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Chapter 1

Single nucleotide polymorphisms and
protein variants

Polymorphisms are generally defined as variations in DNA
sequence that occur in at least 1% of the population. The vast majority of
variants are single nucleotide polymorphisms, or SNPs. Because the
human genome contains 3 billion nucleotides, and variations between
individuals occur approximately once in each 300 base pair,
approximately 10 million SNPs are expected to exist between any 2
genomes. Because only a fraction of these SNPs is likely to prove
relevant to drug response, the ultimate goal will be to identify all

functionally important variants.

Major pharmaceutical companies have responded to the growing
emphasis on individualized therapy to improve drug efficacy and safety
with large investments in pharmacogenomics research. The availability
of SNP maps at high-resolution and DNA microarray, enables the basic
research and the studies a clinical trials level to better identify disease-
susceptibility genes for prognosis, drug discovery, and selection of
therapy. If risk for a given disease is predicted to be high, as judged by
the SNP pattern of a patient, preventive therapy and lifestyle

adjustments (diet, exercise, etc.) may also be implemented.



A comprehensive SNP map will contain genetic variants relevant to
drug transport, metabolism, and receptor interaction and, therefore, it needs to
be considered in drug selection. Moreover, a comprehensive SNP map may
also serve to alert the therapist when careful drug dosage monitoring is
required. Stratifying patient populations using genome-wide SNP maps
presents a major challenge to the pharmaceutical industry. The outcome from
applying such an approach cannot be accurately gauged at present. Genetic
heterogeneity appears to be a significant source of variability observed in the
response to drugs. This variability means that information pertaining to
interethnic and interindividual genetic differences can facilitate rational drug
discovery in order to avoid or minimize the incidence of adverse events in

clinical trials.

The success of this approach depends in large part on assembling an
extensive, high-quality database of informative SNPs. Ultimately the vision
of pharmacogenomics encompasses a genetic profile for each individual,
containing sufficient information to select which drugs are most likely to be
safe and effective in that person. The same insight will be of great importance

in preventive health care, arguably the most desirable goal.

The dynamic complexity of the human genome, multigenic disease
origins, and involvement of numerous genes in drug response impede the
effective application of genome-wide SNP scanning in the clinic. Drug
responses will most likely be associated with patterns of multiple
polymorphically — expressed traits, rather than single causative
polymorphisms. Such patterns of genetic variants differ among distinct ethnic
groups. This factor could obscure prediction of disease susceptibility and

drug response across patient populations, and it points out to the need to
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genetically stratify patients for clinical pharmacogenomic studies (Mancinelli
et al., 2000).

SNPs may fall within coding as much as non-coding, or in the
intergenic regions. SNPs within a coding sequence do not necessarily change
the amino acid sequence of the protein that is translated from it, due to
degeneracy of the genetic code. SNPs in the coding region are of two types,
synonymous and nonsynonymous SNPs. Synonymous SNPs do not affect the
protein sequence while nonsynonymous SNPs change the amino acid
sequence of protein. The nonsynonymous SNPs are of two types: missense
and nonsense. A missense mutation is a point mutation in which a single
nucleotide change the resulting amino acid, while on the other hand the
nonsense mutation corresponds to a premature stop codon leading to

truncation of the resulting protein (Esch e al., 2015).

SNPs that are not in protein-coding regions may still affect gene
splicing, transcription factor binding, messenger RNA degradation, or the
sequence of non-coding RNA. SNPs located within the coding or regulatory
regions of genes can cause qualitative and quantitative changes in gene
expression, RNA splicing, protein translation, or gene function. As reported
by The International Human Genome Sequencing Consortium 2001, only
about 5% of the human genome codes for the production of proteins and
most SNPs are found outside coding sequences. These variations may have
effects in gene expression and regulation, by interrupting regulatory regions
and affecting transcription factor binding. Millions of human SNPs have been
identified so far, and these variants could be strongly correlated with

phenotypic variations of traits/diseases (Cao et al, 2017). Genetic variation



can cause changes in phenotype if expression levels are altered or pre-mRNA

splicing is affected.

Coding SNPs, especially nonsynonymous coding SNPs (nsSNPs, also
referred to as missense mutations) are of particular interest, because the
single amino acid substitution may affect the structure and/or function of the
protein itself (Zhou et al, 2010), as reports in many studies (Chasman and
Adams, 2001; Ng and Henikoff, 2002; Ramensky et al, 2002).

Structural studies have been implemented during the last decades
since amino acid residue change has been found important for the protein 3-D
structure (Altshuler et al, 2008; Botstein et al, 2003). Sequence changes at the
amino acid level influence the shape, function, or binding properties of a

given protein (Bhattacharya et al, 2017).

Non-synonymous SNPs (nsSNPs) cause changes in the amino acid
residues and are important factors contributing to the functional diversity of
the encoded proteins (Yates et al, 2003; Wang and Moult, 2001; Wang and
Moult, 2003). Non-synonymous SNPs may also affect gene regulation for
example by altering DNA and transcriptional binding factors and maintaining
the structural integrity of cells and tissues. In addition, nsSNPs affect the
functional roles of proteins involved in signal transduction of visual,

hormonal, and other stimuli (Rajasekaran et al, 2007; Gfeller et al, 2014).

Point mutation of a particular residue can have different effect on
protein structure and function (from no effect to complete disruption of its
function). Amino acids with similar size and physico-chemical properties
may have mild effect (e.g. substitution from leucine to valine). While
changes in crucial area of protein can change the overall arrangement of
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protein contacts. Important for example are the secondary structure elements
destruction usually driven by substitution of proline residues. Many
algorithms have been developed to predict the effect of amino acid changes
in a protein structure. The consequences of missense mutations may be
difficult to predict because of their diverseness and because a single amino

acid change may lead to multiple effects.

Human diseases can be classified as monogenic or multifactorial
(Janssens et al 2008). Monogenic diseases are caused by alterations in a
single gene, and they segregate in families according to the traditional
Mendelian principles of inheritance (Martorana et al, 2017). But, the vast
majority of human diseases can be classified as multifactorial (Manolio et al,
2009). These conditions are also referred to as complex diseases, and they are
responsible for most of the burden on our health care system (McCarthy, M.
I, & MacArthur, D. G.,2017). Examples of these conditions include
cardiovascular disease, cancer, type-2 diabetes, and a number of birth defects
and psychiatric disorders (Avior et al, 2016). Notably about 40 SNPs have
been shown to link with type-2 diabetes (McCarthy, M. 1. 2010). By
definition, complex diseases are caused by variation in many genes, and they
may or may not be influenced by environment. The prediction of the
pathogenicity of a nsSNP is based on the degree to which the function of the
protein is impaired by the amino acid substitution; but it is further
complicated by factors influencing the severity of the phenotype, such as the
genetic background and the effect of environment (Stone and Sidow, 2005).

The study of the impact of mutations on protein structure, stability
and function may provide a better understanding of the mechanisms of the

diseases (Gao et al, 2015). Mutations in different types of functional sites will
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typically have different consequences. About one quarter of the known
missense SNPs in the human population are significantly deleterious to
protein function in vivo (Yue and Moult, 2006). There is considerable
evidence that the most common cause of protein loss-of-function relies on
changing of the protein’s thermodynamic stability. Most changes lead to
protein folding equilibrium shifted towards the nonfunctional unfolded state,
possibly coupled to irreversible aggregation and/or degradation by cell
degradation’s pathways (Yue et al, 2005; Casadio et al, 2011; Shi and Moult,
2011; Stefl et al, 2013; Petukh et al, 2015).

The most common cause of monogenic disease is a single base DNA
variant resulting in an amino acid substitution and a high fraction of these
substitutions appear to result in reduction of stability of the corresponding
protein structure (Yue et al, 2005). Frequently, missense mutations are found
to destabilize the corresponding protein (Stefl et al, 2013). Destabilizing
mutations in the core of the protein lead to inactivation of many tumor
suppressors in cancer. Protein stability is a key characteristic of a functional
protein (Ramensky et al, 2002 Capriotti et al, 2005; Karchin et al, 2005; Ye
et al, 2006; Zhang et al, 2011). SNPs can affect the stability of the protein by
making it susceptible to proteolysis, by changing the thermal inactivation
temperature or increases the susceptibility of the protein to degradation by
lysosomal cysteine proteinase, leading to severe reduction in half-life of its
(Bhattacharya et al, 2017). A change in the amino acid sequence can
considerably affect protein stability (de Cristofaro et al, 2006; Koukouritaki
et al, 2007; Ode et al, 2007) through perturbing conformational constraints
and physicochemical parameters. Mutations involving Cys, Trp, or Pro
residues are more likely to be disease associated. Cys mutations often involve
breaking disulfide bridges or forming unwanted disulfide bonds; Trp
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mutations usually significantly destabilize structures and mutations to Pro
tend to disrupt helical structures (Gao et al, 2015). The degree of
destabilization was found to be high for mutations that introduce drastic
changes such as charged to neutral, relatively rigid to relatively flexible, or
aromatic to aliphatic mutation types. For most of the cases, the
destabilization was also accompanied by structural changes (Pasquo et al,
2012; Khan et al, 2013). This observation highlights the difficulties to predict
the physiological relevance of mutations based on the effect delivered by a

single methodology.

A single residue mutation can have effects on protein activity
(interdicts access to the active site), aggregation (give rise to protein
aggregation, which is a hallmark of some neurodegenerative diseases, e.g.,
Alzheimer's disease, Parkinson's disease, Huntington's disease, amyotrophic
lateral sclerosis and prion diseases), binding (can change the affinity of
binding to partners, such as activators, repressors, or substrates) and

assembly (change the quaternary structure) (Bhattacharya et al, 2017).

One of the fundamental problems in protein research is the
understanding of protein stabilization by complex physical interactions. This
problem has attracted the attention also in molecular medicine since it has
been noticed that some diseases such as amyloidosis are likely to be related
to changes in protein stability due to mutations occurring in the protein
sequence. In the biomedical context SNPs are very important, as they are the
most common source of variation in the human genome. Due to the
redundant nature of the RNA triplet code that encodes proteins, many of
these SNPs may not cause an amino acid change (synonymous mutations).

However, when a SNP causes an amino acid change (a non-synonymous
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mutation) there may be an effect on the structure and function of the encoded
protein. The protein stability mechanism is studied by using site-directed
mutagenesis followed by thermodynamic measurements and structure
determination. Loss of function may lead to disease. It would therefore be
extremely useful to be able to predict which mutations are likely to cause
disease. Identifying those SNPs that promote susceptibility or protection to
complex diseases will aid early diagnosis, prevention and help in finding
treatments (Worth et al, 2011; Pires et al, 2013).

The analysis of large datasets of genetic variation can be performed
with bioinformatics tools to filter the data (Alipoor et al, 2016; Ramensky et
al, 2002, Shreya et al, 2015, Kalia et al, 2016). Computational methods such
as SIFT (Ng and Henikoff, 2001; Ng and Henikoff, 2003) Polyphen-2
(Adzhubei et al, 2013), StructMAn (Gress et al, 2016) or MAPP (Stone and
Sidow, 2005) classify SNPs according to negative, neutral, or positive effects
on the structure or function of the protein. Knowledge of the 3D structure of
a gene product is beneficial in predicting and understanding both function
and role in disease. However, most studies that analyze the relationship
between point mutations and experimentally observed 3D protein structure
published to date have been restricted to individual proteins or single
diseases. There is a paucity of quantitative analyses of the consequences of
SNPs on 3D protein structure going beyond the realm of prediction (Arodz
and Ptonka, 2012).

Genetic variation in the human genome is an emerging resource for
studying cancer and other diseases (Mueller et al, 2015; Kunz et al, 2016,
Zang et al, 2016, Didonna et al, 2015). At the protein level, numerous tools

have been developed to predict the impact of nonsynonymous SNPs on

8



protein function and stability (Yadav et al, 2014; Huang et al, 2015; Casadio
et al, 2016). These tools usually fall into two categories. The first makes
predictions based solely on the sequence of a protein, while the second takes
into account structural information when making predictions (Brown, D. K.,
& Bishop, O. T. 2017). Determining which SNPs affect the phenotype would
help the identification of the molecular mechanisms of disease and
phenotypic variation (Hepp et al, 2015). There are many other tools to
differentiate the deleterious or disease-associated SNPs occurring in a gene
from the neutral or tolerated alterations, and these tools use approaches based
on different features (Vendruscolo et al, 2003; Hepp et al, 2015). Methods
based on the structural, physical and chemical properties of the wild type and
mutant proteins are also available, and allow the identification of the SNPs
that affect the stability and function of the protein (Ng and Henikoff, 2006;
Yue and Moult, 2006).

In order to combine the results of the various tools, consensus
predictors have been developed to allow comparison between methods that
use different analytical approaches (Vendruscolo et al, 2003; Bendl et al,
2014). Studies using combination of different prediction tools have identified
deleterious mutations in genes involved in different biological processes,

including, for example, cancer (Hepp et al, 2015).

Polymorphisms may influence gene transcription, mRNA stability,
and protein activity. Structural analysis of SNPs in the DNA sequences of
humans may help to predict an individual’s response to certain drugs,
susceptibility to environmental factors, and risk of developing particular
diseases (Johnson et al, 2008; Zhou et al, 2010). SNPs may be also critical

for personalized medicine, that is a medical model that proposes the

9



customization of healthcare with medical decisions, practices, and/or
products being tailored to the individual patient. The use of genetic

information has played a major role in some aspects of personalized
medicine.
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Chapter 2

Personalized medicine

SNPs are thought to be critical enablers in realizing the concept of
personalized medicine and can be highly useful in diagnostics and
therapeutics development (Markward, 2007). Personalized medicine (PM) is
defined by the U.S. National Cancer Institute as “a form of medicine that uses
information about a person's genes, proteins, and environment to prevent,
diagnose, and treat disease”. The clinical applications of PM in cancer is
broad, encompassing screening, diagnosis, prognosis, prediction of treatment
efficacy, patient follow-up after surgery for early detection of recurrence, and
the stratification of patients into cancer subgroup categories, allowing for
individualized therapy. PM aims to eliminate the “one size fits all” model of
medicine, which has centered on reaction to disease based on average

responses to care (Diamandis et al., 2010).

Scientific advances since the completion of the Human Genome
Project have confirmed that the genetic composition of individual humans has
a significant role to play in predisposition to common diseases and therapeutic
interventions. The translation of genetic and genomic data into the knowledge
of patient care for prevention, diagnosis, prognosis and treatment has
introduced a new paradigm for healthcare: PM. The traditional medicine
model has relied on best practices emerging from large population studies and

dictates a one-size-fits-all approach (Bennet et al., 2012). Although
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synthesized evidence is essential to demonstrate the overall safety and
efficacy of medical approaches, it falls short in explaining the individual
variations that exist among patients. Recent advances in genome-wide
association studies have revolutionized the practice of medicine, causing a
shift to a patient-centered model (Chouchane et al., 2011) and offering

tailored diagnostic and therapeutic strategies.

The field of medicine has seen many new advances in the last several
decades. An enormous amount of new information has been gained about the
human genome and the genetic variations between individuals (Diamandis et
al., 2010). Added to this is the emergence of new technologies for global
genomic analysis, including high-throughput sequencing, single nucleotide
polymorphism (SNP) genotyping, and transcript profiling. The construction
of haplotype maps of the genome (Frazer et al., 2007) is now allowing us to
view DNA in a much bigger picture than ever before. This, coupled with
enormous advances in computer systems and bioinformatics, has resulted in a
revolutionary shift in medical care to the era of PM. The concept of PM is to
use clinical, genomic, transcriptomic, proteomic, and other information
sources to plot the optimal course for an individual in terms of disease risk
assessment, prevention, treatment, or palliation. Thus, PM aims to eliminate
the “one size fits all” model of medicine, which has mainly centered on
reaction to a disease (treating the symptoms) based on average responses to
care, by shifting the emphasis of patient care to cancer prevention and early
intervention for high-risk individuals (Abrahams et al., 2005; Abrahams and
Silver, 2009). Moreover, understanding the molecular profiles of individuals
and how these can cause variations in disease susceptibility, symptoms,

progression, and responses to treatment will lead to tailoring medical care to
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fit each individual patient (Ginsburg and McCarthy, 2001; Allison 2008;
Ginsburg and Willard, 2009).

Pharmacogenetics and pharmacogenomics deal with the genetic basis
underlying variable drug response in individual patients. The traditional
pharmacogenetic approach relies on studying sequence variations in
candidate genes suspected of affecting drug response. On the other hand,
pharmacogenomic studies encompass the sum of all genes, i.e., the genome.
Numerous genes may play a role in drug response and toxicity, introducing a
daunting level of complexity into the search for candidate genes. The high
speed and specificity associated with genomic technologies enable the search
for relevant genes and their variants to include the entire genome (Mancinelli
et al., 2000).

Pharmacogenomic analysis can identify disease susceptibility genes
representing potential new drug targets. All of this will lead to novel
approaches in drug discovery, an individualized application of drug therapy,
and new insights into disease prevention. pharmacogenomics may help focus
effective therapy on smaller patient subpopulations which although
demonstrating the same disease phenotype are characterized by distinct
genetic profiles. Moreover, worldwide use of these drugs has revealed
substantial interindividual differences in therapeutic response. Any given
drug can be therapeutic in some individuals but less effective in others, and
some individuals experience adverse drug effects whereas others are
unaffected. Recognition of interindividual differences in drug response is an
essential step towards optimizing therapy. Over the past decades, much
evidence has emerged indicating that a substantial portion of variability in

drug response is genetically determined, with age, nutrition, health status,
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environmental exposure, and concurrent therapy playing important

contributory roles.

Biologists have long accepted that the capacity of organisms to
respond differently to their environment is genetically determined. Evidence
of interindividual variations in the response to suxamethonium
(succinylcholine), isoniazid, and debrisoquine was also scrutinized for a
genetic connection. Clinical reports first surfaced in the late 1940s of
peripheral neuropathy occurring in a substantial number of patients treated
with the antituberculosis drug isoniazid (Hughes et al., 1954). These initial
clinical observations were followed by the realization that slow metabolizers
(acetylators), although frequencies varied, followed defined geographic and
ethnic population distributions (Evans et al., 1960). We now know that the
"slow acetylator phenotype” represents approximately 40% to 60% of
Caucasians and results in slow clearance and the potential for associated

toxicity from drugs such as isoniazid, procainamide, and phenelzine.

In  cancer chemotherapy of acute lymphocytic leukemia,
administration of drugs such as 6-mercaptopurine, 6-thioguanine, and
azathioprine can cause severe hematologic toxicity or even death in patients
possessing nonfunctional ("null™) variants of thiopurine methyltransferase
(TPMT). Each drug after it enters the body interacts with numerous proteins,
such as carrier proteins, transporters, metabolizing enzymes, and multiple
types of receptors (Sadee, 1998; Sadee 1999; Evans and Relling, 1999).
These proteins determine drug absorption, distribution, excretion, target site
of action, and pharmacological response. Moreover, drugs trigger
downstream secondary events that may also vary among patients. As a result,

multiple polymorphisms in many genes may affect drug response, requiring a
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genome-wide search for the responsible genes. Profiling the expression
pattern of genes in a target tissue reveals mechanisms of drug action in a
genomic context, and it can serve to clarify interindividual differences in

drug response that are downstream of immediate drug effects in the body.

“The Human Genome Project and advanced technology spin-offs
emanating from it will have a profound impact on drug discovery,
development, and therapy within the pharmaceutical industry” (Schachter,
1998). With the completion of the human genome project at the beginning of
the 21st century, the biological sciences entered an unprecedented age of data
generation, and made its first steps toward an era of personalized medicine
(Brown, D. K., & Bishop, O. T. 2017). Since then, the world has embarked
on a revolution in science and healthcare that is changing the way we live and
carries the promise of individualizing clinical delivery to improve health, and
prevent and cure human disease (Thomas et al, 2016). Innovative automated
instrumentation, new analytical and informatics approaches, and novel
strategies emerging from genome-based research will be essential for
exploiting the massive primary sequence data. Genomic techniques are
making it possible not only to identify tangible new gene targets for drug
discovery efforts, but also to find associations between specific genetic
markers and drug response in a patient population. Technical innovations
such as DNA microarrays and microfluidic analytical devices are remodelling
the biological sciences by enabling economy of scale for high-throughput
DNA sequencing and gene mapping required for genomic research.

An evolving key element in genome-wide searches for genes relevant

to disease and therapy is a comprehensive map of polymorphisms distributed
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over the entire genome (Gonzaga-Jauregui et al, 2012, Tuxen; I. V et al,
2014; Karki et al, 2015).
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Chapter 3

Defective protein variants

Any nsSNP can be deleterious either because it leads to disruption of a
site that is directly involved in the function of a protein (e.g. a catalytic
residue, a residue involved in ligand binding or a residue that forms a critical
interaction with another protein), or because it causes destabilization of the
protein structure. Both events can promote protein degradation or severe
changing in protein function due to loss of the structural framework. The
prediction of the consequences of nsSNPs, in order to discriminate neutral
variants from those causative of a pathological phenotype, is a major research
challenge as the rapid growth of genomic tools has produced a vast amount of
information about genetic variation among individuals (Karchin 2009;
Mooney 2005; Ng and Henikoff 2006; Cardoso et al, 2015). In order to have
the greatest medical impact we must be able to separate genuine disease-
causing or disease- associated genetic variants from the broader background
of variants present in all human genomes that are rare, potentially functional

but not actually pathogenic for the disease (MacArthur et al, 2014).

The importance of studying of protein folding and stability is
manifested by the fact that protein misfolding is involved in many diseases
(Dobson, 2003; Valastyan and Lindquist, 2014). Proteins consist of an
elaborate arrangement of interior folds that collapse into a final

thermodynamically stable structure and, for many proteins, only a modest
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free- energy gain (Lindquist and Kelly, 2011) is associated with correct

folding of a protein compared with its innumerable potential misfolded states.

The problem of how protein misfolding is promoting certain types of
insoluble fibrillar aggregates, at the basis of several amyloid disorders, has
been documented in vitro and a list of putative residue mutations causing
protein aggregates is available (Chiti and Dobson, 2009; Naiki and Nagai,
2009; Uversky, 2008). Other human diseases different from amyloidosis have
been proposed to be related to protein misfolding (Thusberg and Vihinen,
2009; Groenendyk et al, 2010).

Research on protein misfolding and aggregation is progressively
gaining attention, largely because of its impact on the understanding of the
molecular mechanisms underlying widespread pathologies involving amyloid
formation such as Alzheimer’s (Selkoe 1996) or Parkinson’s (Trojanowski
and Lee 1998) disease. Aggregation is a common undesirable event for
polypeptide chains, involving the irreversible interaction of two or more
denatured protein molecules leading to precipitation of protein. Missense
mutations that trigger protein aggregation have been shown to be associated
with an increasing number of pathologies (Guijarro et al, 1998; Chiti et al,
1999; Fandrich et al, 2001; Chiti et al, 2003; Bucciantini et al, 2004; Harris
and True 2006; Keage et al, 2009; Khemtemourian et al, 2008; Robinson,
2008; Yankner and Lu 2009).

Some genes for rare, heritable Mendelian disorders have been
identified, in which variation of single gene is both necessary and sufficient
to cause disease (Hamosh et al, 2005). On the other hand, complex polygenic
diseases are much more complicated to be directly related to gene variation
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since they are thought to be due to the combined effect of many different
susceptibility such as genetic variants and environmental factors
(multifactorial diseases). Small genetic changes may be responsible for
medicinal drug delivery and disease susceptibility, which have already been
verified in some diseases, such as diabetes mellitus and cancer (Chung and
Chanock, 2011; Vieiraet al, 2011).

Cancer

Cancer is a heterogeneous group of diseases characterized by
uncontrolled growth of the cells. Cancers are generally classified by the type
of cells or organ from which they originate. Since malignant growth can
occur in virtually all locations of the body, there are over 100 different types
of cancers. Cancer is an immensely complex and diverse disease; however, a
set of characteristics are shared among almost all malignancies. Those
characteristics, named hallmarks of cancer, are a unified set of capabilities
that are acquired during tumorigenesis. The hallmarks of cancer are self-
sufficiency in growth signals, insensitivity to growth-inhibitory signals,
evasion of programmed cell death, limitless replicative potential, sustained
angiogenesis, and tissue invasion and metastasis (Hanahan and Weinberg,
2000). The list has been further extended with emerging hallmarks such as
deregulating cellular energetics and avoiding immune response. Additionally,
enabling characteristics were proposed, which are tumor promoting
inflammation, and genome instability and mutation (Hanahan and Weinberg,
2011). Cancer is an important health problem worldwide and it is one of the

most frequent causes of death. Cancer is now becoming the first cause of
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death in developed countries and the second in developing countries (Jemal
etal, 2011).

Several types of cancer can be caused by environmental factors,
which can lead to cancer by inducing DNA damage (Levi et al, 1999). Even
though the exact onset and development of cancer have not been identified, it
is determined that genetic susceptibility plays an important role on disease
etiology (Lichtenstein et al, 2000). In cancer research, genetic aspects have
become even more important for revealing the molecular basis of the disease
that may have a predictive value in cancer development and may contribute
to forecast the efficacy of treatment. Personalized therapies are under
development, such as anticancer vaccination and viral gene therapy of cancer
by adenovirus particles (Hall et al, 2010). Cancer resistance to drugs is of
paramount importance when evaluating the response to chemotherapy;
therefore, its relevance is unambiguous in clinical practice (Valera et al,
2004).

SNPs are the most common genetic causes of drug resistance
(Cascorbi, 2006; Chou Dhuri and Klaassen, 2006). SNPs may lead to
different network of protein interactions in signal transduction pathways
(Effert and Volm, 2005). Resistance can also be caused by SNPs of
membrane transporters (Cascorbi, 2006; Choudhuri and Klaassen, 2006). A
detailed study of proteins associated with SNPs and involved in cancer may
lead to a better understanding of the biological mechanism for cancer to

improve prevention, early detection and treatment.
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Chapter 4

Aim of the study

Mutations can frequently affect several protein biophysical parameters
simultaneously and may or may not cause diseases (Gong et Blundell, 2010).
There are many prediction studies on the effect of nsSSNPs on protein stability.
Computational analysis has predicted that around 30% of protein variants
resulting from nsSNPs are less stable than the wild type, however
experimental studies on the effect of mutations on protein structure, stability
and function are still needed. Indeed, experimental studies have been carried
out on very few proteins (Gao et al, 2015). These experimental stability
studies, that require mutagenesis, protein expression and purification followed
by thermal and chemical unfolding, are difficult to perform due to the cost and

time needed for the entire process.

This study is focused on the comparison of the structural, biochemical
and biophysical parameters between a wild-type protein and the single
nucleotide variants found in pathological tissues. We have identified several
nsSNPs related to pathological states in humans, such as cancer, and used site-
directed mutagenesis to produce recombinant mutant proteins in E.coli cells.
The variants carrying missense mutations, identified in pathological human
tissues have been characterized and compared with the wild-type proteins in

order to investigate whether the amino acid substitutions affected protein
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conformational stability and interactions with ligand or inhibitors. We

analyzed the effects induced by nsSNPs on protein structure and function, by

means of structural stability, binding and activity studies. In particular, we
selected variants from OMIM (Hamosh et al, 2005) and COSMIC (Forbes et

al, 2010) databases for somatic mutations in cancer that store information

about genetic variations and aim to collect mutations in all genes. Our study

may provide information also on the rational basis for personalized medicine

since SNPs may be linked to individual susceptibility either to develop

disease or to drug response (Aneesh et al, 2009).

