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ABSTRACT. Primary hyperoxaluria type 1 (PH1) is an autosomal recessive inborn error of
metabolism caused by mutations in the AGXT gene, which encodes for the enzyme alanine:glyoxylate
aminotransferase (AGT).! Two main non-pathogenic polymorphisms are found in the AGXT gene:
the most common major allele and the so-called minor allele, which is the most frequent in pa-
tients. The biological role of the human AGT enzyme is to create a glyoxylate sink in peroxisomes
of hepatocytes through the transamination of L-alanine to pyruvate and glyoxylate to glycine in the
presence of the coenzyme pyridoxal-5-phosphate (PLP).%3 AGT deficiency causes glyoxylate accu-
mulation that is subsequently oxidized to oxalate. Calcium oxalate crystals result in a progressive
renal failure and a life-threatening systemic build-up of oxalate.* A limited number of genotypes
have been reported to respond to pharmacological doses of pyridoxine (PLP precursor), but the only
curative option is the liver and kidney transplantation, which causes significant morbidity and mor-
tality.® About 150 mutations have been found in the AGXT gene and several molecular mechanisms
seem to contribute to AGT loss-of-function such as mitochondrial mistargeting, protein aggregation,
accelerated degradation or catalytic effects.®

In this thesis:

1) We have performed a comprehensive in wvitro characterization of the most common non-
pathogenic polymorphisms and disease-causing mutations to obtain information about disease mech-
anisms. We found that the apo state of PH1 mutations, on the minor allele, display a much lower
kinetic stability that is overcome by the binding of coenzyme through stabilization of the native
structure.” Moreover, we have observed a partial correlation between destabilization of apo AGT
dimer, kinetic trapping by molecular chaperones of partially folded states, intracellular reduced fold-
ability and enhanced mistargeting in cells, suggesting a key role of the protein homeostasis defects
in the pathogenesis of PH1.5

2) In order to increase our knowledge about the in vivo interactions of AGT with elements of
the protein homeostasis system along its folding process, we have considered whether the nematode
C. elegans is a suitable model for PH1.1>*® We have characterized an orthologous of human AGT
protein in the nematode and also discussed the role of glyoxylate in C. elegans. Our results suggest
that this nematode might not be suitable for a hyperoxaluric phenotype but C. elegans could be a
proper model to study proteostasis interactions of AGT.

3) We have applied the consensus approach to engineer an enhanced human AGT protein that
could be potentially used in gene therapy (GT) or enzyme replacement therapy (ERT).** ¢ This
simple approach has been suitable for enhancing the in vitro AGT activity and stability by the
optimization of interactions in the native structure. The efficacy of the consensus approach to improve
GT and ERT is being currently tested. Nonetheless, the improvement in the crystallization process
of engineered variants suggests that this approach could also be a simple strategy to obtain structural
models of proteins that display stability issues.

4) Finally, we have also studied the energetic basis underlying mutational effects on AGT kinetic
stability by considering non-pathogenic, disease-causing and consensus-based variants. Chemical
and thermal denaturations support that kinetic stability of human AGT depends on changes in ther-
modynamic stability and aggregation propensity of partially/globally unfolded states. We propose
that the minor allele is a lower limit for AGT stability and foldability that may explain the high
frequency of misfolding mutants in PH1 and the pivotal role of molecular chaperones in the PH1

pathogenesis.*” 19






RESUMEN. La hiperoxaluria primaria tipo 1 (HP1) es una enfermedad genética autosémica
recesiva causada por mutaciones sobre el gen AGXT que codifica para la enzima alanina:glioxilato
aminotransferasa (AGT).' El gen AGXT presenta dos polimorfismos no patogénicos: el mas comin
alelo mayor, y el denominado alelo menor, el cual es més frecuente en pacientes. La funcién bioldgica
de la enzima AGT humana es crear un sumidero de glioxilato en los peroxisomas de hepatocitos
mediante la transaminacién de L-alanina a piruvato y glioxilato a glicina en presencia del coenzima
piridoxal-5’-fosfato (PLP).%® La deficiencia en la funcién de la enzima AGT provoca la acumulacién
de glioxilato, el cual puede oxidarse hasta oxalato. La formaciéon de cristales de oxalato céalcico
conduce a un progresivo fallo renal y a la deposicién de oxalato en todo el organismo provocando un
fallo multi-sistémico.? Solo un nimero limitado de genotipos han mostrado respuesta al tratamiento
farmacoldgico con piridoxina (precursor de PLP), y el tnico tratamiento genérico es el transplante
simultdneo de higado y rifién, el cual est4 asociado con unos altos niveles de morbilidad y mortalidad.®
Maés de 150 mutaciones han sido encontradas sobre el gen AGXT y varios mecanismos moleculares
parecen contribuir a la pérdida de funcién de la enzima AGT, tales como localizacién errénea en
mitocondria, agregacién, degradacién acelerada o defectos cataliticos.®

En esta tesis:

1) Hemos realizado un estudio in vitro para caracterizar los polimorfismos no patogénicos y cau-
santes de enfermedad més comunes para obtener informacién sobre los mecanismos de la enfermedad.
Hemos encontrado una baja estabilidad cinética del estado apo de las mutaciones de HP1 sobre el
alelo menor, la cual es corregida mediante la unién del coenzima por estabilizacién del estado na-
tivo.” Ademés, hemos observado una correlacién parcial entre la desestabilizacién del estado apo del
dimero AGT, y el aumento de estados parcialmente plegados asociados a chaperonas moleculares, la
reduccién de la plegabilidad y el aumento de la localizacién subcelular errénea en células® !, Esto
sugiere que la homeostasis proteica juega un papel importante en la patogenicidad de HP1.

2) Con el objetivo de aumentar nuestro conocimiento sobre las interacciones in vivo de la enzima
AGT con diferentes elementos del sistema de homeostasis proteica durante su plegamiento, hemos
considerado el empleo del nematodo C. elegans como posible modelo para la HP1.1%3 Para ello
hemos realizado la caracterizacién in vitro de una proteina ortéloga de la enzima AGT humana en
C. elegans y discutido el papel del glioxilato en este nematodo con el fin de crear un fenotipo de
hiperoxaluria.

