 | 499 | 587
A50-WT 479 | 545 | 593
A50-pP187S | 39.5 | 48.7 | 563

Table 1. Thermal stability of NQO1 and A50 variants. The apparent melting temperatures (T;,) are
determined for proteins as apo-proteins, and in the presence of FAD or FAD + Dicoumarol.

low kinetic stability, we have performed thermal denaturation studies monitored by CD spectroscopy (Fig. 3).
Removal of CTD causes a small 3 °C destabilization on the WT and p.P187S backgrounds (Fig. 3 and Table 1). A
large excess of FAD (holo-proteins) causes a remarkable stabilization, ranging from 5 to 10°C (Fig. 3 and Table 1),
and an excess of FAD and dicoumarol have a roughly additive effect on stability (from 12-17°C). These results
imply that removal of CTD modestly destabilizes NQO1, and it is not the cause the low in vitro kinetic stability
of p.P187S.

Partial proteolysis of full-length NQO1 proteins provides quantitative information on the effects of poly-
morphisms and ligand binding on local dynamics®*. Partial proteolysis of A50 variants as apo-proteins showed
a rapid decay of the native protein (Fig. 4A,B), and the appearance of 3-4 proteolysis products with molecular
sizes of 16-19kDa (Table S1) based on HPLC/ESI-MS. FAD binding causes a remarkable 10-fold increase in
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Figure 4. Partial proteolysis of A50-NQO1 variants. (A) representative SDS-PAGE gels of degradation
kinetics of A50-WT in different ligation states (apo, holo and holo-holo + dic). The regions corresponding to
molecular sizes from 45 to 14 kDa bands are shown for sake of clarity (see Figure S3 for additional pictures of
gels); (B) Time-course of the degradation of the native band of A50 variants. Experiments performed at 25°C in
the presence of 0.1 uM of thermolysin. (C) proteolysis rate constants for full-length and A50-NQO1 variants in
different ligation states (data for full-length variants are from ref. 24).

the resistance towards degradation (Fig. 4A,B) and the accumulation of 18 and 15kDa partially proteolyzed
species (Table S1). Binding of dicoumarol to holo-proteins leads to a 10-20 fold additional stabilization of the
native A50 protein (Fig. 4A,B). Peptide fingerprinting of digested samples by MS/MS revealed that cleavage is
initiated in the C-terminal part of A50-NQOI, involving several active cleavage sites in the region 150-170
(particularly dynamic in the apo-state of A50-NQOI, see our MD simulations below) leading to the formation
of a stable intermediate comprising residues 1-143 (Figs 4A and S3). Our comparative analyses of proteolysis
kinetics supports our previous proposal of a very dynamic CTD in the apo-state of NQOJI, that remains dynamic
in the holo-p.P187S unless dicoumarol is bound (Fig. 4C). We must note that an absolute comparison of local
dynamics between NQO1 and A50 variants is not possible because experimental proteolysis rate constants are
proportional to the sequence-dependent intrinsic proteolysis rate constants for primary cleavage sites under the
conditions used.
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Figure 5. Enzyme kinetic analyses of NQO1 variants. (A) Activity measurements in the absence (NQO1) or
the presence (Holo) of a FAD excess, using 70 pM DCPIP and 1 mM NADH. Please, note the logarithmic scale
of the y-axis. (B) Activity dependence on NADH (B,D) and DCPIP (C,E) concentrations for WT/p.P187S (B,C)
and A50-WT/A50-p.P187S (D,E). Lines are fits to the Michaelis-Menten equation.

The CTD of p.P187S undergoes a large conformational rearrangement upon dicoumarol bind-
ing and contributes to long-range dynamic effects affecting FAD binding. The low intracellular
specific activity of p.P187S is largely associated with defective FAD binding (Fig. 5A and ref. 24). Removal of the
CTD causes a large decrease in specific activity, that arises from a reduction in catalytic performance rather than
in FAD content, since saturation with FAD only causes a modest increase in activity (Fig. 5A). The enzyme kinetic
parameters for NADH and the substrate DCPIP (2,6-dichlorophenolindophenol) of holo-enzymes have been
determined (Fig. 5B-E), revealing little effect of p.P187S on catalytic performance, while removal of the CTD
leads to a 30-to-100-fold reduction in specific activity, and importantly, to a decrease in the apparent affinity for
NADH by 30-to-50-fold (Fig. 5B-E and Table 2). These results confirm that p.P187S and deletion of the CTD
cause NQOLI inactivation through different mechanisms: the former by reducing FAD binding affinity and the
latter by strongly decreasing catalytic performance.

At this stage, we hypothesized that the CTD may particularly affect the catalytic performance of p.P187S
in vivo due to long-range communication with FAD binding sites (Fig. 1D). NQO1 WT displays 10-100 higher
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NADH DCPIP
NQOL1 variant | kg (s7") | Ky (M) ket (s71) | Ky (0M)
WT 177+£7 | 158+21 199+11 13£2
p.P187S 12410 | 210448 16058 | 26420
A50-WT 6.6+1.0 | 6422£1668 | 1.3£0.3 12£8
A50-pP187S | 5803 | 9985797 | 074007 | 743

Table 2. Enzyme kinetic parameters for holo NQO1 and A50 variants.

affinity for FAD than that of p.P187S and some degree of negative cooperativity®?, making a robust comparison
of their binding energetics difficult. Nevertheless, removal of the CTD abolishes the negative cooperativity of
NQO1 WT (as seen by the good description of their binding isotherms using a non-cooperative binding model;
Figure S4A) and also the deleterious effect of p.P187S on FAD binding, with WT and p.P187S truncated forms
showing similarly high binding affinities and thermodynamic signatures (Fig. 6A,B). Notably, removal of the
CTD increases the affinity of p.P187S by 4-fold due to a modest favourable entropic contribution to binding
(Fig. 6C). These results reveal a contribution of the CTD to FAD binding affinity, playing opposite roles in WT
and p.P187S, probably through long-range site-to-site communication between the p.P187S and functional CTD
and FAD binding sites. This is particularly interesting because removal of CTD has little or no structural and
dynamic effects on the FAD binding mode of holo-p.P187S! (Figure S1 and the next section), thus indicating that
communication between the p.P187S and functional sites mainly operates on the conformational equilibrium of
the apo-state of p.P187S. Furthermore (see the next section), the entropic origin of the lower FAD binding affinity
of p.P187S supports that it primarily arises from changes in protein conformational dynamics (i.e. conformational
entropy, see Fig. 6C and the next section).

As purified, p.P187S binds dicoumarol with 90-fold lower affinity than NQO1 WT (Fig. 6D). This is mostly
due to a much lower favourable enthalpic contribution, largely compensated by a more favourable entropic
change (Fig. 6E). This large difference in affinity is likely explained by the much lower FAD content of p.P187S
as purified. According to earlier crystallographic analyses and MD simulations***?, dicoumarol binding must
be favoured by bound FAD (i.e. in the holo- vs. the apo-state), primarily through stronger (enthalpy-driven)
interactions that would be counterbalanced by a large decrease in protein dynamics (i.e. loss of conformational
entropy). Consistently, binding of dicoumarol to the holo-enzymes (i.e. saturated with FAD) shows 5-fold (WT)
and 75-fold (p.P187S) higher affinities than those found for the proteins as purified (Figs 6F and S4B). These
results show the important structural and energetic roles of FAD in the efficient binding of dicoumarol, and also
indicate differences in dicoumarol binding to the holo-forms of p.P187S and WT. Indeed, binding of dicouma-
rol to holo-p.P187S shows a much larger favourable enthalpic contribution (about —21 kcal-mol~!) which is
compensated by a large decrease in entropy (Fig. 6G). A plausible explanation for this could be a large loss of
solvation/conformational entropy counterbalanced by the structural reorganization of the protein, particularly
at the highly dynamic CTD of p.P187S. In fact, simple structure-energetic correlations for protein folding® pro-
vides an enthalpy change at 25°C of ~0.21 kcal-mol~!-(residue) ", consistent with a much larger conformational
rearrangement (roughly a hundred residues) in p.P187S upon dicoumarol binding. According to this, dicoumarol
binding to holo-A50-WT and holo-A50-p.P187S is very similar (Figure S4C), confirming that dicoumarol bind-
ing to the full-length holo-p.P187S is associated with large structural and dynamic rearrangements at its CTD
(Fig. 6G,H).

Molecular dynamics (MD) simulations support the role of the CTD in the communication
between p.P187S and FAD binding sites. Molecular dynamics (MD) simulations have shown that
p.P187S affects fast internal protein dynamics through long-range effects affecting the FAD binding site and the
CTD*. To investigate whether CTD removal could intefere with the dynamic communication between p.P187S
and the FAD binding sites, we performed MD simulations on A50-NQO1 variants, and analyzed their backbone
dynamics using two relevant parameters®*: B-factors (Fig. 7) and dihedral entropies (Figure S5).

Removal of the CTD increases the average flexibility of NQOI, particularly at the dimer interface, consist-
ent with its modest in vitro kinetic destabilization, while thermal stabilization upon FAD and dicoumarol bind-
ing correlates well with ligand mediated reduction of global dynamics (Figs 7A,B and S5A-B). Interestingly, the
decreased binding affinity for FAD in A50-NQO1 WT seems to originate from larger conformational fluctu-
ations in the FAD binding site of the apo-state (at residues 57-66, 125-136 and 150-166; Figs 7C and S5C).
Importantly, we observe that the CTD is essential for p.P187S to enhance local dynamics in the FAD binding
site of the apo-state, particularly at the 57-66 loop (Fig. 7D). Therefore, our MD simulations explain at atomic
resolution how removal of the CTD significantly enhances the binding affinity of p.P187S by a modest reduction
of binding (conformational) entropy. Therefore, the CTD has opposite effects on the FAD binding site dynamics
of WT and p.P187S in the apo-state (Fig. 7C,D), in agreement with our experimental observations (ref. 22 and
Fig. 6A-C). Accordingly, CTD truncated forms of WT and p.P187S show similar FAD binding energetic and
dynamic signatures (Figs 6B, 7E and S5E).

Regarding dicoumarol binding, holo-p.P187S binds the inhibitor with two-fold lower affinity than the
truncated version due to a large entropic penalty counterbalanced by a large favorable enthalpic contribution
(Fig. 6F-H). This can be explained via a large conformational restriction (i.e. a decrease in conformational
entropy) of the region 231-236 upon binding (that includes Phe232 and Phe236, which directly interact with
dicoumarol; Figs 1C, 7G, S5G and ref. 24). Moreover, this large conformational restriction, in turn, is enthalpically
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Figure 6. Thermodynamics of FAD and dicoumarol binding to NQO1 proteins. (A-C) Binding affinity
(A) and thermodynamic profiles for FAD binding (B). In panel C, the effect of C-terminal withdrawal in
thermodynamic binding parameters for p.P187S is shown. (D,E) Dicoumarol binding affinity (D) and
thermodynamic binding profiles (E) for WT and p.P187S as purified. (F-H) Binding affinity (F) and
thermodynamic profiles for dicoumarol binding (G) to holo-proteins. In panel H, the effects of C-terminal
deletion in thermodynamic binding parameters are displayed.

compensated by the additional interactions established in the dicoumarol binding site at the CTD of p.P187S and
the conformational change triggered upon binding.

Structural analyses of the interaction of NQO1 variants with the SAM domain of p73c show
that an active NQOL is not required for binding.  Previous biochemical experiments have supported
arole for the CTD in the interaction of NQO1 with oncosuppressors such as p73a. These interactions seem to
be strengthened in the presence of NADH bound to NQO1 (even though this state is expected to be unstable,
undergoing FAD reduction to FADH, and subsequent NAD™ release), and may be inhibited by dicoumarol*® but
not by the mechanism-based inhibitor ES936 which also interacts with the CTD?2. Truncation of the CTD (resi-
dues 209-274) or the presence of the intracellularly unstable p.P187S also seem to weaken these protein:protein
interactions®’.

In addition to the transactivation domain, p73 also contains a sequence-specific DNA binding domain and
an oligomerization region. Particularly, the p73« splicing variant has an extended C-terminus containing a ster-
ile alpha motif (SAMp73) capable of repressing the function of p73 transactivation domain®, and seemingly
involved in the interaction with NQO1%°. Therefore, we carried out NMR (HSQC) measurements on the interac-
tions between NQO1 and SAMp73 using purified proteins. In the presence of NQO1 WT, the HSQC spectra of
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Figure 7. Dynamic effects (B-factors) of CTD truncation of NQO1 and ligand binding investigated by MD
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(E-G) Difference between p.P187S and WT as full-length and C-terminal truncated proteins in different
ligation states ((E), apo; (F), holo; (G), holo + dicoumarol).
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Figure 8. Structural analysis of the interaction between NQO1 and SAMp73. (A) Structure of SAMp73
(PDB: 1COK) showing the residues (in sticks) which were affected (either by signal broadening or by a

CSP >0.01 ppm) (BRMB number 4413) by the presence of NQO1 WT as purified. The a-helices of SAMp73 are
displayed with different colours (red for the first one; blue for the second; purple for the short 3 ,-helix; gold for
the fourth a-helix; and yellow for the fifth). The figure was produced with Pymol®. (B,C) Fluorescence spectra
(upon excitation at 280 nm) of 2pM SAMp73 or NQO1 WT, their sum, and the spectra of an equimolar mixture
(2M of each protein in monomer units). (D,E) Far-UV CD spectra of 10 uM SAMp73 or NQO1 WT, their
sum, and the spectra of an equimolar mixture (10 M of each protein in monomer units). In (B-E), spectra in
the absence or the presence of NADH are shown in different panels.

SAMp73 showed changes in the broadening or the chemical-shifts of the cross-peaks of a set of residues which
are spatially close (Table S2), particularly in amino acids around Gly513 of SAMp73 and those involved in the
N-terminal helix (Fig. 8A). Addition of NADH did not alter the set of residues affected by the presence of NQO1
WT, indicating that this interaction is not strictly NADH-dependent. Using fluorescence and far-UV CD spec-
troscopies (Fig. 8B-E), we also observed modest but reproducible structural changes upon NQO1:SAMp73
binding, and addition of NADH seemed to increase the extent of these structural changes. Attempts to provide
quantitative data on the affinity for the interaction between NQO1 and SAMp73 by fluorescence and ITC were
experimentally challenging, due to the apparent low affinity (possibly in the high micromolar range) and unstable
calorimetric baselines (Figure S6 and data not shown). Since HSQC experiments showed that the spectrum of
SAMp73 was not largely varied upon addition of NQO1, the changes observed are likely to occur in the envi-
ronment of aromatic residues (Trp and Tyr) and the secondary structure of NQO1. Regarding SAMp73, Gly513
showed the largest changes in CSP (0.03) (Figure S7), while most of the affected cross-peaks showed broadening
changes suggesting intermedium-slow kinetics for complex formation (within the NMR time scale), consistent
with a low affinity interaction. Although the changes in chemical shifts observed were small, similar variations in
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Figure 9. Pulse-chase experiments in rabbit reticulocytes. (A) Synthesis pulses of NQO1 variants. (B) Chase
experiments. (C) Protein levels after synthesis pulses (normalized vs. NQO1 WT levels); (D) Semilogarithmic
plots for chase kinetics; (E) correlation between protein levels after synthesis pulses and degradation half-lives.
Data are mean =+ s.d. from three independent experiments.

chemical shifts have been observed in other systems®. These results support that the interaction between NQO1
WT and SAMp?73 is not strictly dependent on the presence of NADH, but instead, NADH binding and reduction
of FAD might facilitate complex formation.

The interaction of p.P187S and A50-WT with SAMp73 caused similar broadening in a set of signals to those
found for NQO1 WT (Table S2). A50-WT in the presence of NADH induced broadening of all cross-peaks,
and even those of Tyr487 (Ile541), Asp490, Asn504 (Met539), Gly513, Ser516, Glu535, Leu545 and Gly551 dis-
appeared completely (there is signal overlapping between Tyr487 and Ile541, and Asn504 and Met539). Thus,
removal of the CTD, the presence of p.P187S or the absence of FAD bound (note that p.P187S is essentially an
apo-protein as purified) do not abolish the interaction with SAMp73 but somewhat change the interaction mode.
Interestingly, the binding mode of SAMp73 to NQO1 WT is also affected by the presence of dicoumarol, showing
only small CSPs in a very reduced set of signals (Leu493, Gly513 and Trp542)(data not shown).

Overall, these biophysical analyses support that while different factors affecting the activity, structure and
dynamics of NQO1 (including p.P187S, cofactors and inhibitors, or the CTD) may somewhat change the binding
mode to SAMp73, this interaction is not prevented by any of the aforementioned factors. Moreover, our results
also provide the first structural insights into the interaction between p73aand NQOL.

The CTD largely determines fast proteasomal degradation of p.P187S.  The highly dynamic CTD
of p.P187S appears to act as an efficient initiation site for its proteasomal degradation?. Consistently, removal of
the CTD had significant effects on protein levels and degradation rates upon expression in an eukaryotic expres-
sion cell free system (Fig. 9). In pulse synthesis, p.P187S showed 2.4-fold lower protein levels compared with WT
as full-length proteins, while removal of the CTD (i.e. in A50 variants) caused a much larger decrease in W'T
protein levels than in p.P187S (3-fold vs. 1.5-fold; Fig. 9A-C). From chase experiments, we also observed a strong
correlation between protein levels and degradation rates after a pulse of synthesis, supporting that proteasomal
degradation rates strongly determine protein steady-state levels (Fig. 9B-E). Accordingly, p.P187S was degraded
1.75-fold faster than NQO1 WT (Fig. 9B,D), and removal of the CTD accelerated degradation of WT by 2.5-fold,
but only that of p.P187S by 1.3-fold (Fig. 9B,D). These results show that removal of the CTD destabilizes NQO1
WT to a larger extent than the polymorphism, and therefore, the highly flexible CTD of p.P187S accelerates
NQO1 proteasomal degradation. The enhanced degradation of A50-NQOL1 is likely to be associated to its higher
flexibility compared to that of full-length enzyme, as supported by our MD simulations (Fig. 7).