The proteins selected for this study, are:

Peroxisome proliferator-activated receptor (PPARy) a nuclear
receptor in the superfamily of ligand inducible transcription factors.
PPARy plays crucial role within the cell, it is an important regulator of
adipocyte differentiation and lipid metabolism. It promotes cell
differentiation in hepatocytes, fibroblasts, myocytes, colon epithelium,
and in adipocytes (Varga et al, 2011) role in lipid metabolism, PPARy
has been reported to be involved in several processes related to cellular
differentiation and development and to carcinogenesis (Wang T et
al,2006). Recent studies have indicated PPARy related also to
cardiovascular disease, chronic inflammation, neurodegenerative
disorders and cancer (Menendez-Gutierrez MP et al, 2012). The genes
activated by PPARy stimulate lipid uptake in adipocytes and initiate
adipogenesis (Anghel S, et al. 2007).

Here we selected nine nsSNPs variants of the PPARy ligand binding
domain, V290M, R357A, R397C, F360L, P467L, Q286P, R288H,

E324K, and E460K, expressed in cancer tissues and/or associated with
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partial lipodystrophy and insulin resistance. Our purpose is to study the
effects of single amino acid substitution on PPARy variants:
thermodynamic stability, spectral properties, molecular dynamics and
transcription activity have been investigated. The molecular dynamics
simulated the movements and trajectories of all the atoms in these
structures over a limited period of time. It can be used to explore the
protein structure upon single amino acid substitution to obtain
information about protein flexibility and dynamics (Brown, D. K., &
Bishop, O. T. 2017).

In this project we also will investigate the effects of PPARy wild-type
and its variants in eukaryotic cell line in order to see if adipogenesis
pathway and some cancer related markers are differently expressed.
Detailed Western blot analysis will be performed after cell transfection
either with PPARy wild-type and variants in order to see the expression
level of the proteins. For this study, we have selected those variants that
showed the most significant differences in term of stability and structure
in solution and in dynamics. Two interesting variants have been selected
for studies in eukaryotic cell lines: E324K and R397C. Both residues,
E324 and R397, are involved in one of the two salt bridges that may
contribute to PPARYy stabilization.

Our purpose is to combine the structure and function relationship on
natural occurring variants studied in vitro, with the results obtained in
eukaryotic cell lines. The in vitro studies will let us explore the effect of
the mutation on the protein structure and stability when compared with
the wild type enzyme. On the other hand, the eukaryotic cell line studies

will give us the chance to investigate how biochemical pathways are
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modified in the presence of the variants and how they affect cell

differentiation, cell death and apoptosis.

The analysis of the effect of PPARy mutations on important pathways for
the eukaryotic cells, such as cellular differentiation, apoptosis, propensity
to tumorigenicity and adipogenesis (Farmer, S. R. 2005; Wang et al,
2013) may help in understanding the connection between mutation and
disease. Indeed, the disruption of cellular pathways may result in the
development of several diseases and pathological states (Subbarayan et
al, 2004). nsSNPs can also result in altered levels of expression of
proteins and mRNAs and may induce functional alteration of the
biological properties of the proteins, so biochemical analysis of the
cellular properties of polymorphisms are necessary to understand the
impact of the mutations on the biological function of the proteins (Guo et
al, 2016).

Bromodomains (BRDs) are the only known protein recognition module
that selectively targets e-N-acetylation of lysines. Acetylation of lysine
residues (Kac) is one of the most frequently occurring post-translational
modifications which controls gene transcription and a vast array of
diverse cellular functions. Deregulation of lysine acetylation levels has
been associated with the development of many diseases, such as cancer,
and enzymes regulating acetylation have emerged as interesting targets
for drug discovery. In this study we selected some BRDs variants found
in cancer tissues and we analyzed the effects of a single amino acid
change on BRDs thermodynamic stability, spectral properties and the
interaction with inhibitors JQ1 and PFI-1.
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Phosphoglycerate kinase (PGK), an essential enzyme that catalyzes the
reversible phosphotransfer reaction from 1,3-bisphosphoglycerate (1,3-
BPG) to MgADP to produce 3-phosphoglycerate (3-PG) and MgATP, an
important ATP-generating step in glycolysis. Several solid tumors
exhibit an increased expression of glycolytic enzymes such as PGK1 to
generate ATP in hypoxic conditions. The elevated levels of PGK1
protein, detected in the serum of patients affected by pancreatic cancer
(Hwang et al., 2006; Sun et al., 2015) and in breast cancer tissues (Sun et
al., 2015), suggest a plausible role of PGK1 as a cancer biomarker. In
this study we selected the variants R38M, R65W, G166D, M189l,
Al199V, V216F and F241S associated to human carcinoma. We are
generating recombinant protein in order to analyze the consequences of
the mutations on PGK1 thermal and thermodynamic stability and the

Kinetic activity.

A detailed investigation at the molecular and cellular level of natural
protein variants may provide useful information for the development of
new therapeutic strategies, particularly in the search of small molecules
able to selectively interact with the variants, which is an essential

preliminary step to personalized medicine.
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Chapter 5

Peroxisome Proliferator Activated
Receptor (PPARY)

Peroxisome proliferator-activated receptors (PPARs) are members of
the nuclear hormone receptor superfamily of ligand-activated transcription
factors that regulate a large number of gene networks involved in cell
metabolism, growth, differentiation, and inflammation (Picard et al, 2002;
Lefebvre et al, 2006). There are three PPAR isoforms, a, B, and y whose
expression patterns vary among tissues. PPARs are a family of nuclear
transcription factors that interact with PPAR response elements in controlling
growth-regulatory gene expression (Vamecq et al, 1999). PPARs belong to the
steroid hormone receptor superfamily and are involved in ligand-inducible
lipid metabolism (Issemann et al, 1990). Prostanoids and their synthetic
analogues and other long-chain fatty acids and their metabolites act as ligands
for the three PPARs, a, B, and y (Issemann et al, 1990; Tontonoz et al, 1994).
The PPARY selective ligand 15-deoxy- D12,14-prostaglandin J2 (15d-PGJ2)
is produced in large amounts in the prostate gland via spontaneous conversion
from prostaglandin D2 (Tokugawa et al, 1998). Another PPARYy ligand, 15-
hydroxyeicosatetraenoic acid (15-HETE), is produced in normal epithelial
cells (ECs) by 15-lipoxygenase-2 (15-LOX-2) (Shappell et al, 1999; Tang et
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al, 2002). These PPARy ligands, 15d-PGJ2 and 15-HETE, are likely to be

involved in prostate carcinogenesis.

PPARY is a human transcription factor whose activity is regulated by
direct binding of lipid metabolites, and xenobiotics (Chawla et al, 2001).
Agonist ligand binding (eicosanoids, prostaglandins and synthetic agonists),
by promoting the stabilization of the PPARY active conformation of the C-
terminal activation function-2 helix (H12), triggers the recruitment of co-
activator proteins that locally remodel chromatin and activate the cellular
transcriptional machinery. The resulting protein complexes activate the
transcription of specific target genes thus inducing intracellular signalling
cascades that mediate the physiological effects of the ligands. In the absence
of ligand, PPARY has the potential to actively silence genes to which it is
bound by recruiting transcriptional corepressor complexes containing nuclear
receptor corepressor (N-CoR) or SMRT (silencing mediator of retinoid and
thyroid receptors) containing histone deacetylase (HDAC) activity that

represses the transcription of the target gene (Guan et al, 2005).

Nuclear receptor ligands bind in a cavity within a moderately
conserved ligand binding domain (LBD) toward the C terminus of the
nuclear receptor. A linker joins the LBD to the central DNA binding domain
of the receptor. The LBDs of receptors have a conserved structure that
consists of three layers of a-helices. The central layer is incomplete, leaving a
cavity that can accommodate ligand. The size of this cavity varies according
to the disposition of the helices in the outer layers. The ligand binding cavity
in PPARy is particularly large. Nuclear receptors activate transcription in
response to ligand binding through the displacement of co-repressor proteins

and the recruitment of coactivator proteins. The mechanism seems to involve
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both a global stabilization of the LBD on ligand binding as well as a specific
stabilization of the C-terminal helix 12 (Kallenberger et al, 2003). Notably,
various partial agonists were shown to differentially stabilize distinct regions
of the LBD (Bruning et al, 2007). The modulation of PPARY activity may be
ascribed to the modification of the conformation of the loop following helix
2’ (Waku et al, 2009). Once bound to ligand, PPARY binds coactivators in a
helix 12— dependent fashion, resulting in a transcriptionally active complex.
Given the importance of PPARy as a transcription factor regulating key
physiological processes and as a drug target for insulin sensitizers, many
structures have been determined in complex with various synthetic agonists
and with natural ligands (Cronet et al, 2001; Itoh et al, 2008; Montanatri et al,
2008).

Ligand-activated PPARs form heterodimers with the 9-cis retinoic
acid receptor (RXR-a) and bind to peroxisome proliferator response elements
(PPRE) in the promoter regions of target genes to stimulate their expression
(Bardot et al, 1993; Tontonoz et al, 1994). PPARY activation can inhibit the
activity of other pro-inflammatory transcription factors through
transrepression mechanisms (Pascual et al, 2005). PPARy is expressed in
numerous cells including pulmonary vascular endothelial and smooth muscle
cells where it plays a critical role in normal pulmonary vascular function (Lu
et al, 2013; Green et al, 2012; Green et al, 2011).

There are two PPARy isoforms, PPARy 1 and PPARy 2. Some
cancers have been shown to express PPARYy (Segawa et al, 2002; Nwankwo
et al, 2001, Mueller et al, 2000; Kubota et al, 1998) and prostate cancer
expresses significantly more PPARy than normal cells (Segawa et al, 2002;

Nwankwo et al, 2001; Kubota et al, 1998). Investigators also have reported
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the inhibitory effects of PPARy agonists on prostate cancer cells (Kubota et
al, 1998; Mueller et al, 2012; Butler et al, 2000; Shappell et al, 2001).

PPARs are implicated in tumor progression, cellular differentiation,
and apoptosis. Hence, modulation of their function is considered as a
potential target for cancer prevention and treatment. Notably, PPAR
functions have been related to various pathologies, ranging from metabolic
disorders to cardiovascular disease, chronic inflammation, neurodegenerative
disorders and cancer (Menendez-Gutierrez et al, 2012; Peters et al, 2012).
PPARs ligands and other agents, influencing PPAR signalling pathways,
have been shown to display chemopreventive potential by mediating tumor
suppressive activities in a variety of human cancers and could represent
potential novel targets to inhibit carcinogenesis and prevent tumor
progression (Renaud et al, 2000). In addition, PPARy agonists have been
recently reported to lower the incidence of a number of neurological
disorders (Chen et al, 2012).

PPARy is highly expressed in cancer tissues, such as gastric,
colorectal, prostate and ovarian cancer (Subbarayan et al, 2004; Segawa et
al., 2002; Zhang et al., 2005; Yao et al., 2010; Pang et al.,2015), and plays a
crucial role in carcinogenesis (Han and Roman, 2007). In gliomas cells,
PPARy is downregulated, leading to a decrease in insulin sensitivity and an
increase in neuroinflammation. Moreover, PPARy contributes to regulate
some key circadian genes. Abnormalities in the regulation of circadian
rhythms and dysregulation in circadian clock genes are observed in gliomas.
Circadian rhythms are dissipative structures, which play a key role in far-
from- equilibrium thermodynamics through their interactions with

WNT/beta- catenin pathway and PPARy. In gliomas, metabolism,
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thermodynamics, and circadian rhythms are tightly interrelated (\Vallée et al,
2017).

Some studies suggested that PPARy had an anti-cancer effect through
the inhibition of tumor growth, induction of cell differentiation and apoptosis
(Shimada et al., 2002). It also affects tumorigenesis by modulating the
expression of its target genes (Leung et al., 2004). However, the underlying
mechanism of PPARYy on antitumor is not completely clear until now (Guo et
al, 2016). Recently, some studies reported that PPARy can regulate
amyloidogenic pathways (D’Abramo et al, 2005; Sastre et al, 2006), they
suggest that PPARy may be a potential candidate gene for Alzheimer’s
disease. However, results on association between PPARy and late-onset
Alzheimer’s disease were inconsistent yet (Helisalmi et al, 2008; Wu et al,
2015; Zhang et al, 2017). In addition, recent studies have indicated PPARYy
agonists have anti- fibrogenic properties in organs besides the gut; however,
their effects on human intestinal fibrosis are poorly understood (Koo et al,
2017).

The regulation of glucose metabolism and fatty acid storage is one of
the most significant PPARY activity. PPARYy is the target of many drugs used
in the treatment of type 2 diabetes. The anti-diabetic thiazolidinediones
(TZD) activate PPARY and are efficient drugs against type 2 diabetes, despite
the occurrence of several adverse effects that confirms the abundant
pleiotropic actions of PPARy (Menendez-Gutierrez et al, 2012). Notably, the
marketed TZD class of antidiabetic agents binds to and activates PPARY.
These drugs enhance insulin sensitivity in target tissues and lower glucose
and fatty acid levels in type 2 diabetic patients. However, despite their proven

benefits, these drugs have been plagued by certain adverse effects: weight
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gain, higher rate of bone fractures, fluid accumulation, and pulmonary
edema. A detailed structural investigation of the PPARY interaction with new
compounds may lead to the development of new class of drugs targeting lipid

and glucose metabolism regulation (Pochetti et al, 2010).

There is evidence that some rare missense mutations in PPARy have
profound phenotypic effects in affected individuals, contributing to the risk
of dyslipidaemia and type 2 diabetes (Chan et al., 2013) and colon cancer
(Barroso et al., 1999; Savage et al, 2003; Meirhaeghe & Amouyel, 2004;
Agostini et al, 2006; Semple et al, 2006; Tan et al, 2008; Jeninga et al, 2009).
Some of these mutations in PPARY have been related to lypodistrophy and
insulin resistance (Jeninga et al, 2009; Visser et al, 2011), although the
molecular mechanism by which these mutations act is not clear. Many of
these variants are nsSNPs, single nucleotide variations occurring in the
coding region and leading to a polypeptide sequence with amino acid
substitutions (Dixit et al, 2009). Expression and structural characterization of
the PPARy variants associated with energy metabolism disorders,
carcinogenesis and tumour progression may increase our knowledge about
the molecular interactions in PPARs related disease by studying the effects of
these mutations on PPARy conformational stability and binding interactions.
We studied the effect of the human PPARy F360L mutant associated with
familial partial lipodystrophy (Al-Shali et al, 2004) on PPARy thermal
stability, binding interaction and structure. The structure solution of PPARY
F360L revealed the structural reason for its defective behaviour and for the
significant decrease of functional activity and binding to synthetic ligands
(Lori et al, 2014).
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This study is focused on nsSNP variants of the ligand binding domain
(LBD) of PPARYy a nuclear receptor in the superfamily of ligand inducible
transcription factors that play an important role in regulating lipid
metabolism and in several processes ranging from cellular differentiation and
development to carcinogenesis. Here we selected nine nsSNPs variants of the
PPARy ligand binding domain, V290M, R357A, R397C, F360L, P467L,
Q286P, R288H, E324K, and E460K, expressed in cancer tissues and/or
associated with partial lipodystrophy and insulin resistance. The effects of a
single amino acid change on the thermodynamic stability of PPARy, its
spectral properties, molecular dynamics and transcription activity have been

investigated.
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Chapter 6

Bromodomains

Bromodomains (BRDs) dysfunction has been linked to the onset and
development of several diseases (Mdller et al, 2011). BRDs are the only
known protein recognition module that selectively targets -N-acetylation of
lysines. Acetylation levels are reversibly maintained by a group of enzymes,
the histone acetyl-transferases (HATS) and histone deacetylases (HDACSs) that
“write” and “erase” acetylation marks on histones. To date little is known of
the “reading” process of Kac that involves BRDs. Kac is recognized by a
central hydrophobic cavity and is anchored by a hydrogen bond with an
asparagine residue present in most BRDs. However, the substrates (e.g. the
acetylated sequences that are specifically recognized) of most BRDs are
largely unknown. Proteins that contain BRDs have been implicated in the
development of a large variety of diseases (Filippakopoulos and Knapp,
2014).

A comprehensive study of the BRDs variants associated with
carcinogenesis and tumour progression may increase our knowledge about
the molecular interactions in BRDs related disease by studying the effects of
these mutations on BRD conformational stability and binding interactions.
The aim of this study is the expression and structural characterization of the

BET BRDs wild-type and variants carrying missense mutations and related to
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pathological states in humans to investigate whether these mutations affect

BRDs conformational stability and interactions with inhibitors.

The human proteome encodes over 40 proteins that contain more than
60 diverse BRDs (Filippakopoulos and Knapp, 2012). Despite their low
sequence identity, all BRDs share a conserved fold comprising a left-handed
bundle of four alpha helices, linked by diverse loop regions that contribute to
substrate specificity. The conserved BRD fold contains a deep, largely
hydrophobic acetyl lysine binding site, which represents an attractive pocket
for the development of small, pharmaceutically active molecules.

The inhibitors that specifically target the BET proteins selectively
interfered with gene expression that mediated cellular growth and evasion of
apoptosis in cancer (Dawson et al, 2011; Delmoreet al, 2011; Zuber et al,
2011). BET proteins belong to the subfamily Il of BRDs, sharing a common
architecture comprising two N-terminal BRDs that exhibit high level of
sequence conservation as well as an extra-terminal (ET) domain and a more
divergent C-terminal recruitment domain. There are four proteins in this
subfamily, BRD2, BRD3 (LeRoy et al, 2008), BRD4 (Ullah et al, 2008) and
BRDT (Moriniere et al, 2009).

BRD2 contains two domains (BD1 and BD2), which are considered to
be responsible for binding to acetylated chromatin. It is ubiquitously

expressed in mammalian tissues.

Importantly, BET-BRDs stay associated with chromatin during
mitosis. This unique feature of the BET proteins is utilized by papilloma and
Kaposi’s sarcoma-associated herpesviruses for tethering their genomes to the
mitotic chromosome of their host, resulting in viral propagation during the
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cell division. BRD2 has been shown to bind to the transcription factor E2F,
but also co-activator TAFs, members of the SWI/SNF complex, HATs and
HDACSs (histone deacetylases) to regulate the expression of diverse genes
(Nakamura et al, 2007). BRD2 can function either as a transcriptional co-
activator or co-repressor, depending on the specific promoter and cellular
context and has been shown to regulate the expression of cyclin A.
Constitutive over-expression of BRD2 in the B-cells of transgenic mice
results in the development of B-cell lymphoma and leukaemia. BRD3
contains two bromodomains (BD1 and BD2) and is ubiquitously expressed in
human adult and fetal tissues, with highest expression in testis, ovary,
placenta, uterus, and brain. BRD3 expression is induced in activated
lymphocytes and it is highly expressed in undifferentiated embryonic stem
(ES) cells whereas expression levels are reduced upon endothelial
differentiation (Ishii et al, 2005). Bromodomains in BRD4 (BD1 and BD2)
bind to specific acetylated lysines in histones H3 and H4 and BRD4 has been
isolated in complex with the replication factor complex. Mouse embryos
nullizygous for BRD4 are non-viable due to an early post-implantation
defect, suggesting that BRD4 is required for fundamental cellular processes
(Houzelstein et al, 2002).

In our study we selected three of the four BET proteins BRD2, BRD3
and BRD4, that belong to the subfamily 1l of BRDs. Wild type and variants
of BRD2(1), BRD4(1), BRD2(2), BRD3(2) and BRD4(2) have been studied
in order to investigate the effect of amino acid substitutions on their structure
in solution and on their thermal and thermodynamic stability. The interaction
with inhibitors JQ1 and PFI-1 was investigated by isothermal titration

calorimetry experiments (ITC).
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Chapter 7

Phosphoglycerate kinase

Phosphoglycerate kinase (PGK) (EC 2.7.2.3) is an essential enzyme
for all living organisms. It catalyzes the reversible phosphotransfer reaction
from 1,3-bisphosphoglycerate (1,3-BPG) to MgADP to produce 3-
phosphoglycerate (3-PG) and MgATP, an important ATP-generating step in
glycolysis. Human PGK can phosphorylate L-nucleoside analogues, which are
used in antiviral and anticancer therapies (Krishnan et al, 2003; Gallois-
Montbrun et al, 2004; Gondeau et al, 2008). PGK was also shown to
participate in the DNA replication and repair in mammal cell nuclei (Jindal et
al, 1990). Finally, extracellular PGK has been recently reported to exhibit
thiol reductase activity on plasmin, leading to angiostatin formation, which
inhibits angiogenesis and tumor growth (Lay et al, 2000; Shichijo et al, 2004).
PGK is a typical hinge- bending monomeric enzyme containing N- and C-
terminal domains. The N- terminal domain binds 3-PG or 1,3-BPG, whereas
the C-terminal domain binds MgADP or MgATP. The two domains are
separated by a deep cleft and linked by two alpha-helices (a-helix 7 and a-
helix 14) (Vas et al, 2010; Palmai et al, 2009).

Two human phosphoglycerate kinase isoenzymes, PGK1 and PGK2,
have been so far identified, characterized by distinctive tissue localization and
encoded by two distinct genes (Willard et al, 1985; McCarrey et al, 1987).

PGK1 is ubiquitously expressed in all somatic cells. PGK2, also known as
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testis form, is unique to meiotic/postmeiotic spermatogenic cells. PGK1, in
addition to its metabolic function, may play different roles. This enzyme may
be secreted in the extracellular environment by tumor cells and act as a thiol
reductase regulating angiogenesis (Wang et al.,, 2007). In addition,
translocation of PGKL1 to the nucleus is related to binding to alpha DNA
polymerase (Boukouris et al., 2016). Under hypoxic conditions, PGK1 may
translocate from cytoplasm to mitochondrion where it may act as a protein
kinase and phosphorylate different protein substrates (Li et al., 2016).
Recently, the protein kinase activity of PGK1 has been related to initiation of
autophagy (Qian et al., 2017).

Several somatic mutations of PGK1 have been identified in different

cancer types, as reported in COSMIC (Catalogue of Somatic Mutations in

Cancer) (http://cancer.sanger.ac.uk/cosmic) (Forbes et al., 2011). Different
mutations of the PGK1 gene have been so far identified and the reasons for
the phenotypic variability associated with mutations are still unknown
(Chiarelli et al, 2012).

In our study we selected some PGK1 mutations found in cancer
tissues and annotated in the COSMIC database and we report the effect of
these variants analyzing the structure, the conformational stability, the
protein folding and the kinetic behaviour compared with its wild-type
counterpart. We selected seven PGK1 variants (R38M, R65W, G166D,
M1891, A199V, V216F and F241S) associated to human carcinoma. We are
generating recombinant protein for each of the identified mutants using site
directed mutagenesis and available bacterial expression systems. Introduction

of these mutations results in soluble recombinant protein and allows to study
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the consequences of the mutations on PGK1 thermal and thermodynamic

stability and the kinetic activity.
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Chapter 8

Results and discussion

SNPs are the most frequent form of human genetic variation (Dunham
et al, 2012) occurring, on average, approximately every 1200 base pairs (Stefl
et al, 2013) nsSNPs occur in the DNA coding region and lead to an amino
acid change in the protein, missense mutation, that is interesting in medical
biology because it may affect protein function and lead to pathogenic
phenotypes (Thusberg et al, 2009; Li et al, 2012; Sun et al, 2010).
Furthermore, nsSNPs have been shown to be related to drugs sensitivity

suggesting new therapeutic personalized strategies.

Several natural variants are associated with the development of
diseases and have been catalogued in several databases such as OMIM
(Hamosh et al, 2005), the Human Gene Mutation Database (Stenson et al,
2008) and COSMIC (Forbes et al, 2011).

In most of the cases the SNPs stability has been considered to be
responsible of the mutations impact on the pathological conditions or on the
genetic susceptibility to diseases of the individuals. The most common cause
of protein loss of function is the destabilization of its native structure (Pasquo
et al, 2012; Lori et al, 2013) and SNPs have been reported to affect protein
folding and to produce changes in thermodynamic stability (Adhikari et al,

2015; Kroncke et al, 2015). Experimental studies on thermal and
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thermodynamic stability of some natural protein variants expressed in cancer
tissues revealed a decrease in thermal stability and an increase of protein
flexibility (Pasquo et al, 2012; Lori et al, 2013; Rowling et al, 2010).

Understanding the functional consequences of nonsynonymous
changes, and predicting potential causes, involves integration of information
from multiple heterogeneous sources, including sequence, structural data and
pathway relations between proteins, and the molecular basis of diseases.
nsSNPs may influence an individual’s susceptibility to disease -0Or response
to drugs- through their impacts on a protein’s structure and hence cause
functional changes. The future of SNP analysis greatly lies in the
development of personalized medicines that can facilitate the treatment of
disorders induced by genomic variations. Personalized medicine is a medical
model that proposes the customization of healthcare with medical decisions,
practices, and/or products being tailored to the individual patient. The
knowledge of SNPs will help in understanding pharmacokinetics or
pharmacodynamics and how drugs act in individuals with different genetic
variants. Diseases with different SNPs may become relevant

pharmacogenomic targets for drug therapy.

PPARy

In this study we selected nine nsSNPs variants of the PPARy ligand
binding domain, V290M, R357A, R397C, F360L, P467L, Q286P, R288H,
E324K, and E460K, expressed in cancer tissues and/or associated with partial
lipodystrophy and insulin resistance. The effects of a single amino acid

change on the thermodynamic stability of PPARY, its spectral properties, and
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molecular dynamics have been investigated. The nsSNPs PPARy variants
show alteration of dynamics and tertiary contacts that impair the correct
reciprocal positioning of helices 3 and 12, crucially important for PPARYy

functioning.

PPARYy, a nuclear receptor that belongs to the ligand-dependent
transcription factors, consists of a central DNA binding domain and a
carboxy- terminal domain involved in ligand binding, dimerization, and
transactivation. PPARy adopts an active conformation that promotes
transcription upon heterodimerization with RXR in the presence of a ligand.
The ligand binding site is buried within the core of the LBD, which is folded
into three layers of a-helices. The selection of the variants was focused on
those mutations located in putatively critical positions of the LBD, such as
Q286P, R288H, VV290M, E324K, E460K, and P467L, in close proximity to
the residues involved in ligand binding. We also considered those non-
conservative amino acid substitutions leading to alteration of the polarity of
the residue, such as E324K, E460K, R357A, and R397C, or in the secondary
structure propensity, as in the case of Q286P. The thermodynamic
parameters, measured by monitoring the secondary structure changes by far-
UV circular dichroism in the apparent two- state urea-induced unfolding
transitions, are similar for all variants, and only slightly different with respect
to the wild type, with the exception of F360L. On the other hand, the tertiary
structure changes monitored by fluorescence reveal a complex non two-state
process and significant differences among the natural variants. The analysis
of the thermodynamic parameters obtained by fitting the fluorescence
changes to a three-state unfolding reveals a decreased stability of the native
state for all variants except for R288H and VV290M. Interestingly, the variants
P467L and Q286P show a destabilization of both the native and the
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intermediate state. Both amino acid substitutions involve a proline residue
and, in the case of Q286P, a residue located in the middle of H3. All variants
show a slight decrease in inter-helical interactions, as suggested by the
decrease of 222/208 ellipticity ratio, more significant for F360L. These
results, taken together, suggest a possible increase in the flexibility of the
variants with respect to the wild type, as confirmed by molecular dynamics
simulations. The importance of inter-helical interactions and the correct
reciprocal positioning of H3 and H12 has been previously reported as a
crucial point for PPARY function (Kallenberger et al, 2003).

The transcription activity of F360L, R357A, P467L, and Q286P
PPAR vy variants was evaluated in comparison with wild-type PPAR y LBD
in the presence of the full agonist rosiglitazone and LT175, a partial agonist
that binds to a different region of PPARy. For this purpose, GAL4-PPAR
chimeric receptors were expressed in transiently transfected HepG2 cells
(Pinelli et al, 2005). As previously reported, the efficacy of both ligands
remained basically unchanged towards F360L compared to the wild type,
while the potency was significantly reduced (Lori et al, 2013). A remarkable
lowering in both efficacy and potency was shown for R357A and P467L
(Figure 1 and Table 1). Singular behavior has been observed for the mutant
Q286P, which was completely inactive and insensitive to both rosiglitazone
and LT175 (Figure 2).
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Figure 1 - Transcription activity of wild type PPARy and mutants in a PPARy Gal4-
based assay.