3) Hemos aplicado la aproximacién de consenso para disefiar una enzima AGT humana mejorada
que pueda ser potencialmente usada en terapia génica o reemplazamiento enziméitico.'**® FEsta
simple aproximaciéon ha resultado adecuada para incrementar la actividad y estabilidad in vitro de
la enzima AGT mediante la mejora de las interacciones de la estructura nativa. El empleo de esta
aproximacién para mejorar la terapia génica y de reemplazamiento enzimatico estd atn bajo estudio.
Sin embargo, la mejora obtenida en el proceso de cristalizaciéon de variantes de consenso sugiere que
esta aproximaciéon podria también ser empleada como una estrategia simple para la cristalizacién de
proteinas con problemas de estabilidad.

4) Finalmente, también hemos estudiado las bases energéticas que subyacen los efectos mu-
tacionales sobre la estabilidad de la enzima AGT, considerando desde variantes no patogénicas,
patogénicas y de consenso. Los estudios por desnaturalizacién quimica y térmica indican que la es-
tabilidad cinética de la enzima AGT humana depende de cambios en la estabilidad termodindmica y

en la propensidad a fenémenos de agregacién de los estados desplegados o parcialmente desplegados,



donde la existencia de un limite inferior de estabilidad y plegabilidad para el alelo menor, puede ex-
plicar la alta frecuencia de mutantes HP1 que afectan al plegamiento, destacando el papel principal

de las chaperonas moleculares en su patogenicidad.”1®
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Introduction






CHAPTER 1

Hyperoxalurias

The term hyperoxaluria is defined as the clinical sign characterized by an
elevated level of urinary oxalate.2? Despite oxalate is a useful metabolite for
plants and some bacteria, in mammals is a final product of metabolism where
the production:elimination ratio is finely balanced. In humans, the main route
to remove oxalate is by excretion through the urinary tract. Therefore, the kid-
ney plays an important role in oxalate elimination, and a direct relation between
plasma concentration and urinary levels of oxalate has been found.2? At phys-
iological pH, oxalate is able to form soluble salts with sodium and potassium,
but in the presence of calcium it results in the formation of insoluble calcium
oxalate (CaOx) that is the main component of kidney stones. This physical
property of its calcium salt is the reason of the life-threatening properties of
high oxalate levels.

High levels of oxalate synthesis results in a systemic deposition of kidney
stones (urolithiasis), that leads to a progressive renal failure until a final stage
characterized by a widespread CaOx deposition (oxalosis), which causes a mul-
tisystemic organ failure.?!

Hyperoxaluria can be classified in two categories according to the origin
of the oxalate. In primary hyperoxalurias (PH), the cause of the exces-
sive oxalate is genetic while in secondary hyperoxalurias is environmental.
However, in both cases the clinical signs are similar and indistinguishable.?°

The term primary hyperoxaluria covers a number of genetic disorders in-
volved in glyoxylate metabolism. To date, mutations in three different auto-
somic genes have been described to be involved in PH with recessive inheritance
pattern. Due to the low rate of incidence, these disorders are classified as rare
diseases*.?? The primary hyperoxaluria type 1 (PH1) (Mendelian Inheri-
tance in Man number MIM# 259900) is the result of mutations on the AGXT

*According to the European Commission on Public Health, rare disease is defined as «life-
threatening disease that is of such low prevalence (fewer than 1 in 2000 people) that special
combined efforts are needed to address them»
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gene that codifies for the peroxisomal enzyme L-alanine:glyoxylate aminotrans-
ferase (AGT); the primary hyperoxaluria type 2 (MIM# 260000) is caused
by mutations in the gene that encodes for the cytosolic enzyme glyoxylate reduc-
tase/hydrozypyruvate reductase and finally, the primary hyperoxaluria type
3 (MIM# 613597) is associated with mutations on the gene that encodes for
the mitochondrial enzyme 4-hydroxy-2-oxoglutarate aldolase. Among the three

primary hyperoxalurias, PH1 is the most common and severe.?

1.1. Primary hyperoxaluria type 1

PH1 represents 80% of the primary hyperoxalurias and can be considered
a peroxisomal disorder. Peroxisomes are involved in several vital metabolic
functions for the cell. It has been estimated that the human peroxisome contains
around 50 different enzymatic activities acting in different metabolic routes,
such as the metabolism of reactive oxygen species, fatty acids oxidation or
glyoxylate metabolism.?3

Peroxisomal disorders can be classified into two groups, those linked to per-
oxisome biogenesis (peroxisome biogenesis disorders) by mutations in the PEX
genes, and those linked to deficiencies in a peroxisomal enzyme that alters a

specific metabolic route.?* PH1 can be included in the latter group.

1.1.1. Clinical manifestations of PH1. Clinical manifestations of PH1
are very heterogeneous and there is not a clear genotype-phenotype correlation.
This suggests the participation of modifier genes and/or environmental factors
in the onset of the disease.?® 27

From a biochemical point of view, the characteristic phenotype of PH1 is
the elevated synthesis of oxalate. Dysfunctions at the organ level are due to
the physical consequences of CaOx deposition. These deposits are thought to
cause a damage in the epithelial cells of the kidney and to act synergistically to
extend the CaOx deposition.2°

First symptoms of PH1 can appear during the first few years of life due to
the formation of stones in kidney and urinary tract in 82% of the cases.?® How-
ever, the onset of PH1 can range from childhood to adult age. When patients
have a proper renal function, the oxalate level is only slightly incremented.
Nonetheless, this level will be increased with the progressive reduction of the

renal capacity,2? so the adequate diagnosis of PH1 can be delayed.

4



The damage caused by the CaOx deposition is translated into different ef-
fects according to the affected tissue such as urolithiasis in kidney or myocarditis

in heart.