Discussion

In this work, we show that the CTD plays key functional and regulatory roles in NQO1, and remarkably, how it is
crucial for the manifestation of the multiple deleterious effects of the cancer-associated p.P187S polymorphism.
As expected from previous crystallographic evidence, the CTD is important for NQO1 activity, providing proper
orientation of the coenzymes (FAD and NADH) and the substrate. Unexpectedly, we provide evidence for the
existence of long-range communication between the p.P187S site and functional sites such as the CTD and the
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Figure 10. Schematic representation of the long-range communication between functional sites in NQO1
WT and p.P187S (allosteric interaction network). In NQO1 WT, the allosteric network between the P187 site,
FAD binding site and CTD may contribute to the high-affinity cooperative binding of FAD and consequent
structural and dynamic effects on the CTD upon binding. In NQO1 p.P187S, the S187 site affects FAD binding
by changing the dynamics of its binding site and preventing structural and dynamic changes on CTD upon FAD
binding. Removal of the CTD abolishes the dynamic effects of the S187 site on the FAD binding site. In all cases,
alterations in this allosteric network seem to have a weak effect on the interaction site with p73a.

FAD binding sites, that we therefore refer to as the allosteric interaction network (Fig. 10). For NQO1 WT, we
propose that this allosteric network contributes to its very high affinity for FAD as well as binding negative coop-
erativity, which are largely perturbed upon removal of the CTD. In addition, p.P187S may disturb this allosteric
network promoting dynamic and structural alterations in the FAD binding site and the CTD and consequently
reducing the binding affinity for FAD and dicoumarol. Perturbed allosteric communication between FAD bind-
ing sites and the CTD is further supported by the strong effect of CTD withdrawal in p.P187S, that eliminates
the effects of the polymorphism on FAD binding site dynamics of the apo-state thus increasing its FAD binding
affinity. Interestingly, other functional sites (such as the binding site for p73a) may not be strongly connected to
this allosteric interaction network involving the FAD binding site, the CTD and the p.P187S site (Fig. 10).

FAD and dicoumarol cause different conformational changes upon binding to WT and p.P187S. FAD binding
to NQO1 WT causes larger changes in hydrodynamic volume, secondary structure and intrinsic dynamics than
those in p.P187S, while dicoumarol binding has larger effects on the conformation of holo-p.P187S (Figs 2,6 and
7, and ref. 24). These different conformational changes are mostly associated with the more dynamic and less
structured CTD in the holo-state of p.P187S. Accordingly, structural calculations applied to dicoumarol bind-
ing energetics supported a much larger conformational change in the CTD for p.P187S (energetically resem-
bling folding of a small protein). This scenario is consistent with a pre-existing conformational equilibrium in
which apo-NQO1 mainly populates states non-competent for FAD binding, and that the presence of FAD shifts
the conformational equilibrium towards less dynamic and more structured FAD binding competent states (this
population-shift is macroscopically observed as a conformational change). For dicoumarol binding, the conforma-
tional change caused in p.P187S is larger than that of WT, due to the flexible and partially unstructured CTD of
the polymorphism in the unbound holo-state, that must undergo large changes in structure and dynamics to reach
the binding competent state (thus penalizing its binding). Importantly, we also provide evidence that p.P187S
affects locally functional dynamics of the unbound conformational ensembles, particularly at the FAD binding of
the apo-state (relevant for FAD interaction) and the CTD of the holo-state (important for dicoumarol binding).
Unfortunately, the available data do not allow distinguish between induced-fit or conformational-selection mecha-
nisms for FAD and dicoumarol binding to NQO1, that distinction would depend on whether binding competent
states are significantly populated in the conformational equilibrium of apo-NQO1'2.

Proteasomal degradation of proteins is central to understanding the effect of genetic variations in
loss-of-function inherited diseases®. In this context, dynamic or unstructured regions are key to drive recogni-
tion and efficient degradation by 20S and 26S proteasomes®®. NQO1 is an excellent model to investigate protea-
somal protein degradation, with particularly interesting roles of genetic variations, ligand binding and protein
stability and dynamics in the modulation of degradation rates®?>?43640 In the present work, we show that the
enhanced dynamics of the CTD is key to determining the proteasomal degradation of NQO1, and furthermore,
that once the CTD is removed (for instance by proteasomal degradation of this domain), the remaining protein
is much more flexible and efficiently degraded (Figs 7 and 9). This result supports a step-wise directional deg-
radation of NQO1 through its C-terminal end. More generally, our work highlights the idea of investigating
mutational effects on protein dynamics as well as on global stability to assess the role of enhanced proteasomal
degradation in loss-of-function genetic diseases.
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To further understand the roles of NQO1 in human physiology and pathology, we must know the molecular
and structural basis of its ability to interact with cell cycle regulators such as p53 and p73c and its inhibitory effect
on the 20S proteasome®**. Here, we present novel structural insights on the weak NQO1:oncosuppressor inter-
action. Importantly, we show that neither the CTD nor an active NQOL is strictly required to interact with p73a.,
even though different ligands bound to NQO1 may modulate the intrinsically low affinity of this interaction, con-
sistent with previous biochemical studies on these protein:protein interactions?***374!, Interestingly enough, our
studies show that the region of SAMp73 involved in binding to NQOI is the same implicated in binding to other
molecules at SAM domains: the so-called middle-loop-end-helix polypeptide-patch, with the fifth o-helix and
the short 3, helix as critical elements of secondary structure*>-**. We must finally note that the available evidences
support that intracellular destabilization of these oncosuppressors by p.P187S just mirrors its own intracellular
instability rather than its inability to engage in these protein:protein interactions?*?*3¢40,

In conclusion, the present work lends support to the existence of complex allosteric communication
between functional sites in a two-domain oligomeric protein with a remarkable functional chemistry and how
a disease-associated single amino acid change may affect different functional sites through perturbation of
allosteric networks. Due to the high prevalence of missense mutations affecting protein stability, activity and
regulation!®?!#¢-48| our mutational strategy combined with functional, structural, energetic and dynamic studies
could help to decipher complex disease-associated mutational effects in many other loss-of-function genetic dis-
eases and to identify structural targets for therapeutic correction.

Materials and Methods
Protein expression and purification. The introduction of full-length NQO1 variants into the pET46 Ek/
LIC vector have been recently described?. Site-directed mutagenesis was carried out using the QuikChange kit
(Stratagene) to introduce a codon stop at the 225% residue of the coding sequence of NQO1 and to produce
A50-NQOI1 variants. All coding sequences were verified by DNA sequencing. Competent E. coli BL21 (DE3)
cells were transformed with these plasmids and used to express NQO1 and A50-NQO1 proteins following
previously described procedures?. Samples were buffer exchanged to 50 mM HEPES-KOH pH 7.4 and stored at
—80°C after flash-freezing in liquid nitrogen. Protein concentrations were measured spectrophotometrically
using €,50,m = 47900 M~ 1.cm™. Correction for pre-bound FAD and preparation of apo-proteins were carried
out as described*’. NQO1 samples in different ligation states are designated as follows: apo-NQOI (no ligand
bound), NQOL1 (as purified, partially saturated with FAD??), holo-NQO1 (saturated with FAD) and holo-
NQO1 + dic (saturated with FAD and dicoumarol). FAD and dicoumarol stock solutions were prepared as
previously described?*.

SAMp73 was produced and purified as described®. For ’N-SAMp73 expression, cells were grown in M9 min-
imal media, with 1 gr per liter of ’NH,Cl, supplemented with vitamins, and purified as the unlabelled protein®.

Isothermal titration calorimetry (ITC). Experiments were performed in a ITC,,, microcalorimeter
(Malvern) with a cell volume of 0.205 mL. Titrations were performed in 50 mM HEPES-KOH pH 7.4. FAD titra-
tions were carried out using 3.5-5pM A50-apo-NQOI variants (in dimer units) in the cell and 125uM FAD in
the titration syringe by performing 20-25 injections of 1.5pL each 180s. Dicoumarol titrations were carried out
using 5pM NQOI or A50-NQO1 holo-variants (in monomer) supplemented with FAD (10 uM), and 100 puM
dicoumarol 4+ 10 uM FAD in the syringe by performing 20-25 injections of 1.5pL each 180s. Data were cor-
rected for heats of dilution by performing titrations into buffer. After peak integration, binding isotherms were
fitted using a model for identical and independent type of sites using the software provided by the manufacturer.
Thermodynamic parameters are presented as the mean from two independent titrations.

Far-UV circular dichroism (CD) spectroscopy. Circular dichroism (CD) was measured in Jasco J-710 or
J-815 spectropolarimeters thermostatized using a Peltier element. NQO1 CD spectra were determined in 50 mM
K-phosphate pH 7.4 at 25°C, typically in a 195-260 nm range and using 50-100 nm/min scan rates. Samples
of NQOL1 proteins were prepared at 4puM concentration in monomer, and 6 scans were acquired and averaged.
In some cases, 10uM FAD and 10 uM FAD + 10 pM dicoumarol were added. Experiments in the presence of
SAMp73 and WT NQOI1 were carried out at a equimolar concentration (10 pM in protein monomer) of each
protein at 25 °C in 25 mM phosphate buffer pH 6.9. In all cases, appropriate blanks in the absence of proteins were
acquired and subtracted from those of protein samples.

For thermal denaturation studies, NQO1 samples (4 .M in protein monomer) were equilibrated for 10 min
at 20°C in the absence or presence of ligands (50 .M FAD and 50 pM FAD + 50 pM dicoumarol) and thermal
scans were performed up to 70-80°C at a 2°C/min scan rate. For sake of comparison, denaturation curves were
normalized using pre- and post-transition baselines, and the half-denaturation temperature (T;,) was determined
as the temperature at which half of the native signal was lost.

Dynamic light scattering. Dynamic light scattering (DLS) was carried out in a DynaPro MSX instrument
(Wyatt) using 1.5 mm path length cuvettes and 10 pM protein (in monomer units) in 50 mM HEPES-KOH pH
7.4 at 25°C. 30 measurements were acquired for each NQO1 protein, in the absence or presence of ligands (20 uM
FAD and 20 uM FAD + 20 pM dicoumarol) in three to six independent replicates, averaged and used to determine
the hydrodynamic radius and polydispersity using the average autocorrelation function and assuming a spherical
shape.

Fluorescence experiments. Fluorescence spectra were acquired in a Varian Cary Eclipse spectrofluorim-
eter (Agilent, USA) interfaced with a Peltier unit. The excitation wavelengths were either 280 or 295 nm. The
emission fluorescence was collected between 300-400 nm. Excitation and emission slits were 5nm. Spectra
were corrected by subtracting the corresponding blanks. Experiments were acquired with 2pM SAMp73 or
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NQOI-WT (in protein monomer), or a equimolar mixture of them, in 25 mM phosphate buffer pH 6.9 at 25°C.
NADH was added at a final concentration of I mM.

For titration experiments, a concentration of 4.2 uM NQO1-WT (in monomer) was used. Increasing concen-
trations of SAMp73 (from 0 to 8 uM) were added. The rest of the experimental set was the same as above.

Activity measurements. NQOI activity was measured in 50 mM HEPES-KOH pH 7.4. A reaction mix-
ture containing recombinant NQO1 and 0.5 mM NADH was incubated at 30 °C for 5min in 1-cm path length
quartz cuvettes in a thermostatized Agilent 8453 diode array spectrophotometer. The reaction was triggered by
the addition of 70 pM DCPIP (2,6-dichlorophenolindophenol) as the electron acceptor. Initial reaction rates were
determined from changes in Ay, resulting from the reduction of DCPIP and corrected for the non-enzymatic
reaction. To determine the kinetic parameters, NQO1 enzymes were incubated with a FAD excess (1 pM final
concentration), NADH was kept constant at 1 mM and DCPIP was varied from 7-50 uM or, DCPIP was man-
tained at 50 M and NADH was varied from 0.05-8 mM. Blanks in the absence of proteins were determined
and subtracted from the reaction with NQO1. The NQO1 concentration used varied depending on the variant
to ensure linearity over time and protein concentration: 1 nM (WT with and without added FAD, p.P187S with
FAD), 25-50 nM (p.P187S without added FAD), 200-600 nM (A50-WT and A50-p.P187S, with and without
added FAD). The specific activity was calculated using a €449pm = 21000 M~'.cm™! for DCPIP. k, and Ky, values
were determined using the Michaelis-Menten equation.

Proteolysis by thermolysin. Thermolysin from Bacillus thermoproteolyticus rokko was purchased from
Sigma-Aldrich, disolved in 50 mM HEPES-KOH 10 mM CaCl, pH 7.4, stored at —80 °C and its concentration
measured spectrophotometrically using a €,g,,, = 66086 M~'.cm ™. Proteolysis was performed at 25°C in 50 mM
HEPES-KOH 10 mM CaCl, pH 7.4 using 20 uM A50-NQOI1 (in monomer units), and the reaction was initiated
by the addition of thermolysin at a final concentration of 0.1 uM. Proteolysis reactions were performed using
A50-NQOL1 as apo-proteins, upon addition of 100 M FAD or 100 pM FAD and dicoumarol. Samples were with-
drawn at different times, quenched with EDTA (20 mM final concentration) and denatured using Laemmli’s
buffer at 95°C for 5 min. Samples were resolved in 12% acrylamide SDS-PAGE gels, stained with Coomassie Blue
and densitometered using Image]J (http://rsbweb.nih.gov/ij/). After normalization of the intensities using that of
the sample lacking thermolysin, the decay of the native band was analyzed using a single exponential function
that yields the proteolysis rate constant k.

Mass spectrometry. To analyze the proteolysis products of A50-WTT, the apo-protein (10 pM in monomer
units) was incubated at 25 °C in 50 mM HEPES-KOH 10 mM CaCl, pH 7.4 with 100 nM thermolysin at three dif-
ferent conditions: (i) no ligand and 1 min reaction; (ii) FAD 100 uM, 16 min; (iii) FAD and dicoumarol (100 pM
each) for 4 hours. The reaction volume was 150 uL. The reaction was stopped by addition of EDTA 20 mM.

125 pL of the final solution were exchanged to water using VIVAspin 500 filters (10 kDa) by two
dilution-concentration cycles and submitted for High performance liquid chromatography/electrospray
ionization mass spectrometry (HPLC/ESI-MS) to the High-resolution mass spectrometry unit, Centro de
Instrumentacién Cientifica (University of Granada). HPLC/ESI-MS was performed in a Acquity UPLC system
(Waters), using a water/formic acid, acetonitrile/formic acid (each at 0.1%) gradient in a Acquity UPLC® BEH300
C4 column (2.1 x 50 mm, Waters) coupled to a Q-TOF Synapt62 HDMS (Waters).

10 uL of the final solution were mixed with an equal volume of Laemmli's buffer (x2), denatured at 95°C and
loaded into a SDS-PAGE gel (12% acrylamide). Two bands (#1 and #2) were manually excised from gels and sub-
mitted for analyses to the Proteomics Unit, Complutense University of Madrid, a member of ProteoRed network.
Samples were in-gel reduced, alkylated and digested with trypsin, and after digestion, 1l of the supernatant
was spotted onto a MALDI target plate, allowed to air-dry, and mixed with o-cyano-4-hydroxy-cinnamic acid
matrix (Sigma) in 50% acetonitrile, and allowed again to air-dry at room temperature. MALDI-TOF MS analyses
were performed in a 4800 Plus Proteomics Analyzer MALDI-TOF/TOF mass spectrometer (Applied Biosystems,
MDS Sciex, Toronto, Canada). The MALDI-TOF/TOF operated in positive reflector mode with an accelerating
voltage of 20000 V. All mass spectra were calibrated internally using peptides from the auto digestion of trypsin.
Peptides of interest were subjected to MS/MS sequencing analyses using the 4800 plus Proteomics Analyzer.
From MS spectra, suitable precursors were selected to be fragmented by CID (Collision Induced Disociation
with atmospheric gas) using a 1 KV ion reflector operate method and a precursor mass window of +4 Da. The
Swissprot database (http://www.uniprot.org/help/uniprotkb) was used for protein identification without taxon-
omy restriction, and a home-made database with the sequence of recombinant A50-WT NQO1 was searched
using MASCOT 2.3 (www.matrixscience.com) through the Global Protein Server v 3.6 from ABSciex, using the
following parameters: enzyme, semitrypsin; carbamidomethyl cystein as fixed modification and oxidized methio-
nine as variable modification; peptide mass tolerance, 50 ppm (PMFSearch) - 100 ppm (Combined search); up
to 2 missed trypsin cleavage site; MS-MS fragments tolerance, 0.3 Da. The parameters for the combined search
(Peptide mass fingerprint plus MS-MS spectra) were the same as described above. In any protein identification,
the probability scores were greater than the score fixed by Mascot as significant with a p value < 0.05.

Molecular dynamics simulations. We performed molecular dynamics simulations of A50-NQO1 WT
and p.P187S in the apo-state and in complex with FAD and/or dicoumarol. The simulations of full-length NQO1
used as comparison are described in ref. 24. Systems were prepared in dimeric state on basis of crystal structures
of the complex with FAD (PDB: 1D4A*°) and the ternary complex (PDB: 2F10%2). Proteins were protonated for
simulation using protonate3d and mutated as well as truncated in MOE®".