PPARYy Rosiglitazone LT175
PPARy wild type 53 +17 1100 £ 180
PPARY F360L 790 =70 2500 = 500
PPARYy R357A 380 £ 70 1530 + 270
PPARY P467L 960 + 180 2880 + 290
PPARY Q286P - -

Table 1 - Transcription activity of PPARy wild type and mutants in a PPARy Gal4-
based assay
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(B) towards wild type PPARy, PPARY P467L, and PPARy Q286P in a PPARy Gal4-
based assay.

48



In this project we investigated the effects of PPARy wild-type and the
variants E324K and R397C in eukaryotic cell line, in order to see if
adipogenesis pathway and some cancer related markers are differently
expressed. The variants E324K and R397C are involved in one of the two salt
bridges that may contribute to PPARY stabilization and showed the most
significant differences in term of stability and structural differences in
solution and in dynamics. Interestingly, these two variants could not be
expressed in the soluble fraction in E. coli even when different induction
conditions were used. The experiments in eukaryotic cell line have been
conducted in 3T3-L1 mouse embryonic fibroblast widely used for
metabolism and obesity research (Wang et al, 2013). This cell line can
differentiate into adipocitesl upon chemical induction. Human PPARy C-HA
tagged natural ORF mammalian expression plasmid and pCMV3 C-HA
tagged empty plasmid were used to transfect low-passage 3T3-L1
preadipocytes (kindly provided by Dr. F. Fazi, Sapienza University, Rome).
The 3T3-L1 semiconfluent cell cultures have been transfected with the
mammalian transient expression vectors harboring wild-type, E324K and
R397C PPARy, respectively, and the pCMV-C-HA empty vector. The
morphological differentiation was assessed under light microscopy. The
differential expression of adipogenesis markers in transfected cells and
relative controls have been detected by western blot analysis.
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Bromodomains

In this study we selected three of the four BET proteins BRD2, BRD3
and BRD4, that belong to the subfamily 1l of BRDs. Wild type and variants
of BRD2(1), BRD4(1), BRD2(2), BRD3(2) and BRD4(2) have been studied
in order to investigate the effect of amino acid substitutions on their structure
in solution and on their thermal and thermodynamic stability. Several
mutations in BET (bromo and extra terminal) BRDs (BRD2, BRD3 and
BRD4) have been identified in humans and they may play an important role
in several diseases. BRDs are the only known protein recognition module that
selectively targets e-N-acetylation of lysines. Many of these BRDs mutations
have been related to cancer. The single amino acid substitutions significantly
affect the tertiary and secondary structures of most of the BRDs variants
studied, as indicated by the differences in their near and far UV CD spectra,
when compared to the corresponding wild type proteins. The thermal and
thermodynamic stability in particular of the BRD2(1) variants Y153H,
E140K, R100L, D160N, D160Y and D161Y are remarkably lower than the
corresponding wild type. The mutations induced by nsSNPs and found in
cancer may cause alteration of native tertiary contacts and changes in thermal
and/or thermodynamic stability. The interaction with inhibitors JQ1 and PFI-
1 was investigated by isothermal titration calorimetry experiments (ITC). The
fitting of the binding isotherms with a one-site binding model gave the values
of the Kd. The BRD2(1) variants, Y153H, D161Y and D161N and BRD3(2)
H395R mutant show important differences in the Kd values, compared to

wild-type.
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Conclusion

In conclusion, the variants of the PPARY show significant differences
in terms of tertiary and secondary structures as suggested by near and far UV
CD spectra. The nsSNP PPARy variants associated to metabolic disorders
and cancer show alteration of dynamics that impair the correct reciprocal
positioning of structural elements crucially important for PPARy functioning.
The mutations tend to destabilize the PPARy LBD and increase the flexibility
of the variants suggesting a possible involvement in a different network of
protein interactions. These alterations may lead to change in the interactions
with ligands and influence the multiple biological functions of this nuclear

receptor.

The single amino acid substitutions significantly affect the tertiary
and secondary structures of most of the BRDs variants studied, as indicated
by the differences in their near and far UV CD spectra, when compared to the
corresponding wild type proteins. The significant alteration of the tertiary
contacts observed in solution and the notable decrease in protein stability
suggested an increase in conformational flexibility. All the mutated residues
were solvent exposed, therefore they are not supposed to alter the global
folding; however, a mutation of a residue on the surface may result in new
and unknown interactions, thus the variants may acquire a new pattern of
interactions and establish a novel and alternative network of protein-protein
interconnection. This may be particularly important in BRDs that are
physiologically embedded in multidomain proteins and multi-subunit

complexes.
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All in one, the results reported in this study point to alterations of
tertiary contacts and change in protein flexibility and/or in stability for all the

PPARy and BRDS natural variants found in pathological tissues.

A detailed understanding of the changes of the investigated gene
products at the molecular level to assess how genetic variations impact the
protein folding, structure, function and interactions is required to develop
new therapeutic strategies, particularly in the search of small molecules able
to selectively interact with the variants, which is an essential preliminary step
to personalized medicine, and help to identify new potential therapeutic
targets. Precision medicine aims at classifying individuals into
subpopulations that differ in their susceptibility to a particular disease. In
addition, this approach may help in understanding the biology of the disease,
in formulating the right diagnosis and prognosis and, at the last, it may
provide information about the response to a specific pharmacological
treatment. In conclusion, the structural analysis of protein variants expressed
in pathological tissues may help in understanding the disease at the molecular
level and, since individuals carrying variants may respond differently to
drugs, it may provide information for personalized drugs tailored to the

individual variant.
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Abstract: Genome polymorphisms are responsible for phenotypic differences between humans
and for individual susceptibility to genetic di and therapeutic resp Non-synonymous
single-nucleotide polymorphisms (nsSNPs) lead to protein variants with a change in the amino
acid sequence that may affect the structure and/or function of the protein and may be utilized
as efficient structural and functional markers of association to complex diseases. This study is
focused on nsSNP variants of the ligand binding domain of PPARy a nuclear receptor in the
superfamily of ligand inducible transcription factors that play an important role in regulating lipid
metabolism and in several processes ranging from cellular diffi iation and develop to
carcinogenesis. Here we selected nine nsSNPs variants of the PPARy ligand binding domain, V290M,
R357A, R397C, F360L, P467L, Q286F, R288H, E324K, and E460K, expressed in cancer tissues and /or
associated with partial lipodystrophy and insulin resistance. The effects of a single amino acid
change on the thermodynamic stability of PPARY, its spectral properties, and molecular dynamics
have been investigated. The nsSNPs PPARy variants show alteration of dynamics and tertiary
contacts that impair the correct reciprocal positioning of helices 3 and 12, crucially important for
PPARY functioning.

Keywords: PPARy; molecular dy in stability; singl leotide poly

F

1. Introduction

This study is focused on some natural variants of the Peroxisome Proliferator-Activated Receptor
y (PPARY), a nuclear receptor that belongs to the superfamily of ligand inducible transcription
factors, involved in several biological processes and in the maintenance of cellular homeostasis [1].
Nuclear receptors are multi-domain transcription factors that bind to DNA and regulate the expression
of genes. PPARs («x, /6 and y) form heterodi with retinoid X receptor (RXR) and, in the
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presence of a ligand, adopt an active conformation. Gene regulation by these receptors is related to the
ligand-dependent recruitment of coactivators, which is necessary to create a complex that binds to
Peroxisome Proliferator Response Elements (PPRE) [2,3]. PPARYy is composed of different functional
domains: two activation functional domains, AF-1 and AF-2, and a ligand binding domain (LBD)
connected to a DNA binding domain (DBD) by a hinge region (Figure 1).

2 AF-1 hinge AF-2
™ e—— Jre—b
D8b LBD
" H W11 H1Z2
e — —_—

Figure 1. Sch i ion of nuch ptor PPARy, The ligand binding domain (LBD) is
linked to the DNA bundu\g domain (DBD) by a hinge. The residues involved in ligand binding are
located in helix 3 (H3), helix 5 (H5), helix 11 (H11), and helix 12 (H12). Helices are numbered according
to Nolte et al. [2]. PPARy isoform 1 (UniProt 1D P37231-2) is 28 residues shorter than PPARY isoform 2
(UniProt 1D P37231-1) at the N-terminus (v2).

PPARYy, expressed in the adipose tissue [4,5], regulates adipocyte differentiation and insulin
sensitization, playing a key role in the regulation of lipid metabohsm m mahme adlpocvtes
and macrophages [6], with a direct impact on type 2 diabetes, dyslip
and cardiovascular diseases [7,8]. In addition to the role in lipid metabohsm. PPARy has been
reported to play a role in several processes related to cellular differentiation and development and
to carcinogenesis [9]. Moreover, PPARy has been implicated in inflammation [10] and is expressed
in colon, breast, and prostate cancers [4,9,11,12]. As far as the role played by PPARy in cancer,
the association of loss of function variants with colon cancer [13] along with some evidence of
inhibition of cell proliferation and induction of apoptasis suggest its potential anti-neoplastic effects [9].
The activation of PPARy by agonist drugs [14] such as thiazolidinediones has been proposed as
antineoplastic therapy [15]. However, it is not yet clear whether the use of PPARy ligands as drugs
could reduce the risk of cancer development [15].

Some rare missense mutations in PPARy may cause profound phenotypic changes in affected
individuals, contributing to the risk of dyslipidemia, type 2 diabetes [16], and colon cancer [8,13,17-23].
Indeed, a point mutation in the PPARy hgand—bmding domain (LBD) may alter structural interactions
that are important for its stabilization, thus affecting ligand binding and the receptor transcriptional
function. The molecular mechanism of most PPARy mutations, related to lipodystrophy and insulin
resistance, is not clear [23,24] and the structural reason for the decrease in functional activity of
PPARY variants has been identified in the case of F360L [25] and V290M [26]. These variants are
nsSNPs, or missense variants, i.e., single-nucleotide variations occurring in the DNA coding region
that lead to a polypeptide with a change in the amino acid sequence. The effect of nsSNPs has been
related to changes in protein stability, protein—protein interactions, and protein functions [27,28].
Comparative analyses of phenotypically vs. thermodynamically characterized variations revealed
that, on average, the variation types most involved in disease are also associated with a pronounced
effect on protein stability [29-31]. However, the strength of this association is not sufficient to consider
protein destabilization as the unique mechanistic cause explaining the onset of diseases [29], and the
impact of nsSNPs on protein function can be unambiguously clarified only by thorough experimental
analysis [29,32]. Computational studies predicted that around 30% of protein variants resulting from
nsSNPs are less stable than the wild type [33]. Moreover, in silico studies have predicted the impact
of nsSNPs on protein structure, stability, function, and interactions and have analyzed how these
variations may affect disease susceptibility [34,35]. However, the experimental assessment of in vitro
stability of common variants is required to determine the biophysical effects of mutations on protein
structure and function [32,36,37].
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PPARV, at lhe cms.f-mads of phystolog:cal and pathological processes such as metabolic control
and adip poptosis, and cancer, is particularly interesting for the study of
the effeds of nsSNPs on its structural stability, thermodynamic, and dynamic properties in solution.
Several natural variants of PPARy LBD, such as F360L, V290M, R357A, R397C, and P467L, have been
associated with lipid metabolism disorders as well as cancer, e.g., Q286F, R288H [13]. More than
30 PPARy nalmal variants are reported in COSMIC, a database designed to store and display somatic

tati ti lating to h cancers [38,39].

In this study we selected PPARY variants V290M, R357A, R307C, F360L, P467L, Q286P, R288H,
E324K, and E460K, all located in the LBD, which are expressed in cancer tissues and /or associated
with partial lipodystrophy and insulin resistance. In the selection of the variants, we focused on
those mutations that were located on putatively critical positions in the structure and that may lead to
alteration of the polarity of the residue, such as E324K, E460K, R357A, and R397C, or in the secondary
structure propensity, as in the case of Q286P. In particular, the variants Q286F, R288H, V290M, E324K,
E460K, and P467L, located in H3, H5, H11, and H12, are in close proximity of the residues involved in
ligand binding (Figure 1 and S1).

We have investigated the effect of single amino acid substitution on the thermal and
thermodynamic stability and the spectral properties of the above mentioned PPARy variants by
comparing experimental data with molecular dynamics (MD) simulations.

The alterations in protein stability and function may be driven by non-covalent interactions
changes and modification of conformational dynamics of the variants. In most cases the stability of the
expressed protein variants has been suggested to be responsible for the impact and/or consequences
of the mutations on the pathnbg\ml conditions or genetic susceptibility to diseases of the individuals.
However, recent studi | protein variants in soluti led that the perturbation of tertiary
structure is not necessanly followed by changes in thermal and/or thermodynamic stability [40].
Indeed, the changes in side-chain flexibility of a mutated residue may lead to local variation in protein
dynamics. Analysis of physico-chemical properties of natural variants may be helpful to reveal local
structural changes that may not affect the overall folding of the structure, or may not be evident
from the analysis of the variants crystal structure due to the conformational constraints the protein is
subjected to in the crystal [40].

MD simulations are well suited to capture effects of point mutations on protein dynamics and
detect any minor changes associated with an nsSNF. Detailed knowledge at the atomic level allows
for an understanding of the structural and functional relationship upon mutation. In this study we
use MD (in silico) analysis and (in vitro) thermodynamic studies to investigate the effect of nsSNPs of
PPARY natural variants.

2. Results

2.1. PPARy Variants

In this study we focused on nine PPARy variants (Q286F, R288H, V290M, E324K, R357A, F360L,
R397C, E460K, and P467L) located in the LBD and associated with lipid metabolism disorders or to
cancer (Figures 2 and S1). Four of these PPARY variants, Q286F, R288H, E460K, and E324K have
been found in cancer of the large intestine, lung, and endometrium, as reported in the COSMIC
database (http:/ /cancersangerac.uk/cosmic) [38]. The other five variants (V290M, R357A, F360L,
P467L, and R397C) are related to alteration of metabolic control [23]. The variants Q286F, R288H,
and V290M are located on helix 3 (H3), close to the ligand binding site, as is also the case with E324K,
which is situated on helix 5 (H5). The variants R357A, E460K, and R397C are located in loops and
F360L and P467L at the beginning of two small helices; the latter is the only variant in close proximity
of one of the binding sites for the LXXLL helix of the coactivator [2]. The position of the mutated
residues mapped onto the PPARy structure is shown in Figures 2A and S1. The selected mutations
encompass four surface exposed residues, R357A, R288H, E460K, and P467L, and five more buried

91



Int. |. Mol. Sci. 2017, 18, 361 4of20

residues, Q286F, V290M, F360L, R397C, and E324K. Site-directed mutagenesis and available bacterial
expression systems were used to produce recombinant proteins of the identified mutants [25] with the
purpose of studying the consequences of the mutations on PPARYy spectral properties and thermal
and thermodynamic stability. Introduction of these mutations resulted in soluble recombinant protein
for Q286F, R288H, V290M, R357A, F360L, E460K, and P467L, whereas E324K and R397C could not be
expressed in the soluble fraction even when different induction conditions were used. Mapping of
these mutations onto the structure of PPARy LBD revealed that E324 and R397 are both involved in
one of the two salt bridges that play a pivotal role in the domain stabilization (Figure 2C,D).

Figure 2. Amino acid sequence and structure of PPARy LBD. (A) Structure of PPARy LBD (PDB code:

1PRG) shown as a ribbon diag (B) dary | are shown at the top of the amino
acid seq M d residues are highlighted in red; (C) Local environment of residues R397 and
E324 involved in one salt bridge; (D) local environment of residue R357 engaging two salt bridges with

residues E460 and E276.

2.2 Spectrascopic Characterization of PPARy Wild Type and Variants

The near-UV circular dichroism (CD) spectrum of wild-type PPARY;, a protein lacking tryptophan
residues, shows a strong positive contribution centered at around 263 nm, flanked by two positive
shoulders at 270 nm and 258 nm, accompanied by fine structure features at 275-285 nm (Figure 3A).
The near-UV CD spectra of F360L, P467L, and Q286P differ significantly from those of the wild type,
either in intensity or in one of the positive shoulders that is blue-shifted to around 268 nm. In particular,
the intensity of the near-UV CD spectrum of Q286P is significantly higher than that of the wild type and
of F360L and P467L. V290M, R357A, R288H, and E460K display near-UV CD spectra closely similar
to that of the wild type except for an overall decrease in the dichroic activity. Moreover, R357A and
R288H show slight differences in the 270-280 nm region with respect to the wild type (Figure 3A).

The fluorescence emission spectra of the PPARy wild type and variants are similar, but not
identical. They all have a maximum emission wavelength around 308 nm, characteristic of tyrosine
contribution (Figure 3B).

92



Int. | Mol. 5. 2017, 18, 361 S5of20

The far-UV CD spectra of PPARy wild type and all the variants are typical of alpha helical
proteins, showing local minima at around 208 and 222 nm and a zero intercept at around 200 nm.
Interestingly, the wild type and variants show distinct contributions at 208 and 222 nm. The ratio
of the molar ellipticity at 222 and at 208 nm ([©}2/[©]xs) is 0.94 for the wild type and smaller
for all the variants ranging from 0.86 for F360L, to 0.87 for R288H, 0.89 for R357A, 0.89 for E460K,
0.9 for P4671, 0.91 for Q296F, and 0.92 for V290M (Figure 3C). The 222/208 ellipticity ratio is indicative
of interhelical contacts and has generally been used to distinguish between coiled coil helices and
non-interacting helices (<0.9) [41,42]. The 222/208 ellipticity ratio below 0.9, observed for most of
the variants, suggests different interhelical interactions and may indicate that the single amino acid
substitutions induce significant changes of PPARYy structure in solution.
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Figure 3. Spectroscopic properties of PPARy wild type and variants. (A) Near-UV CD spectra were
mndzdmalmpalh—la\gthqmrtznn‘eﬂeall.ﬁﬂmg/ml.ptviunmm.mtntnmmSﬂmMTru—HCl
pH B.0 containing 0.20 M NaCl and 2.0 mM Dithiothreitol (DTT); (B) intrinsic fi

spectra were recorded at 0.1 mg/mL protein 3on (274 nm excitation wavelength) in 20 mM
Tris-HCl pH 8.0 containing 0.1 M NaCl and 0.2 mM DTT; (C) far-UV CD spectra were recorded in
a 0.1 cm path-length quartz cuvette at 0.2 mg/ml protein concentration in 20 mM Tris-HCl pH 8.0
containing 0.20 M NaCl and 0.2 mM DTT.

2.3. Thermal Unfolding

The thermal stability of PPARy wild type and variants was investigated by continuously
monitoring the ellipticity changes at 222 nm in the temperature range between 20 and 75 °C (Figure 4).
The transition curves of PPARy wild type and variants were compared by ing the melting
temperature (Ty,) that corresponds to the midpoint of the denaturation process as calculated by
plotting the first derivative of the molar ellipticity values as a function of temperature (Figure 4 inset).
The temperature-induced elhpmty changes at 222 nm, where the main amplitude was observed,
occur in an apparent ¢ e ition with Ty, values ranging from 50.0 to 44.0 °C (Table 1).
A modest increase in Tm valuﬁ is observed for the variants P467L and R288H; all the other variants
show Ty, values lower than that of the wild type (Table 1), with E460K showing a Ty, value five
degrees below that of the wild type. Notably, the differences in the amplitude observed for the thermal
transitions of most of the variants (Figure 4B) may be attributed to the difference in the dichroic activity
at 222 nm of their corresponding native states, as also indicated in the far-UV CD spectra reported
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in Figure 3C. The ellipticity changes induced by temperatt lleled by the increase of the
photomultiplier tube voltage above 370 V (data not shown), suggeshng that the protein aggregation
follows temperature-induced unfolding. The observed transitions are irreversible, as indicated by the
speckameasuredanheendofﬁwcoolingphaseﬂ\atdiffet&mn those of the native proteins measured
at the beginning of the thermal transitions. Furthermore, cuvette inspection at the end of the cooling

phase revealed the presence of precipitate in all the samples.

w
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Figure 4. Thermal unfolding transition of PPARy wild type and varants. Wild type and variants
were heated from 20 to 75 “C in a 0.1 cm path-length quartz cuvette at 0.2 mg/mlL protein in 20 mM
Tris-HC pH 8.0 containing 0.20 M NaCl and 0.2 mM DTT and the molar ellipticity at 222 nm {[©-.])
was monitored continuously every 0.5 “°C. (A) Normalized [©,..]; (B) [©..;] before normalization.
The insets show the first derivative of the same data as in (A, B).

Table 1. Melting temp and thermodynamic § for urea-induced unfolding equilibrium
of PPARy wild type and mutants measured by far-UV CD spectroscopy.

PPARy T (°C) AG™® (kcal/mol)  mr (kcal/mol/M)  [Urealos (M)

Wild type 495 337015 095 =005 316
Q286P 480 307 £ 015 0.84 = 005 365
R288H 50.0 345+002 094 =004 365
V290M 495 340 %010 0.89 = 0.03 3s2
R357A 480 356 £ 0.10 1.00 = 0.03 356
F360L 465 297 +010 0.83 = 003 358
P467L 50.0 34801 093 =004 374
E460K “o 320+ 016 1.07 = 0.06 3.00

The temperature-induced changes were followed by monitoring the ellipticity at 222 nm. The T,,, values were

ukuhlndbyhhng.w&stdawm:dﬂ-elﬂphu 2t 222 nm with respect fo temperature. Urea-induced
unfolding equilibrium data were measured at 10 ' C in 20 mM Tris/HCL, pH 5.0, containing 0.2 M NaCl and 200 uM

mbymmmgclptxltyatmm[&;[ M"”nﬂmrahuumnbﬁlmdﬁw\ﬁqmlxm(h[l!mlu was
d from (4} Data are as the mean + SE of the fit,
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2.4. Urea-Induced Equilibrium Unfolding Transitions

PPARy wild type and variants reversibly unfold in urea at 10 °C in 20 mM TrisHCI, pH 80,
containing 0.2 mM dithiothreitol (DTT) and 0.10 M NaCl. The effect of increasing urea concentrations
(0-9 M) on the protein structure was mal)med by far-UV CD and fluorescence spectroscopy.
Fluorescence and far-UV CD ellipticity changes during the unfolding transitions were monitored on the
same samples. The ellipticity changes at 222 nm induced by urea show a sigmoidal dependence upon
denaturant concentration, with an apparent two-state transition without any detectable intermediate
(Figure 5A). The unfolding process is fully reversible upon dilution of the denaturant both for
the wild type and variants with transition midpoints ranging from 3.82 (Table 1) to 3.00 M urea.
The thermodynamic parameters relative to the apparent two-state equilibrium unfolding measured
by far-UV CD have been fitted to a two-state model according to Equation (3) and do not indicate
any significant difference between the variants and the wild type, except for F360L, which shows
a less than 0.5 keal /mol decrease of AG of unfolding (Table 1). Notably, the variant E460K also shows
a 5.5 degree decrease in thermal stability, displaying a AGH:© value closely similar to that of the wild
type. The values of m generally refer to the amount of protein surface area that becomes exposed
to solvent upon unfolding [43]. Interestingly, all the m values determined for the PPARy wild type
and its variants, as measured by far-UV CD (Table 1), range between 0.83 and 1.07 kcal/mol/M,
values four-fold lower than those predicted for a monomeric protein of 282 amino acid residues
unfolded in urea [44,45]. Such low m values may be related to multi-state equilibrium unfolding,
in line with the results obtained monitoring the unfolding process by intrinsic fluorescence (Figure 5B).

The fluorescence changes induced by increasing urea concentration for PPARy wild type and
all variants (recall that all these proteins lack tryptophan lesldues) are charaderized by an increase
in the fl ence ity and by a broadening of the emission spectra that remain
centered at around 308 nm (Figure 52). These spectral changes. analyzed by morutormg the mtensnt)
averaged emission wavelength 1, show a complex, non-two-state dependence upon inc
urea concentration for the wild type and for the variants Q286F, RZSBH V290M, R357A,F360L
and P467L (Figure 5B). The data clearly indicate a three-state unfolding process and the population of
a denaturation intermediate above 3.50 M (Figures 5B and 52), about the same urea concentration of the
apparent denaturation midpoints observed by monitoring the ellipticity changes, with the exception

of P467L, whose fl ence intermediate becomes app above 2.0 M urea (Figures 5B and S2).
The three-state transitions monitored by fl ence, are not coincident with the two-state transitions
monimmd by far-UV CD and were fitted to a three-state unfolding process according to Equation (5),
yielding the th dynamic p ters reported in Table 2.

For the first transition, which represents the unfolding of the native to the intermediate state,
AGH:0p\ values of R288H and V290M are similar to those of the wild type, whereas those of P467L,
F360L, R357A, and Q286P are significantly lower, suggesting a destabxhution of the mh\e state for
these variants (Table 2). For the second transition, which rep ts the unfolding of the i diate
to the denatured state, the AG:Cy,; values of R357A and I-Béol.mhigheﬂhanthose of the wild type,
suggesting that the intermediate state of the two variants is more stable. In the case of Q286F, R288H,
V290M, and P467L, the AG™-0;; values are about half those of the wild type and suggest a less stable
intermediate (Table 2). The differences in the values of AGH:0, from the native to the intermediate
state and from the int diate to the unfolded state, are mainly due to differences in m values,
i.e., in the solvent exposed surface area upon unfolding. Notably, for the variants Q286F, R357A, F360L,
and P467L, the m value from the native to the intermediate state is significantly lower than that of the
wild type; in the transition from the intermediate to the unfolded state is observed a decrease of m value
of Q286F, R288H, V290M, and P4671 and an increase of m value of R357A and F360L. Taken together,
these results indicate for all the variants a total AG!:0 value, relative to the unfolding from the native
to the denatured state, lower than that of the wild type and suggest a destabilization of the native
state for Q286F, R357A, F360L, and P467L and a stabilization of the intermediate state of R357A and
F360L. In the case of E460K, which shows a shallow unfolding transition, the changes of intensity

95



Int. | Mol. Sci. 2017, 18, 361 Bof20

3

wavelength 1 at increasing urea concentration were fitted to a two-state unfolding
procas, according to Equation (3), yielding AGH‘O m and [Ureajgs values of 1.81 £ 0.3 kcal/mol,
0.54 + 0.08 kcal /mol/M and 3.37 M, respectively (Figure 5B, inset).
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Figure 5. Unsa-induced equilibrium unfolding of PPARy wild type and variants. (A) Normalized molar
ellipticity at 222 nm (|©]...) reported after removal of the high-frequency noise and the low-frequency

dom error by singular value d posi gorithm (SVD). The continuous lines represent the
nonlinear fitting of the normalized molar ellipticities at 222 nm to E ion (3); {B) Ne hized
mlamty-awng:d Cmission wav elcngth (T) The i lines rep the th fitting of
the w h data to Equation (5). The inset in (B) shows
Ihcunluldinsofmvmﬁmd ding to Equation (3). The sibility points (empty crcles)
are shown, for clarity, only for the wild type and for E460K and were not included in the nonlinear
regression analysis. All the spectra were ded at 10 °C, as described in Materials ad Method
Table 2. Th dynamic p for induced unfolding equilibrium of PPARy wild type and
d by =P PY-
s AG™% iy _y AG"O,
PPARY  Geatimotnt) D38 oyl (kealimotny D30 gy
Wild type 530 064 326 = 0.09 17.27 247 032 6,56 £ 0.04 1620
Q286P 085+ 0.10 373007 337 153018 7.00x 011 10.76
R288H 524+ 052 357 £ 009 18.71 142+ 017 589 = 007 8.36
V290M 496 = 064 32018 16.47 129+014 6.41 = 005 827
R357A 121016 331 =006 401 471050 6.88 = 0.04 32.40
F360L 187 022 EXL SR B 579 371 048 6.86 + 0.06 2545
P4s7L 248024 166 £0.24 412 113+ 016 6.58 = 0.08 743
Ures-induced mlfnldmgequbnnmdmwaenbwmdat (] Cm!ﬂmMTns/HG pH 8.0, containing 0.2 M
NaCl and 200 uM DTT by Jength 1. The free energy

dunhumgbmn-mmmmom:wmcdm(m“ ;) and froem the intermediate to the unfolded state
(AG™:°,_,) were calculated from Equation (5). D30, and my_,. which are the midpoint and m value for the
mmh(mnmn\vxdmmdukm respectively, andEFOL-xalldm |xrl!tm-dpanmdnvalw
for the i and the unfolded state, P 1y, were d from Equation (3).
Data are reported = SEnﬁhtﬁt.