1.1.2. Diagnosis and epidemiology. The medical prognosis of PH1 pa-
tients is difficult and early diagnosis and treatment are crucial.* The lack
of definitive criteria for diagnosis has led to late and erroneous diagnosis of
PH1.25 However, in the last years, experts from Europe (OxalEurope) and
from the United States (Oxalosis and Hyperoxaluria Foundation) have estab-
lished recommendations to provide diagnosis and therapeutic treatments for
PHI patients.® Although the high level of oxalate is the main indicator of the
disease, this is not a definitive indicator so the use of biochemical, enzymologic
and genetic analyses are required to complete the diagnosis.®3

The average prevalence rate of PH1 is estimated in 1 to 3 cases per 1,000,000
people-year and its average incidence rate is 1:100,000 born alive-year.28 More-

over, misdiagnosis may contribute to the underestimation of PH1 prevalence.

1.1.3. Current treatments. Traditional treatments of PH1 are focussed
on disease symptoms rather than its causes, and the main goal is to keep as
much as possible the renal function.2? When the diagnosis is made in an early
stage of the disease, the first strategy is to reduce the amount of oxalate in
the body by reducing the intake of dietary oxalate and increasing the fluid
intake. The next strategy is to prevent the deposition of CaOx by the use

5

of crystallization inhibitors.” The administration of pyridoxine hydrochloride

(vitamin Bg precursor) is associated with a reduction of the urinary oxalate for
some PH1 patients.5 3032

Dialysis is only recommended in advanced stages of the disease, when the
renal function is compromised. Hemodialysis can be used only temporarily dur-

ing and after organ transplantation,? 33

in which the recommended strategy is
the combined liver-kidney transplantation before the systemic oxalosis stage.34

Alternatively to traditional therapies, there are other approaches under in-
vestigation such as the degradation of oxalate,3® the enzyme replacement ther-
apy (ERT), the somatic gene therapy (GT), or the use of chemical and pharma-
cological chaperones? to regulate the AGT protein homeostasis i.e., biological
pathways within cells that control biogenesis, folding, trafficking and degrada-

tion of AGT.36



1.2. Glyoxylate metabolism

The glyoxylate cycle is characterized by two enzymatic activities: isoc-
itrate lyase, which catalyzes the cleavage of isocitrate to succinate and gly-
oxylate; and malate synthase, which catalyzes the synthesis of malate from
glyoxylate and acetyl-CoA. This cycle allows the synthesis of carbohydrates by
bypassing the tricarboxilic acid cycle (TCA) (see Figure 1.2.1). It is generally
accepted that the glyoxylate cycle is only available in bacteria, fungi, nema-
todes and germinating seeds of some higher plants. Mammals lack this cycle,
although these two enzymatic activities have been found in mammalian tissues

with an unknown role.2%:37

Acetyl-CoA

Oxaloacetate Citrate

NAD*  Acetyl-CoA
Malate \< Isocitrate
Malate Aﬁcitrate

Synthase Glyoxylate

Fumarate Ketoglutarate
FADH>
p A <
Succinate ) Succinyl-Coa CO»

v

Ficure 1.2.1. Overview of the glyoxylate cycle. The glyoxylate cycle by-
passes the decarboxylation steps of the tricarboxylic acid cycle.

Glyoxylate is managed in humans by different metabolic routes termed the
glyoxylate metabolism, which has a significant role in intermediary liver me-
tabolism.3® These metabolic routes are found mainly in hepatocytes, where
peroxisomes play the role of a glyoxylate sink along with mitochondria? in a
minor scale. The main molecules involved in glyoxylate metabolism are repre-

sented in Figure 1.2.2.
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FIGURE 1.2.2. Main molecules involved in glyoxylate metabolism.

1.2.1. Synthesis and transformation of glyoxylate. In healthy hu-

40,41 516 the two main sources

mans, hydroxypyruvate3® and L-4-hydroxyproline
of cellular glyoxylate, and peroxisomes and mitochondria respectively, are the
main organelles responsible for their metabolism.

In peroxisomes, the main glyoxylate precursors are glycine and glycolate
(see Figure 1.2.3). The oxidative deamination of glycine to glyoxylate is carried
out by the enzyme D-amino acid oxidase, while the oxidation of glycolate to
glyoxylate is catalyzed by glycolate oxidase. Both reactions generate hydrogen
peroxide in peroxisomes as a by-product that can be eliminated by catalase.
Nonetheless, the main contribution to glyoxylate formation is the oxidation of
glycolate. 4243

Under normal conditions, glyoxylate is metabolized to glycine by the perox-
isomal enzyme AGT and/or diffuses to the cytosol where it can be metabolized
back to glycolate by the enzyme glyoxylate reductase/hydrozypyruvate reduc-
tase.** The excess of glyoxylate, which is not metabolized to glycine or gly-
colate, can be oxidized to oxalate in the peroxisome by the enzyme glycolate
oxidase, or in the cytosol by the enzyme lactate dehydrogenase. Glyoxylate and
glycolate, can diffuse from peroxisome to cytosol because its membrane is per-
meable to small hydrophilic solutes through channels made by the peroxisomal
membrane protein Pxmp2.4%

Mitochondria produce around 20% of the glyoxylate through the metab-
olism of L-4-hydroxyproline*! (see Figure 1.2.3). The glyoxylate produced in
mitochondria is metabolized by the enzyme glyozylate reductase and/or by a mi-
tochondrial alanine:glyoxylate aminotransferase enzyme that is termed AGT2.44
AGT?2 is encoded in the AGXT2 gene (chromosome 5 —5q13-), resulting in a
class III pyridoxal phosphate enzyme of 514 residues that is suggested to be

involved in blood pressure regulation by degradation of methylarginines.4®

1.2.2. Oxalate production. Oxalate is a secondary product that results

from glyoxylate metabolism,3® thus the liver is the main responsible of oxalate
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FIGURE 1.2.3. Main routes of the glyoxylate metabolism in a human hep-
atocyte. AGT, alanine glyoxylate aminotransferase; CAT, catalase; GO, glyco-
late oxidase; DAO, D-amino acid oxidase/glycine oxidase; GRHPR, D-glicerate
dehydrogenase/glyozilate reductase; LDH, lactate dehydrogenase; SDH, serine de-
hydratase; SHMT, serine hydroxymethyltransferase; ALDH, aldehyde dehydroge-
nase; HPDC, hydroxypyruvate dehydrogenase; GDH, glycolate dehydrogenase; HO,
hydrozyproline oxidase; 1P5GD, 1 pirroline-5-carbozylate dehydrogenase; AST2,
aspartate aminotransferase 2; HOGA1, 4-hydrozy-2-oxoglutarate aldolase; AGT2,
alanine:glioxilate aminotransferase 2; GR, glyoxylate reductase; ALD, cytosolic al-
dolases. *Enzymes involved in primary hyperozalurias.