Simulations were performed using the GPU implementation of pmemd in Amber12°2. Protein residues were
parametrized using the Amber forcefield 99SB-ILDN*. FAD and dicumarol parameters were taken from an
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earlier study?*. After employing an extensive equilibration protocol®, unrestrained systems were sampled for
100 ns in NpT ensemble and 5,000 equal-spaced snapshots were saved to trajectory.

After ensuring thermodynamic and structural stability of simulations, we analyzed resulting conformational
ensembles using cpptraj from AmberTools*. We analyzed B-factors of Caw atoms (derived from root mean
squared fluctuations along the simulations) after a single alignment to all Cx atoms as a metric for global flexi-
bility. Additionally, we extracted dihedral angles of the protein backbone and calculated dihedral entropies based
on resulting distributions after employing parameter-free kernel density estimation®. Integration over proba-
bility densities yields a thermodynamic entropy depicting a metric for local intrinsic flexibility of the protein
backbone®®. Independent dihedral entropies over all three backbone torsion angles were summed to yield a total
dihedral entropy per residue. All values are presented as arithmetic average over two dimer sub-units. Interface
residues were defined as all residues with at least one atom closer than 3 A to the adjacent sub-unit.

NMR spectroscopy. The NMR data were acquired at 20 °C on a Bruker Avance DRX-500 spectrometer
equipped with a triple-resonance probe and z-gradients. Proteins and ligands were prepared in 50 mM
phosphate buffer pH 6.9. The '*N-labelled SAMp73 concentration was in all cases ~200 pM, NQO1 variants
(as purified) were prepared at ~300 uM. When necessary, ligands were added to a final concentration of 3 mM
(dicoumarol) or 8mM (FAD or NADH). The 2D 'H-'"N HSQC (heteronuclear single-quantum coherence)
experiments® were acquired in the following conditions: (i) isolated ""N-SAMp73; (ii) **N- SAMp73 with NQO1
WT; (iii) ®N-SAMp73 with NQO1 WT + NADH; (iv) *'N-SAMp73 with A50-NQO1 WT; (v) "'N-SAMp73 with
A50-NQO1 WT + FAD; (vi) "'N-SAMp73 with A50-NQO1 WT + FAD + NADH; (vii) "N-SAMp73 with NQO1
P187S; (viii) 'N-SAMp73 with NQO1 P187S -+ FAD; (ix) *N-SAMp73 with NQO1 P187S + FAD + NADH; and,
(x) ®N-SAMp73 with NQO1 WT + dicoumarol (with stoichiometric amounts of dicoumarol). Samples containing
A50-NQOL led to precipitation during the experiments; experiments in the presence of dicoumarol also led to
precipitation. Control experiments were acquired with >N-SAMp73 with FAD and ’N-SAMp73 with NADH;
no differences in either chemical shifts or signal broadening were observed when compared with the spectrum of
isolated ’N-SAMp73 (BMRB number 4413).

Spectra were acquired in the phase sensitive mode. Frequency discrimination in the indirect dimensions was
achieved by using the echo/antiecho-TPPI method. The spectra were acquired with 2K complex points in the
'H dimension, 128 complex points in the '’N dimension, and 200 scans. The carrier of the "H dimension was set
at the water frequency, and that of "N at 120 ppm. The spectral widths used were 10 and 35 ppm in the 'H and
5N dimensions, respectively. Water was suppressed with the WATERGATE sequence®. Data were zero-filled
to double the number of original points in both dimensions, apodized with shifted squared sine-bell functions
in the two dimensions and Fourier transformed with the program TopSpin 1.3 (Bruker). The assignment of the
spectrum of SAMp73 under our conditions was carried out by comparison of the chemical shifts of the signals,
with that previously published>®.

To analyse the differences between the 2D 'H-'>N HSQC spectra of isolated SAMp73 and of the complexes,

the chemical shift perturbation (CSP) was used. CSP was calculated as: CSP = \/ (Ab H)2 + 0.1(Ad N)Z , where
Ady is the difference in chemical shift of the amide protons of isolated SAMp73 and that of SAMp73 in the corre-
sponding complex; and Ady is the difference in chemical shift of '°N resonances of isolated SAMp73 and that of
SAMp?73 in the complex. Only variations in residues with CSP > 0.01 ppm were considered significant.
Broadening of signals was measured in comparison with the internal reference of Ala530. Changes in cross-peak
intensity were considered significant when variations between the spectrum of isolated SAMp73 and that in the
presence of NQOI species were larger than 10%.

Expression studies in a cell-free system. Expression in a rabbit reticulocyte cell-free system (TnT sys-
tem, Promega) was performed at 30 °C for 30 min using **S-Met and NOQ1 c¢DNA variants subcloned in pCIneo
plasmids (Promega; 1 g plasmid/reaction). Protein synthesis was stopped with 100 pg/ml cycloheximide, and
kept at 30 °C for various chasing times. Aliquots were denatured in Laemmli’s buffer and analyzed by SDS-PAGE
and fluorography. The autoradiograms were scanned in a Molecular Imager FX (Bio-Rad) and the software
LabImager (Bio-Rad) was used to measure the band volume adjusted to background. All experiments were per-
formed three independent times and data are presented as mean £ s.d.
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Abstract

Human proteins are vulnerable towards disease-associated single amino acid replacements affecting protein stability and
function. Interestingly, a few studies have shown that consensus amino acids from mammals or vertebrates can enhance
protein stability when incorporated into human proteins. Here, we investigate yet unexplored relationships between the high
vulnerability of human proteins towards disease-associated inactivation and recent evolutionary site-specific divergence of
stabilizing amino acids. Using phylogenetic, structural and experimental analyses, we show that divergence from the consen-
sus amino acids at several sites during mammalian evolution has caused local protein destabilization in two human proteins
linked to disease: cancer-associated NQO1 and alanine:glyoxylate aminotransferase, mutated in primary hyperoxaluria type
I. We demonstrate that a single consensus mutation (H80R) acts as a disease suppressor on the most common cancer-
associated polymorphism in NQO1 (P187S). The H80R mutation reactivates P187S by enhancing FAD binding affinity through
local and dynamic stabilization of its binding site. Furthermore, we show how a second suppressor mutation (E247Q) cooper-
ates with H80R in protecting the P187S polymorphism towards inactivation through long-range allosteric communication
within the structural ensemble of the protein. Our results support that recent divergence of consensus amino acids may have
occurred with neutral effects on many functional and regulatory traits of wild-type human proteins. However, divergence at
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certain sites may have increased the propensity of some human proteins towards inactivation due to disease-associated mu-
tations and polymorphisms. Consensus mutations also emerge as a potential strategy to identify structural hot-spots in pro-
teins as targets for pharmacological rescue in loss-of-function genetic diseases.

Introduction

Through evolution, mutations causing single amino acid re-
placements may occur and fixate causing beneficial functional
and stability changes (adaptive mutations), while others may
not show any apparent change on protein functionality (neutral
mutations) or affect secondary (promiscuous) functions, while
largely deleterious mutations are more rarely fixed (1,2).
Random mutations are often destabilizing, particularly when
they affect the protein core (3), and may reduce protein stability
below a certain threshold impairing functionality and organism
fitness, which in principle often prevents their fixation (2).
Fixation of destabilizing mutations can be tolerated if other sta-
bilizing mutations occur before or afterwards (2,4). In this con-
text, stability-activity trade-offs can be biologically buffered by
different mechanisms, such as control of protein expression
and modulation of protein misfolding by molecular chaperones
(2,5). Importantly, mutations often show pleiotropic effects,
manifesting different effects on primary and secondary func-
tions as well as on protein stability (2,4). Mutations can also
contribute to the evolution of protein function and the acquisi-
tion of regulatory mechanisms involving protein allostery
through modulation of the dynamics of protein conformational
ensembles (1,6-9).

The ability of proteins to fold into a native and stable struc-
ture intracellularly is often challenged by mutations, thus
leading to disease (10,11). During evolution, mammals have
gathered a vast network of ~1300 different proteins involved in
protein biogenesis, folding, trafficking, degradation and mainte-
nance of the proteome named the protein homeostasis network
(10,11). Mutations may critically affect the ability of proteins to
fold and remain stable, causing loss of enzyme function and
metabolic defects commonly due to accelerated proteasomal
degradation (12). Global destabilization of the protein structure
due to single amino acid replacements may play an important
role in this loss-of-function mechanism (13-15), although recent
studies support the idea that local stability and dynamics of
protein structures may drive their directional degradation via
the proteasome (15-19). Accordingly, small molecules aimed at
locally or globally stabilizing protein structure constitute a
promising new battery of pharmacological tools to treat these
diseases (12,20-22). Mistargeting is another consequence of
some mutations (23,24), and the compartmentalization of meta-
bolic pathways along evolution (25,26) seems directly related to
such mutations.

Proteins are often stabilized upon replacement of a rare
amino acid at a given position by the most common one (i.e. the
consensus amino acid) found in an alignment of homologous se-
quences (27-32). These back-to-consensus or consensus mutations
increase protein stability primarily by local optimization of the
interactions in the environment of the mutated site, and in
some cases, by decreasing local flexibility (28,33,34). It has been
argued that consensus mutations are reversions to the ances-
tral amino acid, and thus, their stabilizing effect reflects
to some extent the thermophilic nature of ancestral proteins
(35-37), although the universality of this relationship is unclear
(38). Consensus mutations can act as global intragenic sup-
pressors by providing a stability boost towards destabilizing

mutations (39). Since mammalian and vertebrate consensus
amino acids can be strongly stabilizing when incorporated to
human proteins (28,32), it is intriguing that during the evolu-
tionary history of mammals divergence from consensus amino
acids may have yielded some human proteins more prone to
loss-of-function and disease-causing mutations.

To investigate the evolutionary divergence of consensus
amino acids as potential intragenic suppressors of human
disease, we have chosen to study the most common cancer-
associated polymorphism (rs1800566/c.C609T/p.P187S) in
NAD(P)H:quinone oxidoreductase 1 (NQO1) that causes a Pro187
to Ser187 amino acid replacement (40). This system is particu-
larly suitable due to the multifunctional nature of this enzyme
(allowing us to investigate specific effects on different individ-
ual functions) as well as the well-characterized mechanisms by
which the polymorphism affects protein function and stability
in vivo (18,41-45). NQO1 is a homodimeric FAD-dependent en-
zyme involved in the activation of some anti-cancer pro-drugs
(41,46), which also interacts with and stabilizes transcription
factors associated with cancer and cell-cycle regulation, such as
P53, p730 and HIF-1o (47,48). While wild-type (WT) NQO1 is ki-
netically stable at physiological temperature in vitro (with a de-
naturation half-life of 9h), the P187S polymorphism accelerates
denaturation by a factor of 60 (43). More importantly, the P187S
polymorphism largely abolishes NQO1 activity in vivo by affect-
ing FAD binding and promotes its proteasomal degradation,
through dynamic destabilization of two distant sites: the FAD
binding site in the N-terminal domain (NTD, residues 1-224)
and the small C-terminal domain (CTD, residues 225-274), re-
spectively (18,42,44,49). As a consequence, binding of FAD to WT
NQO1 protects it towards degradation in vivo while binding of
the inhibitor dicoumarol is required to stabilize P187S, support-
ing a different directionality in their proteasomal degradation
(i.e. initiated at the NTD vs. the CTD, respectively) and their spe-
cific blockage by ligands affecting protein local dynamics upon
binding (18,44,45,49).

Results

Stabilizing consensus amino acids have been replaced
during recent divergent evolution of two disease-
associated human proteins

To identify consensus mutations for NQO1, we have used an
alignment of mammalian sequences, including those with high
(over 80%) identity to that of human NQO1 from eighteen differ-
ent orders overall (Supplementary Materials) and a large repre-
sentation of those from primates (15.3%), rodents (19.2%),
artiodactyla (15.3%), carnivora (11.5%) and chiroptera (9.6%).
Among these consensus mutations, H80R causes the most re-
markable stabilizing effect either in WT or P187S NQO1 (Fig. 1A
and B and Supplementary Material, Table S1), consequently in-
creasing their kinetic stability (i.e. slowing down irreversible in-
activation, Supplementary Material, Table S2). Importantly,
HB8O0R causes a local dynamic stabilization of the N-terminal do-
main (NTD) of WT NQO1, increasing by 2-fold its resistance to-
wards partial proteolysis by thermolysin (Fig. 1C and D), which
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Figure 1. Structural basis of the global and local stabilization of human NQO1 by the consensus H80R mutation in vitro. (A) Consensus mutations derived from mamma-
lian NQO1 sequences stabilize NQO1; the consensus ratios and changes in denaturation temperature vs. WT (ATy,; from Ty 5 values in Supplementary Material, Table
S1) are shown; (B) Thermal stabilization of WT and P187S by the H80R mutation; data are means. from at least five experiments. Ty, from Ty 5 values are shown
(Supplementary Material, Table S1); C and D) Normalized proteolysis rates (C) and degradation patterns (D) for NQO1 enzymes showing local stabilization of the NTD
by H80R. Normalized proteolysis rates are calculated from ratios of kyror (in M~ *min ) for WT/variants, and thus, values higher/lower than one reflect quantitatively
the stabilizing/destabilizing effect, respectively; (E and F) Structural comparison of H80R (PDB 5FUQ) and WT (PDB 2F10) shows the preservation of the NQO1 overall
fold (E) and the local stabilization exerted in the environment of the mutated site (F; WT in grey and H80R in pink).

occurs between Ser72 and Val73 (18). The H80R mutation has no
effect on the sensitivity of P187S towards proteolysis (Fig. 1C
and D), showing that the local stabilization of H80R on the NTD
does not propagate to the cleavage site of P187S found at its
CTD (18). To provide structural insight for the stabilizing effect
of H80R, we have solved the structure of H80R in the presence of
FAD and dicoumarol (a competitive inhibitor of NADH; (41)) (Fig.
1E and F, Supplementary Material, Table S3). The presence of
the H80R mutation does not affect the overall fold of NQO1,
with a RMSD of 0.42 A (H80R, vs. WT, PDB ID: 2F10, using
PDBeFold (50)), showing two molecules of FAD and dicoumarol
per dimer, and a third molecule of the inhibitor is found at the
dimer interface (Fig. 1E). Interestingly, Arg80 undergoes a transi-
tion to a less solvent exposed environment than that of His80
(14% vs. 30%), and establishes a salt bridge with Glu78 (at 2.85 A)
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and other electrostatic interactions mainly involving Lys59, and
a water molecule (W88) hydrogen-bonded to Glu71 (not present
in the WT enzyme; Fig. 1F). Therefore, this cluster of electro-
static interactions mostly involving Glu71, Glu78 and Arg80
(hereafter named the ‘EER’ cluster) appears to be critical for the
local stabilization exerted by H80R. Importantly, the EER cluster
seems to stabilize the adjacent loop 57-66, which is highly dy-
namic in the P187S polymorphism and involved in its lower af-
finity for FAD (18).

Arg80 is found in most of the closely related mammalian se-
quences, suggesting that its stabilizing effect has disappeared
recently in an evolutionary time scale. Specifically, this implies
that the stabilizing effect of the consensus state at this position
(i.e. Arg80) was present in mammalian ancestors of NQO1 and
recently diverged to the non-consensus state found in the
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Figure 2. Overall conservation of the stabilizing effect of Arg80 across species and its divergence along primate evolution. (A, B) Structural overlay of human NQO1WT
(hWT, blue, PDB 2F10) and H80R (hH80R, cyan, PDB 2FUQ) and rat NQO1 (red, PDB 1QRD), showing the environment of the 80 residue and the loop 57-66 (A) and the EER
cluster (B; values indicate solvent accesibilities); (C) Total electrostatic interaction energies for individual residues of the EER cluster; (D) Pairwise electrostatic interac-
tion energies (in kcal-mol*) between residue 59 and the EER cluster (residues in yellow are those diverging from human NQOZ1; the green and red color scale indicates
the stabilizing/destabilizing nature of the interaction for visual aid); (E, F) Conservation of the EER cluster among representative individual mammalian sequences
(panel E) and a set of fifty-three mammalian sequences (see Supplementary Materials) grouped by order/family as sequences diverge in identity (F, circles indicate
mean values and crosses their corresponding ranges); (G) Ancestral sequence reconstruction for the Arg-to-His transition at position 80.

human enzyme (Fig. 2). Consequently, Arg80 is present in rat
NQO1, and its available X-ray crystal structure allows direct
comparison of the structural consequences of the His-to-Arg
transition in these orthologues with high (85%) sequence iden-
tity. Structural superposition of human WT and H80R enzymes
with rat NQO1 show that the local structural switch triggered by
Arg80 in the human enzyme is found in the murine enzyme
(Fig. 2A and B). In addition, the EER cluster is also structurally
conserved in the murine protein, and Arg80 causes a similar lo-
cal stabilization of the structure to that found in human H80R.
The electrostatic local stabilization due to the EER cluster
amounts to -1.8 and -2.3kcal-mol * for human H80R and rat
NQO1 compared to the human WT enzyme (Fig. 2C). Overall,
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Arg80 develops more stabilizing electrostatic interactions with
its environment in rat than in human NQO1 (Fig. 2C and D),
mostly due to the presence of a non-conserved Glu59 in the
rat enzyme which is a Lys in human NQO1 and most of the
mammalian sequences. Nevertheless, a comparison of pairwise
electrostatic interactions within the EER cluster (including Lys/
Glu59), clearly shows that the local stabilizing role of the EER
cluster found in human NQO1-H80R is present in the rat en-
zyme (Fig. 2D). This EER cluster contains the largely stabilizing
Arg80 in most of mammalian sequences of different orders, in-
cluding different primate families, but sharply shifts to His80 in
the hominidae family (Fig. 2E and F), indicating that the Arg-to-
His mutation has been recently fixed along primate evolution.