2.5. Molecular Dynamics
MD simulations are invaluable in interpreting experimental data since they allow us to follow

o oy 3
at the atom level the changes occurring in each of the mutant proteins. The basic data concerning
the 10 (nine mutants plus the wild type) simulated systems are reported in Table 3. After 40 ns of

equilibration, we followed the simulated systems for another 110 ns in the NVT ensemble. From the
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collected configurations we computed the backbone root mean square deviations (rms.d.) of each
PPARY variant with respect to the wild type starting structure (PDB ID: 1PRG) as a function of
the simulation time. From this analysis we conclude that only the R357A and R397C rm.s.d. are
significantly different from the wild type tm s.d., meaning that these two variants are structurally the
most distant ones from the PPARy wild-type crystalline state. Moreover, a calculation of the gyration
radius shows that R357A is the most compact system as it has the smallest gyration radius among
all the mutants (Table 3), significantly smaller than that of the wild type. The other two interesting
parameters that we found useful to monitor along the MD trajectory are the distances between H3 and
helix 12 (H12) and between H12 and subportion 280-287 of PPARY. In Table 3 (the last two columns)
we report the mean value and the standard deviation of these two distances computed along the last
110 ns of the trajectory. In the Q286PF variant, the H3-H12 distance is considerably ller than in
the wild type. In R288H and R357A we notice a large standard deviation due to the fadﬁut H3-HI12
distance oscillates. The F360L variant is the only one for which both the H3-HI12 distance and the
distance between H12 and the PPARy 280-287 subportion are significantly larger (beyond errors) than
in the wild type. This can be interpreted by saying that in the case of the F360L variant the strength of
the inter-helical interactions is considerably reduced.

H3 appears to undergo secondary structural changes in four of the analyzed mutants,
namely Q286F, R357A, F360L, and R397C. In Q286F, H3 assumes a 3-helix and turn secondary structure
in the 277-287 region. In R357A it takes a coil structure in the 286-292 segment. In F360L it becomes
turn and 3-helix in the 280-288 region, while in R397C its structure changes in a long segment 287-302
assuming a tumn and a 3-helix secondary structure. In the wild type and in all the other variants,
H3 stably remains in an a-helix structure. Compared to H3, the secondary structure of H12 is generally
less stable. The reason is that H12 is at the C-terminal, hence it is located in a rather mobile region.
H12 completely loses its x-helix secondary structure in favor of a tum structure only in R357A, F360L,

v

and P467L.

Table 3. MD results for PPARy wild type and the nine mutants.

Backbone Gyration H3-H12 H12 Subportion (280-257)
System rms.d. (nm)  Radius (nm)  Distance (nm) Distance (nm)

wild type 0.28 (0.02) 1.96 (0.01) 1.14 (0.05) 1.45 (0.05)
Q86D 026(001)  196(0.01) 100 (0.05) 1.42 (0.06)
R288H 0.26 (0.02) 1.95 (0.01) 12(0.1) 1.46 (0.06)
V290M 028 (0.02) 1.95 (0.01) 1.15 (0.05) 1.40 {0.03)
E324K 0.28 (0.02) 1.94 (0.01) 1.05 (0.04) 1.39 (0.04)
R357A 0.39 (0.02) 1.92 (0.01) 13(0.0) 15(0.1)
FI60L 028(0.02)  198(0.01) 1.4 (0.06) 1.60 {0.06)
R37C 0.38 (0.03) 1.98 (0.01) 1.26 (0.05) 1.45 (0.08
E460K 0.29 (0.02) 1.97 (0.01) 1.10 (0.06) 1.42 (0.05)
P467L 028(002)  195(002) 113 (0.06) 1.41 (0.05)

Th:m_ui. Ihegynh:mmdms the H3-HI12, and HI12 subportion (280-287) distance mean values and
d on the last 110 ns of simulation.

P

The analysis of the Ca root mean square fluctuations (r.m.s f.) per residue shows that the point
mutations significantly alter the PPARy mobility. In Figure 6 we show the rm.s.f. of the three variants,
E324K, R357A, and R397C, whose mobility is definitely higher than that of the wild-type protein.
One notices that R397C is the PPARYy variant with the highest mobility and the largest number of
involved residues.

By following the history of specific residues along the simulated trajectories, we can monitor the
stability of some structurally important salt bridges. We have examined the history of the E259-R280,
E324-R397, and E460-R357 salt-bridges along the MD history. The E259-R2850 salt bridge is absent
in the wild type, and is present only in the E324K, R357A, and R397C variants. The salt bridges
E324-R397 and E460-R357 are always present and stable except in the variants where one of the amino
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acids involved in the salt bridge is mutated (E324K and R397C for the first salt bridge; E460K and
R357A for the second). It is worth noting that the R357-E460 distance is more stable and smaller in the
Q286P variant (Figure S3A) than in all the other variants and in the wild type.

r.maf (am x 107) rmsf (nm)

rm.sf. {nm)

05

— wild type
04 —— E324K
03
02
014
00 ~ - - - -
20 200 300 a0 a0 a5
Reskdua numbar
05
— wild type
04 —— R357A ’
03
02 ﬂ
014 v
00 - - - v
20 250 300 a0 400 a5
Reskdua number
05
— wild type
0 - R397C
0s
02
0.1 Lv v
LX)
200 250 00 350 400 45
Resdua number

Figure 6. Mobility per residue of PPARy wild type and E324K, R357A, and R397C vanants. Cx root
mean square fluctuations (rm.s.£.) per residue for E324K, R357A, and R397C variants compared with
the wild type rm.sf. On the x-axis is the residue number and on the y-axis is the mobility in nm.

The E276-R357 salt bridge is lost in the R357A variant {because of the point mutation), while it is
quite stable in all the other cases, except the wild type and the E460K variant (Figure S3B). In Figure S3B
we report the E276-R357 distance in the case of the E324K variant as an example of stability. Finally,
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we monitored the distance between the R397 and R443 residues. We found that these two residues are
always rather near except in the E324K and R397C variants. A possible explanation of such behavior is
that the absence of the E324-R397 salt bridge in these two variants causes the residue R397 to move
away from R443. The largest oscillations of R397-R443 distance are found in the Q286P variant even if
the two residues remain closer than in E324K and R397C. In Figure S3C we report the time evolution
of the R397-R443 distance in the case of the Q286P variant together with that of the wild type and the
F360L variant. The latter is shown just to compare with a case where oscillations are small.

2.6. Transcription Activity

The transcription activity of F360L, R357A, P467L, and Q286P PPARY variants was evaluated
in comparison with wild-type PPARy LBD in the presence of the full agonist rosiglitazone and
LT175, a partial agonist that bmds to a different region of PPARY. For this purpose, GAL4-PPAR
chimeric receptors were exp d in transiently transfected HepG2 cells according to a previously
reported pmcedum [46]. As previously mported the efficacy of both ligands remained basically
unchanged t ds F360L compared to the wild type, while the potency was significantly reduced [25].
A mmarluble lowering in both efficacy and potency was shown for R357A and P467L (Figure 54 and
Table S1). In particular, rosiglitazone displayed a remarkable lowering of potency; its ECy value,
in fact, was 7-fold higher against R357A and 18-fold higher against P467L compared to the wild type,
whereas for LT175 this value turned out to be only about twice as high (Table S1). Singular behavior
has been observed for the mutant Q286F, which was completely inactive and insensitive to both
rosiglitazone and LT175 (Figure S5).

3. Discussion

In the post-genomic era, how human genetic and somatic variations are associated with diseases
and how mechanisms form the basis of the relationship between genotype and phenotype are still
open questions. Genetic polymorphism is responsible for phenotypic differences among humans and
individual susceptibility to genetic di and th nsSNPs are of particular interest
since the single-nucleotide variations occurring in the DNA r.odmg region lead to a polypeptide with
a change in the amino acid sequence that may affect the structure and/or function of the protein.
The structural analysis of nsSNP protein variants may help in understanding the molecular basis of
dnseass and, since individuals carrying variants may respond differently to drugs, it may provide

tion for per lized drugs tail ‘tou\emdundual\anantForcmnplexdxseasmsudus
cancer and diabetes, SNPs may not function individually; rather, they work in coordination with other
SNPs to manifest a disease condition. However, nsSNP variants may be utilized as efficient structural
and functional markers of association with complex diseases.

Experimental [25,27,28,40] and computational [47-50] studies on several proteins related the effect
of nsSNPs to the alteration of protein stability, protein-protein interactions, and protein functions.
The interest in studying the effects of nsSNPs on structural stability and dynamic properties of
PPARY derives from the involvement of this nuclear receptor in a variety of biological processes
such as adipocyte differentiation and insulin sensitization, as well as cellular differentiation and
development and carcinogenesis [14]. Notably, PPARy functions hawe been linked to seseral

thologi g from metabolic disorders to cardiovascular d chronic i
neumdegenerah\ e dzsotders, and cancer [51,52]. PPARs ligands and other agents influencing PPAR
signaling pathways have been shown to display chemopreventive potential by mediating tumor
suppressive activities in a variety of human cancers and could represent novel targets to inhibit
carcinogenesis and prevent tumor progression [53]. In addition, PPARy agonists have recently been
reported to lower the incidence of a ber of logical disorders [54]. All these functions are
accomplished by binding PPARy LBD to different ligands, which leads to conformational changes that
promote the interaction with coactivator proteins in the nucleus [55].
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PPARY, a nuclear receptor that belongs to the ligand-dependent transcription factors, consists of
a central DNA binding domain and a carboxy-terminal domain involved in ligand binding,
dimerization, and transactivation. PPARy adopts an active conformation that promotes transcription
upon heterodimerization with RXR in the presence of a ligand. The ligand binding site is buried within
the core of the LBD, which is folded into three layers of a-helices (Figures 2 and S1) [2].

Missense mutations in PPARy LBD caused by nsSNPs may induce profound phenotypic changes
in affected individuals, contributing to the risk of onset of various pathological states, like dyslipidemia,
type 2 diabetes [16], and cancer [8,13,17-23]. The molecular mechanism that leads to the loss and /or
alteration of PPARy functions in nsSNP variants is not clear [23,24]. In this study we investigate
the effect of the mutations on PPARy LBD; to our knowledge, this is the first report that analyzes,
in comparison with the wild type, nine PPARy non-synonymous pelymorphic variants of the LBD in
terms of their spectroscopic properties in solution, thermody and thermal stability, and molecular
dynamics. The selection of the variants was focused on those mutations located in putatively critical
positions, such as Q286P, R288H, V290M, E324K, E460K, and P467L, in close proximity to the residues
involved in ligand binding (Figures 1 and S1). We also considered those non-conservative amino
acid substitutions leading to alteration of the polarity of the residue, such as E324K, E460K, R357A,
and R397C, or in the secondary structure propensity, as in the case of Q286F. All PPARy variants were
obtained as recombinant soluble proteins, with the exception of E324K and R397C, which could not be
expressed in the soluble fraction even when different induction conditions were used. Interestingly,
E324 and R397, located on H5 and on a loop, respectively, are both involved in one of the two salt
bridges that may contribute to PPARY stabilization (Figure 2C,D). The importance of the two salt
bridges (Figure 2C,D) is also evident from the consequence of the mutation of the negatively charged
E460 into a positively charged lysine at the end of H12, which breaks the salt bridge network formed
by R357 and E276, both located on a loop. The importance of this salt bridge network, and of
R357in particular, has already been described by the effect of its mutation into alanine on the global
stabilization of the entire LBD [25]. As a matter of fact, E460K shows the lowest melting temperature,
five degrees lower than that of the wild type, and a poorly cooperative urea-induced unfoldi
transition itored by fl ence changes, characterized by very low values of themod)marruc
parameters (Figure 5B inset). Notably, the thermodynamic parameters, measured by monitoring the
secondary structure changes by far-UV circular dichroism in the apparent two-state urea-induced
unfolding transitions, are similar for all variants and only slightly different with respect to the wild
type, with the exception of F360L, which shows AG™:Y, m, and Te values lower than those of
the wild type (Table 1). These results suggest a similar overall secondary structure folding for all
variants with respect to the wild type. On the other hand, the tertiary structure changes monitored by
fluorescence reveal a complex non two-state process and significant differences among the natural
variants. The analysis of the thermodynamic parameters obtained by fitting the fluorescence changes to
a three-state unfolding reveals a decreased stability of the native state for all variants except for R288H
and V290M. Interestingly, the variants P467L and Q286F show a destabilization of both the native and
the intermediate state and are inactive. Both amino acid substitutions involve a proline residue and,
in the case of Q286F, a residue located in the middle of H3; its functional relevance has been previously
addressed in [36]. Tertiary structural variations between the wild type and variants are indicated
by comparison of their near-UV CD spectra; in particular, amino acid substitutions in the variants
F360L, P467L, and Q286P lead to changes in the overall protein tertiary ts, and minor
tertiary changes are observed for all the other variants. Notably, all variants show a slight decrease
in inter-helical interactions, as suggested by the decrease of 222/208 ellipticity ratio, more significant
for F360L. These results, taken together, suggest a possible increase in the flexibility of the variants
with respect to the wild type, as confirmed by molecular dynamics simulations. The most flexible
variants (Figure 6) are E324K, R357A, and R397C, precisely the ones where the mutation affects
a residue involved in one of the salt bridges that are supposed to contribute to the PPARy LBD
wild-type stabilization. M , molecular dy ics simulations are able to confirm the presence
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of small changes in the secondary structure of all the variants compared to the wild type and a more
significant decrease of inter-helical interactions for the F360L variant (the last two columns of Table 3).
The importance of inter-helical interactions and the correct reciprocal positioning of H3 and H12 has
been previously reported as a crudial point for PPARY function [57].

4. Materials and Methods

4.1. Plasmids mnd Site-Directed Mutagenesis

The LBD of PPARy wild type (gene ID 5468, amino acids 174477, expected molecular mass
345 kDa) and mutants were cloned in pET-28 plasmid for Escherichia coli expression as previously
described [58]. The plasmid harboring the PPARy wild-type gene was used to obtain mutant enzymes.
The QuikChange Site-Directed Mutagenesis Kit (Stratagene, San Diego, CA, USA) was used to
introduce the point mutations into the bacterial expression vector and into the vector expressing
the chimeric receptor containing the yeast Gal4 DNA-binding domain fused to the wild-type PPARy
LBD used for the transcription activity assay [59]. The mutagenic synthetic oligonucleotides are shown
in Table S2. Sequence analysis was performed to confirm the presence of the desired mutations and
the absence of additional mutations.

4.2. Protein Preparation

PPARY isoform 1 (UniProt ID P37231-2) wild type and mutants (Table S3) were expressed
as N-terminally His-tagged proteins using a pET-28 vector and then purified as follows. E. coli
KRX cells were transformed with the selected plasmid and were grown on an LB medium with
30 mg/mL kanamycin at 37 °C to an OD of 0.6. The culture was then induced with 5.0 mM
rhamnose and further incubated at 18 °C for 20 h with vigorous shaking. Cells were collected
by centrifug and ded as a 20 mL culture in buffer A (20 mM Tris, 150 mM NacCl,
10% glycerol, 1 mM m(z-mxboxyedxyl)phosphme—l-lcl (TCEP) pH 8.0) in the presence of protease
inhibitors (Complete Mini EDTA-free; Roche Applied Science, Monza, Italy). The cells were sonicated
and the soluble fraction was isolated by centrifugation (35,000 x g for 45 min). The supernatant was
applied to a Ni**—nitrilotriacetic acid column (GE Healthcare) and elution was performed with 0.25M
imidazole in buffer A. The pure fractions were concentrated to 2 mL using Millipore (Milano, Italy),
conc and loaded onto a Superdex, 75 10/300, GE Healthcare (Milano, Italy), gel-filtration
column on an AKTA FPLC system previously equilibrated with 50 mM Tris-HCl, 0.25 M NaCl, 2 mM
DTT pH 8.0 at a flow rate of 1.0 mL/min. The eluates were collected and SDS-PAGE was used to test
the purity of the protein. The proteins were identified by mass-spectrometric analysis. SDS-PAGE
bands were cut from the gel and processed via tryptic p lysis. The peptide mi were analyzed
by a MALDI-ToF, AutoFlex II (Bruker Daltonics, B Germany) mass spectrometry instrument.
Data were manually analyzed by a FlexAnalysis program (Bruker Daltonics) that revealed the expected
site mutations according to a theoretical mass list of tryptic PPARy peptides. The protein was then
cleaved with thrombin protease (GE Healthcare (Milano, Italy); 10 U/mg) at room temperature for 2 h.
The digested mixture was reloaded onto an Ni*—nitrilotriacetic acid column to remove the His tag and
the undigested protein. The flowthrough was loaded onto a Q-Seph HP column (GE Healthcare)
and eluted with a 0-500 mM gradient of NaCl in buffer B (20 mM Tris, 10% glycerol, | mM TCEP pH 8.0)
with a BioLogic DuoFlow FPLC system (Bio-Rad Laboratories, Milano, Italy). Finally, the protein
was purified by gel-filtration chromatography on a HiLoad Superdex 75 column (GE Healthcare) and
eluted with buffer C(20 mM Tris, | mM TCEF, 0.5 mM EDTA pH 8.0). Protein quantification was
determined ac (oODm t using the respective molar extinction coefficients ¢ of
each in, cakuhled acc g to [60].

r
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4.3. Cell Culture and Transfections

Human hepatocellular liver carcinoma cell line HepG2 (Interlab Cell Line Collection, Genea, Italy)
was cultured in Minimum Essential Medium (MEM) containing 10% heat-inactivated fetal bovine
serum, 100 U/mL of penicillin G, and 100 ug/mL of streptomycin sulfate at 37 °C in a humidified
atmosphere of 5% CO; (230 ng). For transactivation assays, 1 x 10° cells per well were seeded in
a 96-well plate and transfected after 24 h with K2 Transfection System (Biontex Laboratories GmbH,
Munchen, German) ) a:mrdmg to the manufacturer’s protocol using 0.20 ug/well of DNA. Cells were

fected with expression plasmids encoding the fusion protein GaH-PPARy-LBD (wild type,
P467L, or Q286P mutant), pGalSTKpGL3, and pCMVfgal to normalize the transfection efficacy.
Twenty-four hours after transfection, the medium was replaced with a fresh medium supplemented
with rosiglitazone (ranging from 2 nM to 10 uM), LT175 (ranging from 100 nM to 10 M) or DMSO
0.1%. After a further 24 h of incubation, cells were lysed and the luciferase activity in cell extracts
was determined by a luminometer (VICTOR? V Multilabel Plate Reader, Perkin-Elmer, Monza, Italy)
and normalized for B-galactosidase activity. Fold induction activity was calculated and plotted using
GraphPad Prism 5.04 software (La ]olla CA, USA). All transfection experiments were repeated at least
twice with similar results. The were exp d as mean = SEM.

4.4. Spectroscopic Measurements

Intrinsic fluorescence emission spectra were recorded from 290 to 440 nm (274 nm excitation
wavelength, 1 nm sampling interval), at 0.1 mg/mL protein concentration (3.25 x 10-2 AU at 280 nm)
in 20 mM Tris-HCl pH 8.0 containing 0.1 M NaCl and 0.2 mM DTT with a LS50B spectrofluorimeter
(Perkin-Elmer) using a 1.0 am path length quartz cuvette. Far-UV (190-250 nm) CD spectra were
monitored at a protein concentration of 200 ug/mL (6.50 x 10-2 AU at 280 nm) in 50 mM Tris-Cl
pH 80,02 mM DTT, 0.2 M NaCl, using a 0.1 cm path length quartz cuvette. Near-UV (250-320 nm)
CD spectra were monitored at a protein concentration of 4.6 mg/mL (1.49 AU at 280 nm) in 50 mM
Tris-Cl pH 8.0, 2.0 mM DTT, 0.2 M NaCl, in a 1.0 cm path length quartz cuvette. CD measurements
were performed in a JASCO-815 spectropolarimeter (Jasco, Easton, MD, USA) and the results were
expressed as the mean residue ellipticity ([©]), assuming a mean residue molecular mass of 110 per
amino acid residue. All spectroscopic measurements were carried out at 10 °C.

4.5. Urea-Induced Equilibrium Unfolding

For equilibrium transition studies, PPARy wild type and variants (final concentration ranging
over 100-200 ug/mL) were incubated at 10 “C at increasing concentrations of urea (0-9 M) in 20 mM
Tris/HCl, pH 8.0, in the presence of 0.2 M NaCl and 200 uM DTT. After 10 min, equilibrium was
reached and intrinsic fluorescence emission and far-UV CD spectra (0.1-cm cuvette) were recorded
in parallel at 10 °C. To test the reversibility of the unfolding, PPARy wild type and variants were
unfolded at 10 “C in 8.0 M urea at protein concentration ranging over 1.0-2.0 mg/mL in 20 mM
Tris/HCL, pH 8.0, in the presence of 2mM DTT and 0.2 M NaCL After 10 min, refolding was started
by 10-fold dilution of the unfolding mixture at 10 “C into solutions of the same buffer used for
unfolding containing decreasing urea concentrati The final protein concentration ranged over
100-200 ug/mL. After 24 h, intrinsic fluorescence emission and far-UV CD spectra were recorded at
10 °C. All denaturation experiments were performed in triplicate.

4.6. Thermal Denaturation Experiments

PPARy wild type and variants (protein concentration ranging over 0.10-0.20 mg/mL) were heated
from 20 to 75 °C in a 0.1 cm quartz cuvette with a heating rate of 1 degree x min-! controlled by
a Jasco prog ble Peltier el t (Jasco, Easton, MD USAL The dichroic activity at 222 nm
and the phohmnulhpber voltage (PMTV) were conti d in parallel every 05 °C [61].
All the thermal scans were corrected for the solvent contnbuhon at the different temperatures.
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Melting temperature (Tm) values were calculated by taking the first derivative of the ellipticity at
222 nm with respect to temperature. All denat experiments were performed in triplicate.
4.7. Data Analysis

Far-UV CD spectra recorded as a function of urea concentration were analyzed by a singular

value decomposition algorithm (SVD) using the software MATLAB (Math-Works, South Natick, MA,
USA) to remove ﬂ\ehlgh—ﬁequency noise and the low-frequency random errors and determine the

ber of i dent comp t: manygwenselofspema as described in [40].
The changes in intrinsic fl ence ion spectra at increasing urea concentrations were
quantified as the intensity-averaged emission wavelength, 1, [62] cakulated according to
X=Y () /Y (n) m
where ; and [; are the emission wavelength and its corresponding fl ence intensity at that
wavelength, respectively. This quantity is an integral t, negligibly influenced by the noise,
which reflects changes in the shape and position of the emission spectrum.

Urea-induced equilibrium unfolding transitions monitored by far-UV CD ellipticity and intrinsic
fluorescence emission changes were analyzed by fitting baseline and transition region data to
a two-state linear extrapolation model [63] according to

A Gungotiing = AG™C + m]Urea] = —RT In Kungotsing @

where AGnfiding is the free energy change for unfolding for a given d t conc
AG™:0 is the free energy change for unfolding in the absence of denaturant, m is a slope term that
quantifies the change in AGnflding Per unit concentration of denaturant, R is the gas constant, T is the

ture and Kyunsolding is the equilibrium constant for unfolding. The model expresses the signal
as a function of denaturant concentration:

w +snIX; + (v + sulX],) x expl(~ & G™O —m{x],/RT]

(—AGH2T _m[X]

1 +exp [—”——J] o

where y, is the observed signal; yy; and vy, are the baseline intercepts for unfolded and native protein,
respectively; sy and sy are the baseline slopes for the unfolded and native protein, respectively; [X]; is
the denaturant concentration after the ith addition; AG=0 is the extrapolated free energy of unfolding
in the absence of denaturant, and m is the slope of a AGunslding Versus [X] plot. The denaturant
concentration at the midpoint of the transition, [Urea]y 5, according to Equation (2), is calculated as:

vi=

[Urea]ys = AGHO /m 4

The denaturation curve obtained by plotting the fluorescence changes of the PPARy wild type
and variants induced by increasing urea concentrations was fitted to the following equation assuming
a three-state model:

_H +9‘P(ml \‘—lﬁm) (F1+FuEXP("'u_r:m L ‘))

1+exp(mr .v—*n—u-) (1+exp(m1_.\':“‘.—u‘li-;ﬁh))
where F is 1, calculated according to Equation (1); misac t that is proportional to the increase in
solvent-accessible surface area between the two states involved in the transition; D50y and my_y; are

the midpoint and m value for the transition between N and I, respectively; and D30y:; and iy are the
midpoint and nr value for the transition between I and U, respectively [64]. The X of the intermediate

5)

103



Int. | Mol. Sci. 2017, 18,361 160f20

state (I), F, is constant, whereas that of lhe folded state (N)) and of the unfolded state (U), Fy; and Fy;,

respectively, has a linear d dence on di t conc
Fye = ay + by urea] )
Fy = ay + by|urea) ()

where ay and ay are the baseline intercepts for N and U, and by and by; are the baseline slopes for N
and U, respectively. All unfolding transition data were fitted using Graphpad Prism 5.04 (La Jolla,
CA, USA).

4.8. Molecular Dynamics Simulations

Molecular Dynamics (MD) simulations were perf; d with the GROMACS package [65-68].
The initial coordinates of the wild-type protein were taken from the crystal structure of the PPARy
receptor [2] (PDB ID: 1PRG). The coordinates of the nine variants were adapted from the wild-type
coordinates by performing a point mutation. Each system was placed in a dodecahedral box of
sufficiently large dimensions such that nearby images lay more than 10 A away. The box was filled
with water molecules and an appropriate number of counter-ions to make the whole system neutral.
As in [25], an OPLS force field [69] was used to simulate PPARy and all its variants.

The equilibration strategy adopted for the nine systems is quite standard and is explained in
detail in [70,71]. The temperature was held fixed at 300 K using the v-rescale thermostat [72] with
a coupling time of 0.1 ps. The single point charge (SPC) model was employed for water molecules.
Periodic boundary conditions were used throughout the simulation. Coulomb interactions have been
dealt with by a standard Particle Mesh Ewald algorithm [73]. A time step of 2 fs was used. A non-bond
pair list cutoff of 1.0 nm was used. The list was updated every 10 steps.

Each one of the 10 systems was simulated for 120 ns in the NVT ensemble. The analysis of
the numerical data obtained in the simulation was carried out by GROMACS and VMD [74] tools
according to needs.

5. Conclusions

In conclusion, the nine nsSNP PPARY variants associated with metabolic disorders and /or cancer
show alterations in the dynamics and tertiary contacts that impair the correct reciprocal positioning of
H3 and H12, crucially important for PPARy functioning, These alterations may lead to changes in the
interactions with ligands and influence the multiple biological functions of this nuclear receptor.

S 1 tary Materials: Suppl ials can be found at www.mdpi.com /1422-0067/18/2 /361 /s1.
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o1T Dithiothreitol
LBD Ligand-Binding Domain

MD Molecular Dynamics
nsSNPs Ncm-synmvmous single-nucleotide polymorphisms
PPARy P Prolife Activated Receptor y

104



Int. . Mol. Sci. 2017, 18, 361 17 of 20

References

1

2

14

15.