synthesis. Some enzymes involved in the oxalate formation are specific from
hepatocytes (AGT or glycolate oxidase), but others are expressed in different
tissues (lactate dehydrogenase) and therefore minor contributions from other
tissues cannot be discarded. Only around 10% of the excreted oxalate has an
exogenous origin due to the low capacity of the human digestive tract to absorb
oxalate.2? When oxalate synthesis is elevated, oxalate can be transported from
the liver to other tissues. Oxalate is not harmful in the liver, and its toxic effects
are mainly located in the kidneys where the oxalate is excreted to the urine.
The knowledge of metabolic routes that leads to oxalate formation has been
improved in the last decades. However, the aetiology of calcium oxalate is far
away to be completely understood due to difficulties in reconstructing these

metabolic pathways in hepatocyte models.2%47



CHAPTER 2

Alanine:Glyoxylate Aminotransferase

The human AGT enzyme was first purified and characterized by Thompson
and Richardson in 1967, in which the possible role of AGT in glyoxylate and
oxalate metabolism was then suggested.*® The catalytic activity of AGT was
found to resemble that of serine:pyruvate aminotransferase, but it was proved,
years later, that both activities belonged to the same enzyme. In 1986, Dan-
pure and co-workers linked the primary hyperoxaluria type 1 to a deficiency
in the AGT enzyme.! The human AGT enzyme is a liver-specific peroxiso-
mal aminotransferase (E.C. 2.6.1.44) that has the biological role of glyoxylate

detoxification.

2.1. Structure and function

From the point of view of PLP enzymes, the structure of AGT is classified
as a Fold Type I (aspartate aminotransferase family). Its quaternary structure
has two independent active sites that lie on the dimer interface.® The cat-
alytically active form of AGT is a homodimer of 86 kDa with two molecules of
coenzyme bound, constituting the holoenzyme*. As all of known aminotrans-
ferases, the AGT enzyme needs the coenzyme pyridoxal-5-phosphate (PLP)
(see Figure 2.1.1) to perform its function.

Each monomer of AGT is constituted by 392 residues that according to its
crystal structure can be divided into three domains®® (see Figure 2.1.2). The N-
terminal domain (first 20 residues) is an extension that barely has secondary
structure and is placed over the surface of the other monomer; the central
domain (next 260 residues) has most of the residues that form the active site
and the dimerization interface; and the C-terminal domain (last 110 residues)

contains, among other functions, the peroxisome targeting sequence.?!

“In this document, the term «holoenzymey» will designate the form of the enzyme where the
coenzyme is as pyridoxal-5’-phosphate. Otherwise, it will be explicitly indicated.
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FIGURE 2.1.1. Structure of active forms of the Bs vitamin. a) pyridoxal-5'-
phosphate (PLP) and b) pyridoxamine-5’-phosphate (PMP).

a) b)

C-terminal domain

Central domain

FIGURE 2.1.2. Structure of the AGT enzyme obtained by X-ray diffrac-
tion (PDB ID 1h0c).5° a) secondary structure of the AGT monomer where PLP
is represented by spheres. b) surface representation of the AGT dimer. Images were
created with Pymol Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC.

From the point of view of the function, AGT catalyzes the transamination
of glyoxylate to glycine using L-alanine as amino donor, resulting into pyruvate.
The transamination mechanism was established through works performed by
Snell and Braunstein and it has several steps that are schematized in the Figure
2.1.3. The specificity of the reaction is controlled by steroelectronic effects
(hypothesis of Dunathan) where the bond to be broken is situated parallel to
the conjugated p orbitals of the m system constituted by the Schiff base and
pyridine ring.52
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In human AGT, the PLP molecule is bound to the active site through an
internal Schiff base between its C-4’ carbon and the e-amino group of the Lysine
209 (see Figure 2.1.3-a). The addition of the amino acid substrate results in
a transaldimination, converting the internal Schiff base into an external Schiff
base with the a-amino group of the substrate (see Figure 2.1.3-b). In the next
steps, the a-hydrogen of the substrate is transferred to the C-4’ of the PLP
through a quinonoid (see Figure 2.1.3-c), to form a ketimine intermediate (see
Figure 2.1.3-d). This intermediate is then hydrolyzed to PMP and the keto
acid product (see Figure 2.1.3-e). This process is completed by the other half
reaction in which an amino acid is formed from a keto acid substrate, including

the regeneration of PLP.?3

FIGURE 2.1.3. Mechanism of the aminotransferase reaction. The scheme
ilustrates the half reaction of the transamination. The other half is done by a
reverse process.

The post-translational translocation to the peroxisome of AGT is
mediated by a peroxisome targeting sequence type 1 (PTS1), which is located
in the C-terminal domain. This translocation is carried out by the interaction
with the peroxisomal receptor Pex5p.54:55

The C-terminal tripeptide of human AGT is KKL, where two of them match
the SKL consensus PTS1 tripeptide.5¢ The tripeptide KKL has not been de-
tected in other peroxisomal proteins following the PTS1 route and previous

works have proved that this sequence is insufficient to direct the peroxisomal
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targeting.?* Moreover, the crystal structure of the AGT-Pex5p complex (see

Figure 2.1.4) reveals that other residues (extended PTS1: residues 381-388 and
327-330) are involved in the AGT-Pex5p interactions, which are crucial for the
recognition and maintenance of the complex.®”

The AGT protein is expressed at high levels in hepatocytes and it has low
affinity for the PTS1-binding domain of human Pex5p protein.®® It has been
suggested that the relation between the affinity of the PTS1 for the PTS1-
binding domain of human Pex5p and the expression levels of peroxisomal pro-
teins imported by this route, allows the existence of a relatively uniform popu-
lation of the PexHp-protein complexes to import these proteins at an adequate

level to develop their function.®®

FIGURE 2.1.4. Structure of the complex AGT-PTS1-binding domain of
the human peroxisomal receptor Pex5p obtained by X-ray diffraction
(PDB ID 3R9A). The PTS1-binding domain (grey) interacts with C-terminal
PTS1 tripeptide (green) and residues from the extended PTS1 (yellow). Image
was created with Pymol Molecular Graphics System, Version 1.5.0.4 Schrodinger,
LLC.