Human Molecular Genetics, 2017, Vol. 26, No. 18 | 3535

A B Residue C
NGOL ety 10{®g
2 NE3IBSX > s
E Human E 0.9 1 . . .
g Orangutan % BE AGT ’ ® ) =)
Monkey = 081 &
g Baboon NQO1 —
Cow r
g Rabbit 1.0 i
o Dog 2 081
Mouse (/]
0 50 100 150 200 250 Rat S 061 &
Residue number Horse @ 04/ .!
=]
o 3
= AGT © o2 {
- 0018
=1 Human PR
- Orangutan §E85papayp
8 ot ST58378E8
c Baboon I (&) = g [ ]
8 ———E8930
Horse w noE
0 100 200 300 Cow % OE5
. Rabbit <
Residue number i E
Mouse E
D NQO1 AGT
. -Dehotoria princaps
ﬂ - muscuts
I s
-Vi mﬂ;ﬂw«sawm _d—d L ko -
100 PR s famlang
S e
-Equus.cabalius
o o
: T —1 e Fpescus wcs
: TR e T Smavols ;
3 : O Chirocstus satmus |
’ i ' -
[ —— = i
|| ] )r o m“.:m
|| |0q| ’,ﬁ_:nl?:‘.a:ﬂmm1
I I
L 4 v
R23Q
| | R80H i ivzm i i i P4BS
| EoaA | P A
YA P i | Hepp IV
Q247E} H i i i i MgnL =
N140S} i i i_* i At{3m i -
Myr 40-46 27-31 15-176-7 Myr 40-46 27-31 16-22 6-7 -

Figure 3. Recent evolutionary divergence of stabilizing consensus amino acids in NQO1 and AGT. (A) Consensus analyses performed using a similar set of mammalian
sequences for NQO1 and AGT; (B,C) Divergence of the relevant set of consensus amino acids in highly similar mammalian sequences; in panel B, divergence is shown for in-
dividual sequences, in panel C as clustered in orders/families as the identity decreases (values are mean=s.d.; fifty-three sequences were used overall, see Supplementary
Materials); (D) Phylogenetic trees based on sequences of NQO1 (left) and AGT (right). Numbers at some branches show the bootstrap values of 100 replicates. Only values
above 50 are indicated. The lower panels show the approximate times at which mutations have occurred according to ancestral sequence reconstruction.

Ancestral sequence reconstruction indicates that the Arg-to-His
transition likely occurred after divergence of Cercopithecoidea
and Hominoidea superfamilies from a common ancestor about
30 Myr ago (Fig. 2G).

To test whether similar events to the recent Arg-to-His tran-
sition at position 80 in mammalian NQO1 may have occurred
in other consensus amino acids as well as for other proteins, we
have performed consensus analyses using essentially the
same set of mammalian species for NQO1 with human ala-
nine:glyoxylate aminotransferase 1 (hAGT). hAGT is associated,
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due to inherited mutations and the polymorphism P11L, with
the life-threating disease primary hyperoxaluria type I (OMIM
#259900), in which genetic variations cause loss-of-function of
hAGT activity notably due to protein mitochondrial mistarget-
ing and peroxisomal aggregation (23,24). We have recently per-
formed a detailed characterization of the effect of consensus
mutations in hAGT, including quantitative stability and struc-
tural analyses for single- and multiple-consensus mutants (28).
As shown in Figure 3A, consensus analyses reveal a similar
set of stabilizing mutations to that previously found using
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somewhat different groups of mammalian and eukaryotic
sequences and experimentally validated for hAGT (28).
Interestingly, murine orthologues of human NQO1 and hAGT
(for which there are X-ray structures) display a large fraction of
these consensus amino acids (Fig. 3B).

Detailed sequence, phylogenetic and structural analyses
support the proposal that the fixation of a non-consensus (po-
tentially disease-predisposing) amino acid in human NQO1 (i.e.
His&0) is not an unusual or isolated event (Fig. 3, Supplementary
Materials, Figs. S1 and S2). Consensus amino acids are found in
mammalian sequences with very high identity to the human
orthologue, and divergence at these sites and consequent loss
of stability seem to have occurred particularly along primate
evolution (Fig. 3B and C). Indeed, ancestral sequence recon-
struction analyses support that about 70-80% of the mamma-
lian consensus amino acids analysed in NQO1 and AGT have
been progressively replaced through the last 40 Myr (Fig. 3D).

Our interpretation on the loss of stability due to divergence
from consensus amino acids implies that their stabilizing ef-
fects on human NQO1 (this work) and hAGT (28) are conserved
between highly similar orthologue proteins, a plausible as-
sumption considering that site specific amino acid preferences
are often highly conserved along evolution (39,51). The available
crystal structures for human and murine enzymes containing
consensus amino acids at these sites provide further structural
and energetic support for the interspecies conservation of the
local stabilization exerted by consensus amino acids. Human
and murine WT proteins, as well as human enzymes containing
a single (NQO1-H80R) or multiple (hAGT-RHEAM) consensus
mutations share the overall fold (Supplementary Materials, Figs
S1A and S2A). In human NQO1, all six consensus mutations are
individually stabilizing (Fig. 1A), and only the adjacent A27V
and A28E mutations are spatially close (Supplementary
Material, Fig. S1B), while the five consensus mutations on hu-
man AGT are individually stabilizing and their effects are addi-
tive (28), with four of them forming an intersubunit cluster of
stabilizing interactions (Supplementary Material, Fig. S2B). With
a few exceptions, the consensus mutations do not cause large
changes in the solvent accessibility (Supplementary Materials,
Figs S1C and S2C), and a significant fraction of them show an
electrostatic origin for their stabilizing effects (Supplementary
Materials, Figs S1D and S2D). In rat NQO1, the consensus amino
acids Arg80 and Glu28 combined cause a ~3kcal-mol * stabi-
lization compared to His80 and Ala28 in the human en-
zyme, due to local optimization of electrostatic interactions
(Supplementary Material, Fig. S1ID and E and Fig. 2). In mouse
AGT, the consensus amino acids Arg23 and Glu52 create an
electrostatic cluster of favourable interactions similar to that
found in hAGT-RHEAM and including Argl75 and Arg333. This
cluster amounts to 3—4 kcal-mol~? of electrostatic stabilization,
besides some small differences with hAGT-RHEAM such as the
absence of Glu344 in the mouse enzyme (Supplementary
Material, Fig. S2 D and E and (28)).

The consensus mutation H80R rescues P187S NQO1
activity intracellularly through local stabilization of the
FAD binding site without affecting the interaction

with p73a

To test whether mammalian consensus amino acids can act as
suppressors of disease phenotype, we have further investigated
the mutation H80R in the presence of the cancer-associated
P187S NQO1 polymorphism. Notably, the local stabilization

exerted by H80R at the NTD affects the environment of the FAD
binding site (Fig. 4A), whose destabilization by P187S in the apo-
state (particularly at the loop 57-66) causes enzyme inactivation
by reducing the affinity for FAD (18). Accordingly, H80R in-
creases the content in FAD of P187S as purified (Fig. 4B), causing
a concomitant large increase in specific activity (Fig. 4C) without
perturbing other kinetic properties (e.g. the apparent affinities
for NADH and DCPIP as substrate; Supplementary Materials,
Table S4 and Fig. S3). Results from thermal denaturation experi-
ments with an excess of FAD ruled out that the stabilizing effect
of H80R on P187S is due to the presence of higher FAD levels in
the proteins as purified (Supplementary Material, Fig. S4). Local
stabilization of the FAD binding site of P187S by H80R also trans-
lates into a 10-fold higher binding affinity for FAD, with little
consequence on the WT enzyme, as shown by fluorescence ti-
trations (Fig. 4D, Supplementary Material, Fig. S5). Molecular dy-
namics (MD) simulations recapitulate the structural switch
caused by H80R (Supplementary Material, Fig. S6) further show-
ing that this switch dynamically stabilizes the loop 57-66, par-
ticularly in the apo-state of P187S (Fig. 4E and F).

The local stabilization exerted by H80R on the NTD should
increase the FAD binding affinity of P187S, and consequently its
activity inside cells, without affecting degradation rates or pro-
tein levels (which are largely influenced by the dynamic CTD;
(18)). We have thus investigated the effects of H80R on the intra-
cellular activity, protein levels and degradation rates of WT and
P187S by combining experiments in stably transfected Caco-2
cells (showing low endogenous levels of NQO1 protein due to
being homozygous for P187S; (18)) with pulse-chase experi-
ments in a rabbit reticulocyte cell-free system (Fig. 4G-K).
Western-blot analysis of transfected Caco-2 cells reveal a 3-fold
increase in protein levels of P187S in the presence of the sup-
pressor H80R mutation, while this effect is weak in WT NQO1
(1.4-fold increase; Fig. 4G and H). The levels of endogenous
NQO1 P187S in Caco-2 cells (lower immunodetected bands in
Fig. 4G) are somewhat higher when cells are transfected with
NQO1 variants containing the H80R mutation, suggesting that
the presence of this mutation favors hetero-oligomerization
between exogenous (i.e. transfected) and endogenous P187S
NQOL1. Since degradation of NQO1 proteins upon expression in
rabbit reticulocyte extracts is mediated by the proteasome (52),
we have used this system to determine whether H80R affects
proteasomal degradation rates. The obtained results show that
HB8O0R has little effect on the degradation rates of WT and P187S
(Fig. 41), suggesting that the effect of H80R on intracellular pro-
tein levels of P187S reflects an improved intracellular folding
efficiency. Functional rescue of P187S by H80R is further sup-
ported by measurements of NQO1 activity in transfected cell ex-
tracts using DCPIP as substrate (Fig. 4]) and corroborated by the
increased capacity of intact transfected cells to activate the
drug 17-AAG (17-N-allylamino-17-demethoxygeldanamycin)
into its cytotoxic form (53) (Fig. 4K, Supplementary Material, Fig.
S7). Importantly, NQO1 activity measurements (Fig. 4] and K)
correlate well with the levels of transfected NQO1 proteins (Fig.
4G and I), supporting that hetero-oligomerization of transfected
proteins with endogenous P187S plays a minor role in the func-
tional rescue exerted by H80R on P187S.

So far, we have shown that the consensus H80R mutation is
capable of reactivating P187S NQO1 to a significant extent in vi-
tro and in cells likely due to enhanced FAD binding affinity and
folding efficiency. To determine whether this consensus muta-
tion might affect further functions, such as their ability to inter-
act with transcription factors (e.g. p730), we have used NMR
spectroscopy to investigate binding of NQO1 variants with the
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Figure 4. The H80R mutation protects cancer-associated P187S towards inactivation. (A) Structural location of the loop 57-66 and His80 relative to the FAD binding site
(PDB: 2F10); (B) Absorption spectra of FAD bound to NQO1 enzymes as purified; data are the average from two independent purifications; the fractional degree of bind-
ing (in %) of FAD to NQO1 proteins is indicated; (C) Activity of purified NQO1 enzymes in the absence or presence of added FAD (mean=*s.d. from 5 to 6 independent
measurements); (D) FAD titrations of apo-NQO1 proteins monitored by fluorescence; Data are from two independent experimental series. Best-fit K4 values are dis-
played; (E, F) Dynamic changes at residue level from MD simulations showing specific effects of H80R on the backbone dynamics of apo-P187S (highlighted by green cir-
cles). (G, H) representative western-blots of Caco-2 cells stably transfected with pCINEO (mock, no insert), pCINEO-NQO1 WT, H80R, P187S, H80R/P187S (panel G). The
position of transfected (exogenous) NQO1 in the blots is indicated. In panel H, densitometric analyses of exogenous NQO1 protein normalized using p-actin content
(the signal of WT is set to 1 in each experimental series; n = 3; mean+S.D.). Statistical differences are provided by an unpaired t-test; (I) chase experiments after a pulse
synthesis in rabbit reticulocyte extracts. Fits to a single exponential provide the half-lives for the corresponding NQO1 variants; mean=*S.D. from three independent ex-
periments; The inset displays a representative gel for a pulse of synthesis to show that proteins levels are comparable for all variants, although somewhat lower for
P187S; (J) NQO1 activity in Caco-2 cell extracts transfected with different NQO1 variants and using DCPIP as substrate; (K) Capacity of different NQO1 variants to activate
17-AAG, determined as the maximal inhibition of cell viability and normalized using the value of Caco-2 cells transfected with pCINEO (mock)(see Supplementary
Material, Fig. S7). Data in (J and K) are best-fit values+standard errors and statistical significance is provided by a t-test.
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Figure 5. The consensus mutations E247Q and H80R cooperate to rescue P187S NQO1. (A) Location of Glu247 far from His80 and the FAD cofactor (PDB 2F10); (B) Effect
of the E247Q and H80R mutations on the normalized proteolysis rates by thermolysin; Normalized proteolysis rates were determined as described in Figure 1 and
Materials and Methods; (C) Absorption spectra of FAD bound to NQO1 enzymes as purified; data are the average from two independent purifications; the fractional de-
gree of binding (in %) of FAD to NQO1 proteins is indicated; (D) In vitro activity of purified NQO1 proteins in the absence or presence of FAD 1 M. (E, F) Titrations of apo-
NQO1 variants (E, P187S variants; F, WT variants) with FAD followed by intrinsic fluorescence. Data are from two independent experimental series. Best-fit K4 values

are displayed.

C-terminal domain of p73a (SAMp730) (49). Even though small
quantitative differences are observed between NQO1 variants,
these analyses support that the core of the residues involved
in NQO1:SAMp73a interaction is not greatly affected by the
H80R mutation (Supplementary Materials, Fig. S8 and Table S5).

E247Q cooperates with H80R to rescue NQO1 P187S
through long-range epistatic interactions

During the evolution of proteins, the effects of a single mutation
often depend on the presence of additional mutations (a type of
epistatic interactions; (2,4)). In the context of this work, divergence
from consensus amino acids at different sites in a short

evolutionary time period (see Fig. 3), may have cooperated to
enhance the sensitivity of human NQO1 and AGT towards
disease-associated inactivation through this type of interac-
tions. This cooperation is further expected from the additive ef-
fects of consensus mutations on protein stability (28,30,54). To
test this hypothesis, we have characterized the effects of the
consensus NQO1 mutation E247Q, in the absence or presence of
HB80R (Fig. 5). These two sites are not spatially close (at ~40 A)
and the Glu247 is also far from the FAD binding site (at ~25 A;
Fig. SA). We found that E247Q locally stabilizes the CTD of
P1878S, decreasing by 2-fold the sensitivity to partial proteolysis,
and its effects propagate to the distal NTD enhancing the local
stabilization exerted by H80R in the WT enzyme (Fig. 5B). This
long-range communication of the stabilizing effect of E247Q
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concomitantly increases the FAD content and specific activity of
P187S, boosting the effects of H80R (Fig. 5C and D). FAD titra-
tions confirmed stronger binding of FAD to P187S in the pres-
ence of E247Q, particularly in combination with H80R (Fig. 5E,
Supplementary Material, Fig. S5), while very tight FAD binding
was found for all variants of WT NQO1 (Fig. 5F, Supplementary
Material, Fig. S5). As described earlier in this work for H80R, the
presence of E247Q did not largely affect the core of residues in
SAMp73a involved in the formation of its complex with NQO1
(Supplementary Materials, Fig. S8 and Table S5).

These results demonstrate that the additive stabilizing ef-
fects of consensus mutations can propagate to distal functional
sites, in line with our recent findings on the long-range commu-
nication existing between the Pro187 site, the FAD binding site
and the CTD, in particular when the CTD is withdrawn (49).
Surprisingly, the epistastic effects described here for H8OR and
E247Q mutations support directionality in their propagation (in
agreement with some ensemble descriptions of allosteric muta-
tional effects; see (55)): the H80R mutation locally stabilizes the
NTD, with no apparent effects on the stability or dynamics of
the CTD (Fig. 1C and D), while the E247Q mutation stabilizes the
CTD and the distal NTD, and importantly, enhances the local
stabilization exerted by H80R on the NTD (Fig. 5B).

Discussion

We have provided evidence supporting that consensus amino
acids among mammalian sequences have diverged over the last
50 Myr, decreasing the local stability of some human proteins
and potentially predisposing them towards disease-associated,
destabilizing and inactivating single amino acid changes. Due
to the conservation of the stabilizing effect of consensus amino
acids, at least in protein orthologues with highly similar se-
quences, their additive effects on stability, and the existence of
long-range epistatic interactions between some consensus
amino acids, it is intriguing to propose that some extant mam-
malian proteins (such as those from rodents) might be more ro-
bust towards disease-associated and destabilizing single amino
acid replacements. Importantly, we demonstrate the potential
of consensus amino acids to protect towards disease-associated
single amino acid changes. This case also exemplifies well how
deeply evolution can affect the protein conformational land-
scape through single mutations altering protein functionality
in vivo, and particularly, the key role of long-range propagation
of structural and dynamic effects to different functional sites.
An interesting application of consensus mutations as disease
suppressors could be the identification of druggable spots in
proteins, i.e. to mimic the suppressor effect of the mutation us-
ing small pharmacological ligands.

From the perspective of natural selection, it is difficult to
conceive how destabilizing mutations diverging from consen-
sus amino acids are fixed along evolution, unless the mutated
sites are under low selective pressure. In this case, mutations
diverging from the consensus amino acid would be eventually
fixed if they have little or no effect on protein function in vivo (or
ultimately, in the reproductive capacity of the species), there-
fore constituting networks of neutral mutations (or neutral net-
works; (2)). Indeed, this neutral network scenario explains well
the experimentally observed effects on human NQO1 and AGT
proteins (this work and (28)). In the case of NQO1, a paradigm of
multi-functional stress protein, mutation of the consensus
Arg80 (to His) and GIn247 (to Glu) have little or no effect in many
different molecular traits, such as its specific activity, FAD con-
tent, intracellular stability and folding efficiency, or interaction
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with p73e. For human AGT, the simultaneous absence of up to
five consensus amino acids only slightly affects its specific ac-
tivity and has no impact on the intracellular folding, stability
and peroxisomal import upon interaction with the peroxisomal
receptor Pex5p (28). It can also be argued that the divergence of
some consensus amino acids in these human proteins has been
driven by natural selection, for instance by fine-tuning of some
intracellular functions, unfortunately not yet identified by the
functional analyses performed so far.