16

17.

18,

19.

2L

Sauver, S. Ligands for the nuclear p i prolife 1 d receptor y. Trends Pharmacal. Sci. 2015, 36,
688-704. [CrossRef] [PubMed]
Nolte, RT; Wisely, G.B.; Westin, S; Cobb, ].E; Lambert, M.H.; Kurokawa, R.; Rosenfeld, MG.; Wﬂlsm ™
Glass, CK; Milbum, M.V, Ligand binding and co-activator ibly of the peroxi prolifera d
receptor-y. Nature 1998, 395, 137-143. [PubMed]

Chandra, V; Huang, ; Hamuro, Y; Raghuram, S.; Wang, Y. Burris, T.P; Rastinejad, F Structure of the intact
PPAR-y-RXR-nuclear receptor complex on DNA. Nature 2008, 456, 350-356. [CrossRef] [PubMed]
Kersten, S.; Desvergne, B.; Wahli, W. Roles of PPARs in health and discase. Noture 2000, 405, 421-424.
[PubMed]
Michalik, L: Wahli, W. Invol of PPAR nucl P in tissue injury and wound repair
. Clin. Investig. 2006, 116, 398-606. [CrossRef] [PubMed]
Anghel, S.I; Wahli, W. Fat poetry: A kingdom for PPARy. Cell. Res. 2007, 17, 486-511. [CrossRef] [PubMed]
Evans, RM.; Barish, G.D.; Wang, Y.X. PPARs and the complex journey to obesity. Nat. Med. 2004, 10, 355-361.
{CrossRef] [PubMed]
Semple, R K Chatterjee, VK ORahilly, S. PPARy and human bolic di J. Clim I ig. 2006, 1165,
581-589, [CrossRef] [PubMed]
Wang, T; Xu, J.; Yu, X.; Yang, R Han, Z.C Peroxi Iz i d y in mali di
Crit. Rev. Oncol. Hemutol. 2006, 58, 1-14. [CrossRef] IPuchdl
Manduds.l‘abmmDVuckumnholddm il P in ls by p

li d recep PPAR Res. 2013, 2013, 613864. (Cnnslkf] [PubMed]
L:hrk:. M.; Lazar, M.A. The many faces of PPARy. Cdl. 2005, 123, 993-999_ [CrossRef] [PubMed]
Tontonoz, P; Spiegelman, BM. Fat and beyond: The diverse biology of PFPARy. Anmy, Rew. Biochem. 2008, 77,
289-312. [CrossRef] [PubMed]
Sarraf, P; Mueller, E;; Smith, WM.; Wright, HM.; Kum, ].B; Aaltonen, L.A; de la Chapelle, A;
Spiegelman, BM.; Eng, C. Loss-of-function mutations in PPARy associated with human colon cancer.
Aol. Ceil 1999, 3, 799-804. [CrossRef]
Garcia-Vallvé, S.; Guasch, L; Tomas-Herndndez, S.; del Bas, |.M.; Ollendorff, V; Arola, L; Pujadas, G.;
Mulero, M. Peroxisome proliferator-activated receptor y (PPARYy) and ligand choreography: Newcomers take
the stage. | Meid. Chemr. 2015, 58, 5381-5394. [CrossRef] [PubMed]
Kim, L H. Song, J.; Park, K.W. The multif; d factor p i i i d ptor y (PPARy)
in metabolism, immunity, and cancer. Arci. Pharm. Rs 2015, 35, m-)ll [CrossRef] [PubMed]
Chan, K.H.; Niu, T.; Ma, ¥;; You, N.C.; Song, Y.; Sobel, EM Hsu, YH; Balasubramanian, R.; Qiao, Y
Tinker, L et al. C: genetic in peroxi: P tivated recep t\mandtype
2 diabetes risk among W ‘s Health Initiati I 1. Clin. Endocrinol. Metab. 2013,
95, E60O-E604. [CrossRef] [PubMed]
Walkey, CJ; Spiegel BM. A functional p i lif tivated ptor-y ligand-binding
domain is not required for adipog is, J. Biol. ammz.sszmo-m [CrossRef] [PubMed]
Barroso, 1; Gurnell, M.; Crowley, VE; Ag:-hm.M Schwabe, L.W.; Soos, MLA; Maslen, G.L.; Williams, T.D.;
Lewis, H.; Schafer, AJ.; et al. Domi d in human PPARy associated with severe insulin
resistance, diabetes mellitus and hypﬂtlmnn. Nature 1999, 302, BR0-883. [PubMed]
Savage, D.B; Tan, G.D.; Acerini, C.L; Jebb, S.A_; Agostini, anMl M.; Williams, RL.; Umpltbfy AM;
Thomas, EL; Bell, 1.D;; et al. Human boli d g from domi: el in
the nucl ptor p 3 proliferator-activated receptor-y. Dishetes 2003, 52, 910-917. [CrossRef]
[PubMed]
Marhaeghe, A; Amouyel, P. Impact of genetic variation of PPARy in humans. Mol. Genet. Metab. 2004, 53,
93-102. [CrossRef] [PubMed]

Agostini, M; Sch Y E; Mitchell, C; S i, L &vag:D Smith, A; Rajanayagam, O;
S:mpl:lll.uan.) Bath, L; et al. Non-DNA binding, d gative, human PPARy mutations
cause lipodystrophic insulin ress Cell Metab. 2006, 4, 305-311. [CrossRef] [PubMed]

105



Int. | Mol. 5. 2017, 18, 361 180f20

23,

3L

37.

4L

Tan, G.D,; Savage, D B; Fielding, B.A_; Collins, J.; Hodson, L.; Humphreys, S M. O'Rahilly, S.; Chatterjee, K.;

Frayn, K.N.; Karpe, F. Fatty acid metabolism in patients with PPARy i J. Clin. Endocrinol. Metab.
2008, 93, 4462-3470. [CrossRef] [PubMed|
Jeninga, EH.; Gumell, M.; Kalkh E.F ional implicati of genetic variation in human PPARy.

Trends Endocrinol. Metab. 2009, 20, 380-387, [CrossRef] (Pnb\ltd|
V‘hurM.E..Kmpmm Es Km\u\donLME. Koppen, A Hamers, N.; Stroes, F_S.Kalkllo\m.E.

Monajemi, H. Ch i of diabetic patients with marked insulin resi 3
a novel familial partial lipodystrophy iated PPARy ion (Y151C). Disbetologia 2011, 54, 1639-1644.
[CrossRef] [PubMed]

Lori, C.; Pasquo, A; Montanari, R.; Capelli, D.; Consalvi, V; Chiaraluce, R.; Cervoni, L Loiodice, F;
Laghezza, A.; Aschi, M.; et al. Structural basis of the transactivation deficiency of the human PPARy
F360L mutant associated with familial partial Epodystrophy. Acta. Crystallogr. D Biol. Crystallogr. 2018, 70,
1965-1976. [CrossRef] [PubMed]

Puhl, A.; Webb, P; Polikarpov, L. Structural dataset for the PPARy V290M mutant. Data Brief. 2016, 7,
1430-1437. [CrossRef] [PubMed]

Pasquo, A.; Consalvi, V; KruppS,Al.fann.LAldml.M.' fanini, S.; Chiaraluce, R_ S I stability of
human protein tyrosi 0 i of point = PLoS ONE 2012, 7, €32555.
{CrossRef] [PubMed]

Lori, C; Lantella, A ; Pasquo, A Alexander, LT Knapp, S.; Chiaraluce, R.; Consalvi, V. Effect of single amino
aad substitution observed in cancer on Pim-1 kinase th i ic stability and PLoS ONE
2013, §, 64524, [CrossRef] [PubMed]

Casadio, R; Vassura, M; Tiwari, S.; Faniselli, P; Martelli, P.L. Correlating disease-related mutations to their
effect on protein stability: A large-scale analysis of the human proteome. Hum. Mutat, 2011, 32, 1161-1170.
[CrossRef] [PubMed]

Thusberg, ].; Olatubosun, A_; Vihinen, M. Perf: of i h icity predicts thods on
missense variants. Huom. Mutat, 2011, 32, 358-368. [CrossRef] [PuhM:d]

Khan, S.; Vihinen, M. Performance of protein stability predictors. Hiom. Mutat. 2010, 31, 675-684. [CrossRef]
[PubMed]

Kucukkal, TG,; Petukh, M.; Li, L; Alexov, E. Structural and physico-chemical effects of disease and
non-disease nsSNPs on proteins. Curr. Opin. Striect. Biol. 2015, 32, 18-24. |CrossRef] [PubMed]

F P

Allali-Hassani, A; Wasney, G.A; Chau, L; Hong, BS; Senisterra, G.; Loppnau, P; Shi, Z.; Moult, ].;

Edwards, AM.; Arrowsmith, CH.; etal. A survey of protei ded by ynony single nucleotid
lymorphisms reveals a significant fraction with altered stability and activity. Biochem. [. 2009, 424, 15-26.

ICWM [PubMed]

Zhang, Z.: Miteva, M.A; Wang, L; Alexov, E. Analyzing effects of "

Cumput. Math. Methods Med. 2012, 2012, 805827. [CrossRef] [PubMed]

Yates, CM.; Sternberg, M.J. Proteins and domains vary in their tol of non-synony single

nucleotide polymorphisms (nsSNPs). J. Mol. Biol. 2013, 425, 1274-1286. [CrossRef] [PubMed)

O d, K.E: Wheeler, M.T.; Hudgins, L; Klein, T.E; Butte, AJ; Altman, RB;; Ashley, EA; Greely, HT.
Challenges in the clinical application of whole-genome sequencing, Lancet 2010, 375, 1749—1751 [CrossRef]
Kucukkal, T.G.; Yang, ¥ Chapman, S.C.; Cao, W.; Alexov, E. Computational and exp approaches to
reveal the effects of single nucleotide polymorphisms with respect to discase diagnostics. Int, J. Mal, Sci.
2014, 15, 9670-9717. [CrossRef] [PubMed]

Forbes, S.A; Bindal, N.; Bumfoud.S-.Cnle.C. Kok, C.Y; Beare, D.; Jia, M Suphcn:l R I.nmg.l(.,

Menzies, A et al. COSMIC: Mining cancer g in the logue of in
cancer. Nucleic Acids Res. 2011, 39, D9£5-D9SD. [CrossRef] [PubMed]
Zhao, M_; Ma, L; Liu, ¥;; Qu, H. Pedican: An online gene for pediatri with Ii id

Sci. Rep. 2015, 5, 11435, [CrossRef] [PubMed]
Lon,L,anuo A Lon, C; Petrosino, M.; Chunluc:.R.Talhm,C Knapp, S.; Consalvi, V. Effect of BET

on b domain functi hibi 15 and stability. PLoS ONE. 2016, 11, «0159180.
[CrossRef] [PubMed]
Choy, N.; R V.; Naray i, V. Inter-molecular coiled-coil formation in human apolipoprotein E

C-terminal domain. ], Mol, Biol. 2003, 33¢, 527-539, [CrossRef] [PubMed]

106



Int. | Mol. 5. 2017, 18, 361 190f20

45,

47.

49

51

52.

61,

Kiss, RS Weers, PM.; Narayanaswami, V. Cohen, l..KayCM Ryan, R.O. Structure-guided protein

engineering modulates helix bundle exch ble apolipop properties. | Biol. Chem. 2003, 278,
21952-21959. [CrossRef] [PubMed]
Myers, | K.; Pace, CN.; Scholtz, | M. Denaturant m values and heat capacity ch Relation to changes in

accessible surface arcas of protein unfolding. Protein Sa. 1995, 4, 2138-21458. [CmsR:f] [PubMed]
Geierhaas, C.D.; Nickson, A A Lindorff-Larsen, K Clarke, J.; Vendruscolo, M. BPPred: A computational
tool to predict biophysical quantities of proteins. Protein Sci. 2007, 16, 125-134. lCmust] ll’uchd]

Auton, M_; Holthauzen, LM.; Bolen, D.W. A of ic ch ying ur d
protein denaturation. Proc. Natl. Aond. Sci. LUSA 2007, 104, 1517—15322. [CrossRed] [Pub\rkd)

Pinelli, A.; Godio, C.; Laghezza, A_; Mitro, N.; Fracchiolla, G Te 1la, V.; Lavecchi. A.. Novtllino. E;
Fruchart, J.C.; Stacls, B.; et al. Synthesis, biological evaluation, and molecul. del of

new chiral fibrates with PPARX and PPARy agonist activity. . Med. Chem. 2005, 48, 509-§19 [CrossRef]
[PubMed]
Fariselli, P; Martelli, P1; Savojardo, C.; Casadio, R. INPS: Predicting the impact of non-synonymous
variations on protein stability from sequence. Bivinformetics 2015, 31, 2816-2821. [CrossRef] [PubMed]
Bromberg, Y.; Rost, B. Correlating protein f 1on and stability through the analysis of single amino acid
bstituts BMC Bioi ics 2009, 10, S8. [CrossRef] [PubMed]
Fcn\ald GJ'L Capnonx,E Daneshjou, R; Karczewski, KJ.; Altman, R.B, Bioinformatics challenges for
d Bioimfe ics 2011, 27, 1741-1748. [CrossRef]
SleﬂS.Nuhn.H Petukh, M.; Panchenko, AR.; Alexov, E. molecul. chani of di
missense mutations. [. Mal. Biol. 2013, 425, 3919-3936. [CrossRef] [PubMed]
Matendez-Guuermz.M.P Roszer, T.: Ricote, M. Biology and therapeutic applications of p
prolif d recep Curr. Top. Med. Chem, 2012, 12, 548-584. [CrossRef] [PubMed]
Prﬁ:rs, IM.; Shah, YM.; Gonzalez, F]. The role of peroxisome proliferator-activated receptors in
genesis and chemop ion. Nat. Rev. Cancer 2012, 12, 181-195. [CrossRef] [PubMed]
Renaud, J.P; Moras, D. Structural studies on nuclear receptors. Cell, Mol. Life. Sci. 2000, 57, 1748-1769.
[CrossRef] [PubMed]
Chen, Y.C; Wu, | S; Tsai, HD.; Huang.CY Gsen JJ.: Sun, G.Y; Lin, TN. Peroxisome proliferator-activated
receptor y (PPAR-y) and d d Mol. Newrobiol. 2012, 46, 114-124. [CrossRef]
[PubMed]
Berger, |.P; Akiyama, TE; Meinke, PT. PPARs: Th
2005, 26, 244-251. [CrossRef] [PubMed]
Pochetti, G.; Mitro, N.; Lavecchia, A.; Gilardi, F; Besker, N.; Scotti, E; Aschi, M_; Re, N.; Fracchiolla, G;

peutic targets for bolic disease. Trends Pharmacol. Sci.

Laghezza, A, et al. S!tudurallnnghlmbpcmxxmpmllkntw i | ptor y binding of
two ureidofibrate-like i by molecular dy i lysis, and site-directed
mutagenesis. . Med. Chems, 2010, 53, 4354-4366. [CrossRef] [PubMed]

Kallenberger, B.C.; Love, 1.D;; Chatterjee, VK.; Schwabe, LW. A dy i chanism of nuch

activation and its perturbation in a human discase. Not. Struct. Biol. 2003, 10, 136-140. [CrossRef] lPuchd]
Pochetti, G.; Godio, C.; Mitro, N.; Caruso, D.; Galmnm. A Scunati, S Lawdm F.; Fracchiolla, G.;
Tortorella, P; Lagh A et al. Insights into the h of partial ag, Crystal oﬁhc
peroxisome proliferator-activated receptor y ligand-binding d in in the plex with two i
ligands, [. Bipl. Chem. 2007, 282, 17314-17324. [CrossRef] [PubMed]

Raspe’, E; Madsen, L; Lefebvre, AM.; Leitersdorf, I; Gelman, L; Peinado-Onsurbe, 1. Dallongeville, |.;
Fruchart, J.C.; Berge, R.; Stacls, B. Modulation of rat liver apolipop gene exp ion and serum
lipid levels by tetradecylthioacetic acid (TTA) via PPARalpha activation. [, Lipid Res. 1999, 40, 2099-2110.
[PubMed]

Gill, S.C.; von Hippel, P.H. Calculation of protei inction coefficients from amino acid sequence data.

Aunal. Biochem. 1989, 152, 319-326. [CrossRef]

Bmfwals Verma, S; Rohm, K.H.; Gursky, O. Monitoring protein aggregation during th ! unfolding in
lar dichrok peri Protein Sci. 2006, 15, 635-639. [CrossRef] [PubMed]

Royer, C.A; Mann, C.J; Matth C.R. Resolution of the fl equilibrium unfolding profile of Trp

porep using single tryptoph Protein Sci. 1993, 2, 1844-1852. [CrossRef] [PubMed]

107



Int. . Mol. Sci. 2017, 18, 361 20 0f 20

7.

74

Santoro, MM Bolen, D.W. Unfolding free energy changes d ined by the linear extrapolati hod
1. Unfalding of phenylmeth lonyl a-chymotrypsin using diffe d Bioc) v 1988, 27,
8063-8068. [CrossRef] [PubMed]

Rowling, PJ.; Cook, R; Itzhaki, LS, Toward classification of BRCA1 mi i using a biophysical
approach. [. Biol. Chem. 2010, 255, 20080-20067. [CrossRef] [PubMed]

Berendsen, H.J.C.. van der Spoel, D; van Drunen, R. GROMACS: A passing parallel molecul
dynamics implementation. Comput. Phys. Commun. 1995, 91, 43-536. [CrossRef]

Lindahl, E; Hess, B.; van der Spoel, D. G 3.0: A package for molecular simulation and
analysis. [. Mol. Maddl, 2001, 7, 306-317. [CrossRef]

Van der Spoel, D; Lindahl, E; Hess, B.; Groenhor, G.; Mark, A.E; Berendsen, H.].C. Gromacs: Fast, flexible,
and free. [, Comput. Chem. 2005, 26, 1701-1718. [CrossRef] [PubMed]

Hess, B.; Kumﬂ C.; van der Spoel, D; Lindahl, E Gromacs 4: Algorithms for highly efficient, Joad-balanced,
and scalabl lar st jon. [. Chem. Theory Comput. 2008, 4, 435~447. [CrossRef] [PubMed]
Jorgensen, W.L.; Maxwell, DS_; Tirado-Rives, J. Development and testing of the OPLS all-atom force field
on conformational energetics and properties of organic liquids. [. Am. Chem. Soc. 1996, 118, 11225-11236.

[CrossRef]

mentn.V Chiaraluce, R.; Consalvi, V; Giordano, C.; Narcisi, C.; Punzi, P; Rossi, G.C.; Morante, S.
i land i | studies on -sheet breakers targeting Amyloid-1-40 fibrils. J. Biol. Chem.
znu,zn 1|.u-nm [CrossRef] [PubMed]

D% Carlo, M.G.; Minicozzi, V.; Fodera, V.; Militello, V.; Vetri, V; M S.; Leone, M. Thioflavin-T templ.
amyloid-f(1-40) coni ion and agg; ion path Biaphys, Chem. 2015, 206, 1-11. [CrossRef]
[PubMed]

Bussi, G.; Donadio, D.; Parrinello, M. C. ical pling through velocity ling. J. Chem. Phys. 2007,

126, 014101, [CrossRef] [PubMed]

Darden, T; York, D.; Pedersen, L. Particle mesh Ewald: An N-log (N) method for Ewald sums in large
systems. |. Chem. Plys. 1993, 98, 10089-10092. [CrossRef]

Humphrey, W.; Dalke, A.; Schulten, K. VMD-Visual molecular dynamics. [ Mol. Graph. 1996, 14, 33-38
[CrossRef]

0 © 2017 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and diti of the Creative C Attributi
{CC BY) license (hitp:/ /creati org /i /by/40/).

108



Int. | Mol. Sci. 2017, 15, 361; dok 10 3390/ms 18020361 S1ofs6

Supplementary Materials: Single Nucleotide Polymorphism of PPARY, A Protein at the
Crossroads of Physiological and Pathological Processes

Maria Petrosino, Laura Lori, Alessandra Pasquo, Clorinda Lori, Valerio Consalvi, Velia Minicozzi, Silvia Morante, Antonio Laghezza, Alessandra Giorgi,
Davide Capelli and Roberta Chiaraluce

AAANS AR A = AN m m » =y
ESADLAALAXRLYDSY ILTSXTTORISIY rorsresrrvarazics ik T TP RLOLIDAVTLLEYCTRGE T IR LK
P o B oo o P e P e P P P P ey P e et P ot P e ey e P S o

A, AAANN ARN AAARNN
RETLE ~!r;'; PEPETEFAVEFNALEL LAl -' CLLNTE

| IS PEE) EE) PTRI ERPPY PRI Peney pees) peee |
350 360 370 350 350 A..

Figure 51. Amino acid sequence of PPARy LBD. Secondary structure elements are shown at the top of the amino acid sequence. Mutated residues are highlighted in red.
Blue dots indicate the residues involved in ligand binding (IPRG.pdb). Helices are numbered according to Nolte et al. [1].
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Figure 52, Intrinsic fluorescence emission spectra of PPARy wild type and variants. Fluarescence spectra of PPARy wild type and variants in 0 M {continuous lines), 5.0

M (dotted lines), 4.00 M (Q286P and F360L, dashed lines), and 4.07 M urea (wild type, R288H, V290M, and R3I57A, dashed lines) were recorded at 0.1 mg/ml. protein
concentration (274 nm excitation wavelength) in 20 mM Tris-HCl pH 8.0 containing 0.1 M NaCl and 0.2 mM DTT.
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Figure S3. (A) Distance between R357 and E460. Distance between the carbon atom binding the two
amine groups of arginine 357 lateral chain (CZ) and the carbon atom binding the carboxyl group of
glutamic 460 lateral chain (CD), in the wild type and in the Q286P variant. On the x-axis is the
configuration number; on the y-axis is the di in A; (B) Di b E276 and R357.
Di by CD of gl ic 276 and CZ of arginine 357 in the wild type, in E460K, and in
E324K variants. On the raxis is the configuration number; on the y-axis is the distance in A;
(C) Distance between R397 and R443. Di by CZ of arginine 397 and CZ of arginine 443
in the wild type, in Q286P, and in F360L variants. On the x-axis is the configuration number; on the
w-axis is the distance in A.
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Figure S4. Transcription activity of wild type PPARy and mutants in a PPARy Gald-based assay.
Luciferase activity was normalized for difference in transfection efficency by p-galactosidase

activity and each point is the mean + SEM of at Jeast two experi each perfi d in
Results are exp d as the ratio b ucif activity and P-galactosidase activity (L/B),
Di b and control (wild type with the same treatment) were significant

(* p<005* p<0.01;*** p < 0.001; one-way ANOVA, Bonferroni test).
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Figure S5. Transcription activity. Transcription activity of rosiglitazone (A); and LT175 (B) towards
wild type PPARy, PPARy P4671, and PPARy Q286P in a PPARy Gald-based assay. Results are
expressed as a percentage of the highest efficacy obtained with rosiglitazone and each point s the
mean = SEM of two experiments each performed in duplicate.

Table S1. Transcription activity of PPARy wild type and mutants in a PPARy Gald-based assay.

PPARy Rosiglitazone  LT175
PPARywildtype  53=17 1100180
PPARy F360L 79070 2500 = 500
PPARy R357A 38070 15302 270
PPARY P467L 960 £ 180 2880 = 290
PPARy Q286P - -

Potency of rosiglitazone and LT175 towards wild type PPARy and mutants in a PPARy Gald-based
assay. Results are expressed as ECw (nM) and are the mean + SEM of two experiments each

performed in duplicate.
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Table 52. List of oligonucleotides used for site-directed mutagenesis.

PPARy

X Oligonucleotide
Variant
P Forward: GCATCTTTC AGGGCTGCCCGTTTCGCTCOGTGGAG
! Reverse: CTCCACCCACCCAAACCCCCAGCCCTCAAACATEC
H Forward: CAGGGCTGCCAGTTTCATTCCGTCGAGGCTGTGC
Reverse: GCACAGCCTCCACCGAATCGAAACTCCCACCCCTC
— Forward: GGGCTGOCAGTTTCGCTCCATGGAGGCTGTGCAGGAGATC
- Reverse: CATCTCCTCCACAGCCTCCATOGAGCCAAACTCOCAGCOCC
RISTA Forward: GGAGTTTCTAAAGAGCCTGGCAAAGCCTITIGGTG
Y
Reverse: CACCAAAAGCCTTIGCCACCCTCTITAGAAACTCC
F360L Forward: GCCTGOGAAAGCCTCTGGGTGACTTITATGGAGCCC
Reverse: GGGCTOCATAAAGTCACCCAGAGGCTTTCGCAGGC
PAETL Forward: GACATGAGTCTTCACCTGCTCCTGCAGGAG
i Reverse: CTCCTOCAGGAGCAGCTGAAGACTCATGTC
460K Forward: GCAGGTGATCAAGCAACACGAAGACAGACATCAGTCTTCACCCGC
Reverse: GOGGGTCAAGACTCATGTCTGTCTTCGTCT TCTTGATCACCTGC
R37C Forward: AGTGGAGACTGCCCAGGTTTGCT
Reverse: AGCAAACCTOCGCAGTCTCCACT
E3dK Forward: CCTCAAATATGGAGTCCACAAGATCATITACACAATGCTGGCC
Reverse: CGCCAGCATTCTCTAAATCGATCTTCTCCACTCCATATTTGAGS
Table 53. PPARy variants.
PPARy Variant SNP ID Reference
QIREF 121909242 H]
HZREH IE3GAOT 121
VIAIM 51362 131
. . - _ hitps:/bicinfoutheduT5Gens/gene_mutation.cgi? gene=5468 fcosmic [4];
e rSHOTIR OOEMIETTa hittpe/fpedican bicinfo-minzhac.ong/gene_mutation cgifgene=5468 [5]
RI57A = 161
F3p0L mrE51363 71
RISTC mTISS1364 161
ESG0K hitps:/ibicinfouthedu TSGenegene_mutation.cgi? gene=5468 fcosmic [4];
- hittpefpedican bioinfo-minzhao org/gene_mutation cgi’gene=5468 [5]
P4BTL =1 1909044 16.8]
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Abstract

Lysine acetylation is an important epigenetic mark regulating gene iption and chro-
matin Acetylated lysine residues are specifically gnized by b domains,
smaﬂpm&einhbmchmmoddestadhesenmdiﬁeaﬁminasewmandm&yh—
tion dependent way regulating the i of transcriptional regulators and chromatin

mmodeﬁsgenzymealoacotylabdslbsmchmm Recent studies revealed that bromo-
domains are highly druggable protein interaction domains resulting in the development of a
large number of bromodomain inhibitors. BET bromodomain inhibitors received a lot of

attention in the oncology field resulting in the rapid translasion of early BET bromodomain
inhibitors into clinical studies. Here we investigated the effects of mutations present as poly-
morphism or found in cancer on BET bromodomain function and stability and the influence
of these mutants on inhibitor binding. We found that most BET missense mutations localize
to peripheral residues in the two inal heb Crystal howed that the three
di ional structure is not compromised by these ions but mutations | din

close proximity to the acetyl-lysine binding site modulate acetyl-lysine and inhibitor binding.
Most mutations affect significantly protein smbinyandbmary stmclum in solution, suggest-

ing new interactions and an altemative r  of protein-protei ion as a con-
aaquemoolsmlemacdabﬁiulon To our knowledge this is the first report studying
the effect of jons on b function and inhibitor binding

Introduction

Epigenetics has been defined as heritable changes in phenotype that are the consequence of

BLL totayer e, changes in DNA sequence but are duc to differences in the pattern of post-translational modifi-
Isthermal t¥aton calormedy, cation present in histone, other nuclear proteins and in DNA [1]. Changes in post-translational
PLOS ONE | DOE10.1371/journal.pone 0138180 July 12,2016 1720
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modifications also called epigenctic marks is a principal mechanism regulating chromatin
structure and gene transcription and dysregulation of epigenctic marks has been linked to the
dndopmmlohhlgtdiwrsilyof" Acctylation of lysine residues (Kac) is onc of the
most fr ly occurring post lational modifications which controls a vast array of
dm:rv.' cellular functions, Dysregulation of acetylation levels has been assoaab:d with the
log of many di in particular to cancer and vlation have

emerged as interesting targets for drug discovery [2-4]. A«tylauon l:w.'lsmrtvtmblymnm~
tained by a group of enzymes, the histone acetyl-transferases and histone deacctylases that
“write” and "crasc” acctylation marks on hi [5). Acetylation sites in proteins arc specifi-
cally recognized by small helical interaction modules called B domains (BRDs).