2.2. Alleles and pathogenic variants

The AGT enzyme is encoded by the AGXT gene.! This gene has 11 ex-

ons comprising around 10 kb in the chromosome 2 (2q37.3). There are two
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main alleles for the AGXT gene in non-PH1 subjects. The most common al-
lele or haplotype is termed the major allele (AGXT-Ma) and the other one is
termed the minor allele (AGXT-Mi). The main differences at protein level are
the substitution of a leucine to a proline at the 11%* position (P11L) and the
substitution of a methionine to a isoleucine at the 340" position (I340M) of the
polypeptide chain’.¢ A comparison of the protein properties for both alleles is
shown in the Table 2.2.1.

TABLE 2.2.1. Main properties between the protein product of the major
and minor allele.

Property AGT — Ma AGT — Mi
Frequence ! 80% 20%
Substitutions N/A P11L; 1340M
Localization Peroxisomal Peroxisomal 2

Stability Reference value Slighly lower

Activity Reference value Similar or Slighly lower
N/A, not applicable.

! In healthy individuals.
2 In the present work, although it has been reported some degree of
mistargeting to mitochondria in previous works.3

More than 150 pathogenic mutations over the AGXT gene are associated
with PH1.% 50% of these mutations are missense mutations in which a single
nucleotide change results in a codon for another amino acid. Around 13% are
nonsense mutations that result in a premature stop codon while the 12% affect
the mRNA splicing. Finally, the last 25% of these mutations correspond to
deletions and insertions of different size.®

There are different molecular mechanisms underlying the protein defect in
PHI (see Table 2.2.2). These molecular mechanisms can involve: i) mitochon-
drial mistargeting, at which the AGT enzyme is imported to the mitochondria;?!

59-61 iii) accelerated degradation;®® and/or iv) catalytic

ii) protein aggregation;
defects.®2 Nonetheless, the molecular details of the main mechanisms for most

common mutants remain unclear. Most PH1 mutations co-segregate with the

"The polypeptide chain encoded by the major allele is the wild type form of the human AGT
and is termed as AGT-Ma. On the other hand, the protein product of the minor allele is
termed as AGT-Mi.
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minor allele and the existence of synergic effects with the P11L substitution

has been proposed.3

TABLE 2.2.2. Most frequent PH1 mutations on human AGT enzyme

Mutation Allele background Frequency ! Molecular phenotype
G170R Minor 30% Mistargeting to mitochondria
1244T Minor 9% 2 Aggregation
F1521 Minor 1-7% Mistargeting to mitochondria
G41R Minor/Major 1% Aggregation
G&2E Major <1% Catalytic defect

! Frequency over characterized pathogenic alleles.

2 The frequency of this mutation reaches the 90% in the Canary Islands.

14



CHAPTER 3

Protein misfolding and human diseases

Proteins are the molecular machinery responsible for the most essential func-
tions of life. Although information to reach the native state is encoded in their
primary structure (amino acid sequence),%* it has been highlighted in the last
decades that many newly synthesized proteins require a complex cellular ma-

65 This complex machinery con-

chinery to reach their native state in vivo.
stitutes an essential quality control and its adequate balance is vital for the

survival of the cell.

3.1. Protein folding in wvitro

In the energy landscape approach, protein folding is described as a process
taking place on a rugged free-energy surface, which is a function of the con-
formational properties of the unfolded and folded states of the protein. This
surface is energetically channelled, and protein folding is a consequence of the

free energy reduction as native interactions are established (see Figure 3.1.1).

Conformation Space

i~ Unfolded States

Folding

/\-\\In termediates

Energy
4?'

| o
Partially%\\
Folded States “Zj

FIGURE 3.1.1. Energy landscape view of the protein folding. Multiple con-
formations are funneled to the native state. Aggregation can occur from partially
folded states that can be protected by molecular chaperones.

éﬁ Native States
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In this energy landscape, it is not necessary to postulate the existence of a
unique folding pathway (that emerged from the Levinthal’s paradox)%® because
the protein can fold following different routes, in which partially folded states
can be populated. Kinetic traps can be viewed as local energy minima due to
roughness on this energy landscape, where the protein remains in a partially
folded state. The roughness of the energy landscape may be modified by muta-
tions that stabilizes kinetic traps. Moreover, the energy landscape of a protein
can also be modulated in vivo by environmental stresses and the action of the
cellular protein homeostasis network that maintains the health of the proteome.
Consequently, the knowledge obtained for protein folding in vitro is not enough

to be properly translated to the process of the protein folding in a cell.

3.2. Protein folding in vivo

The protein folding in wvivo of nascent chains is linked to ribosomes and
largely influenced by the environmental conditions of the cell. The rate of pro-
tein folding in wivo is affected by the rate of mRNA translation.®” Protein
synthesis is relatively slow (5-9 residues/sec in eukaryotes) thus the polypep-
tide chain will be exposed in partially folded states (prone to aggregate) during
the synthesis. In addition, the correct folding of a protein can also be compro-
mised by transcription or translation errors, the partial synthesis of the protein
or the damage made by reactive oxygen species.®® When a protein is not able
to fold properly, it can be trapped into partially folded or misfolded states.
In these states, hydrophobic regions of the protein (that would be buried in
the native state) are exposed and thus the possibility to suffer aggregation is
raised.®® Moreover, aggregation events are promoted in the crowded environ-
ment of the cell where some proteins also need the binding of specific cofactors
or the acquisition of functional quaternary structures to properly fold.