Our results with NQO1 have also important implications for
understanding the stability and dynamics of the human flavo-
proteome. A recent comprehensive proteomic analysis has
shown that the stability of human flavo-proteins is strongly de-
pendent on the bioavailability of the flavin cofactor, and NQO1
has emerged as a particularly sensitive case (45). Our results fur-
ther highlight the importance of the apo-state ensemble, in par-
ticular its structure, stability and dynamics (18,42-45,49,56), in
determining the cofactor binding affinity of human flavo-
proteins, and consequently, their function and stability in vivo.
This can be of particular relevance to understand the large
number of metabolic diseases associated with flavo-proteins
(linked to about 60% of all human flavo-proteins, based on a re-
cent and exhaustive analysis (57)), and the significant fraction
of them associated with riboflavin supplementation (57,58).

Materials and Methods

Consensus and phylogenetic analyses

The sequences of mammalian NQO1 and AGT enzymes were re-
trieved using BlastP and the human sequences as queries. This
set of sequences (see Supplementary Materials) was used to
identify consensus amino acids as those displaying the highest
frequencies in the alignment. Therefore, the consensus ratio
was defined as the number of sequences containing the most
common amino acid in the alignment divided by the number of
sequences containing the amino acid found in the human pro-
tein at the same site. In NQO1, the six consensus mutations dis-
playing consensus ratios higher or equal to 5 were selected for
further characterization.

Phylogenetic trees based on the sequences of the NQO1
and AGT proteins were made according to the UPGMA method
with the phangorn package (59) from the gnu-R statistical soft-
ware. Analysis of time divergence was performed according to
(60,61).

Materials

Antibiotics, HEPES, cacodylate, KOH, DCPIP, FAD, NADH and
thermolysin from Bacillus thermoproteolyticus rokko were pur-
chased from Sigma Aldrich (Madrid, Spain). Chromatographic
columns for protein purification were from GE Healthcare
(Barcelona, Spain). Concentration devices (cut offs of 3-30kDa)
were from Millipore (Madrid, Spain) or Sartorius (Madrid, Spain).
Other chemicals were purchased from standard suppliers.

Mutagenesis, expression and purification of NQO1
variants in E. coli

Site-directed mutagenesis was performed wusing the
QuickChange lightening kit (Agilent Technologies, Madrid,
Spain) by standard protocols and confirmed by sequencing.
Expression in and purification from E. coli BL21 (DE3) was per-
formed as described (43).
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In vitro characterization of NQO1 proteins

NQO1 activity was measured by following the reduction of
DCPIP as described (49). FAD content in purified NQO1 samples
was estimated from UV-visible absorption spectra. Briefly,
NQO1 proteins in K-HEPES 50mM pH 7.4 were prepared
~0.6mgmL~! and the absorption spectra registered in a HP
8453 spectrophotometer (Agilent) at 25°C. The corresponding
spectra were converted into molar extinction units using a cor-
rected extinction coefficient at 280nm for each purified NQO1:
€280 = 47900 - (1+ 2290 . Aysp), that considers the contribution
from apo-NQO1 (ez50=47900 M “.cm™?, derived from the pri-
mary sequence; (43)) and the FAD bound assuming that spectro-
scopic features of the cofactor do not largely depart from those
in the free form (eyg0=22000 and ess50=11300 M “.cm™?%; (43)).
This procedure yields estimates for the FAD content in purified
samples by using a reference value of e450=11300 M *.cm " for
100% saturation.

Thermal denaturation of NQO1 proteins was determined in
K-HEPES 50 mM pH 7.4 at a protein concentration of 2 uM in the
presence of the fluorescent probe SYPRO Orange (Life
Technologies, Madrid, Spain). Thermal scans were registered in
a IQ5 Real-time PCR detection system (Biorad, Madrid, Spain) by
monitoring fluorescence upon excitation at 460 nm and emis-
sion at 510nm at a scan rate of 0.5°C-min~". The melting tem-
perature was determined from the maximum of the first
derivative (Tqer) O as the half-denaturation temperature upon
normalization of the unfolding curves (Tos) as described (21).
Additionally, thermal stability of NQO1 proteins in the absence
or presence of FAD (2 uM NQO1 monomer and 10 uM FAD) was
determined by following intrinsic fluorescence (exc. 280nm,
em. 340 nm; slits 5nm) in K-HEPES 50 mM pH 7.4. Thermal scans
were registered using 0.3cm path-length quartz cuvettes in a
Cary-Eclipse spectrofluorimeter (Agilent Technologies), using
2°C-min~! scan rate and T,, values determined as described
above (Tos procedure). Data are reported as mean *s.d. from
three independent scans. Inactivation kinetics was determined
by incubation of protein samples (40 uM) for different times at
42°C, chilling on ice and measurement of residual activity as
described (49).

Proteolysis kinetics by thermolysin were performed as re-
cently described (18). Protease concentration was 100-200 nM
(WT variants) or 0.5-1nM (P187S variants). For each variant, two
independent experiments were performed and data of intact
NQO1 protein vs. time decays were used to determine first-
order rate constants from exponential fits. These constants
were divided by the thermolysin concentration used to yield
second-order proteolysis rate constants (Rprot). For sake of com-
parison, ratios of kpo; value for WT and the corresponding vari-
ant are provided, which indicate a stabilizing effect when these
are larger than one and a destabilizing effect when lower than
one.

Fluorescence titrations were performed at 25°C using 1cm
path-length cuvettes in a Cary Eclipse spectrofluorimeter
(Agilent Technologies) and a final volume of 2ml. FAD was pre-
pared in K-HEPES 50 mM pH 7.4 (at a final concentration 0-5 uM)
in 1.9ml and incubated for 5min in the cuvette while the fluo-
rescence of these blanks (exc. 295 nm; em.: 340 nm; slits 5nm)
was registered. Then, 100 ul of apo-NQO1 (4uM in monomer)
was added, manually mixed, and fluorescence was measured
for 10min to ensure proper equilibration. The fluorescence in-
tensity of the last 60s was averaged and the signal of the blank

without protein was subtracted. Control experiments in the ab-
sence of FAD showed that apo-NQO1 did not significantly dena-
ture under these experimental conditions. For each protein
variant, at least two different protein preparations and FAD
stock solutions were used. Kq values were determined from fit-
tings to 1:1 binding model using the following expression:

E| + [FAD] + Kq — \/([E] + [FAD] + K;)* — 4 - [E] - [FAD
F:Fﬂpﬁ(mw&po)‘([m I+ Ky m];[m | +Ko)’ —4-[E] | ])

where F is the fluorescence intensity of the sample at a given to-
tal FAD concentration ([FAD]), Frolo and Fapo are the intensities
of the holo- and apo-proteins and [E] is the total concentration
of NQO1 (0.2uM in monomer). In all cases, fittings using this
model provided a good description of the experimental data
within the experimental uncertainty (Supplementary Material,
Fig. S5).

The interaction of NQO1 and SAMp73a was investigated
by NMR spectroscopy. NMR data were acquired at 20°C on a
Bruker Avance DRX-500 spectrometer equipped with a triple-
resonance probe and z-gradients. Samples containing NQO1
proteins (at ~300uM, in monomer units) and *°N-labelled
SAMp73a (~120 uM) were prepared in 50 mM phosphate buffer
pH 6.9. The 2D 'H-N HSQC (heteronuclear single-quantum
coherence) experiments (62) were acquired in the phase sen-
sitive mode. Experiments were acquired and analysed as
described (49).

Crystallography

Crystallization trials were carried out via the hanging-drop va-
pour diffusion method using previously reported conditions (63)
at pH 7-9 and crystal improvement was achieved by the capil-
lary counter diffusion technique (64) set-up using the Domino
Granada Crystallization Boxes® (Triana Science & Technology,
Granada, Spain). Good quality diffracting crystals were obtained
using 30% of PEG 3350, 200 mM sodium acetate, 100 mM sodium
tricine pH 9.0, 1% DMSO and 10mM dicoumarol, as precipitant
agent. NQO1 H80R (70 mg-ml~?) mixed with agarose (0.05% w/v)
was used to fill capillaries of 0.2mm inner diameter. Crystals
were equilibrated for 24 h with the mother liquid supplemented
with 15% (v/v) glycerol before being extracted from the capillar-
ies and flash-cooled in liquid nitrogen. Data were collected at
ID-29 beam-line of the European Synchrotron Radiation Facility
(ESRF, Grenoble, France) from flashed cooled crystals. Data were
indexed and integrated using XDS (65) and scaled with SCALA
from the CCP4 suite (66). The structure was determined by mo-
lecular replacement using the structure of WT NQO1 (PDB:
1D4A) without waters, as search model. The molecular replace-
ment solution was found using Phaser (67) locating the two
monomers in the asymmetric unit. Structure refinement was
done with phenix.refine (68) with cycles of manual building
steps and ligand identification performed with Coot (69).
Titration-Libration-Screw (TLS) was included in the last steps of
refinement. Model quality was checked using MolProbity (70)
implemented within the Phenix suite (68). Coordinates and
structure factors have been deposited at the PDB with accession
code 5FUQ. Figures were prepared with PyMOL (71). Details of
data collection and processing, refinement statistics and quality
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indicators of the final model are summarized in Supplementary
Material, Table S3.

Electrostatic calculations

Calculation of the energy of charge-charge interactions (Eq.q)
was performed using the solvent-accessibility-corrected
Tanford-Kirkwood model (72). The input for these calculations
were the atomic coordinates of: human NQO1WT (2F10) and
H80R (2FUQ), rat NQO1 (1QRD), human AGT WT (1HOC) and
RHEAM (4CBS), and mouse AGT (3KGX). We used an in-house
software (kindly provided by Prof. Jose Manuel Sanchez-Ruiz,
Department of Physical Chemistry, University of Granada) at pH
7.4 and 0.025 M (for NQO1) or 0.2 M (for AGT) ionic strength. The
output of these analyses provides the energy of charge-charge
interactions of a given ionizable residue with all or individual
ionizable residues in the protein dimer, and are expressed per
ionizable residue.

MD simulations

MD simulations were performed as recently described for WT
and P187S NQO1 (18). The structures containing the mutation
H80R were prepared using MOE (73) based on a crystal structure
of the NQO1 complex with FAD (PDB: 1D4A) (63). The side-chain
of Arg80 was modelled using two distinct conformations,
solvent-exposed and partially buried. Nevertheless, after an ex-
tensive equilibration protocol (74) and a 100ns sampling simu-
lation, we observed a consistent orientation for Arg80 in the
buried state after few ns. Analyses of MD trajectories were per-
formed as recently described (18).

NQO1 expression in Caco-2 cells

Caco-2 cells were grown and maintained in Dulbecco’s Modified
Eagle Medium (Lonza, Barcelona, Spain) supplemented with
10% heat inactivated fetal bovine serum (HyClone, GE
Healthcare, Barcelona, Spain), 100U-ml ' penicillin and 100
pg-ml~! Streptomycin (Sigma Aldrich, Madrid, Spain) and cul-
tured at 37 °C in a humidified incubator with 5% CO,. Cells were
transfected using Lipofectamine LTX with Plus Reagent
(Thermo Fisher Scientific, Madrid, Spain) according to manufac-
turer’s protocol and pCINeo plasmids containing the cDNA of
NQO1 enzymes and selected using 400 pg-ml~* of G418 (Sigma
Aldrich) for a month.

For immunoblotting, cells were scrapped and lysed in RIPA
buffer (50 mM Tris-HCl, 150 mM NaCl, 0.1% Triton X-100, 0.1%
sodium dodecyl sulphate, 1mM sodium orthovanadate, 1mM
NaF pH 8) with protease inhibitors (COMPLETE, from Roche,
Spain). After centrifugation at 20000g for 30min, soluble ex-
tracts were collected and the amount of total protein deter-
mined by the BCA method (Pierce). Samples were denatured
with Laemmli’s buffer under reducing conditions, resolved us-
ing 12% SDS-PAGE and transferred to polyvinylidene difluoride
membranes (GE Healthcare) using standard procedures.
Immunoblotting was carried out using primary monoclo-
nal antibodies anti-NQO1 and anti-f-actin (Santa Cruz
Biotechnology) from mouse at 1:500 and 1:10000 dilutions, re-
spectively. As a secondary antibody, we used chicken anti-
mouse IgG-HRP (Santa Cruz Biotechnology) at 1:2000 dilution.
Protein bands were visualized using luminol-based enhanced
chemiluminiscence and images were acquired with ChemiDoc
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MP imaging system and analysed using Image Lab 5.0 software
(both from BioRad Laboratories).

For NQO1 activity measurements, cells were collected in
50mM K-HEPES pH 7.4 with protease inhibitors (COMPLETE,
Roche) and lysed by freezing-thawing cycles. Soluble extracts
were obtained upon centrifugation at 18000 g for 15min at 4°C
and total protein content was determined by the BCA method
(Pierce) and immediately used for measurements. Activity mea-
surements were carried out as described (18,49) using DCPIP
(75 M) as electron acceptor and 0.5 mM NADH. Upon blank sub-
traction, the activity was normalized by the amount of total pro-
tein used in each measurement (50-130 pg).

For 17-AAG activation assays, cells were dispensed in 96 well
plates at a density of 2.10* cells/well. After 24h, cells were
treated with 0-30 uM 17-AAG (Santa Cruz Biotechnology). After
two days of incubation, 20 uL of 0.125mg-ml * of Alamar Blue
solution (Sigma-Aldrich) was added to each well and incubated
for 12h prior to absorbance measurement at 600 nm. Maximal
inhibition of cell viability was determined from non-linear re-
gression analysis of dose-response experiments.

NQO1 expression in a cell-free system

Pulse-chase experiments were performed using a TnT rabbit re-
ticulocyte cell-free system (Promega, Madrid, Spain) at 30°C as
described in (49).

Supplementary Material

Supplementary Material is available at HMG online.
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The cancer-associated P187S polymorphism in the NAD(P)H:quinone oxi-
doreductase 1 (NQO1) abolishes enzyme activity by strongly reducing FAD
binding affinity. A single mammalian consensus mutation (H80R) protects
P187S from inactivation. To provide mechanistic insight into these effects, we
report here a detailed structural and thermodynamic characterization of FAD
binding to these NQO1 variants. Our results show that H8OR causes a popu-
lation shift in the conformational ensemble of apo-P187S, remodelling the
structure and dynamics of the FAD-binding site and reducing the energetic
penalization arising from the equilibrium between apo- and holo-states. Our
analyses illustrate how single amino acid changes can profoundly affect struc-
tural and mechanistic features of protein functional traits, with implications
for our understanding of protein evolution and human disease.
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Human NAD(P)H:quinone oxidoreductase 1 (NQO1) is
a FAD-dependent, two-domain and dimeric multifunc-
tional protein [1-3]. As an enzyme, it catalyses the two-
electron reduction of quinones to form hydroquinones,
acting as a detoxifyng and antioxidant enzyme, main-
taining the reduced status of some vitamins and activat-
ing certain cancer prodrugs [1,2]. In addition, NQOI
interacts with other proteins, stabilizing transcription
factors linked to cancer progression, such as p53, p73a
and HIF-1a [4,5] and inhibiting the 20S proteasome fur-
ther protecting these proteins from degradation [4,6].
Furthermore, its role in cancer is supported by its over-
expression in certain types of tumours [7-9]. In the con-
text of the flavo-proteome, NQOI is also a paradigm of
protein whose stability strongly depends on the
bioavailability of the flavin precursor [10], possibly due

Abbreviations

to the highly dynamic and unstable nature of its cofac-
tor-free (apo) form [11]. Therefore, a deep knowledge
on FAD binding to human NQOI, particularly in struc-
tural and energetic terms, can provide clues to under-
stand the protective role that flavin binding exerts in the
human flavo-proteome.

A single nucleotide polymorphism in  NQOI1
(rs1800566/c.C609T/p.P187S) was originally found in
cancer cell lines resistant to the antitumour quinone
mytomicin C [12]. This polymorphism shows a high
frequency in human population and is significantly
associated with increased cancer risk [13]. The P187S
polymorphism is known to abolish NQOI1 activity by
strongly decreasing FAD-binding affinity and acceler-
ating protein turnover by the proteasome [3,6,11,14—
16]. Intriguingly, the X-ray crystallographic structure

AASA, change in accessible surface area; CD, circular dichroism; CTD, C-terminal domain; FTIR, Fourier transform infrared spectroscopy;
HEPES, 2-[4-(2-hydroxyethyl)piperazin-1-yllethanesulfonic acid; MD, molecular dynamic; NQO1, NAD(P)H:quinone oxidoreductase 1; NTD, N-

terminal domain; SAXS, small-angle X-ray scattering.
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of P187S in the FAD-bound (holo) state only showed
subtle local rearrangements [3], which cannot explain
the long-range communication of its effect to the N-
terminal domain (NTD, where the FAD-binding site is
placed) or the C-terminal domain (CTD) [11]. Accord-
ingly, molecular dynamic (MD) simulations and prote-
olysis experiments have indicated that PI87S affects
the FAD binding affinity through local dynamic
changes at its binding site in the apo-state, particularly
in the loop 57-66, while increased protein turnover is
associated with a highly flexible CTD and only pre-
vented upon binding of the inhibitor dicoumarol [11].
Indeed, Prol87 and FAD-binding sites and the CTD
constitute an allosteric network that communicates
dynamic information through long distances in the
protein conformation ensemble [15]. Very recently, we
have identified a set of consensus amino acids that
have diverged along recent evolutionary history of
NQOI, yielding the human protein more susceptible
towards inactivation by P187S [17]. Experimental char-
acterization of a suppressor mutation (causing a
His80Arg exchange) has shown that it strongly
protects the polymorphism against inactivation
through a structural switch in the apo-state of P187S
that stabilizes the loop 57-66 close to the FAD-bind-
ing site [17].