The relevant importance of BRDs in drug design is highlighted in recent studies that report
BRD:s as a target site for the development of new cancer drugs [3, 6-9]. Inhibitors that specifi-
cally target the BET (Bromo and Extra Terminal) proteins selectively interfered with gene
expression that mediated cellular growth and evasion of apoptosis in cancer [10-12]. The stud-
ies of these inhibitors have suggested that mlnbmon of BRDs maylnw several potential clini-
cal applications {3, 13]. BET protcins (ubiqui xpressed BRD2, BRD3, BRD4 and testis-
specific BRDT) bclongtodx subfamily IT ofBRDs.shmnga common architecture comprising
two N-terminal BRDs, domain 1 and domain 2, that exhibit high level of sequence conserva-
tion as well as an extra terminal domain and a more divergent C-terminal recruitment domain,

Despite their low sequence identity, all BRDs share a conserved fold comprising a left-
handed bundle of four alpha helices, connected with a characteristic hydrophobic cleft between
two conserved loops [14]. This binding site specifically recognizes € -aminoacetyl groups of
nuclcosamal histone. The first bromodomains of BETs have a preference binding to di-acety-
lated Kac present in histone H4. The binding mode of the acetyl-lysine interaction is highly
conserved comprising an anchoring hydrogen bond to a conserved asparagine residuc present
in most BRDs as well as a water mediated hydrogen bond to a conserved tyrosine residue [13].

BRD¢4 and BRD?2 have crucial roles in cell cycle control [16, 17]. BRD2 and BRD4 remain
bound to mitotic chromatin [18]; this property has been suggested to be important for the
maintenance of epigenctic memory during cell division [19, 20]. Constitutive over-expression
of BRD2 in B-cells of transgenic mice results in the develop of B-cell lymphoma and leu-
kaemia [21]. Gene rearrangements of BRD3 and BRD4 with a testis specific protein called
NUT (Nuclear protein in Testis) have been detected in aggressive carcinoma [22-24]. BRD3
expression is induced i ins activated lymphocy!n and itis htghly expressed in undifferentiated
embryonic stem cclls, wh levels are reduced upon endothelial differentiati
[25]. Down regulated cxpn:smnorloﬁofBRDS has been detected in biopsics of nasopharyn-
geal carcinomas [26] and altered expression levels have been found in bladder cancer [25].

Several mutations in BRDs have been identified in humans and they may play an important
roke in several discases but the functional consequences of the recorded mutations has not been
studied. These variants are nonsynonymous single nucleotide polymorphisms (nsSNPs), single
nudtondcvnmmnsocmmgmﬂxcodmgrcgmmdkadmgwnpulypcpudc sequence
with amino acid substitutions. A number of i ddressed the cffect of nsSNPs
on protein stability, protein-protein interactions and protein funcnons for several other protein
families [27, 28]. Indeed, large-scale computational studies utilizing structural information
indicate that many nsSNPs may affect protcin subilnybyﬂlha increasing or decreasing pro-
tein stability. However, only a detailed lysis can unequivocally reveal the effect
of the missense mutation on protein funmon [29, 30].

Thus, a detailed characterization of BET bromodomain variants found in cancer will be

mytnunllocvulmttthemko(ﬂtﬁc quence alteration affecting b domain function
and potentially resistance to emerging gics. Indeed, recent reports already
PLOS ONE | DOE10.1371/Journal pone 0139180 July 12, 2016 2/20
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identified mechanisms by which cancer cells may evade by BET b d

inhibitors [31, 32]. We thercfore report here the effect of BET bromodomain mutations found
in the cancer patients and annotated in the COSMIC databasc (hitp://cancer sanger.ac.uk/
cosmic) [33] on bromodomain structure, the ability of BET bromodomains to bind acetylated
target sequences as well as inhibitors and the consequences of these jons on the confor-
mational stability of the bromodomain fold.

Results
BET variants in cancer

Mutants that map to BET bromodomains were mined from the COSMIC database (http://
cancer sanger.acuk/cosmic) [33] and were mainly identified BET variants, present in cancer of
the large intestine and lung or in hematopoictic malignancies. Most of the nsSNPS found in
the COSMIC database were present in BRD2, We identified seven mutants in BRD2 in the
sequence spanning both bromodomains (D160N, D160Y, Y153H, E140K, R100L, Q443H,
R419W), onc in the second bromodomain of BRD3 (2) (H395R) and two mutations in the first
and second bromodomain of BRD4 (A89V, A420D) (Fig 1A). Most mutants were located on
the two terminal helices oB and «C, some of them in the proximity of the acetyl-lysine binding
sitc and in the loop regions (c.g, AS9V in BRD4(1) and RI00L in BRD2(1) arc located in the
ZA loop) but no sequence variants were found in the highly sequence diverse «A helices. The
mutated residues present in the oB helix, namely E140K and Y153H in BRD2(1), R419W in
BRD2(2), A420D in BRD4(2), do not alter the conserved sequence motif ¢xxDixx¢dxNxxY
(¢ is 2 hydrophobic residuc) that precedes the conserved argini ial for Kac binding in

oZ ZA-cap Py

Fig1. BET A Y are sh top of
the sequence alignment. Mutated reskiues are highighled in red and studied mutations are listed. The

{2 ) Is highigt In yellow. The dots
mesmmmu;mgmmn1 (mnmm.mm;wmsmnm
are mvolved In PFI-1binding (PDB 1D; 4E36). (B) Location of the mutations. Shown are the trst (left) andg

BRD2. are highighted In ball and stick and the position of CO
atoms are shown as a sphere. The main are abelled,
Gai-10.137 Viounal pone. 0133120 G001
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BET proteins | 14] but the tyrosine residuc Y153, mutated in BRD2(1), is highly conserved in
bromodomains suggesting a role in stabilizing the b domain fold. The residues D160 in
BRD2(1} and H395 in BRD3(2), mutated in D160N, D160Y and H395R, respectively are
located at the C-terminus of the BC loop, a region important for binding of Kac peptides and
inhibitors (Fig | A). The residuc D161, located in the Kac binding region, was also mutated into
DI6IN and D161Y to test the effect of this amino acid replacement in a region important for
acctylated peptides binding. The location of the identificd mutants mapped onto the structures
of the first and second bromodomains is shown in Fig 1B [14]. All the mutations studied
involve surface exposed residues and do not affect conserved amino acids, with the cxception
oIYISJnymun:mudu:pmﬂnalllhucqmmnhgnmmlmﬂlcﬁmdyllBRDs(F:gl)
Hence, the consequences of the ions were not obvious and we dr
pmkmforndlofthcldcnnﬁcdmunmsmgsnedm-dcdmmgmsmdwnﬂahl:bm:
rial expression systems | 14].

Effects of BET mutants on structure

In order to obtain insight on changes in three dimensional structure as well as local interaction
of the mutated sidechains we solved crystal structures of some of the gencrated mutants

(Fig 2). All structures (BRD2(1)R100L, BRD2(1)Y lSJH. BRDZ(I)DI61\' BRD2(2)Q443H,
BRD3(2JH395R) were refined to high resoluti geometry (S1 Tablc).
"The three dimension structure of the mutants was found to be highly conserved showing only
local structural alterations (Fig 2A). In the BRD2(1) mutant R100L the hydrogen bonds with
backbone residucs in helix «A were lost but this did not result in significant structural changes
(Fig 2B). Mutations at BRD2(1) D161 as well as BRD2(2) Q443H (Fig 1) did akso not result in
any significant structural rearrangements in the refined crystal structures (Fig 2C and 2D).

Effects of BET mutants on conformation in solution

The conformation in solution of all mutants was studied spectroscopically using CD and fluo-
mcmu:pmupyﬂxnwuvmspmnofmldtypcbmmdomnsmmdx
spectral contributions of all iducs and was characterized by a strong negative peak
centred at around 280 nm and a positive one around 260 nm, accompanied, for BRD4(1) and
BRD2{2), by fine structure features in the region of 290 nm (Fig 2E-21). Notably, the signifi-
cant differences observed in the near UV CD spectra of all the mutants indicated that their ter-
tiary structure arrangements are different from that of the corresponding wild type proteins, as
also suggested by differences observed in the intrinsic fluorescence spectra (51 Fig). The intrin-
sic fluorescence spectra of most of the variants differed from the corresponding wild type pro-
teins mainly in intensity, which was cither significantly decreased or enhanced. As expected,
based on differences in aromatic residue content, the maximal fluorescence emission wave-
length of BRD2(2) R419W was red shifted with respect to that of the wild type protein (S1C
Fig). These results pointed to local g of tertiary interactions for most of the

BRDs variants in solution.
The far- Wa)sp:cmmmfnllmuumsmdnt:dm differences in secondary structure
content probably duc to diff in dy fluctuation in solution (Fig 3). The 222/208

tllqmaty ratio, which is indicative of interhelical contacts present in helix bundle and coiled
coil stmcmxsascxpccl:dmllucnnmm‘lbmmodnmnm[old differed in the various wild
type b ded t0 0.97,0.98, 1.06, 1.16 and 2.15 in BRD2(1), BRD4(1),
BRD4(2), BRD2(2) and BRDJ(Z). respectively. The 222/208 cllipticity ratio is generally used to
distinguish between coiled coil helices (> 1.0) and non-interacting helices (0.8-0.9) [34, 35].
This ratio was unchanged for all the variants, except for the BRD2(1) mutants Y153H and

PLOS ONE | DOE10.1371/Journal pone 0138180 July 12, 2016 4520
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E140K that show a 222/208 dllipticity ratio bedow 1.0, corresponding to 0,86 and 0.91, respec-
tively (Fig 3A). The decrease in the 222/208 cllipticity ratio observed for these BRD2(1) vari-
ants suggested that a consequence of the amino acid substitutions was a perturbation of
interhelical contacts that resulted in structural differences in solution, despite the fact that
Y153 and E140 arc not involved in any direct interactions with another helix and are solvent
exposed (Fig 1B).

Allin all we conclude that despite the high structural conservation of mutants in crystal
structures the studied bromodomain mutants showed detectable changes of their spectroscopic
propertics in solution suggesting differences in three dimension structures and the dynamic
propertics of these mutants. Proteins are conformationally constrained in crystals and the

PLOS ONE | DOE10.1371/journal pone 0138180 July 12,2010 3/20
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studied bromodomain mutations may thercfore alter domain plasticity and structural proper-
tics that are only apparent in solution.

Effects of BET mutants on acetyl-lysine peptide and inhibitor binding
Some of the BET mutants ldmnﬁcd in cancer, are located in close pmxlmty to the wnyl

lysine binding sitc and we were th d whether these d the
abl.lnyofﬂtcbmmodom‘mtnbmdwttyht:dhmmpqmdcuswdluu‘l’mh;hmﬁ
ddress the first question we used biolayer interference (BLI), a technology that measures dif-

farnc:shncﬁxﬁwindcxinasinﬁhrmynthtwiddyund surface plasmon resonance tech-
nology, and a library of biotin labelled acetylated histone peptides. Using this peptide library
we measured the BLI response at 20 uM protcin concentration on tips with immobilized acety-
lated and non-acetylated control peptides (Fig 4A). As expected, the first bromodomain of
BRD2(1) mmct:d strongly with polyamyhtcd peptides of histone H4 [14]. This interaction
was weak ion in a region i for binding of Kac peptides (Fig | A), such as
D161 (Fig 4A). Second bromodomains in B!-.Ts show much wcnkn mzmction with histones
and other nuclear proteins that have been discussed as potential targets [26]. Indeed, we con-
firmed these reports and found only weak interaction with histones peptides that were present
in our peptide library for BRD3(2) (Flg 44).

Forstudymgdtccﬁcmnfdu on binding of BET inhibitors, we used two struc-
turally diverse panBET i the thienodiazepine JQ1 [11] as well as the quinazolinone
PFI-1[14, 37, 38]. Binding of JQ1 was only modestly affected by all mutations (52 Tablc and
Fig 41)). Notably, the K, for JQ1 was slightly increased for A420D, DI6IN and Y153H and
slightly decreased for all the other variants. A different trend is observed for PFI-1: in this case
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the K was slightly decreased for D161Y and A420D and was increased for all the other vari-
ants. The largest differences were observed for mutants of BRD3(2). H395R mutant and wild
type protein with both the inhibitors JQ1 and PFI-1; this variant showed a 3-fold lower K, for
JQ1 and about 9-fold higher K. for PFI-1(Fig 4E). Comparison with the crystal structure of
wild type BRD3(2) with JQ1 and the structure of BRD3(2) H395R suggested that the arginine
residuc introduced by this mutant may form a more favourable hydrogen bond with the car-
bonyl oxygen of the ester link (Fig 4B and 4C). All titration experiments are compiled in 52
Table,
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Tm(c) A6"° (keatimon) mgcovmovw) | [Ureahaw)

CD ([O) Fluorescence €D ([O)z22) Fluorescence €D ([9)zz2) Flucrescence
. U]
Widtype | 348 | 12882053 12.5140.99 2404017 2232047 330 379
Y1534 478 | 639:034 7.00 £0.61 1.434008 1.00£0.13 430 473
E140K 440 9.40£0.70 8.3820.03 2.101£0.16 1854014 435 404
R100L 45.0 7.064087 | AGi=820AG;=10.10 | 1462016 | m =3.162000mz=1.59240.14 542 2474£00333320.02
D16ON 49.0 878+0.70 10.58+082 2.0320.16 2322019 432 420
D16oY 45.0 8.80£0955 8712058 1824012 18040.12 483 4E3
D161IN 53.3 10.07 £0.51 5892008 21112033 2092018 5.07 9.31
DI161Y 200 | 3504036 8252047 1.714£0.00 1402008 353 3.03
BRDA(1)
Wik type 329 882045 11.394097 1.274007 1564013 696 732
ABSV 530 | 981+049 10.0040.83 1.4040.07 1362012 ©.70 080
)
W_Je 33.0 7.97+£033 ©6.60£0.39 1.0020.10 1.36£008 3.29 4.80
04434 50.0 8.80 2047 828 £0.40 1.774 009 1772009 5.01 408
R419W 43.0 7.89+£042 0.00£0.30 1724009 1182007 403 3.10
BROND)
V_ﬂm 31.0 7.144£0063 0.0820.02 1412012 1312011 3.00 444
H399R 490 | 9.47:003 7.80£0.90 2021014 1804013 453 4.10
BRDX2)
Wik type 4.0 8.00+047 4722023 1591008 0.50£0.09 343 4.90
A4200 510 | 3.1040459 5.03£0.53 1.7340.09 1874010 5.20 345
he nges were y g lipticity at 222 nm. The Tm values were calculated by taking the first derivative of the

m-m-mmmpeun U at 10°C in 20 mM Tris/HCA, pH 7.5, contaning 0.2

umammwmwmmgmnzzznmpmlmmmmmad‘. and m values were oblained from Eq 3;
[Ureajs « was calculated from Eq 2. Intrinsic fluarescencs emission data of BRD2{1) R100L were fitted to £q 5. Data are reporied as the mean £ SE of the fit.
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Effects of BET mutants on BRD stability
The thermal and thermodynamic stability of the wild type BRD2(1), BRD4(1) BRD2(2), BRD4
(2) and BRD3(2) were compared with the g d BET variants ( Table 1).

It is noteworthy that all the natural variants studicd, with the exception of BRD4(1) AS9V,
showed a si t decrease in the melting temperature (Tm) ranging from 1.3°C for BRD2
u)memmlwcfoxsmz(l)smx.mmmpmdmhcwqucpmmmma
mal stability of BRDs wild type and vari ly monitoring the
cﬂphuqdung:sﬂZZanbcmmmandmtTh:obsavdthﬂmdufoldmgmcmdm
an app two-state cooperative transition for all BRDs wild type and variants (52 and 53
Figs). The midpoint of the unfolding, Tm, was calculated by plotting the first derivative of the
molar ellipticity at 222 nm, where the main amplitude was obscrved, as a function of tempera-
ture (S2A and 528 Fig, inset; S3A-S3C Fig, insct). It is noteworthy that for all the BRDs vari-
ants, with the exception of BRD2(2) variants, the amplitudes of the cllipticity changes at 222
nm, ic. the difference between the cllipticity measured at the end (80°C) and that at the begin-
ning (20°C) of the thermal transition, were different from those measured for the wild type
(52C. 52D and $3D-S3F Figs). In particular, the amplitude of the cllipticity changes at 222 nm
increased for all BRD2(1) variants, with the exception of DI6IN (52C Fig), ranging from

PLOS ONE | DOE10.1371/Journal pone 0138180 July 12, 2016
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1.3-fold for E140K, R100L, and D161Y, to 1.4-fold for DI60N and D160Y and to 1.5-fold for
Y1353H. For the variants BRD3(2) H395R and BRD4(2) A420D a 1.6 and 1.2-fold increase of
thermal transition amplitude is observed. These results point to a larger extent of loss of sec-
ondary structure upon thermal unfolding when compared to the wild type protein.

The lower Tm values and the higher loss of secondary structure dements upon thermal
unfolding suggest that the point ions induce a remarkable destabilization of the native
state of BRDs. The temperature-induced ellipticity changes for all BRDs wild type and mutants
were coincident with the heat-induced i mcrcast of the photomultiplier tube voltage (data not

shown) suggesting that the temp folding is accompanied by protein aggrega-
tion [39]. Ammnoccmddsowbmthumalsammpﬂfomcdnnhmbrmng
rate with a low-temp shifts of the app Tm; the differences between the apparent

Tm of wild type and variants were the same as those measured at higher heating rate (data not
shown). The observed transitions were irreversible as indicated by the spectra measured at the
end of the cooling phase that differ from those of the native proteins measured at the beginning
of the thermal transitions (data not shown).

The thermodynamic stability was studied by urca-induced equilibrium unfolding. BRD2(1),
BRD4(1) BRD2(2), BRD4(2) and BRD3(2) wild type and variants reversibly unfold in urea at
10°C. The effect of increasing urca concentrations (0-8 M) on the structure of BRDs variants
was analyzed by far-UV CD (S4A. S4B and S3A-S5C Figs) and fluorescence spectroscopy
(S4C. 54D and 55D-55F Figs) and compared to the effect excrted on the corresponding wild
type. The same samples used to monitor the far-UV CD changes during the unfolding transi-
tion were used to monitor fluorescence emission changes, to allow a direct comparison of the
data. The ml~u|duadchangtsm222 nm dhpmtyof:ll the BRDs wild type and mutants

showed a sigmoidal d ¢ on d nc ion and follow an apparent two-
state transition ulhwl any detectable mlcrmcdm:(b«h\ 548 and S5A-55C Figs). lncubatmn
of BRDs wild type and variants at increasing urca conc lted ina p

change of the intrinsic fluorescence emission intensity and a red- shift of the maximal emission
wavelength from 345 nm, in the absence of denaturant, to about 366 nm, in 8 M urea (data not
shown). Dctnmxmnonof!hcr:d ihlﬁofthcmmnsxﬂxmsccnccanumwobmndby
calculating the intensity wavelength 4.ntmcr¢umgum concentration
(S4C, $4D, S4A, S4B and S5D-S5F Figs). This pa isan | negligibly
mﬂmcdbydknmx.mdrdktuchmgcsmboththuhnpcmdduposmmoﬁhumm

spectrum. The urea- mdnmidunpm; nfalllhemuumsmnmﬂnrtothalofthcvnldtypt

proteins, show a sigmoidal dence on urea ¢ ion and follow an apparent two-
mumnmmwllnutmyd:mablc mlcrmcdme except for the variant of BRD2(1) R100L.
The th dynamic btained from the analysis of the far-UV CD and fluores-

cence changes transitions are npunnmeablc 1. The difference between the free encrgy of
urea-induced unfolding, AG™,”, of the variants and that of the wild type indicates a decreasc in
thermodynamic stability of 2-6 kcal/mol for BRD2(1) variants and an increase of about 2 keal/
meol for BRD3(2) mutant H395R. A minor increasc in AG";” (about | keal/mol) was obscrved
for all the other BRDs variants (Table 1). The decrease in AG values measured monitoring the
far-UV CD changes of the BRD2(1) variants Y153H, R100L, D160Y and D161Y may be mainly
referred to the lower m values, with respect to the wild type proteins. An increase in both AG
and m values was observed only for the BRD3(2) mutant H395R. The changes in m valucs may
indicate differences in the solvent exposed surface area upon unfolding b the

and the wild type: dcauxmmvalutsuwullymfmrdloadear&mdnuﬂ\!m—apokd
surface arca upon unfolding. This is frequently ascribed to an increasc in the compactness of
the residual structure in the non-native state ensemble, rather than to an increase of the
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accessible surface arca of the native state [40-42]. A decrease in m value upon single mutation
has been also referred, in some cases, to the population of a third i diate state during
chemical unfolding [43]; this is the case for R100L unfolding where an intermediate has been
detected by monitoring the fluorescence changes (S4C Fig, inset). In 8.0 M urea, the cllipticity
at 222 nm and the maximal fluorescence emission wavelength of the BRDs variants are compa-
rable to those of the corresponding wild type proteins (data not shown) and did not indicate
any increase in the structure of the non-native state to support the large decrease in m value
observed for the BRD2(1) variants Y153H, R100L, D160Y and D161Y. In native conditions,
the spectral propertics of most of the variants point to tertiary structure arrangements different
from thosc of the wild type and, for BRD2(1) EI40K and Y153H variants (Fig 2), the 222/208
nm ratio < 1.0 (Fig ‘.—\)n'uysuggm a less compact native state.

The values of the th btained from far-UV CD were comparable
lothosukmmuudfmmﬂuomnc:danfonﬂth:ﬂkbsmldlypc with the exception for
BRD4(1) and BRD4(2) (Table 1); a non-coincidence of the thermodynamic parameters
obtained by the two spectroscapic probes was also observed for the BRD2(2) variant R419W
(Table 1). The lack of coincidence of the thermodynamic parameters determined using differ-
ent spectral probes is gencrally considered as an indication that the unfolding does not follow a
simple two-state process and suggests the presence of an undetected intermediate in the
unfolding pathway. However, the m values obtained from the analysis of the far-UV €D and
fluorescence unfolding transitions were within the range of those expected for a monomeric
protein of about 115 amino acid residues denatured in urea [44]. Indeed, the presence of a fold-
ing intermediate was evident for the BRD2(1) R100L whose reversible urca unfolding transi-
tion monitored by the changes in fluorescence intensity averaged emission wavelength 7 (S4C
Elg, insct) was fitted as a three-state unfolding process, according to Eq 5 (Table 1).

Discussion

Bromodomains (BRDs) dysfunction has been linked to the develop of several di [4].
In these regards, BRDs have recently emerged as interesting targets for the development of spe-
cific protein interaction inhibitors [3]. The object of this study were three of the four BET pro-
teins BRD2, BRD3 and BRD4 and to our knowledge, this is the first spectroscopic
characterization in solution of human BRDs variants found in cancer. Wild type and variants
of BRD2(1), BRD4(1), BRD2(2), BRD3(2) and BRD4(2), were studied in order to investigate
the effect of amino acid substitutions on their structure in solution and on their thermal and
thermodynamic stability and interactions with peptides and inhibitors (Figs 1 and 2, 56 Fig).
The structures of some of the variants that showed the most significant changes in inhibitor
binding were determined by X-ray crystallography (Fig 2).

The s single amino acid substitutions significantly affect the tertiary interactions of most of
the BRDs variants studicd, as indicated by the differences in their near UV CD fine structure
and/or in the cllipticity amplitude, when compared to the comspondngmld type protcins.
Duc to the usually surface exposed location of the d quences of the
mmmonsm:r:m&mm,hnmnmtddumaudmhtmmmmﬂk&vmb
involve changes in the charge of solvent exposed residucs, that may alter protein stability.
Notably, the amino acid substitutions in most of the variants suggest an increase in side chain
flexibility for the mutated residue [45] that may be responsible for local changes in protein
dynamics. The changes in tertiary arrangements of most of the variants were also evident from
their intrinsic ﬂuomcm spectra that showed differences in rlative intensity and/or in the
maximum length. Only the ion of Ala89 to Val did not significantly affect
tbcknnlyoonMsofBRDl(l) u;udg«ll'ryacompmson of its spectral propertics and of its
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stability with those of the wild type. A loosening of the native tertiary structure was suggested
also by the changes in the far UV CD spectra of some BRDs variants, particularly those of
BRD2(1) Y153H and EIOK for which the 222/208 ellipticity ratio below 1.0 points to a weak-
ening of the interhelical contacts [34, 35]. Consequently the thermal and thermodynamic sta-
bility of these two variants were significantly decreased, as expected from the role of the
conserved Y153 residuc, located at the end of the B helix, in stabilizing the bromodomain fold
[14]. On the other hand, the substitution of the negatively charged glutamate with a positively
charged lysine may induce local perturbations responsible for the observed destabilization,
despite the lack of interaction of the solvent exposed side chain of E140 in the crystal structure
of the wild type protein.

The thermal and thermodynamic stability of the BRD2(1) variants Y153H, E140K, R100L,
DI60N, D160Y and D161Y were remarkably lower than the corresponding wild type: the Tm
values were at least 5 degrees below that of the wild type and the AG values are more than 3
keal/mol lower than those of the wild type proteins (52 Table). Amino acid substitutions in
BRD2(1) variants involved changes in the charge of solvent exposed residues which would be
expected to have a significant impact on protein stability. In general, the naturally occurring
point jons in BRD2(1) variants induced a rkabl dcsubilmuonof the native state,
as suggested by the significant loss of secondary structure cl upon thermal unfoldi
and by the decrease in Tm and/or in AG valuces, ¢.g in the mutant of the conserved Y153. How-
cver, for the other BRDs variants, differently from what observed for those of BRD2(1), the per-
turbation of tertiary contacts were not always accompanicd by changes in both thermal and
thermodynamic stability, The 8°C decrease in thermal stability of BRD2(2) R419W variant was
not parallcled by a drop of its thermodynamic stability d by urea induced-unfolding.
Mutation of a charged arginine residue, solvent exposed, into an aromatic and more flexible
tryptophan [45] may induce tertiary changes and lead to a protein with different hydrophobic
interactions and, probably, more prone to thermal denaturation. On the other hand, for the
BRD3(2) variant H395R the Tm is 2.6°C lower than that of the wild type, whereas the unfold-
ing AG is even higher than that of the wild type, due to the higher m value of this variant
(Table 1). Interestingly, both the variants BRD2(2) R419W and BRD3(2) H395R displayed sig-
nificant differences in the overall far-UV CD dllipticity and in the tertiary arrangements, as
indicated by the difference of their intrinsic fluorescence emission and near UV CD spectra
with respect to the wild type, despite the fact that interhelical contacts in these variants were
unaffected by the mutation, as sugcsu\‘l I:y tbc 222/208 cllipticity ratio similar to that of the
wild type. In conclusion, the I i mBRDs.anscdbynsSVPsmd
found in cancer result in proteins with sgmﬁcamly altered physico-chemical propertics, such
as alteration of native tertiary contacts, loosening of the interhclical contacts or changes in
thermal and/or thermody stability [46]. In conclusion, despite the high structural conser-
vation in crystal structures, the BRDs variants showed differences in spectral properties in solu-
tion that may suggest local structural changes and modifications of their dynamic propertics.