Nascent polypeptide chains sometimes require the action of a complex cel-
lular machinery to reach the native state efficiently.”® This complex cellular
machinery is composed by molecular chaperones and chaperonins, which some
of them are energy-dependent.”™ In the same way, as a regulatory system, the
life span of intracellular proteins is controlled by degradation pathways, e.g.
the proteasome or cellular system of proteolysis.”>73 Therefore, when a pro-

tein is damaged or the biological function is not needed, the protein is removed.
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However, the existence of these quality control systems does not guarantee the

success of protein folding.

3.3. Folding and quality-control mechanisms

In the cell, proteins are constantly degraded into amino acids and replaced

74 The protein

by newly synthesized polypeptide chains (protein turnover).
turnover is a highly selective process. The turnover rate correlates with protein
function and subcellular location and it is controlled by the protein homeostasis
(proteostasis) network, which is the central pathway responsible for the gener-
ation and maintenance of the proteome in a healthy cell.”®

Molecular chaperones have a central role in the proteostasis network®® by re-
folding misfolded proteins, promoting degradation of misfolded polypeptides by
ubiquitin-proteasome system (UPS) pathway® or sequestering misfolded pro-
teins into specialized quality control compartments.”” In the cytosol of eukary-
otic cells, there are two distinctly regulated chaperone networks: i) chaperones
linked to protein synthesis (CLIPS) that are functionally and physically linked
to the translation machinery and assist the folding of newly translated proteins,
and ii) the heat shock proteins (HSP), which can be induced by heat shock
factors and protect the proteome from different stresses.” In addition, cer-
tain chaperones have the ability to extract and refold proteins from aggregates
such as the small heat shock proteins and chaperones from AAA-ATPases fam-
ily.”™ Furthermore, when the folding and proteolysis systems are overloaded,
the aggresome-autophagy pathway could be another cellular defense system.
This system collects and compartmentalizes misfolded or aggregated proteins
into specialized inclusions called aggresomes, which are then cleared by au-
tophagy.8°

In the cytosol, soluble misfolded proteins are cleared through the UPS upon
polyubiquitination, which tags them for destruction by the 26S proteasome
while the majority of misfolded endoplasmic reticulum (ER) proteins are cleared
by the ER-associated degradation (ERAD) pathway.® 8! The ability of chaper-
ones to recognize misfolded polypeptides is central to protein quality control.
In general, chaperones recognition is mediated by hydrophobic interactions®
while degradation is often controlled by the recognition of an amino-terminal

residue according to the N-end rule.82
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A number of pathological conditions, environmental and metabolic stresses
increase the production of misfolded proteins. Accordingly, some transcriptional
programs sense stress and enhance the expression of molecular chaperones and
degradation components. However, the protein homeostasis capacity is declined

83,84 and can be overwhelmed by the accumulation of misfolded

through aging
proteins. The contribution of these stresses to burden the cellular quality control
machinery is often unknown and they may play an important role in the onset

of misfolding diseases.

3.4. Misfolding diseases

Conformational or misfolding diseases define a group of disorders in which
protein folding fails due to mutations.®® However, in a misfolding disease at least
some of the target protein may be correctly folded by the proteostasis network
of the cell, and therefore proteostasis capacity would influence the onset of the
disorder.86

The proteostasis network is composed by several biological pathways, com-
prising chaperones, folding enzymes and trafficking and degradation compo-
nents. This network is controlled by signalling pathways that modify the con-
centration, distribution and activities of key components. Basically, the func-
tion of this network is to re-sculpt the energy landscape of a protein folding by
reducing aggregation, promoting folding and assisting protein degradation.®®
Therefore, the proteostasis network capacity influences the relation between
the protein folding energetics and the biological folding process.

A minimal proteostasis boundary is defined by combining protein folding
energetics and the proteostasis network capacity to determine whether a protein
reaches adequate levels of folding for biological function.®¢ The location of this
boundary depends on the proteostasis capacity and it is defined in a three-
dimensional space by protein folding thermodynamics (stability), folding and
misfolding kinetics (see Figure 3.4.1).

In a cell, those proteins with energetics below the proteostasis boundary
will be properly folded at a given proteostasis network capacity (green nodes
in Figure 3.4.1). Alternatively, less stable, slowly folding or rapidly misfolding
proteins are closer to the boundary and their ability to fold will be more sensitive
to changes in the proteostasis network capacity. Furthermore, folding energetics

can be compromised by the action of stresses or mutations and the protein would
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move beyond the proteostasis boundary leading to degradation, aggregation and

disease (red nodes in Figure 3.4.1).3¢
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FicURE 3.4.1. Illustration of the proteostasis boundary. The proteostasis
boundary is defined by kinetics of folding, misfolding and thermodynamic stability.
The proteostasis network copes with protein folding constraints in a healthy cell
(green nodes). When a mutation is presented it can result in misfolding leading to
loss-of-function or gain-of-toxic-function disease (red nodes).

In summary, a link between folding diseases and the proteostasis network is
proposed. When a cell is not able to handle its proteostasis load (due to stress,
aging or chronic expression of misfolded proteins) it could lead to a loss-of-
function disorder (such as cystic fibrosis®” or lysosomal storage disorders®®) or

86,89) Ip

a gain-of-toxic-function disorder (such as neurodegenerative diseases
theory, any misfolding disease (protein folding energetics outside the proteosta-
sis boundary) could be corrected by i) expanding the proteostasis boundary
or ii) reducing the constraints to fall below the proteostasis network boundary
by stabilizing the native state or reducing the misfolding rate. Pharmacologi-
cal chaperones and proteostasis regulators could be used for modulation of the
proteostasis network. This modulation is becoming a promising therapeutic

approach for the design of treatments for misfolding diseases.'3

3.5. Misfolding diseases in model organisms

The knowledge of the interplay between folding energetics and proteostasis

network capacity (position and shape of proteostasis boundary) could be used
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for the design of new therapeutic approaches for misfolding diseases. The in
vitro characterization of disease-causing mutants should be complemented by
an in vivo characterization based on animal model systems of the disease, in
which the restoration of the proteostasis could be tested.?°

Due to its versatility and intrinsic properties as an animal model, the ne-

matode C. elegans has become a preferred system for modelling human confor-
mational diseases:!12-89,91-95
— (. elegans is a simple organism that shares essential biological features

with humans.?®

— The nematode has a small size with a short life cycle and lifespan.®?