In this work, we have investigated the mechanism of
inactivation of NQO1 by P187S, as well as the rescue
mechanism due to H8OR, from the perspective of their
structural and energetic consequences on FAD bind-
ing. We have particularly focused on the capacity of
the apo-state to communicate the effects of single
amino acid changes due to its highly dynamic nature.
To do so, we have investigated the conformation of
NQOI in different ligation states using spectroscopies
(Fourier transform infrared [FTIR] and circular
dichroism [CD]), small-angle X-ray scattering (SAXS),
calorimetric analyses of FAD binding and structure-
energetics calculations. Our results highlight the
importance of characterizing the effect of single amino
acid exchanges in cofactor-free apo-states, in particular
for those cases in which high-resolution structures are
not available and often very challenging to be deter-
mined due to their intrinsically high instability.

Materials and methods

Mutagenesis, expression and purification of
NQO1 variants in Escherichia coli

Site-directed mutagenesis was performed using the Quick-
Change lightening kit (Agilent Technologies, Madrid,
Spain) by standard protocols and confirmed by DNA
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sequencing. Expression in and purification from E. coli
BL21(DE3) was performed as described [14].

Isothermal titration calorimetry

Titrations with FAD by isothermal titration calorimetry
(ITC) were performed by direct (FAD in syringe, apo-
NQOI in the cell) or reverse (apo-NQOI1 in the syringe,
FAD in the cell) titrations as described earlier [14,18] using
an ITC,g microcalorimeter. Both type of titrations provide
very similar results (Fig. 1 and Table 1). A model consider-
ing one set of independent sites was used to obtain thermo-
dynamic parameters, including heat capacity changes from
the experimentally observed linear temperature dependence
of binding enthalpies.

To calculate structure-based values for binding enthal-
pies and heat capacity changes, we used the following
parametrizations [19,20]:

AHx gray = —7.35 X AASA potar + 31.06 3 AASA oiar

ACp,X-RAY =045 x AASAapolar —0.26 x AASApolar

where AASA, o1y and AASA . are the changes in apolar
and polar solvent-accessible surface area (AASA, in 1&2),
and AHx.ray and AC,x.ray are expressed in cal-mol™!
and cal-mol "K' respectively. AASA potar and AASA g1y
were estimated from NQOI crystal structures in the FAD-
bound and -unbound states using POPS (http://mathbio.
nimr.mrc.ac.uk/wiki/POPS).

Small-angle X-ray scattering

Small-angle X-ray scattering measurements of NQOI pro-
teins in solution were performed at Diamond Light Source
beamline B21 (Didcot, UK), using a BioSAXS robot for
sample loading. Solutions of proteins in different ligation
states at different concentrations were prepared in 20 mm
Na-HEPES, 200 mm NaCl pH 7.4 and 1 mm TCEP at
277 K. Samples were exposed for 300 in 10 s acquisition
blocks using a sample to detector distance of 3.9 m and X-
ray wavelength of 1 A. The SCATTER software package
(www.bioisis.net) was used to analyse data, including buffer
subtraction, scaling, merging and checking possible radiation
damage of the samples. Guinier plots for all samples were
linear at the low ¢ range, indicative of monodisperse solu-
tions with no presence of protein aggregation during data
acquisition. Due to the monodispersity of samples, these
data were suitable for structural analysis. R, and Dy, values
were calculated with PrRIMUS and GNoM, and shape estimation
was carried out with bAMMIF/DAMAVER/DAMMIN. Real-space
scattering profiles of atomic models were calculated using
crysoL and the final ab initio models were superimposed with
the high-resolution structure using the program SUPCOMB.
The program oLIGOMER was used to calculate the ratio of the
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Fig. 1. Experimental and structure-based thermodynamic parameters for the binding of FAD to P187S and H80R/P187S. (A) Representative
FAD titrations of apo-NQO1 proteins by ITC; (B) thermodynamic binding parameters for FAD at 25 °C (n = 6; mean + SD); (C) temperature
dependence of binding enthalpies and entropies; (D, E) comparison of experimental binding enthalpy and heat capacity (from linear fits
shown in panel C) changes with those values derived from X-ray crystal structures (Fig. 2; mean + SD from five different structures).

Table 1. FAD binding to P187S and HB80R/P187S in K-HEPES and K-cacodylate (50 mm pH 7.4) buffers which have different ionization

enthalpies (5.02 and —0.47 kcal-mol™" respectively [27]).

NQO1 Buffer Ky (nM) AG (kcal-mol™") AH (kcal-mol™") —TAS (kcal-mol™")

P187S HEPES? 356 + 63 —8.57 £ 0.30 ~175+0.8 +8.9 £ 0.8
Cacodylate 420 + 50 —8.69 + 0.07 ~173+03 +8.6 + 0.4

H80R/P187S HEPES? 126 =+ 50 —9.46 + 0.26 —86+ 04 —09+ 04
Cacodylate 198 + 18 —9.14 + 0.05 -8.1+02 ~1.0+£0.2

@ Values are the average £ SD of six different titrations: three direct and three reverse titrations.

species present in the solutions. All the saxs programs are
included in the ATsAs programs package [21].

Fourier transform infrared spectroscopy

Samples of apo-NQOI1 proteins were prepared at 100 pm (in
protein subunit) in 50 mm K-HEPES pH 7.4, in the absence
or presence of equimolar concentrations of FAD. FTIR
spectra were recorded from 4000 to 900 cm ™' on a Bruker
IFS 66 FTIR spectrophotometer (Bruker, Ettlingen, Ger-
many) equipped with a BIO-ATR-II cell (Bruker) and ther-
mostated at 25 °C by a water bath. Spectra were collected at

2 cm ! resolution and averaged over 512 scans. Solvent

2828

spectra were recorded under identical conditions and sub-
tracted from the spectra of the proteins. Spectral contribu-
tions from residual water vapour were reduced using the
atmospheric compensation filter built into the Bruker oprus
software (Bruker). The spectra were normalized by protein
concentration.

Circular dichroism spectroscopy

Circular dichroism spectra were recorded in a Jasco J-710
(Jasco, Tokyo, Japan) at 25 °C in 20 mm K-phosphate pH
7.4 and using 1-mm path-length cuvettes. The 5 um apo-
NQOI samples were prepared in the absence or presence of

FEBS Letters 591 (2017) 2826-2835 © 2017 Federation of European Biochemical Societies
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25 um dicoumarol and/or FAD. Five scans were recorded at
100 nm-min~' and a bandwidth of 1 nm. In all cases, appro-
priate blanks in the absence of protein were recorded and
subsequently subtracted.

Results and Discussion

Energetic dissection of the increase in FAD binding
affinity of P187S due to the H80R mutation

Analysis of calorimetric titrations of PI187S and
H80R/P187S shows that the HSOR mutation enhances
by threefold the FAD binding affinity (Fig. IA and
Table 1). This affinity enhancement is associated with
remarkable changes in the enthalpic and entropic con-
tributions to binding (Fig. 1B). At 25 °C, FAD bind-
ing to PI87S is much more favourable enthalpically
[AAH  (HS8OR/P187S-P187S) = 8.9 + 1.2 kcal-mol ']
and strongly entropically penalized [—-TAAS (H80R/
P187S-P187S) = —9.8 4 1.2 kcal-mol '] (Table 1 and
Fig. 1B). These results reveal a particular thermody-
namic signature of HSOR on FAD binding to P187S
with structural implications: the local structural switch
caused by H80R in the vicinity of the FAD-binding
site may lead to a less favourable enthalpic contribu-
tion likely associated with local structural rearrange-
ments, and entropically counterbalanced by a smaller
loss of conformational entropy upon FAD binding
due to the dynamic restriction of the FAD-binding site
in the apo-state [17].

The temperature dependence of the binding enthalpy
(AH) and entropy (—TAS) are much larger for FAD
binding to P187S (Fig. 1C), yielding an ~ 3.8-fold larger
binding heat capacity (AC, value; Fig. 1E). Since ion-
ization effects can be ruled out (Table 1), binding AH
and AC, must arise from protein-ligand rigid body
interactions that can be calculated using changes in
accessible surface area (AASA) from crystal structures
(Figs. 1D,E and 2) plus those arising from conforma-
tional changes upon FAD binding [19]. The calculated
AASA e and AASA, 1. among different crystal
structures of NQOI are very similar, suggesting that the
FAD binding mode is not largely affected by HSOR
and/or P187S in the holo-state (Fig. 2). Importantly,
experimental AC, values are larger than the values cal-
culated from crystal structures of the FAD-bound,
holo-state (Fig. 1E), confirming a departure from a
lock-and-key binding mechanism and a remarkable con-
formational change upon FAD binding [11,15,18]. In
this context, the different AH at 25 °C and AC, for
FAD binding between HSOR/P187S and PI87S
(Fig. 1B,D.E) reflect the different magnitude of this
conformational change at the structural level, and thus,

Rescue mechanism for cancer associated NQO1

can be used to quantify the structural impact of HSOR
on the conformational ensemble of the apo-P187S [17].

As shown in Fig. 1E, the temperature-independent
binding AC,, for FAD binding is much larger in P187S
than the structure-based values (either for X-ray struc-
tures of WT, H80R or P187S), and it is substantially
reduced by H80R. These results support two impor-
tant conclusions [22,23]: (a) H80R causes a population
shift in the conformational equilibrium of apo-P187S
towards more compact (or structured) states; (b) FAD
binding to either P187S or H8OR/P187S complies with
a mechanism in which FAD binding is strongly cou-
pled with the conformational transition between bind-
ing competent and noncompetent states (i.e. an
induced-fit mechanism), implying that FAD-binding
competent states are not significantly populated in the
conformational ensemble of the apo-state. Moreover,
differences in binding AH at 25 °C and AC,, for FAD
binding between H8OR/P187S and P187S are reminis-
cent of the folding of a small protein domain: AAH (at
25°C) and AAC, are 8.9 £ 1.2 kcalmol™' and
0.55 4 0.04 kcal-mol™', respectively, resembling the
folding of an ~ 40-residue domain due to the presence
of H80R (using well-known structure-energetic correla-
tions [24]). These analyses strongly support that HSOR
affects locally the structure of apo-P187S, presumably
in the vicinity of the FAD-binding site, as previously
indicated by MD simulations and the X-ray crystal
structure of holo-H80R [17].

In contrast, H8OR facilitates FAD binding to P187S
entropically (Fig. 1B and Table 1). These different
entropic contributions can be rationalized from changes
in: (a) translational and rotational entropy; (b) solvation
entropy; and (c¢) conformational entropy [25]. The first
term must not contribute significantly since FAD bind-
ing is a bimolecular interaction for both NQOI1 variants.
For the second term, we must consider AASA ., and
AASA ,o1ar associated with binding (i.e. the different
structure of apo- and holo-states). Based on crystallo-
graphic analyses, both variants are expected to have
fairly similar structures at the FAD-binding site as holo-
proteins (Fig. 2), and thus, structural differences likely
occur in the apo-state ensemble. In particular, the struc-
tural switch caused by H80R stabilizes the structure of
the FAD-binding site of apo-P187S [17], thus contribut-
ing favourably to the binding entropy. Regarding the
third term (conformational entropy), H80R restricts the
dynamics of the FAD-binding site in the apo-state (par-
ticularly at the loop 57-66 [17]) thus reducing the
entropy cost associated with FAD binding due to a
favourable change in conformational entropy.

To further prove the structural and energetic conse-
quences of the H8OR mutation, we have characterized
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the role of Glu71 and Glu78 by alanine scanning
mutagenesis. These two glutamates constitute along
with Arg80 a strong electrostatic cluster close to the
FAD binding (the EER cluster [17]) that stabilizes the
conformational switch triggered by H80R. As shown
in Fig. 3A, Glu71 seems to be key to determining the
affinity of P187S and H8OR/P187S for FAD. A close
inspection of binding AH and AC, further supports
our interpretation on the energetic and structural con-
sequences of the H80R mutation (Fig. 3B,C). While
E71A and E78A on P187S have little effect on binding
heat capacity and enthalpies, these single mutants on
H80R/P187S bring closer these variables to those of
P187S, supporting that electrostatic interactions within
the EER cluster are important to preserve the ener-
getic (and likely, structural) differences in the FAD
binding mechanism responsible for the increased FAD
affinity of H80R/P187S (Fig. 3B,C). The important
structural roles of Glu71 and Glu78 are further sup-
ported by the high instability displayed by double
E71A/E78A mutants that precluded their large-scale
purification and further experimental characterization.

FAD binding triggers global conformational
changes while H80R locally affects the structure
of the apo-state

So far, our results support that H8OR corrects the FAD
binding defect of P187S by causing a population shift in

the conformational ensemble of the apo-state towards
more compact/structured states, and thus, energetically
closer to those that are binding competent. Since FAD
binding causes significant changes in the structure and
dynamics of NQOI1 (i.e. a conformational change
[3,11,15]), this scenario is consistent with two limiting
thermodynamic mechanisms: induced-fit (i.e. ligand
binding is strongly coupled to the conformational
change) or conformational selection (i.e. ligand binding
is weakly coupled with the conformational change) [22].

To characterize changes in overall structure due to
H80R for different ligation states, we have investigated
the behaviour of NQOI variants in solution using
SAXS, CD and FTIR spectroscopies. The results of
the SAXS experiments show that the pair-distribution
functions P(r) for NQO1 enzymes present single peaks,
followed by a long extended tail at high r values
(Fig. 4). The resulting ab initio three-dimensional
shapes for different ligation states are shown in Fig. 5,
and overlap well with models derived from crystallo-
graphic data (PDB codes: 1D4A, 2F10, 4CET and
2FUQ). All apo-proteins showed a similarly elongated
form (Fig. 5A,D,G). In agreement with a recent study
using WT NQOI [18], FAD binding causes a signifi-
cant compaction of the solution ensemble, as shown
by the decrease in R, and Dy, values in all three vari-
ants (Fig. 5B,E,H). Interestingly, binding of dicou-
marol (a ligand that interacts with the CTD) leads to
a slight contraction of holo-P187S and holo-H80R/
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P187S (Fig. 5C,F,I), which may reflect the compaction
of the flexible CTD due to the P187S polymorphism
[11,15].

We have also measured changes in secondary struc-
ture for different ligation states by FTIR and Far-UV
CD (Fig. 6). The results suggest small differences in
secondary structure between apo-WT and apo-P187S,
particularly a decrease in the band intensities associ-
ated with o-helical content (i.e. bands centred at 208
and 222 nm, in CD, and at 1652 cm™! in FTIR),
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which seem to be corrected by the H80R mutation.
Addition of FAD increases the content in ordered sec-
ondary structure, but to a lower extent in P187S and
H80R/P187S, possibly reflecting a more disordered
CTD due to P187S [3,11,15]. Consistently, dicoumarol
binding further increases the ordered secondary struc-
ture content mostly in these two variants, supporting a
larger conformational rearrangement in their CTD
upon binding this inhibitor [11,15]. These results sup-
port our proposal on the local structural changes due
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to H80R affecting locally the NTD, particularly in the
apo-state.

Inactivation of NQO1 by P187S and reactivation
by H80R can be unified by a simple
thermodynamic and structural mechanism

Overall, we can integrate the structural, thermody-
namic and dynamic information gathered to propose a
mechanism of rescue of P187S by H80R in the context
of an induced-fit mechanism (Fig. 7). In the absence of
FAD, we assume the existence of a pre-existing equi-
librium of conformations primarily populating non-
competent binding states, while the population of
binding competent states is very low (i.e. Kconr,
defined as the ratio of concentrations of noncompetent
and competent states, is very large; Fig. 7A [22]).
Therefore, the apo-state is mostly populated by non-
competent binding states constituting a very flexible
and dynamic ensemble (as seen by the large sensitivity
of apo-proteins towards partial proteolysis, and also

supported by NMR, MD and SAXS analyses
[3,11,17,18] and this work). In contrast, the binding
competent states may structurally resemble the protein
in the bound conformation (i.e. similar to that found
in the X-ray crystal structures) and are marginally
populated in the absence of FAD. In this scenario,
binding of FAD provides the Gibbs free energy to
shift the population from noncompetent to competent
states, which is macroscopically observed as a confor-
mational change [22]. Therefore, the observed affinity
for FAD is related to the magnitude of the conforma-
tional transition (i.e. the value of Kconp) and the
intrinsic affinity for FAD (i.e. Krap) of the binding
competent state (Fig. 7). Due to the minor structural
effects of P187S and H80R on the holo-state, we can
propose in the context of this mechanism, that the
intrinsic affinity for FAD (Kgap) is quite insensitive to
these amino acid exchanges. Thus, the suppressor of
H80R mainly operates on the pre-existing equilibrium
in the absence of FAD by locally affecting the struc-
ture and dynamics of noncompetent binding states (i.e.
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Fig. 6. ATR-FTIR and CD spectra reveal secondary structure changes in the conformational ensemble of apo- and holo-NQO1 by P187S and
H80R. (A-D) Far-UV CD spectra of apo-proteins (A), and for WT (B), P187S (C) and H80R/P187S (D) in different ligation states (apo, holo and
holo + dic). (E-H) FTIR spectra of apo-proteins (E), and for WT (F), P187S (G) and H80R/P187S (H) as apo- and holo-proteins. All the spectra
are the average of two independent measurements.
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Fig. 7. A structural-thermodynamic mechanism to explain the effects of P187S on FAD binding and its rescue by H80R. (A) In the absence of FAD,
the conformational ensemble of P187S is largely shifted towards binding noncompetent states (in red), while FAD-binding shift the population
towards binding competent states (in green). The mutation H80R affects the conformational ensemble of the apo-state (in brown) shifting the
equilibrium towards binding competent states in the absence of FAD (i.e. decreasing the value of Kcong). (B) Gibbs free energy profile depicting the
effect of HB0R on the conformational ensemble of the apo-state, which decreases the energetic penalization due to the conformational change
(AGconp) and concomitantly increases the overall FAD binding affinity. Kcone stands for the equilibrium constant between noncompetent and
competent states in the absence of ligand and Krap for the FAD (intrinsic) equilibrium association constant to competent states, while these two
constants are related to the overall (apparent) affinity through the expression: Keap(app) = Kran/1 + Keonr [22].