The binding studics revealed that the BRD2(1) variants, namely Y153H, D161Y and DI16IN
and BRD3(2) H395R showed significant differences compared to the wild-type proteins. The
observed differences in inhibitor binding (52 Table) may be referred to the fact that the
mutated residucs arc located in close proximity of the BC loop, a region important for binding
of Kac peptides and inhibitors (Fig | A). Also the interactions with the acetylated histones pep-
tides of H2A, H2B, H3 and H4, although preserved, showed some differences indicating that
the mutations affect the binding interactions with the natural substrates. Interestingly, the
superimposition of the X-ray structures of some of the variants with those of the wild type,
revealed that the mutations did not cause overall misfolding of the structure (Figs 2 and 4).
Minor structural changes were observed in BRD3(2) H395R where the amino acid substitution
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resulted in a new hydrogen bond and affect interactions in the ligand binding site, as indicated
by the different inhibitor binding affinity. Notably the rkable changes in the interactions
with histone recognition sequences and u:lnbnon. ¢.g in the H395 mutant, were not accompa-
nied by significant changes in the thermal and or thermodynamic stability of this variant (Fig 4
and 53 Tablc). A close relationship between the stability and the inhibitor binding data can be
established only for Y153H which showed the largest differences in stability accompanied by a
significant decrease in binding affinity for JQ1 and PFI-1.

Taken altogether, our results indicate that the mutants of BRDs found in cancer tissucs did
not alter significantly the overall folding. However, the significant alteration of the tertiary con-
tacts observed in solution and the notable decrease in protcin stability suggested an increasc in
conformational flexibility. All the mutated residues were solvent exposed, therefore they are
not supposed to alter the global folding; however, a mutation of a residuc on the surface may
result in new and unknown interactions, thus the variants may acquire a new pattern of inter-
actions and establish a novel and alternative network of protein-protein interconnection [47,
48]. This may be particularly important in BRDs that are physiologically embedded in multi-
domain proteins and multi-subunit complexes.

Apart from PFI-1 binding to BRD3(2) H395R, the studied mutations are still inhibited by
two diverse BET inhibitors and it is therefore not expected that the studied mutants will lead to

drug resistance.
The results obtained from the study on BRDs nsSNPS may raisc additional questions since
BRDs are involved in the activation of oncog ion and most of the variants are less

stable than the wild type, d\mﬂ\cvamnunughlbtmdlobtlcss‘dddm Consider-
ing the pivotal rolc of BET protceins in the regulation of the transcription of growth-promeoting
genes and cell cycle regulators, the phenotypic perturbations of BRDs variants may potentially
lndtooncogm:actmuonthusslguﬁcmﬂynﬂ'mdxmm&vdopmcm[ﬂ

Materials and Methods

Plasmids and site-directed mutagenesis

The plasmids harboring the BRDs wild type genes [ 14] were used to obtain mutant enzymes,
Tlxmldtypcphsmndswrrc ub;madtunl:-dxmdmmg:ncmunng()uldtdungesm
directed Mutag Kit (S ), combined with specific sense and antisense mutagenic
oligonucleotides as shown in 54 “Table. The presence of the desired mutations and the absence
of unwanted additional mutations were confirmed by inserts sequencing.

Protein expression and purification

Wild type and mutant proteins were expressed in E.coli. Rosctta cells transformed with the
selected plasmids were grown at 37°C in LB medium with Kan antibiotic to an OD5,; = 0.6.
Upon reached desired OD temperature was lowered up to 18°C, cultures were grown overnight
after induction with 0.5 mM isopropyl-f-D-thiogalactopyranoside. Protein purification was
carried out at 4°C modifying the protocol indicated by Filippakopoulos et al. [11]. Cells from
anc liter culture were collected by centrifugation, re-suspended in 50 ml of buffer A (50 mM
HEPES, pH 7.5, 0.5 M NaCl, 5% Glycerol and 0.5 mM tris(2-carboxyethyl)phosphine-HCl
(TCEP) containing a cocktail of EDTA-free protease inhibitors (Roche), sonicated in a Vibra-
cell 75115 sonicator with 5 5 boosts and 9 s pause, on ice. The sonicated cells were centrifuged
and the supernatant, after an additional centrifugation at 15000 rpm, was applied to a 5 mi pre-
packed His Trap column (GE Healthcare) equilibrated in buffer A. The His- tagged fusion pro-
tein was cluted with 0.25 M imidazole in buffer A. The cluted protcin was concentrated toa
final volume of 2.5 ml on an Amicon concentrator Ultra-15 (Millipore) and then applicd to a
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PD-10 pre-packed column (GE Healthcare) to remove imidazole. The protein in buffer A was
cleaved by recombinant His-tagged tobaccndch virus (TEV) protease (kindly provided by
SK), overnight at 4°C. The digested g TEV p the His-tag and the
cleaved protein was applied toa5ml pre-| padwd His Trap column (GE Healthcare) previously
cquilibrated in buffer A. The flow through containing the protein without His-tag was col-
lected, and checked for purity and size by SDS-PAGE on a pre-casted NuPage 4-12% bis-Tris
polyacrylamide gel (Invitrogen) (57 and S8 Figs). Gels were stained with Coomassic blue R-
250. The protein without His-tag was uscd for all structural and stability experiments. The
mutant and wild type enzy biai pproximately 70 mg from one liter culture. Pro-
tein quantification was determined w:ordmg 0 OD 4 measurement using respective molar
extinction coefficients € of cach protein, calculated according to Gill and Hippel [49].

Spectroscopic measurements

For intrinsic fluorescence emissi the absorbance of the protcin solutions at
280 nm was 0.10 AU, comspondmg to a protein concentration ranging over 50.0-100 pg/mlL
Intrinsic fluorescence were carried out at 10°C with a LS50B spectro-

fluorimeter (Perkin-Elmer) using a 1.0 cm path length quartz cuvette. Fluorescence emission
spectra were recorded from 300 to 450 nm (1 nm sampling interval), with the excitation wave-
length sct at 295 nm. For far-UV (190-250 nm) CD spectra, the absorbance of the protein solu-
tions at 280 nm was 0.18 AU, corresponding to a protein concentration ranging over 100~

190 ug/ml (0.4 mM DTT, 0.1 cm path kength quartz cuvette) or 0.10 AU, corresponding to a
protein concentration ranging over 50.0-100 pg/ml. (0.2 mM DTT, 0.2 cm path length quartz
cuvette). For near-UV (.50—320 nm) CD spectra, the absorbmc: of the protein solutions at
280 nm was 2.2 AU, corresp 1g to a protein conc nging over 1.25-2.28 mg/mL
(20 mM DTT, lOcmpuhl:ugthqmnzcuwm) “The results obtained from CD measure-
ments were expressed as the mean residuc cllipticity ([©]), assuming a mean residue molecular
mass of 110 per amino acid residue. All spectroscopic measurements were carried out at 10°C
in 20 mM Tris-HCl pH 7.5 containing 0.20 M Nacl.

Urea-induced equilibrium unfolding

For equilibrium transition studies, BRDs wild type and variants (final conc

over 50.0-100 pg/ml) were incubated at 10°C at mcruswgmmmlnbonso(um(o-BM) in
20 mM Tris/HCl, pH 7.3, in the presence of 0.2 M NaCl and 200 uM DTT. After 10 min, equi-
librium was reached and intrinsic fluorescence emission and far-UV CD spectra (0.2-cm
cuvette) were recorded in parallel at 10°C. To test the reversibility of the unfolding, BRDs wild
type and variants werc unfolded at 10°C in 7.5 M urea at protein concentration ranging over
0.5-1.0 mg/ml in 20 mM Tris/HCl, pH 7.5, in the presence of 2 mM DTT and 0.2 M NaCl
After 10 min, refolding was started by 10-fold dilution of the unfolding mixture at 10°C into
solutions of the same buffer used for unfolding containing decreasing urca concentrations. The
final protein concentration ranged over 50.0-100 pg/mL. After 24 h, intrinsic ﬂuonsccncc

emission and far-UV CD spectra were ded at 10°C. Alld oxp were
performed in triplicate.
Themal denaturation experiments

BRDs variants and wild type (protein concentration ranging over 0.10-0.20 mg/ml) were
heated from 20°C to 80°C in 2 0.1 cm quartz cuvette with a heating rate of | degree x min™
lled by a Jasco progr ble Pelticr cl The dichroic activity at 222 nm and the

PMTV were continuously monitored in parallel every 0.5°C [35]. All the thermal scans were
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corrected for the solvent contribution at the different t Melting temp (Tm)
v-ahmw:r:cahllaudbyuhngthcﬁmdawmwofmcdhpmtynmnmmthuqxdlo
temperature. All denaturation experiments were performed in triplicate.

Bio-layer Interferometry

In Bio-layer lntnfcmmmy (BLI) experiment the affinity between histones acetylated peptides
and the p was d. The proteins (20 uM) were dialyzed against the assay buffer
(25 mM Hepes pH 7.5, 100 mM Nacl and 0.01% TWEEN). The biotinylated acetylated pep-
tides of the H2A, H2B, H3 and H4 histones were immobilized onto strepdavidin biosensor
(ForteBio). All binding experiments were conducted at 25°C using an OctetRed 384 instrument
(ForteBio). Common cycles steps for analysis included 120 s of biosensor bascline equilibration
step, associations in wells containing the free label protein for 240 s, and dissociations in buffer
wells for 240 s. Reference subtraction was performed with the ForteBio data analysis software
to subtract the cffect of bascline drift and the effect of nonspecific binding to biosensor tips
without immobilized peptides.

Data analysis

Far-UV CD spectra recorded as a function of urea conc were analyzed by a singul.
value decomposition algorithm (SVD) using the software MATLAB (Math-Works, South
cht. MA)lon:nxmthehlghﬁ'cqumcynoscmdﬂnlowfrequmcynudommorsand
the number of ind in any given sct of spectra. CD spectra in

the 213- ZSOnmn:gwnwmph«dmanmnguhrmmxAdncolmm once column for
cach spectrum collected at cach time. The A matrix is decomposed by SVD into the product of
three matrices: A = U'S" V', where Uand V are orthogonal matrices and § is a diagonal matrix.
The U matrix columns contain the basis spectra and the V matrix columns contain the urea
dependence of cach basis spectrum. Both Uand V columns are arranged in terms of decreasing
order of the relative weight of information, as indicated by the magnitude of the singular values
in S The diagonal S matrix contains the singular values that quantify the relative importance of
cach vector in U and V. The signal-to-noise ratio is very high in the cariest columns of U and
V whik the random noisc is mainly accumulated in the latest Uand V columns. The wave-
length averaged spectral changes induced by increasing denaturant concentrations are repre-
smlcdbylhtcohmnso(mmxv.hmce the plot of the columans of V versus the denaturant
about the observed transition.

'I1u:dnngesm trinsic fluorescence emissi sp«tnnmcrtasmgurca:oncenmms
were quantificd as the intensi aged emi length, 2, [30] calculated according to

i=Y i)y m
where &, and I, arc the cmissi velength and its corresponding fluorescence intensity at that
wavelength, respectively. This quantity is an integral gligibly influenced by
the noise, which reflects changes in the shape and position of the emission spectrum.

Urea-induced equilibrium unfolding transitions monitored by far-UV CD ellipticity and
intrinsic fluorescence emission changes were analysed by fitting bascline and transition region
data to a two-state lincar extrapolation model [51] according to

AG iy = AG™® 5 mi{Urea] = — RTINK sy (2)

where AG _suiing is the free encrgy change for unfolding for a given denaturant concentration,
AG™.® the free encrgy change for unfolding in the absence of denaturant and m a slope term
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which quantifics the change in AGuufuang per unit concentration of denaturant, R the gas con-
stant, T the temperature and Kunfolawg the equilibrium constant for unfolding. The model
expresses the signal as a function of denaturant concentration:

Yt X, + (v + 501X+ expl(—AG™° — m[X],)/RT|
= AP wx ]

l+cxp[ = i

where y, is the observed signal. y,, and y,, are the bascline intercepts for unfolded and native
protein, 5, and s, are the bascline slopes for the unfolded and native protcein, [X], the denatur-
ant concentration after the ith addition, AG™.” the extrapolated free energy of unfolding in the
absence of denaturant, m the slope of 8 AG,ui4ung Versus [X] plot. The denaturant concentra-
tion at the midpoint of the transition, [Urcal, 5, according to Eq 2, is calculated as:

[Ureal,, = AG™®/m 4)

b4 (3)

The d: ion curve obtained by plotting the fluorescence changes of the BRD2(1) vari-
ant R100L induced by increasing urca concentrations was fitted to the following equation
assuming a three-state model:

- F, + exp{m, \E—:r‘n';) o (F, + Feexp(m, I'E—x;ﬁ"))

~ 1 "ap(mnxu_‘:“) o(l+ “P("'L'rx‘-%‘))

(3)

where Fis 2, calculated according to Eq 1, m is a constant that is proportional to the increase in
solvent-accessible surface arca between the two states involved in the transition, D50,  and
iy are the midpoint and m value for the transition between N and I, respectively, and D30,
and my,.; arc the midpoint and m value for the transition between I and U, respectively [52].
The /. of the intermediate state (I), F,, is constant whereas that of the folded state (N) and of
the unfolded state (U), F and Fu, respectively, has a lincar dependence on denaturant concen-
tration

F, = ay + by[urea| (6)

Fy = a, + by|urea| ™

where a,, and a,, are the bascline intercepts for N and U, by, and by, are the bascline slopes for
Nand U, respectively. All unfolding transition data were fitted by using Graphpad Prism 5.04.

Isothermal Titration Calorimetry

Isothermal titration calorimetry (ITC) experiments were performed at 20°C using a MicroCal
VP-ITC calorimeter. BRDs proteins were extensively dialyzed with an Amicon Ultrafiltration
device against the assay buffer (50 mM Hepes, pH 7.5, 100 mM NaCl, 0.5 mM TCEP). The
assay buffer was also used to dilute the inhibitors 50 mM DMSO stock solutions to the experi-
ment final concentration (15 uM). In all the experiments the inhibitors JQI or PFI-1 were
placed in the sample cell under continuous stirring while the protein solution (ranging concen-
tration between 200 and 250 pM) was loaded into the syringe injector. The titrations curves
implicd 30 injections of 6 pL at 180 s intervals. The thermodynamic data were processed with
Origin 7.0 software provided by MicroCal.
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Protein crystallization and structure determination

Aliquots of the purified proteins were set up for crystallization using a mosquito” crystallization
robot (TTP Labtech). Coarsc screens were typically setup onto Greiner 3-well plates using three
different drop ratios of precipitant to protein per condition (100+50 nL, 75+75 nl and 50+ 100
nL). All crystallizations were carried out using the sitting drop vapour diffusion method at 4°C
and were crystallized as described [14]. Crystals were cryo-protected using the well solution sup-
plemented with additional ethylene glycol and were flash frozen in liquid nitrogen. Data were
collected at di d beamline 104 at a wavelength of 10121 A. Indexing and integration was
carried out using MOSFLM [33] and scaling was performed with SCALA [54]. Initial phases
were calculated by molecular replacement with PHASER [55] using available structures of wild
type proteins | 14]. Initial models were built by ARP/wARP [36] and building was completed
manually with COOT [57). Refinement was carried out in REFMACS [58]. Thermal motions
were analyzed using TLSMD [59] and hydrogen atoms were included in late refinement cycles.

Supporting Information

$1 Fig. Intrinsic fluorescence emission spectra of wild type bromodomains and mutants.
Intrinsic fluorescence emission spectra were recorded at 20°C in 20 mM Tris/HC, pH 7.5 contain-
ing 0.20 M NaCl and 200 uM DTT (295 nm cxcitation excitation wavelength) as described in
Materials and Mcthods. The absorbance at 280 nm was 0.10 AU for all the protein solutions. Wild
type spectra are shown as black solid lines and mutants are coloured as indicated in the figure.
(T1F)

$2 Fig. Thermal unfolding transition of BRD2(1) and BRD4(1) wild type and variants
studicd by CD spectroscopy. Wild type and variants were heated from 20°C to 80°C ina
0.1-cm quartz cuvettc at 0.2 mg/ml in 20 mM Tris/HCI, pH 7.5 containing 0.20 M NaCl and
0.40 mM DTT and the molar ellipticity at 222 nm ([0,,]) was monitored continuously every
0.5°C. Normalized [©...] of BRD2(1) (A), BRD4 (1) (B); the insets show the first derivative of
the same data as in (A) and in (B). (C) and (D) [©,..] before normalization.

(TIF)

§3 Fig. Thermal unfolding transition of BRD2(2), BRD3(2) and BRD4(2) wild type and vari-
ants studicd by CD spectroscopy. Wild type and variants were heated from 20°C to 80°C ina
0.1-cm quartz cuvette at 0.2 mg/ml in 20 mM Tris/HCL, pH 7.5 containing 0.20 M NaCl and 0.40
mM DTT and the molar cllipticity at 222 nm ([©...]) was monitored continuously every 0.5°C.
Normalized [0,.,] of BRD2(2) (A), BRD3 (2) (B), BRD4(2) (C); the inscts show the first deriva-
tive of the same data asin (A), (B) and in (C). (D), (E) and (F) [©.,] before normalization.

(TIF)

$4 Fig. Urca-induced cquilibrium unfolding of BRD2(1) and BRD4(1) wild type and vari-
ants. (A) and (B) Normalized molar cllipticity at 222 nm ([©]...) reported after removal of the
hlﬂi fnqumcynms: and the low-frequency random error by SVIX (C) and (D) Nonmhud

d emission length (2). The conti lines rep thc fitting
ofﬂlcmnnalmcdnmhrdlphcmuatZZanmduﬁhc lized i y-avi d cmis-
sion wavelength data to Eq 3, at increasing denaturant concentrations, calculated as described in
Matcerials and Mcthods. The inset in (C) shows the three-state unfolding of BRD2(1) R100L var-
iant fitted according to £q 5. The reversibility points (empty circles) are shown, for clarity, only
for the wild type and for R100L and were not included in the nonlincar regression analysis. All
the spectra were recorded at 10°C as described in Materials and Mcthods.
(TIF)
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§5 Fig. Urca-induccd cquilibrium unfolding of BRD2(2), BRD3(2) and BRD4(2) wild type
and variants. (A), (B) and (C) Normalized molar cllipticity at 222 nm ([©)].2:) reported after
removal of the high-frequency noisc and the low-frequency random error by SVD; (D), (E)
and (F) normalized intensity-averaged emissi length (7). The conti lines repre-
sent the nonlinear fitting of the lized molar cllipticitics at 222 nm and of the normalized
intensity-averaged emission wavelength data to Eq 3, at increasing denaturant concentrations,
calculated as described in Materials and Methods. The reversibility points (empty circles) are
shown, for clarity, only for the wild type and were not included in the nonlinear regression
analysis. All the spectra were recorded at 10°C as described in Materials and Methods.

(TIF)

§6 Fig. Details of the envi of resid iants in BRD2. Shown is a structural over-
view (top left) and details of interactions with neighbouring residues within a radius of 6 A.
The mutated residues are shown in ball and stick representation and main structural ckements
are labeled.

(PDF)

S7 Fig. SDS-PAGE analysis of BRD2(1) and BRD4(1) wild type and variants. Lanc 1, protcin
molecular mass markers; lane 2, wild type protein with His-tag; lane 3, wild type protein after
overnight treatment with TEV protease; lanc 4, purified wild type protein without His-tag. (A)
BRD2(1) lanc 5-11, purificd variants without His-tag (15 kDa); (B) BRD4(1) lanc 5, purificd vari-
ant without His-tag (15 kDa). All the proteins were cleaved by TEV protease overnight at 4°C
and purified on a His Trap column. The flow through containing the purified proteins without
His-tag was collected and analyzed by SDS-PAGE. Gels were stained with Coomassic blue R-250.
(PDF)

S8 Fig. SDS-PAGE analysis of BRD2(2), BRD3(2) and BRD4(2) wild type and variants, Lanc
1, protein molecular mass markers; lane 2, wild type protein with His-tag; lane 3, wild type pro-
tein after overnight treatment with TEV protease; lanc 4, purified wild type protein without His-
tag. (A) BRD2(2) lanc 5 and 6, purificd variants without His-tag (13 kDa); (B) BRD3(2) lanc 5,
purificd variant without His-tag (13 kDa); (C) BRD4(2) lanc 5, purificd variant without His-tag
(15 kDa). All the proteins were cleaved by TEV proteasc overnight at 4°C and purificd on a His
Trap column. The flow through containing the purified proteins without His-tag was collected
and analyzed by SDS-PAGE. Gels were stained with Coomassic blue R-250.

(PDF)

§1 Table. Data collection and refi isti
(PDF)

$2 Table. Dissociati and th dynamic p from isothermal titration
calorimetry assays. In all cases proteins were titrated into the ligand solution (reverse titra-
tion).

(PDF)

$3 Table. Structural location and diffcrence in melting temperature and in free encrgy of
urca-induced unfolding of BRDs wild type and mutants.

(PDF)

$4 Table. List of oligonuclcotides used for site-directed mutagenesi
(PDF)
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S1Table. Data coll and
PDBID SHEL SHEM SHEN SHFQ SHFR
Protein / mutant BRD2(1) / Y153H BRD2(1)/ D161Y BRD2(1)/ R100L BRD2(2) / Q443H BRD3(2) / H395R
Space group P4,2,2 P4,2,2 c121 P22,2 P2,22
Cell dimensions:
a.b.c(A) 47.7447.74 12579 68.7368.73 113.36 115.38 55.76 68.45 320252817231 64.83 92.55 102.95
a, B,y (deg) 90.00 90.00 90.00 90.00 90.00 90.00 90.00 94.76 90.00 90.00 90.00 90.00 90.00 90.00 90.00
Resolution® (A) 29.75 (1.45) 20,67 (1.65) 2044 (1.79) 20.28 (1.40) 2055 (1.70)
Unique observations* 26847 (3793) 33564 (4733) 40528 (2236) 24828 (1130) 68935 (3165)
Completeness* (%) 99.9 (99.2) 99.7 (99.4) 99.5 (93.5) 99.7 (95.8) 99.3 (87.4)
Redundancy” 13.7 (12.9) 6.0 (4.3) 59(5.5) 12.3(7.8) 12.7 (10.3)
Rmerge* 0.044 (0.336) 0.097 (0.373) 0.063 (0.790) 0.040 (0.063) 0.234 (2.483)
Vol* 342(98) 13.8(38) 14.2 (2.0) 485(228) 13.0 (2.7)
Refinement
Resolution (A) 145 165 179 140 1.70
Rucer I Rows (%) 19.09/20.90 16.67 (19.89) 18.08 (22.27) 16.68 (18.53) 19.37 (22.09)
Number of atoms
(protein/other/water) 989/12/10 1082/29/214 271371217148 920/0/169 3634 /207402
B-factors (A%)
(protein/other/water) 18.04/26.93/29.27 15.52/22.23/124.35 35.84/30.32/38.13 9.68/0/22.08 19.38/32.81/28.94
r.m.s.d bonds (A) 0.012 0.017 0.021 0.009 0.013
r.m.s.d angles (%' 1.479 1.664 1.902 1.306 1.486
Ramachandran
Favoured (%) 100.00 100.00 99.38 100.00 28.61
Allowed (%) 0.00 0.00 0.62 0.00 139
Disallowed (%) 0.00 0.00 0.00 0.00 0.00

* Values in parentheses correspond to the highest resolution shell
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S2 Table. Dissociation constants and thermodynamic parameters from isothermal titration calorimetry assays. In all cases proteins were titrated
into the ligand solution (reverse titration).

Comp | Protein  Mutant K, (10° M) Ko (nM) N AH (kcalimel) kr.:m - A0 (roslmet)
BROZ(1) wt 200407  478+¢16 0BJ540001 -8826:0017 0976 8802
BRDZ(1) D16IN 143:08  ©99:38 087810002 -6877:0025 2673 -8.550
BRD2(1) D161Y S57.8:30  17.3:08 110040001 -7.356:0.016 2807 -10.353
BRD2(1) Y1534 180+08  555:26 080040002 -0.680:0.081 0044 2000
BRDZ(1) EWOK 260:08  385:14 003310009 -1574:0015 2330 -0.904
BRDZ(1) R100L 358:17  279:13 108010001 -7918:0017 2175 -10.003
BRD2(2) wt 197+14  508:37 000840002 4368:0018 533 -8.609

Jai BRD2(2) 0Q443H 424+38 236+21 0913 + 0,002 -5.160 + 0.002 4085 -10.154
BRDZ(2) R410W 334:24  200:22 110000019 -3.274:0.011 6714 -9.088
BRD¥2) wt 427424 234213 080240001 -6030:0017 325 -10.188
BRO32) H3ID5R 1428482  70+04 110040001 -6606+0011 4265 10871
BRD41) wt  555:37  180:12 081210001 -12020:0033  -1.605 10415
BROD4(1) ABOV G7.1:B5  103:08 096040001 -11.140:0033  -0423 10.717
BRO42) wt 552:46  181:15 003140001 584420010 4466 1031
BRD#2) A4200 225:18 444138 099010003 -6530:0035 3285 2815

(comtinued on next pagel
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52 Table (continued)

S3 Fig

Normalized [@,,,]

[©,.0 (1 0’ x deg x cm’ x dmol")

&

=3

Temperature (°C)

Temperature (°C)

136

- - Tas BG (kealimol)
Comp | Protein  Mutant K, (10° M%) K, (nM) N AH (kealimol)  TAS |
BRD2(1) wt 124+04 B06+29 0924 +0.001 -19.230 + 0.048 -0.538 -0.602
BRO2(1) D161N  490:01 2041166 0843:0.002 -136704%0.042 4.600 0.061
BRD2(1) D161Y 166207 6024226  105040.001 -17.00040.044 7.201 709
BRO2(1) Y1534 T4£03 1353249  1020£0.002 -17.400%0.051 £.030 0,361
BRO2(1) E140K 107:05  935:44  1060£0.002 -14.390 1 0.048 4870 520
BRO2(1) RI0OL 92403 1083434 005040001 -14790+0.036 5350 0431
BRD2(z) wt  50:02 1988166 0985:0002 -8.998 £0.027 0.008 8,090
PFI1 | BRD2(2) Q4430 47402 2137476 007820002 -0.901+0.03 0.036 8065
BRD2(2) R419W 42+02 2387 +10.7 1.100 + 0.003 -6.318 + 0.025 251 -8.830
BRD3(2) wt  62:02 1610159 0O76:0.002 -10540+10.034 1403 8137
BRD3(2) HI05R 0704003 138604650 10300007 -3.552+0.032 4235 7787
BRD4(1) wt  173:08  578£26  0064:0.002 -19.750%0.056 0.883 0,867
BRD4(1) ABOV  85:02 1171428  0018:0.001 -18.340+0.038 8875 -0.465
BRD4(2) wt 28+01 3623 +171 1.010 + 0.004 -10.130 + 0.062 -1.464 -8 666
BRD4(2) A420D 34402 20764145  0074+0.004  -10.260 1 0.060 1484 8776
* Assay temparature = 15" C, 288.15 K
BRD2(2) BRD3(2) BRD4(2)
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53 Table. Structural location and difference in melting temperature and In free energy of
urea-induced unfolding of BRDs wild tvpe and mutanis

Posltlon of the ATm (°C) AAG" (keal/mol)
mutation
cD {IE}Im} Fluorescence

BRD2(1)

Y153H aB helix -1.0 -6.49 £ 0.64 -5.31 =082
El40K aB helix -10.8 348 +0.82 4.53+08]

RI00OL ZA loop 58 -5.22+0.90 -
D160N BC-loop 58 4.10+0.82 -2.33+£009]
D160y BC-loop 98 4.02+£0.76 4.20+£0.79
DI16IN BC-loop -13 221092 3.02+0.84
D161Y BC-loop 48 338 +0.65 -4.66+097
BRD4(1)