— Mutant strains become homozygous by self-fertilization and can be

easily grown in the laboratory obtaining a high statistical population.®®

— The animal body is transparent thus cells and proteins can be tracked
in vivo.%% 99

— The genome of the nematode is completely sequenced'®® and it is

1

amenable to forward and reverse genetic screens,!®! particularly to

gene inactivation by RNAj.102

In regard to PH1, a predicted open reading frame (ORF), denoted as T14D7.1,

d'%3 in this nematode. C.

orthologous to the human AGXT gene was foun
elegans could be an appropriate model to study the proteostasis of human AGT
enzyme, the relation of disease-causing mutants with different elements of the
proteostasis network!%410% and to identify protein homeostasis components to

be pharmacologically targeted.
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CHAPTER 4

Engineering protein stability

The stability of a folded protein must be enough to keep its active conforma-
tion during a biologically relevant time-scale in order to satisfy the functional
demands of the cell. In the previous chapter, we have seen that there is a
relation between the protein folding energetics and the proteostasis network
capacity, in which properties such as protein stability, folding kinetics or mis-
folding kinetics define the position in reference to the proteostasis boundary.
Therefore, for a given protein, the increase of protein stability by protein engi-
neering could be a useful tool to improve protein efficiency in vivo and could be
used in GT or ERT strategies'® to treat monogenic inborn errors of metabolism
such as PH1.1%

4.1. Thermodynamic vs. kinetic stability

It is thought that the main forces that stabilize proteins structure are the

hydrophobic effect and the hydrogen bonds!%6

while the conformational entropy
is the main destabilizing force. Nonetheless, the thermodynamic stability of a
protein is marginal (~ 5-10 kcal/mol) due to an enthalpy-entropy compensa-
tion.

The protein thermodynamic stability, in the simplest two-state model
(N < U), is defined by the population of the native and unfolded states in
equilibrium conditions at a given temperature (the folding equilibrium constant,
K7)197. Usually, the thermodynamic stability is expressed in terms of the
partial molar Gibbs energy difference (AG) between the unfolded (U) and the

native state (N) (see Figure 4.1.1-a):
AYG(T)=AH(T)-T-AS(T)=—-R-T-in(Kr)

_ ]
Kr=1m
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The thermodynamic stability of a protein, as a function of temperature,
is fully specified with the definition of three thermodynamic parameters: en-
thalpy and entropy changes (at the reference temperature) and the heat capac-
ity change. These three parameters can be accurately measured by differential
scanning calorimetry (DSC). The profile of the unfolding Gibbs energy wvs. the
temperature, defines the stability curve of a protein (see Figure 4.1.1-b). The
stability curve has one maximum and there is a range of temperatures where
the protein is stable (AG > 0). In addition, there are two temperatures (7,
and T,,,) where the stability curve crosses the abscissa (AG = 0) constituting
the high and low-temperature melting points, respectively (see Figure 4.1.1-b).

However, a complete thermodynamic description of the in vitro protein un-
folding is not always possible due to the existence of irreversible events that pre-
vent the establishment of the equilibrium. A thermodynamically stable protein
will mainly populate the native state, but if the unfolded state is undergoing
an irreversible alteration (aggregation or proteolysis) in a relevant timescale,
the equilibrium will be shifted to the unfolded state, thus the thermodynamic
stability does not guarantee the native state during a given in vivo timescale.
Alternatively, the kinetic stability of a protein, which determines the rate
of protein unfolding according to the height of the free energy barrier between
native and unfolded states (AG7), is a mechanism that could keep the native
state of a protein in a biologically relevant time (see Figure 4.1.1-a).1?

According to the transition state theory,'®® the rate constant (k) of an

irreversible denaturation process can be described as:

R-T

where the kg is the pre-exponential factor and AG7 is the free activation

£
k:ko-exp<—AG )

energy barrier between the native and the transition state.

Evolution may have selected marginal thermodynamic stability of proteins in
which this positive, but not too large unfolding Gibbs energy, may have some
physiological advantages'®® such as i) to avoid proteins trapped in misfolded
structures and/or ii) to allow transient unfolding states during transportation
or function. Therefore, it is proposed that many proteins evolved to have a high
kinetic stability (low denaturation rate) in order to keep the safety of the native
state.11® However, mutations on amino acid sequence may be translated into a

modification of the kinetic stability leading to misfolding diseases.'1
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FIGURE 4.1.1. Thermodynamic vs kinetic stability. a) representation of the
thermodynamic stability (AG) of a protein as the unfolding Gibbs energy between
the unfolded (U) and native (N) state and the kinetic stability as the free-energy
barrier (AG7”) between the native (N) and transition state (TS); b) representation
of a protein stability curve.

4.2. Protein engineering

The aim of protein engineering is the modification of the relevant properties
of an enzyme, e.g. stability and activity. These properties should be modified
in order to be adapted to certain conditions imposed by a technological process
or for improving treatments of human diseases.!'2 Protein engineering has also
become a tool that generates a feedback for structure-function relationships.1t3

Local and long-range interactions are involved in the stability of a protein.
Stabilizing mutations can increase the thermodynamic stability (increasing the
free energy difference between unfolded and native states) or the kinetic stability
(increasing the activation free energy between the transition and native states).
There are many strategies that can be used to stabilize proteins. Rational
approaches use the available structural information to correlate a given property
with patterns of the structure. These approaches imply the knowledge of the
tridimensional structure of the target protein. Alternatively, directed evolution
implies the acceleration of timescale by application of a selective pressure to a
large set of variants that allows the modulation of a selected property.

The consensus concept!!* for protein engineering, can be classified as a
semi-rational approach because it does not need 3D-structural information and
it is only based in the amino acid sequence (primary structure) of proteins.