P187S

Kconr). It must be noted that in this scenario, the res- Conclusions
cue by H80R can be explained by a modest threefold
decrease in Kconp, by bringing the noncompetent
states closer to the competent states in terms of Gibbs
free energy and thus decreasing the penalty to FAD
binding due to the large conformational transition
associated with binding (Fig. 7B).

Understanding the mechanisms by which disease-asso-
ciated mutations affect protein stability and function,
as well as the effects of second-site suppressor muta-
tions may help to guide the development of novel ther-
apeutic strategies aimed at treating inherited diseases

FEBS Letters 591 (2017) 2826-2835 © 2017 Federation of European Biochemical Societies 2833
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[17,26]. In this work, we provide a detailed mechanism
that unifies the inactivation caused by P187S and its
rescue by HS8OR in the context of a FAD binding
mechanism in which ligand binding is strongly coupled
to the conformational transition between binding com-
petent and noncompetent states. In particular, P187S
and H80R show opposite effects on the structure and
dynamics of the FAD binding site in the apo-state,
pointing towards a main role of fine-tuning structural
features and conformational dynamics of the FAD-
binding site to determine cofactor affinity. Therefore, a
combination of structural and dynamic analysis using
a wide variety of techniques (titration calorimetry, pro-
teolysis, MD simulations, SAXS, FTIR and CD [17]
and this work) support the existence of significant con-
formational plasticity in the apo-state of NQOI in
response to single amino acid exchanges. This inte-
grated analysis completes and refines previous infor-
mation obtained from high-resolution structural
techniques such as X-ray crystallography or NMR
spectroscopy [3,17,18]. We also provide here a detailed
characterization of the suppressor effect of the consen-
sus amino acid Arg80, which has recently diverged to
His80 along primate evolution (about 30 million years
ago), potentially predisposing human NQOI1 towards
cancer-associated inactivation [17]. Our work also sup-
ports that a detailed understanding of mutational
effects on the structure and dynamics of protein con-
formational ensembles may help to provide a deeper
knowledge on the mechanisms used by evolution to
shape protein stability and function.
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DISCUSSION

4. METODOLOGY

The following table summarizes the methodology performed in this doctoral thesis

indicating the publications (see section 3) where the assays are explained in detail.

METODOLOGY

REFERENCE IN SECTION 3
(Publication Number)

In silico Experiments
Electrostatic Calculations
Molecular Dinamic Simulation
Consensus and Phylogenetic Analyses
In vitro Experiments
Site-Direct Mutagenesis
Protein Expression and Purification
Activity Measurement
e Specific Activity

e |pactivation Kinetics

e Kinetic Parameters Determination

Proteolysis Experiments

e Proteolysis Kinetics

e Analysis of Proteolysis Products by

Mass Spectrometry
Differential Scanning Calorimetry (DSC)
Isothermal Titration Calorimetry (ITC)
Circular Dichroism Spectroscopy (CD)

Dynamic Light Scattering (DLS)

[1]1[3]
[1]1[2] [3]
3]

[2] [3] [4]
[1]1[2] [3] [4]

[1]1[2] [3]
3]
(2]

(1] [2] 3]

[1] 2]

[1]
(1] [2] [4]
(1] [2] [4]

(2]
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Fluorescence Experiments
e Thermal Denaturation Studies
e Thermal Stability Studies
e Fluorescence Titrations

Nuclear magnetic resonance
spectroscopy (NMR)

X-ray Crystallography

Small-Angle X-ray Scattering (SAXS)

Fourier Transform Infrared Spectroscopy

(FTIR)

Expression Studies in Cell-Free System
Cellular Experiments

Mammalian Cells Cultures

Stable Transfection of Cells

Immunoblotting

Activity Measurement

Cell Viability Assays

3]
(2] (3]
(2] (3]

(2] (3]

3]

[4]

[4]

(2] (3]

[1]1[3]
3]
[1]1[3]
3]
3]

114



DISCUSSION

5. DISCUSSION

Results of this thesis reveal that studying the alterations in protein dynamics and its
relation with stability and functionality, in vitro and within cells, is crucial to
understand in-depth the pathogenic mechanisms associated with loss-of-function
genetic diseases. Frequently, the effects of pathogenic genetic mutations on protein
stability and function have been interpreted using “static” high-resolution crystal
structures. Nevertheless, they do not allow determining the global and local protein
motions which are essential to protein function, as well as protein regulation,

136-1 .
7376831367140 | particular, our research focuses on the study

degradation or evolution
of two NQO1 polymorphisms associated with enzyme loss-of-function, R139W and
P187S. They are especially interesting due to they are overexpressed in certain types of
tumours and have been related to a decreased efficiency in the bioactivation of some

3124-128130141 ¢ results have been divided into several sections with

cancer prodrugs
the aim of responding to each one of the objectives exposed and they are discussed

from this point forward.
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5.1 ALTERATIONS CAUSED BY P187S IN PROTEIN DYNAMICS
MAY EXPLAIN THE PATHOGENIC EFFECTS ASSOCIATED WITH

THIS POLYMORPHISM

Koo (M -min™)
3

NQO1 FAD Apo  Dic FAD+Dic

FAD

o P187S
FAD+Dic

AB-factors (£7)
8458,

100 126 150 178 200 228 280 278
Residue number

EFFECTS ON NQO1 DYNAMICS

To investigate the effects of NQO1 polymorphisms on protein dynamics we have used
a combination of experimental and computational techniques such as, stability and
binding studies, analyses of the local flexibility through proteolysis studies with

thermolysin and mass spectrometry, molecular dynamic simulations and expression

studies in eukaryotic cells.

On the one hand, although R139W has been linked to increased risk for cancer, its role
in the disease development remained obscure and trying to decipher the molecular
basis of its disease-associated mechanism meant a challenge for us. Our results about
R139W showed that this polymorphism causes modest changes in protein dynamic

which lead to only slight alterations in activity and stability in comparison to wild-type
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NQO1. Specifically, although the NQO1 functionality in presence of R139W is virtually
identical, a minor decrease in FAD binding affinity and kinetic stability have been
found®. The functional changes seem to be caused by a slightly more dynamic active
site, as our partial proteolysis experiments shown, while the perturbations in
conformational stability are likely originated from dynamic alterations in the
monomer- monomer interface suggested by our MD simulations (Publication 1). In
light of these results, it seems that the main molecular mechanism associated with the
pathogenicity of this polymorphism is probably the erroneous splicing of the
premature mRNA that leads to the loss of exon 4, residues 102—-139 of the full-length
protein. It destroys the FAD and substrate binding site producing an inactive and
unstable protein®*. In accordance with our results, a subsequent study carried out a
R139W characterization where X-ray crystallography and nuclear magnetic resonance
(RMN) spectroscopy experiments were performed. Their results showed that this

polymorphism is virtually identical to the wild-type protein, “structurally” speaking**2.

Nevertheless, although crystallographic analyses about P187S also revealed no
significant structural changes, the alterations caused by P187S in NQO1 dynamics are
much more striking and they can be directly linked to the pathogenic effects of P187S,
such as inactivation of the enzyme and enhanced protein degradation by the
proteosome*”’. Our results showed that even though Pro187 is not directly involved in
the binding sites of FAD and NAD(P)H/dicoumarol, its replacement by a serine reduces
both its binding affinity for FAD (related to a severe reduction of NQO1 activity) and

dicoumarol compared to wild-type. As consequence of the difference in FAD binding
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affinity, the NQO1 proteins show diverse amounts of FAD bound as purified, being

P187S essentially an apo-protein.

Numerous genetic diseases have been associated with mutations which produce
enzymes with reduced binding affinity for their ligands. Specifically, flavin-dependent
human proteins appear as an exceptionally sensitive group and the supplementation

with their ligands may increase the fraction of active holo-enzyme'*?

. For this reason,
different experiments in presence and absence of FAD and dicoumarol were
performed by our group. The results showed that both the addition of FAD and

dicoumarol cause a global stabilization in vitro of all NQO1 enzymes, and besides the

dicoumarol stabilizing effects are additive to those of FAD (Publication 1).

Considering that a considerable number of research have reflected that the
intracellular levels of most flavoproteins are strongly dependent on flavin availability, a
connection between flavin-dependent proteins stability and proteasomal degradation

1,6,7,143,144
d

rates has been propose . This link may be explained through perturbations in

protein dynamics, since minor structural deficits may be recognized by the proteasome

for their degradations through dynamics'*

. With the goal of determining the potential
effect of this polymorphism on protein dynamics, we have carried out proteolysis
experiments with thermolysin. We observed that P187S, as purified, is much more
sensitive to proteolysis than the wild-type protein and its high susceptibility is only
protected by simultaneous addition of FAD and dicoumarol. To fully understand these

results, we have characterized the proteolysis patterns of NQO1 proteins in the

absence and the presence of these ligands. The apo-states of all NQO1 proteins are
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highly dynamic, though only the holo-state of P187S presents a flexible C-terminal

domain (CTD) which requires the dicoumarol binding for its correction.

Moreover, we have used molecular dynamics (MD) simulations to test our results in
vitro. In particular, MD simulations did not show relevant effects on the overall
secondary structure contents associated with P187S and/or the ligands binding and
these results are also in accordance with spectroscopic analyses carried out
previously®. However, our MD simulations showed large changes in the flexibility of
monomer-monomer interface which may be associated both with the destabilizing
effects of this polymorphism and with the stabilizing effects of FAD binding. Due to the
NQO1 dimer dissociates prior to the rate-limiting step of thermal denaturation, these
changes in flexibility of the dimer interface must strongly affect the kinetic stability of
NQO1 enzymes”. In addition, our MD simulations showed that the CTD of NQO1 is
more flexible that the N-terminal domain (NTD) suggesting that the NQO1 degradation
proceeds preferentially by its CTD. It allows us to map changes at the residue level in

protein dynamics caused by P187S or ligands binding (Publication 1).

As previously mentioned, the dynamic changes due to P187S might be key to
understand the low activity and stability in vivo of this polymorphism which seems to
be susceptible for degradation by 205 proteasome’. For this reason, we have evaluated
the effect of treatment with riboflavin (a precursor of FAD) and/or dicoumarol in
NQO1 protein levels of different cells lines that express endogenously different NQO1
variants. Our results supported this hypothesis and showed increased P187S protein
levels in presence of dicoumarol (while the treatment with riboflavin alone has no

effect). It suggests that ligands that bind to the CTD (such as dicoumarol) would
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protect P187S towards proteasomal degradation which preferentially occurs through
of this end (Publication 1). Moreover, our results were supported, either in vitro or in
vivo, by an parallel and independent report**®. They show the CTD of apo-NQO1
enzymes is targeted (at least in vitro) for degradation by the ubiquitin ligase C-terminal
Hsp70-interacting protein (CHIP), and dicoumarol binding seems to produce the
inhibition of ubiquitination and thus, increase the protein levels of P187S (or apo-

14
enzymes)**®.

In this way, the results of this first section (Publication 1) show the two cancer-
associated NQO1 polymorphisms have very different effects on protein dynamics since
R139W seems to affect the NQO1 dynamic weakly, while P187S has important effects
on protein dynamics which can be linked to deleterious effects of this polymorphism.
In particular, P187S appears to affect the local dynamics of two functionally and
structurally distant sites: the NTD associated with enzyme inactivation, and the CTD
associated with enhanced proteasomal degradation of P1875*'*°. Moreover, NQO1
symbolises an interesting example of a natively folded protein in which, its
conformation, function, and stability are strongly modulated by binding to different
natural ligands. Concretely, our results may have important implications to discover
new pharmacological ligands to the P187S rescue in vivo which might allow the

treatment of patients with this polymorphism.
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5.2 P187S PERTURBS A MULTIFUNCTIONAL ALLOSTERIC
NETWORK.

NTD

1.2 4
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As we previously discussed, our results about P187S support the hypothesis that this
polymorphism inactivates and destabilizes NQO1 through dynamic alterations which
reach two functional and structurally distant sites of the NQO1, the FAD binding site
and the CTD (Publication 1). Crystallographic analyses have shown that the CTD is
structurally involved in binding of NADH/substrates/competitive inhibitors (i.e.

dicoumarol) and the dimer interface®®®

. In addition, the CTD seems to play a key role in
the low intracellular stability of the apo-NQO1 and to characterize the effects of P187S

about the CTD may be crucial to understand in-depth the pathogenic mechanism

associated with this polymorphism in vivo'*®.

With the goal of studying the structural and functional role of CTD in NQO1 enzymes,

we have analysed exhaustively wild-type and P187S variants, both in their full-length
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form and removing the last 50 residues of the CTD (A50-WT and A50-P187S

respectively).

In the first place, we have characterized the functional role of CTD observing that the
lack of this domain strongly decreases the specific activity compared to wild-type
NQO1. Given that the low intracellular specific activity of P187S is largely associated
with defective FAD binding, and besides it is rescued by FAD addition, a similar
behaviour would be foreseen in A50-variants. However, the saturation with FAD of
these variants only causes modest increases in their specific activities suggesting that
the inactivation is provoked by a different mechanism from that observed in P187S.
Specifically, the low specific activity of A50-variants seems to lie in a strong reduction
in catalytic performance which is caused by a decrease of the apparent affinity for
NADH. Moreover, the removal of the CTD abolishes the detrimental effect of P187S on
FAD (and dicoumarol) binding since the A50-variants show high binding affinities,
similar in both variants. These results support our previous find which suggests that
the loss-of-function associated with this polymorphism is explained by the existence of
a long-range communication between the CTD, the FAD binding site and the P187S site
(Publication 1). In particular, we provide evidence of the existence of this network
which we name “allosteric interaction network”. For wild-type, this allosteric network
helps to its very high affinity for FAD, while P187S may disturb this network promoting
dynamic and structural alterations in the FAD binding sites and the CTD, reducing its

binding affinity for FAD (and dicoumarol) (Publication 2).

On the other hand, considering that P187S strongly reduces the in vitro kinetic stability

of NQO1 affecting the dimer interface, we have evaluated the role of CTD in stability.
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Our results showed that all NQO1 variants behave like dimers in solution and the CTD
is not the cause of the kinetic destabilization connected with P1875*. The overall
conformation of all NQO1 variants in diverse ligation states (apo-state, holo-state and
holo+dicoumarol state) were analysed by spectroscopic techniques. An important role
of CTD in the conformational equilibrium of apo-NQO1 is showed, suggesting a shift of
this equilibrium towards competent conformations for ligand binding (more compact)
in presence of FAD and/or dicoumarol. Interestingly, the binding to diverse ligands
produces different conformational changes in wild-type and P187S. The FAD binding
causes larger conformational changes in wild-type than in P187S now that, the CTD of
holo-P187S remains as flexible and partially unfolded as in the apo-state. Nevertheless,
the dicoumarol binding brings about the greatest effects on the conformation of holo-
P187S. Dicoumarol binding to holo-P187S causes a noteworthy thermodynamic
signature which energetically resembles the folding of a small protein. This latter may
be associated with the large changes that the flexible and partially unstructured CTD of
holo-P187S must undergo to reach binding competent states, more “rigid”
(Publication 1 and Publication 2). This noticeable dynamic stabilization of the CTD in
holo-P187S through dicoumarol binding may prevent its proteasomal degradation
entailing a strong intracellular stabilization*®. Interestingly, these results suggest that
dicoumarol may operate as a pharmacological chaperone of P187S correcting the
defects caused by this polymorphism and serving as basis for the design of new

molecules which rescue this polymorphism in vivo'****®

. It may seem counterintuitive
to use an inhibitor to recover the stability and functionality in a loss-of-function

disease. However, this strategy has been successfully used previously since the
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inhibitory effect can be corrected in vivo by the natural substrate/cofactor binding at

much higher concentrations intracellularly®.

To investigate the contribution of CTD to the proteasomal degradation of NQO1
enzymes, experiments with A50-variants in eukaryotic cell free system have been
performed analysing proteins levels and degradation rates. The results support a
stepwise directional degradation of NQO1 through its C-terminal as previously we had
already suggested, since when the CTD is removed, the remaining protein is much
more flexible and efficiently degraded (Publication 2). Our interpretation concurred
with a other report where they suggest that the highly dynamic CTD of P187S

%6 |n addition, in this same report they

accelerates NQO1 proteasomal degradation
show that the ubiquitination by CHIP in NQO1 is strongly dependent of CTD state and

when this is removed, both wild-type and P187S, are degraded at comparable

degradation rates.