ARDYV ZA-loop 0.1 0,99 + 0,50 0,79+ 0.90
BRD2(2)

()443H C helix -3.0 0,89 + 0.50 .68 £0.40
R419W B helix -8.0 0,02 +0.48 -0.60 =038
BRD3(2)

H395R BC-loop -6 203 +0.63 1.12 £0.54
BRD4(2)

A420D B helix -3.0 0.44 =048 493 =038
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54 Table. List of oligonucleotides used for slte-directed mutagenesis

Mutant Primer sequences (5° to 37)

BRD2(1)

RI0OL FW GTGGCCATTTCT CCAGCC GGTGGA T

RIOODL REV  ATC CAC CGG CTG GAG AAATGG CCAC

El40K FW GGG CGG CCTCTA AAT GCA TGC AGG

EI40K REV CCT GCA TGC ATT TAG AGG CCG CCC

YIS53HFW GITTACGAATTG TCATAT CTATAACAAACCG
YIS53HREV CGGTTTGTT ATA GAT ATG ACA ATTCOGT AAAC
DI60N FW  TAA CAA ACC GAC CAA TGA TAT CGT CTT GAT GG
DI6GON REV  CCATCA AGA CGATAT CATTGG TCG GTT TGT TA
DI160YFW TAA CAA ACC GAC CTA TGA TAT CGT CTT GAT GG
DI160Y REV CCA TCA AGA CGA TAT CAT AGG TCG GTT TGT TA
DI&6IN FW  CAA ACC GAC CGA TAA TAT CGT CTT GAT GG
DIGINREV CCATCAAGACGATATTATCGGTCGGTTTG
DI6IYFW CAA ACC GAC CGA TTA TAT CGT CTT GAT GG
DIGIYREV  CCATCA AGA CGA TAT AATCGG TCG GTT TG
BRD4{1)

ARV FW GCA GCC TGT GGA TGT CGT CAA GCT GAA CC
ARV REV  GGT TCA GCT TGA CGA CAT CCA CAG GCT GC
BRD2(2)

R419W FW  GCG GCG GAT GTA TGG CTC ATG TTT TCG

R419W REV CGA AAA CAT GAG CCA TAC ATC CGC CGC
Q443HFW  GGC ACG AAA GCT ACACGATGT ATT TGA G
Q43HREV CTC AAATACATCGTG TAGCTTTCGTGC C
BRD32)

H395R FW AAT CCC CCA GAC CGC GAG GTT GTG GCC AT
H3i95R REV  ATG GCC ACA ACC TCG CGG TCT GGG GGA
BRD42)

A42ODFW  CAGGAGTTT GGT GAT GACGTC CGATTG

A420D REV  CAA TCG GAC GTC ATC ACC AAA CTC CTG
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ARTICLEINFO ABSTRACT

Keywornts lw(lm)mmﬂpunhnmmmmwmmp&mmﬂwdm
Bruendceas pi in ekaryotic cells. Mmmﬂymmnhdielmhhk«bpmnd
Protsia teiding i olabamn ipti P in a vaniety of heman diseases, Here we report urea-induced
Jetdias Tnteeadiain equilibrium i itored by circular dichroism (CD) and on two y

-hrmmnz)um:xm;mnn«t)ummmmnm-uqmu
description of their kinetic folding mechanzsm, as obtained by careful amalysis of stopped.flow and temperature-
jump data. The presence of a high emergy intermediate for both proteins, suggested by the non-Jinear

&u!dm:buqmmmnmmmmmmlhﬁmhcmwImhemapmmuﬂy
observed by itative global analysis of all the rate constants obtained overa
Mnnpduucmmwunmamhugldmmfwm
two BRDs. Interestingly, the intermediate of ERD4(1) appears to be more stable and structurally native like than

llmpqnhxtdbymzl Our results underscore the role played by structural topology and sequence in
determining and echamism.

tuning

the folding m:

1. Introduction

Proteins i in the of histone post L 1
modifications, such as those involved in acetylation, phosphorylation ar

P - Jomai mvep—_— 1
ments affecting BRDs have been linked to vanious human diseases in-
cluding cancer, and therefore BRDs are dy idered a pro-
mising target for the of I

methylation, play a pivotal role in the control of gene expression (1],
therefore acting as “proof-editors™ of the genetic code. Proteins acting
on the histone acetylation processes can be grouped in at least three
different subsets, on the basis of their specific function: “writer” pro-
teins (as Histone Acetyl HATs) ihle for the additi
of acetyl groups to specific lysine residues, “eraser” proteins removing
specific acetyl groups (as Histone DeAcetylases, HDACs), and “reader”™
proteins, endowed with the ability to recognize and bind to specific
histone acetylated lysines (AcK), such as the Bromodomains (BRDs)
12,3].
BRDs are conserved structural motifs of about 100 amino acids that
moﬂmptualmhrxemﬂxdmmpmmmnmhedmlvmmd

decule inhibitors aiming
at i ing with P | p in such diseases
Is-71.

The structure of a variety of BRDs has been solved and shows a
conserved left-handed helical bundle composed by four G-helices
termed GZ, A, 0B and 0C (from the N-terminal to the C-terminal helix)
cannected by loop regions of variable length (ZA and BC loops) (Fig. 1).
mnnnmwdpumolnmthemmdmdmbelmgm&eaﬂ-a
fold class. of lated peptide-BRD complexes
M!Mnlhndu\ahn&gnnsahy&nﬂnkca vity present on
top of the helical bundle whose surface is shaped mainly by the ZA and
BC loops. Not surprisingly, given the pivotal role played by BRDs in a
vanﬁynfpamn-phynnhpdma number of studies

growing
g o their ligand binding affinity and specificity.

cellular p such as post.
dificati or iptional :nmrol H Mmbzn of the BET Hme lmle-knawndnullhe‘ 7 of these &
(Brumo-Extra- |l domain) human BRD2, and, to our k 1 no i is ilabl :bmlhzmedun-

BRD3, BRD4 and BRDT) display mmonmd-dar :m:h:mm with
two highly conserved amino-terminal BRDs, and a less conserved C-

“ Crreponang o
Z-rmatl wddrene curic wwertim Esntreal & (C Teyvaglis-ASocstsiit)
UM amt DB comributed aguaily for this work
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g 1. Serocnesl spumens of BAD(2) (pdb &t Sont), dhown = red, mad BXDAT) (pa
It Juwx), stiown in Blue. The Trp residues mw sown & sicks rpremeations. 50X )
comtases only cae Trp (Trpd70, sruchaslly homolkigoas to Trpfil of BRDM(E 1) BRDE(1)
presssss rwo sdassonal Trp reddses (Trp?™s and Tral20) The alignment waa perecated
using PyMod (The FYMOL Muiecular Grapitics Sysem, Version 1.8 Schridsper, LLEL

folding and ligand binding mechanisms, ¢.g. in the classical induced-fit
model, in the case of other small protein domains involved in mediating
protein-protein interactions (4] or in the case of intrinsically disordered
proteins [9,10]. Interestingly, in the case of BRD domains, alxgmd

Blachemisry ind Blophpiics Reperts 11 (2017) 99-104

[17]. Structural integrity of the purified proteins was checked by €D
spectra in the far- and near-UV region (Figs. 52 and 53, respectively).

2.2. Urea-tnduced equrlibrium unfolding

All experiments were carried out at 20 'C in 20 mM Tris/HCl, pH
7.3, 0.2M Nacl, 200 yM DIT. Intrinsic {luorescence emission men-
surements were carried out with a L5308 spectrofluorimeter (Perkin-
Elmer) using a 1.0 cm path length quartz cuvette. Floorescence emis-
sian spectra were recorded from 300 to 430 nm (1 nm sampling in-
terval), with the excitation wavelength set at 293 nm. Circular di-
chroism (CD) measurements were performed with a JASCO 1.720
spectropolarimeter using a 0.2<m cuvette. For urea-induced equili-
brium unfolding, proteins {final concentration ranging over 30.0 — 100
jg/mL) were incubated at 20 °C at increasing concentrations of urea
(0-9.3M). When equilibrium was reached, intrinsic fluorescence
emission and far-UV CD spectra were recorded in parallel. To test the
reversibility of the unfolding, BRD2(2) and BRD4(1) were denatured in
7.9 M urea at protein concentration ranging over 0.3-1.0 mg/mil.. After
10 min, refolding was started by 13-fold dilution of the unfolding
mixture into solutions of the same buffer used for unfolding containing
decreasing urea concentrations. The final protein concentration ranged
over 30.0- 100 yg/ml. After 24 h, intrinsic fluorescence emission and
hwmmammmdeduzocﬂﬂegﬂ@muﬁoﬂmg

P were p in triph The changes m intrinsic

spectra at & ing urea were
qunnﬁrduﬂ:rhmgadﬂaenhmehm:mqusu
and at 330 nm for BRD2(2) and BRD4(1), respectively. The excitation
wavelength used was 295 nm.

Urea-induced equilibrium i ith d by far-
UVCDelhptmN:ndmmntﬂmzmdmxgsm
anﬂyxdbyﬁmngbudmmdmmmmgmdnhmnm

polation model [12] ding to

induced conformational change has been d and di
1 22L lnhph&o“buemudamuw:beheve&uohmngm—
formation about the folding mechanism of the BRD domains may pave
mmwahmmdmurhdn;m

1n this report we & gate the th s ies and the
folding mech nlmm d themudmdnnz
(bereafter, BRD2(2)) and the first BRD of BRD+4 (hereafter, BRD4(1)) by

RT In (K) (8)]
where AG is the free energy change for unfolding for a given dena-
turant concentration, AGY" the free energy change for unfolding in the
ubm:ddmxnrmndmadopewmmhmmﬁsnndung

AGuar = AG™° 4 m|Urea] —

equilibrium spectroscopy and pre steady-state kinetic exp We
decided to focus on these two BET BRDs because i) they are re.
presentative of the first and second domains generally found in the BET
BRD family and i) they represent ideal experimental system to in-
vestigate conservation (if any) of the folding mechanism among mem-
bers of a fold family. Indeed these two BET BRDs display a 30% se.
quence similarity and, as can be seen from Fig. 1, they are structurally
'uys-nﬂar(oummmaqmdaulm(m)ulz’o7m n
should be recalled that the folding mechanism of other all-a proteins
has been studied in detail [13-10], leading to the hypothesis that for-
matica of a folding intermediate is tuned by the specific a-helical
ities.

Quantitative analyses of stopped-flow (SF) mixing experiments and
ultrarapid temperature-jump (T-jump) data, allowed us to show that
the lnldml mechanism of bodl llle are consistent with the presence of
a folding i B lated in the sub-milliseconds
nn:.ngu Hmva.wmdum&hmu!mmmu

show and

P

of these two BRDs.

P

g different

2. Materials and methods

21. Protein expression and purtfication

BRD2(2) and BRD4(1) were expressed in Ecolt and purified as
previously described 1171 and briefly reported in the legend to Fig. 51.

in AG,, per unit R the gas T the
np MK...,ﬂueqnﬂ:bmm cmiformfnhﬁq The model
P the signal as a fi of d

Yy +ax[X] + (0 + splX]) *exp|(-AG*C — m|X],/RT]
1 .upl -m"’::;-]x,l

%=
2
where y, is the observed signal, y;, and yy are the baseline intercepts for
unfolded and native protein, sy and sy are the baseline slopes for the
unfnlded and native protein, [X], the denaturant cancentration after the
i* addition, AG’"0 the extrapolated free energy of unfolding in the
absu\c:ddmatumt.uuudnpemammv:wlx]plm
The d ion at the midpoint of the '
[Ureal, s, Iculated as:
[Ureafs = 4G*%'m

to Bq: (2), is
3)
2.3. Kineric expertments

Stopped.-flow kmxfddm;upuuncmswae urnad out an a 5X-
17 stopped-flow & (Applied Photoph herhead, UK)

hwwmbﬂsw7l&2“)€ﬂ.2wﬂ'ﬂﬂdlﬂ C: the
excitation wavelength was 280 nm and the fluorescence emission was
measured using a 320 nm cut-off glass filter. In all experiments, re-
folding and unfolding were initiated by a 11-fold dilution of the de-
natured or the native protein with the appropriate baffer. Usually 4-0
individual traces were L and Final protein con-
centration was typically 3 g\
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Analysis was performed by non-linear least squares fitting of ex-
ponential phases using the fitting procedures provided in the Applied
Photophysics software.

Therdanmhmnwmmndbyuqauufedlru-ﬂ

discharge T-jump app (Hi-Tech, Salisbury, UK).
lrgudndﬁlmquhsmdowlympdw&eosx
2 mm quartz flow cell before data acquisition. Temperature was rapidly
:hmgdmlhlpmp-mnf9 °C (from 11 °C to 20 °C). unnllylo-m
idual traces were dated and aged. The wa.
velength was 296 nm and the fl ission was d
using 3 320 nm cut-off glass flter. Protein concentration was typically
20 . The baffer used was Tris/HCI 30 mM buffer pH 7.5, 0.2 M Nacl,
200 yM DTT.

Experimental kinetic data were modeled on the basis of a three-state
Hdn;scbme.clmamﬂlumuuﬂ-phmymu
suming that the logarithm of the mi rate Enearly

P

depends on the Inky = In ki + my
(")~ ![urea], where k' and my the el y rate
in the absence of urea and the urea d of the rate

(kinetic m value), 203 (19, 20,

For the two step reaction, global analysis of the two apparent rate
A1 3nd A was performed by non.linear least.squares fitting of

the kinetic data as p ly described [19] using d Prism

5.04.

Kinetic AG values were calculated as follows: AGpy = - RT In (kg x
k) / (kip X koa); AGipe = - RT In keg / kip. Tanford f-values (fr) were
calculated as follows: B{D) = 0; BATS1) = - mygy /Mgy A1) = (myp, -
mpy)/ma; PriTS2) = 1 - maa/maei; Pr{N) = 1; moy is the kinetically
derived 'equilibrium’ m value, Mpy =mp - Mae + Mg - May.

Tphp

3. Results and discussion
3.1, Ures-tnduced equilihrium unfolding

The thermodynamic stability of BRD2(2) and IRD‘KI) was de-
termined at pH 7.3 and 20 'C by urea-induced unfolding
experiments, monitoring both the change of ellipticity at 222 nm by €D

(¥ig. 2A) and the change of intrinsic fluorescence emission
(Fig. 28). In all cases, the observed unfolding transitions were checked
for reversibility. The same samples used to monitor the far-UV CD
changes during the unfolding transition were used to monitor fluores.
:mmmdlaqesmaﬂowadmmp-\md&:dlu
For both proteins, the d curves
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Normalized relative fluorescence

[Urea] (M)

Tig. 2. Uses nduced squilirsum snisiding of BADE(Z) snd BADALL (A) Normalzed
mmlar elipticity s 222 s (F]z) of BEDQL2) (crches) and RO 1) (squames) repaned
after removal of e Righ-Tecuency nobs md the low Sveaency randoes error by SV,

Mmmﬂﬂmuwmmﬂyﬁmﬂm:mﬂem
The calculated mhldmgﬁucns;ymmou(m"‘o)fwlnnuzju
8.83 = 0.39 keal mol ! and the m value is
1.93 = 0.13keal mol ' M™’, while for BRD4(1) the same thermo.
dyuﬂmxplmemnw"o-llnzno:kﬂlml Tand m -
1.67 = 0.09kealmol ' M~ ", highlighting a larger stability for
BRD4(1) compared to BRD2{2) (AMG = 1oslnhul ‘)(muu
1n the case of BRD2(2), fitting the i

s 21w rpemion 0 2q.  of the data at &flerent denansan
concentraions, = deacribed B Seciios 1 (B) Normalized reimive strsuk flusrecencs.
changes of BROI2) (rirches) et BADA(1 ) (susres). Conssiscus Snes 3 the oombesr
regreemon of the Sma at differwre denstumat coscmtrations fmed according 1o 2g 1 for
BRD2(2), I Section 3 @e n
Inmaraity Sor BRDA(L) (sgaares) by draws a3 puide 10 (e eye The revenssiliny pakts
{mmapey wymisedn} weere not Schaded I the Roniesr Tegrosson analys.

mmmglh::hnngsnﬁkﬂmmmmylnlmo-

state model allowed us to obtain th d: compar-
nuemwouxudbym(m”ao-9oszouk:|lmnl me-
1.81 = 0.13 keal mol~ u"meu in the case of BRD4(1), the
btained by changes
:oddnmheﬁmdmammddmuhmnlnphucwvﬁh
(#ig. 28). This result can be explained by the observation that BRD4(1),
contrary to BRD2(2), cantains more than one Trp residues, each mon-
itoring the conformational properties of different regions of the protein
(Fig. 1). Indeed, the different molecular environment of the fluar.
ophores in the two BRDs is also d by the diff 1l
emission spectra of their relative native states shown in Fig 54.

101

Table 1
tor Etding of BAD2 (D and
BRDA (1) mssmared by tar-LV €0 sad Muorecenos pecraceny.
BRD2(2) BRDACT)
0 ¢[6) :x) Tluorescesce o (i8] =)
M“I—-ﬂ an3 T 030 909 = 0oa 1152088
M (kcal 'mol M) 1032013 im0 167 = 000
{Urealos (M) 4a7 s a0

Ures-mdbaced anfoliing equiitraam dats wees obealoed m described in Matarials ard
metiod. Dats 3w repurted as the mean = SE of the B Por BRD4( 1) Duorescencs changm
could aat be fitted 10 3 twostaes model becasss of 3 maliphic peofle (g 2 8).
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Fig 3 shows the ic plot of the oh d foldmng/un-
hﬂmnﬁem(ndudm.dwshwml’memloﬂmg
phase) versus plot) ob d for
BRD2(2) (Fiz. 3A) and BRD4(1) (¥ig. 38) from SF (closed symbols) and
mml(mm)m(fekylltwum

g rate
i linearly with i d both BRDs
xbmadznnnuﬁuuhnnmyddn b d g rate

nbtﬂndbys!nbrwummm(mllmcﬁxt).ﬁum
m"md&hmmmwmm
plots is lly as refl dation of a folding
umndmln;:}.nnlld:ﬁmuplumhubmm
puadnniﬁmmdl_il
we d that an and even faster
fnldlqﬂuzmbkbys!apemmd'mddm
of the mixing apparatus (2-3 ms), was to be ohserved under refolding
conditions in the sub-ms time regime. Indeed, this hypothesis was ex-
pamnnl!ycmﬁrm:dbytynnpfoldmupmnmnmdm
under di (T = 20°C) at different urea
mmmmcﬁumﬁm\dﬁkun;mdmfoldm
Wmdmn&x&uﬂyﬁlﬂwlmlew
decay at any ive kinetic traces are
reported in Fig soxmmdﬁuqenmnnndum
measure not only the rate constant relative to the rapid formaticn of the
intermediate, but also the kinetics of its unfolding at higher urea con-
The data rep d in Fig. 3 th the urea
@uﬂmudhwbﬂwﬁmhmzl(mdmnd
BRD4(1) (panel B): both proteins show a slower process observed by SF
experiments and relative to the (un)folding of the native state, and a
hhmnhmv!dmlyby?mwu,dmiunlﬂt
rapid falding and g of an i species. as
I!u:ulgllydumdfl‘?l.mﬁmmdlumlmmglm
mdmumm»mgnmhmmmﬂ-mmem
ism. In particular, an state may an ob-
hmmmﬁthmdd\emm(n—l—w

H T T
[urea] (M)

Mg 3. Semstogaeithmic ploe (chevromn plon) of the obeerved tokding md wndclding e
commares 3 3 furesion of twwa concertzatiun by ST {clmed yymbed) and Thump (opea
aymiol) expersneres for BRD2(2) (panel A) snd BEDA(L) (paaet B). In pansl A, (e e
srw the beat fit 1o & Chowestats model Bveiving oo- (concmuces Bne) or of-pechwy
(dambend Be) inmermeditoes [14]. BRDIZ) (Peved AF o calculsted parsmeters o the
o prathesy model mre are ks = 1357 = K30 ey = 0.00 = 033 ke ~ 329 + 10X mg
=010+ 0.06 kpy = 370 + 21T Ty = 056 = 0.34; ke = 0.00010 = Q.0000K; Mg =
033+ 0.07. BRD41) (Panel B): Be for the model
(consmucus lise) mte me: key = 934 £ 130 moy = 047 = 00X Ky = 0.007 £ 0010
My = 112 2 015 kg = 675 = 113, sy = 0.12 = 002 kg = 0.001 = 0.001: mig =
040 = 0.08. Kate conutants 3w bn s and the ssctaied m values arw @ keal mod ' M. 1a
the cane of BRDS(1) S B 15 a0 ofl-patmay model does ot cumvergs

3.2 Kinetic folding-unfolding expertments

To gain information on the folding mechanism of these two BRDs,
we carried out kinetic folding experiments at pH 7.3, 20 °C by fluor-
escence-monitored SF and T-jump experiments. The unfolding time
courses obtained by rapid-mixing SF experiments for BRD2(2) and
BRDA(1) were satisfactorily fitted to a single exponential decay at any
final denaturant concentration (see Fig. sumds:m{wmm:

foldi vdnl:th: Iding reaction was ch
by two p having mciﬂumtnempm
(nlwlm-dlu h"loﬂs and kz ~1 5) (see Fig. S3C and 530
for Idi ) Since the slower refolding
ﬁlﬂ!wmuﬂdbjllﬂﬂlﬂmﬂﬂml“dﬂﬂ
faster phase) and is largely i an d it
Fnhﬂiymuﬁmm—mpuﬁummﬁmumw
rerved in the folding of other proteins [21]

unhmucn:p:hn;lhehl&ngpaﬂva
(I—D—M“"_ di A clear disti
these two can be obtained if the urea dependence
of all the four rate canstants relative to the (un)folding of the native and
ummdumﬂwtmhnmdh)mmldmamde
range of urea used to
Myu&efdmgmudﬂmmuunnam 23] we
globally fitted the SF and T-jump data reported in the chevron plots to a
three-state scheme, involving either an on- and an off-pathway inter-
ndm(hs Wllﬂ!lmrmmﬁ:ukmnswlhtum
d by this p dure allowed us to assign to
&efdﬁn‘nuud*dmz)ndmnthemkdnm
pathway species along the pathway of folding to the native state, since
H\zdf-plﬂlnymn&“ﬂslodﬂquxldyﬁlﬂzdmmbodx“nu
interesting to notice that an obli folding i di
has been described also for the folding mechanism of other, non.re-
lated, four helical bundle proteins {13-13.201.

3.3. BRDs folding mechantsm

Using the obtained by the fit to the on-pathway model
(see legend to Fig. 2), we also determined the populations of the three
species at equilibrium as a function of urea concentration. Such an
analysis, predicts that the intermediate species identified in the folding

of both BRD d is only negligible popul ‘uequi.
librium (< 1%) at urea 1g to the midpos
the folding transition {e.g. [urea] = uuudmaulormz)nd

BRD4(1), respectively) (data not shown). The kinetic parameters ob-
tained from the on-pathway model were also used to calculate the en-
ergy profiles, highlighting the position of the intermediate and transi-
tion states along a reaction coordinate, As shown in Fig. 4, both BRDs
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Fig 4. Schematic energy disgrams for the folding of BUDX2) (consmucus Bne) and
BADA(L) {dasbiod Se). The tres smergy xadses st the f; valuss,
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helical p

residue number
Tig. 3. Malical propesssy of BRD ) (beck e ) mad BRDA L) (grey Gne). Helicadl pro-
pomatty was calculsted by the AGADER peogrsm §31) Owrp oapsdic 517 o) Boxes re-
1ed from the four belices, from ihe Xray Samt;

kmetic parmmsters obtained by flitng the chevim pion of the two BED domains m = oo
Pty inlermediate (vee the legend 1o 11y 7). Pres ensegy valuss were calcuaed with
the Archerius sgesson ussg & preesponemisl Sctor of 48 » 10 «' (190 BRD2(2E
AGgy = 1.14 keal mol '; MGy, = 018 keal mal s §,(T51) = 0.32; ffudl) = 0.40; BTS2
= 071 BRADA(LE AGre = 6.53 head mol ' Alpy = 14.80keal mud ') edT51) = 0.2
Pet) = 0.75; fr(TS2) = OND.

Black boxe ) and BADA(L) (pdb 42 Juvs; ey Sanes).

AGADIR [31],) between the two BRDs is very similar bat that the
overall helical propensity is higher in the case of BRD4(1), particularly
nd!kvddmoccmhmmvduudymumm
and it will allow us to describe the of the i and
states at the residue level and to check whether the C-term-

fold along a I three-state hanism involving a di d-like

nnd-uhw-liemmonnatu(‘ﬁl and TS2, lupulnﬂy).mdnn-
in by The caleul mfod}v:lnu(pr]

for TS1, reflecting the buried surface area relative to the unfolded

inal @ —belix is part of the folding nucleus in these two BRDs.

native states, is fr = 0,32 for BRD2(2) and fir = ozzﬁxlm«l),
whereas the iy for TS2 is 0.71 for BRD2(2) and 0.81 for BRD4(1). These
mmhthmmmmdd‘mmm
amilar properties. On the the th and

] properties of the @ species wu to be
largely different in the two BRDx; in fact, the intermediate popualated by
BRD4(1) is more stable relative to that of BRD2(2) (AAG,, =
:.7:o&hnlnd")mdisdndywemﬁmh’ie.uﬂpdbyilsp;
wvalue relative to the f; value calculated for BRD2(2) (B = 0.7 and By

4. C

A fruitful strategy for extracting general rules governing the folding
dmkmmdh&l&ummdpmiﬂ
bel 10 the same | family. In this context, the bromodo-
mains (BRDs) offer an as yet unexplored experimental system to study
the folding mech of proteins b i mtbedwhldclam
this paper we have rep i the at
mmmaumﬂmgmammmwmu. two re.

= 0.4, respectively). The larger stability of the BRD4(1) &
mlﬂwemdmuflbenm(z)mmdugummmyolmmn
state (AAGrw = 43 * 1.3 keal mol * from kinetic data), suggesting that
this intermediate is stabilized by native-like interactions. Moreover,
mnspection of Fig. 4 shows that the stabdlities of the two transition states

of domain 1 and 2 of the BET BRD family. The
rsdsmpmdlud-lmklﬂnwubmlhﬂlfumufan
obligatary intermediate may be a general feature of the folding land-
scape explored by these small all-o domains and add gemeral sig-
mﬁmah&eh’pﬂhﬂuﬂlﬂunhﬂ!dlmhﬂfmﬂydﬁel

TS1 and TS2 and the intermediate in between in the folding pathway

are correlated, as has been chserved analyzing different sets of struc.

nrallymh:dpmdmﬁdhwmgathmm[ulﬁquchndm
these i

folding Our
mmummmuqummudmn
:scwmumnummmmemmmmm
popalated by the less stable BRD2(2). This conclusion, which will be

119171 It suggest that of an
species is a perty of the folding of these two
lnmmdm.spaﬁ:uthmmwmbemn:lw
modulate its stabélity and conformational properties.
Together with native state topology, inherent propensity to form
mmmn-ammmmmum

Mhmmdlmmmﬂs)m
transition states, underscores the role played by the sequence in mod-
ulating the stability of transiently populated states.

pocssnl 28] and its ibution can be clearly evid
g the folding hanism of homol proteins the
same topalogical properties. In particular, it has been shown that, as the
y for forming d: the folding me-

dmmdmmdhmﬂdhnﬂyshduﬁmmuw
multi-state mechanisms {29 301, In the case of BRD2(2) and BRD4(1), a

P of helical prog of seq l is ingful,
given the high ] homology b these two p Fn;.:.‘s
shows that the of helical g ity (as d by

wahﬁnvt.sndmluuw(hme‘nrl’hmmd

Ch y and for Life sci (BMLS), Johann
wd&mg"‘-"- mmin, y) for kindly
iding us with the pl. ng the BRDs wild type genes.
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