Furthermore, considering that NQO1 is known to interact with and stabilize cancer-
associated transcription factors such as p73a, we have investigated the role of CTD in
the interaction with this cell cycle regulator. In particular, we have studied by NMR
spectroscopy the interaction of NQO1 with the sterile alpha motif of p73a (SAMp73)

which is thought to be involved in protein-protein interactions'*¥*>°

. Interestingly, our
results provide the first structural insights into the interaction between p73a and
NQO1 and show that neither the CTD, nor the presence of P187S, nor the absence of
bound FAD (active protein) is required in the interaction with p73. Still, different

ligands bound to NQO1 may modulate the intrinsically weak interaction (Publication

2). Our results are consistent with previous biochemical studies where a physical
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interaction between NQO1 and p73, in an NADH-dependent manner, was

151
d

suggested™". It is bear mentioning that the available evidences that supported

intracellular destabilization of oncosupressors by P187S seem to derive from its own

intracellular instability instead of its inability to interact with these proteins®’*%.

In conclusion, the results of this second section show the importance of the CTD in
the multiple detrimental effects associated with P187S and lend evidences of a
complex allosteric communication between different functional sites of NQO1 which
is perturbed for this polymorphism. Since numerous genetic diseases are caused by
missense mutations which alter different protein features (such as, protein stability,
functionality and regulation), our multi-disciplinary strategy would help to decipher
complex mutational effects associated with many other genetic diseases and identify
structural hot spot as targets for therapeutic correction. In particular, in the context of
the flavo-proteome our strategy can provide clues to decipher the dynamic flavin-

dependence on flavoprotein levels in vivo %,
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5.3. SUPPRESSOR MUTATIONS MAY PROTECT NOQ1 AGAINST
LOSS-OF-FUNCTION CAUSED BY P187S
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As a separate strategy to decipher and correct the pathologic defects caused by P187S,
we used the consensus strategy. It is a semi-rational approach that uses statistical
information contained in sequences alignments of proteins with high homology and it
has been successfully applied to improve the thermodynamic and/or kinetic stability of
several proteins and even sometimes, simultaneous protein activity increases have

also been associated with consensus mutations®?1>2%7

. On account of the sequence
conservation, it might be expected that a considerable number of consensus mutations
run into with identical amino acids, at the same position, in the ancestral proteins
sequences™®®. Since a thermophilic character is traditionally associated with the
ancestral life, the stabilizing effects of consensus mutations seem to reflect the

ancestral protein hyperstability>**¢°
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According to the Darwinian theory of evolution by natural selection, the mutations
with beneficial effects on protein fitness are often fixated, while neutral or detrimental

mutations are usually avoided by evolution®’**°

. From this point of view, it is difficult
to comprehend how destabilizing mutations that differ from consensus amino acids
can be fixed during evolution. However, Kimura’s neutral theory suggests that the
most of evolutionary changes at molecular level are caused by random fixation of
selectively neutral or very nearly neutral mutations and thus, with no apparent effect

. . 161
on protein fitness™®

. Destabilizing mutations in themselves (i.e. some mutation which
divergent from consensus) may be biologically compensated and buffered by different
“trade-off” mechanisms, such as modulation of the protein misfolding by molecular
chaperones or the existence of other stabilizing (consensus) mutations, causing a

neutral effect in fitness!’/140162-164

. In this way, a variation in genotype may have no
apparent effect on phenotype at present, but can change the potential for future
adaptations since, an adaptive event, as the acquisition of a new function, requires

often of the simultaneous presence of two or more mutations'’®®

. On average,
mutations that confer new functions are strongly destabilizing and their accumulation
may give rise to proteins more prone to loss-of-function or other negative effects
when the trade-off mechanisms do not exert enough compensatory effects. In these
cases, the consensus mutations would act as global intragenic suppressors, rescuing
detrimental mutations at several sites in a protein and avoiding their negative

65,163,166

effects . To conclude, the consensus strategy seems to be an excellent and

simple choice to achieve the P187S rescue.
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We have identified a set of six stabilizing mutations for NQO1 after aligning
mammalian sequences with high identity. The H80R mutation caused the most
remarkable stabilizing effect, both in wild-type and P187S. R80 has been found in most
of the closely related mammalian, proposing that its stabilizing effect has disappeared

recently (along primate evolution) in an evolutionary time scale (Publication 3).

The H80R causes an increase in the kinetic stability of the proteins, slowing down the
irreversible inactivation of both wild-type and P187S, and proteolysis experiments by
thermolysin showed that H80R causes a local dynamic stabilization of the NTD, but it
has no effect in the CTD of the protein. With the aim of characterizing the H80R
stabilizing effect, we have solved its structure in presence of FAD and dicoumarol (PDB
accession code: 5FUQ). H80R mutation did not affect the overall fold of NQO1
although it causes a local structural switch (R80 changes a less solvent exposed
environment than H80) which appears to be critical for its stabilization. Specifically,
R80 forms a strong electrostatic cluster with two nearby glutamates (“EER” cluster)
that apparently stabilizes the adjacent loop 57-66 which, according to our previous
results, is highly dynamic in the apo-state of P187S and it is involved in its lower affinity
for FAD (Publication 2). Moreover, the structural switch caused by H80R and its
stabilizing effect in the apo-state of P187S are also detected by our MD simulations.
Since R80 seems to have diverged throughout primate evolution (30 Million years),
current sequences of mammalians NQOL1 still contain it. Consequently, R80 is present
in rat NQO1 sequence and its available X-Ray crystal allows us to observe the same
local structural switch caused by R80 together with the stabilizing EER cluster

(Publication 3).
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To see whether H80R may act as a suppressor of the detrimental effects caused by
P187S, we have characterized this polymorphism in the presence of H80R. Accordingly,
H80R causes a local stabilization of the FAD binding site of this polymorphism, which
results in an increased FAD binding affinity and thus, in a significant enhancement of
specific activity without perturbing other kinetic properties (i.e. apparent affinities for
NADH or DCPIP). In addition, we have investigated in depth the structural and
energetic consequences on FAD binding of R80 in P187S, evaluating its conformations
in different ligation states. Our results showed that the structural and dynamic local
changes caused by H80R in the FAD-binding site mainly act in the conformational
ensemble of the apo-state, and shifting the equilibrium towards FAD binding
competent states which, being more compact or structured, decrease the energetic
penalization between apo- and holo-states present in the conformational equilibrium
(Publication 4). These results complete the information obtained by X-ray
crystallography, NMR spectroscopy and MD simulations of H80R and suggest a
mechanism of rescue of P187S by H80R in the context of an induced-fit mechanism
that counterbalance the detrimental effects of P187S on the structure and dynamics of

the FAD binding site in the apo-state (Publication 3 and Publication 4).

So far, we have shown that the consensus H80R mutation is capable of reactivating
P187S in vitro which should result in an increased activity within cells, without
affecting degradation rates or protein levels (highly dependent on the stability and
dynamic of CTD) (Publication 1 and Publication 2). To test it, we have investigated the
effects of H80R on the intracellular activity, protein levels and degradation rates of

wild-type and P187S by experiments in stably transfected Caco-2 cells and rabbit
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reticulocyte cell-free system. On the one hand, the Western-blot analysis and
measurement of NQO1 activity in transfected Caco-2 cells extracts show increased
protein levels and the functional rescue of P187S in combination with H8OR. While the
experiments carry out in rabbit reticulocyte, where the NQO1 degradation is mediated
by the proteasome, show little effect of H8OR on the degradation rates, both P187S
and wild-type®. This suggests that the effect of H8OR on intracellular P187S protein

levels reflects an improved intracellular folding efficiency (Publication 3).

In addition, the presence of H80R could affect other important functions associated
with NQO1 in vivo as its ability to interact with the transcription factor
p73a'%"*%(Publication2). We have observed by NMR spectroscopy experiments that

H8O0R has no large effects on interaction between NQO1 and SAMp73a (Publication 3).

As previously mentioned, the effects of a mutation are context-dependent and they
can be biologically altered by different mechanisms. In particular, the effects of a single
mutation often depend on the presence of additional mutations (epistatic interactions)

171865165 Therefore, the effects of single amino acid

which play a key role in evolution
mutations may be conditioned by the genetic background and their effects may be
different depending on the sequential order in which the different mutations occur in
the sequence. In the context of this thesis, the recent divergence from consensus
amino acids, at different sites of the NQO1 sequence, may have contributed to lessen
the tolerance of NQO1 to endure other destabilizing mutations like P187S. For this
reason, we have characterized the effects of other consensus mutation for NQO1 in

the absence or presence of H80R and P187S. The consensus mutation chosen is E247Q,

a mutation structurally remote from H80R and FAD binding site. We expected that it
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had some effect on the affected CTD of P187S which H80R is not able to stabilize
(Publication 1 and Publication 2). Interestingly, E247Q appears to locally stabilize the
CTD of P187S and its stabilizing effects are spread to the distant NTD supporting the
existence of allosteric communication between domains previously proposed
(Publication 2). Specifically, the combination of these two mutations causes a
significant increase in the FAD binding affinity of P187S and therefore, the subsequent
increase in its specific activity. In addition, our NMR analyses show that the presence
of Q247 seems to have no important effect on the residues involved in the interaction

of NQO1 with SAMp73a (Publication 3).

Alternatively, we have observed that the recent fixation of non-consensus amino acids
that potentially predispose towards the loss-of-function genetic diseases is not an
isolated “incident” in NQO1. In particular, a similar situation has been found in the
human alanine:glyoxylate aminotransferase 1 (AGT) protein, in which different genetic
variations produce loss-of-function, by different mechanisms, of the enzyme causing

7118189 previous works of our group showed that

primary hyperoxaluria type | (PH1)
the combination of multiple consensus mutations in AGT (AGT-RHEAM) caused strong
in vitro thermal and kinetic stabilization as well as an enhanced activity without
affecting the foldability and peroxisomal targeting in mammalian cells®. Similar
analyses to those carried out with NQO1 showed a recent divergence from consensus
amino acids during mammalian evolution, in particular through primate evolution,
which might decrease the local stability of AGT protein and predisposes it towards

disease associated with destabilizing and/or inactivating single amino acids changes

(Publication 3).
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Overall, the results of this third section provide evidences supporting that recently, in
an evolutionary time scale, the propensity of some human proteins to undergo
diseases caused by a single amino acid change has increased as consequence of the
deflection of their consensus amino acids. In particular, our results demonstrate the
potential of consensus amino acids to protect genetic diseases associated with a
decrease in the local stability of the proteins which may affect the protein
conformational landscape and alter its functionality in vivo. Perhaps, this consensus
amino acids divergence in the human proteins analysed is nothing more that the result
of the natural selection, for example fine-tuning some intracellular functions or even to
facilitating the divergence to new functions unfortunately not yet identified for these

. 18,1
proteins'®*4°

. In any way, a detailed understanding of mutational effects on structure
and dynamics of a protein is crucial, not only to see whether disease could be handled
in different ways in mammals, but to provide a deeper knowledge on the mechanisms
used by evolution to adapt the stability and function of the proteins. In addition, our
results about NQO1 may be of great significance to understand the large number of

metabolic diseases associated with flavo-proteins, highlighting the importance of the

apo-state ensemble to determine their cofactor binding affinities™*.
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6. CONCLUSIONS

Finally, after all the experimental work was done for the purposes of this study, we can

draw the following conclusions:

1. The R139W polymorphism causes modest changes in protein dynamics that
entail only weak alterations in activity and stability compared to wild-type.
Thus, the main pathogenic mechanism for this polymorphism is likely the
skipping of exon 4 which destroys the FAD and substrate binding site producing
an inactive and unstable protein.

2. Both the low activity and stability of P187S appear to have a dynamic origin
caused by a significant increase in local dynamics of two functionally and
structurally distant sites: the N-terminal domain (NTD) associated with enzyme
inactivation, and the C-terminal domain (CTD) associated with its enhanced
proteasomal degradation.

3. The treatment with the natural ligand FAD may rescue the activity of P187S,
but dicoumarol binding is required to correct the degradation through the
flexible CTD in the holo-state.

4. We provide evidence for the existence of long-range communication between
the CTD, the FAD binding site and the P187S site, which we refer to as allosteric
interaction network. This network contributes to the high affinity for FAD and
dicoumarol in wild-type, while the presence of P187S disrupts it causing a

decrease in its binding affinities for both ligands.
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5. The divergence, at several sites, from the consensus amino acids during
primate evolution may have caused local protein destabilization in NQO1 (also
in AGT) potentially predisposing it towards disease-associated single amino acid
changes.

6. Our results show the potential of consensus amino acids to protect towards
disease-associated single amino acid changes. In particular, the HS80R
suppressor mutation (NQO1 consensus mutation) reactivates P187S through
local and dynamic stabilization of FAD binding site, which enhances its FAD
binding affinity without having any effect on the CTD of the protein.

7. Structural and dynamic changes caused by H80R seem to mainly act in the
conformational ensemble of the apo-state, shifting the equilibrium towards
FAD binding competent states and decreasing the energetic penalization due to
the conformational change.

8. A second suppressor mutation, E247Q, stabilizes the CTD of P187S and its
effects are propagated to the distal NTD of the protein supporting the
existence of the proposed long-range communication. Moreover, the stabilizing
effects of E247Q are additive to those exerted by H80R strongly protecting

P187S towards inactivation.
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6. CONCLUSIONES

Para finalizar y tras todo el trabajo experimental llevado a cabo para los propdsitos de
este estudio, pueden extraerse las siguientes conclusiones:

1. El polimorfismo R139W causa cambios modestos en la dinamica de la proteina
que implican solo alteraciones débiles en la actividad y estabilidad del
polimorfismo comparado a la proteina natural. Por tanto, el principal
mecanismo patogénico asociado con este polimorfismo parece ser la omision
del exoén 4, la cual destruye el sitio de unién de FAD vy los sustratos
produciendo una proteina inactiva e inestable.

2. La baja actividad y estabilidad de P187S parecen tener un origen dinamico
provocado por un aumento significativo en la dindamica local de dos sitios
funcionales y estructuralmente distantes de la proteina: el dominio N-terminal
(NTD) asociado con la inactivacion de la enzima, y el dominio C-terminal (CTD)
asociado con el aumento de la degradacion proteasomal.

3. El tratamiento con FAD, ligando natural de la enzima, parece rescatar la
actividad de P187S, sin embargo es necesaria la unién de dicumarol para
corregir la degradacion del aun flexible CTD en el estado holo.

4. Aportamos evidencias de la existencia de una comunicacidon de largo alcance
entre el CTD, el sitio de unién a FAD y la posicidon P187S y a la que nos referimos
como red de interaccién alostérica. Esta red contribuye a la alta afinidad por
FAD y dicumarol en la proteina natural, mientras la presencia de P187S la altera
causando la disminucién de su afinidad por ambos ligandos.
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5. La divergencia, en varias posiciones de la secuencia, de aminodacidos consenso
durante la evolucién de los primates podria ser la causa de la desestabilizacidn
local de la proteina NQO1 (también para AGT) aumentando su predisposicion a
enfermedades causadas por el cambio de un Unico aminodcido.

6. Nuestros resultados muestran el potencial de los aminoacidos consenso para
proteger enfermedades asociadas con el cambio de un Unico aminoacido. En
particular, la mutacién supresora H80R (mutacion consenso de NQO1) reactiva
P187S mediante una estabilizacion local y dindmica del sitio de union de FAD,
aumentando su afinidad por este ligando sin afectar al CTD de la proteina.

7. Los cambios estructurales y dinamicos causados por H80R parecen actuar
principalmente en el conjunto conformacional del estado apo, desplazando el
equilibrio hacia estados competentes para la union de FAD y disminuyendo la
penalizacion energética como consecuencia del cambio estructural que
ocasiona.

8. Una segunda mutacion supresora, E247Q, estabiliza el CTD de P187S y sus
efectos se propagan al lejano NTD de la proteina, apoyando la existencia de la
comunicacion de largo alcance propuesta. Ademas los efectos estabilizantes de
E247Q son aditivos a los ejercidos por H80R protegiendo considerablemente a

P187S de inactivacion.
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7. FUTURE DIRECTIONS

Many human diseases are caused by missense mutations which appear as wild-type in
other species. This phenomenon is commonly interpreted by the presence of
compensatory residues (“genetic compensation”) that mitigate their detrimental
effects in the other species, being “neutral” mutations in the nonhuman

18,170-172
orthologous™®*"°

. In this sense, checking the effects of pathological mutations in
these genetic backgrounds could be interesting.

Specifically, a large fraction of consensus amino acids were found in the actual
sequences of murine orthologous of NQO1 and AGT after performing the mammalian
sequence alignment. So, these backgrounds could help us assess the effects of disease-
associated single amino acids mutation. The procedure to follow would be to introduce
the mutation or mutations associated with disease in these backgrounds, and then, to
characterize their structural and dynamic effects both in vitro and cellular experiment.
The fact that a reduction in the protein stability is the main mechanism by which the
single amino acids variations cause diseases, our findings may be of great significance
to understand the molecular basis of the involved diseases. In addition, our results
may be important to understand the epistasis in protein evolution and to use animal
models for human diseases.

Alternatively, our group is interested in evaluating whether disease-associated
mutations are specific in the sequence space, in particular in relation to loss-of-
function pathogenic mechanisms. Our curiosity is owing to that although random

mutations are generally destabilizing and at least initially, non-conservative mutations
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through a single nucleotide change should naturally occur, most missense disease-
associated mutations lead to the preference of the amino acid present in the wild-type
protein to only one or few among all possible, and the molecular basis of this mutation
specificity is unknown®®.

In particular, evaluating the specificity of the pathogenic mechanisms in the sequence
space we propose to test how different mutations of the same residue associated with
disease, concretely in loss-of-function diseases, can influence the pathogenic
mechanisms. For that, an in-depth characterization of a set of different amino acid
changes is being performed on both P187S and the two most common mutations
causing PH1, in addition to their expression in different cell systems. We hope to
obtain relevant information that provides some light on the mutation specificity found

in many missense diseases.
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DIFFERENT MECHANISMS EXPLAIN THE LOSS-OF-

FUNCTION CAUSED BY TWO NQO1 POLYMORPHISMS
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