According to the neutral theory of molecular evolution, in a protein those
portions that are functionally less important evolve faster than the more impor-
tant ones, considering a constant rate of amino acid or nucleotide substitution

through evolution.!'® Thus, from a sequence alignment of homologous proteins,
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the most probable amino acid at a given position (consensus amino acid) con-
tributes more than average to protein stability than the non-consensus amino
acid.'* 116 Moreover, specific activity and thermostability could be, at least,
partially independent properties (incomplete trade-off).1” Thus, by using the
consensus approach, the protein thermostability is expected to be improved
while the specific activity is maintained.}'® 119 Ag a result, the consensus con-
cept seems to be a simple, effective and inexpensive approach for protein engi-

neering in order to design an improved AGT protein for treatment of PHI1.
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Objectives

The present thesis belongs to a multidisciplinary project focussed on primary
hyperoxaluria type 1 as a conformational disease. The main goal of this project
is to explore new potential therapeutic approaches to treat PHI1.

To achieve this long-term objective, different approaches have been consid-
ered in order to get knowledge about molecular mechanisms underlying this
disease and the results are partially collected in this thesis. Consequently, the
present thesis is composed of different chapters with the following individual
objectives:

(1) Improve our knowledge on the mechanisms underlying PH1 disease-
causing mutations by analyzing the complex mutational effects on the
AGT folding and stability in vitro and in cells.

(2) Study whether the nematode C. elegans may be used as a model for
PH1. As a first approach, a predicted orthologous protein of the human
AGT in the nematode has been characterized.

(3) Improve the efficiency of the gene and enzyme replacement therapy for
PH1 by enhancing the human AGT protein using the consensus-based
approach.

(4) Obtain information about the biophysical basis of AGT stability in
vitro vs. in cells by characterizing the thermal and chemical denatura-
tion of a set of AGT proteins composed by non-disease polymorphisms,

disease-causing and consensus-based variants.
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CHAPTER 5

In vitro characterization of PH1 pathogenic variants

5.1. Brief introduction

The knowledge of PH1 disease-causing mechanisms is a powerful tool for
designing new therapeutic approaches. In order to obtain more information
about the effects of PH1 mutations on AGT folding, activity and stability, we
have performed a biochemical and biophysical characterization of most common
non-pathogenic and disease-causing AGT variants.

This set is composed by 4 polymorphic variants (the major allele or AGT-
Ma, the minor allele or AGT-Mi, and the two point mutations that form the
minor allele: P11L-Ma and 1340M-Ma), 6 known PH1 mutations that are found
in the minor allele background (H83R-Mi, F152I-Mi, G170R-Mi, 1244T-Mi,
P319L-Mi and A368T-Mi) and 2 variants with uncertain pathogenicity that are
also found in the minor allele background (R197Q-Mi and A295T-Mi).

In this chapter the in vitro characterization is presented and discussed.

5.2. Results.

Analyzed mutations are spread over the three dimensional struc-
ture of AGT. Analyzed mutations are located in different elements of the
protein structure in which native residues are mainly buried in the folded state
(see Figure 5.2.1). Mutated residues are shown in the crystal structure of AGT-
Ma in the Figure 5.2.2-a.

The P11L and I340M polymorphisms are found in the dimer interface.
The sterically constrained Proll is changed by an aliphatic residue while the
[340M substitution keeps the hydrophobic nature of the residue. The rest of
the mutations are located far from the dimerization interface, and only the
H83R mutation is found in the active site. The His83 makes hydrogen-bonding
interaction with an oxygen atom of the phosphate group of PLP (see Figure
5.2.2-b). Therefore, the substitution by an arginine should modify PLP binding
due to steric and electrostatic effects.
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FIGURE 5.2.1. Percentage of accesible surface area (ASA) in the native
state. Data obtained from the crystal structure of AGT-Ma®® using a home-built
software kindly provided by Prof. Jose Manuel Sanchez-Ruiz.

1340M P11L

FIGURE 5.2.2. Mutations and polymorphisms on AGT structure (PDB
ID 1hOc). a) AGT dimer structure where PH1 mutations and polymorphisms are
labeled and pointed by arrows; b) representation of the active site of AGT where
key residues are labelled and important hydrogen bonds are represented by dotted
lines. Residues from each monomer are marked as blue or purple. Images were
created with Pymol Molecular Graphics System, Version 1.5.0.4 Schrodinger, LLC.

The A295T, P319L and A368T mutations are found in the vicinity of
a domain:domain interface within the AGT monomer. The buried Pro319,
located in a turn, is changed to an aliphatic leucine while the A295T and A368T
mutations change a hydrophobic alanine to a polar uncharged threonine. The
G170R and I1244T mutations imply the change of a buried aliphatic residue
to a positively charged residue with a longer side chain and a polar uncharged
residue, respectively. The F1521 substitution keeps the aliphatic nature while

removes an aromatic residue. Finally, the R197Q mutation is located in a turn
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and it involves the change of a large positively charged to a polar uncharged

residue.

PH1 mutations reduce the purification yield. The polymorphisms and
disease-causing variants have been expressed and purified from BL21 strains
of E. coli following the same procedure. In all cases, a soluble and highly
pure and homogeneous protein was obtained. Nonetheless, the average yield
of purification was very different among the analyzed variants, ranging from 3
to 15 mg of protein per liter of cell culture, in which the lower average yields
correspond to PH1 mutations (see Table 5.2.1).

TABLE 5.2.1. Purification yields and retention volumes for AGT variants.

Variants Purification yield ! Retention volume 2
mg - 171 cell culture ml
AGT-Ma 16.08 (100%) 82.7
AGT-Mi 15.38 (96%) 82.8
P11L-Ma 3.76 (23%) 83.2
1340M-Ma 25.97 (162%) -
H83R-Mi 6.97 (43%) 81.3
F152I-Mi 5.52 (34%) -
G170R-Mi 6.48 (40%) 83.2
R197Q-Mi 3.91 (24%) 83.0
1244T-Mi 3.79 (24%) 83.2
A295T-Mi 13.01 (81%) 82.6
P319L-Mi 4.83 (30%) -
A368T-Mi 5.59 (35%) 82.8
! Purification yield percentage over AGT-Ma is shown between parentheses
2 Using a HiLoad " 16/60 Superdex 200 SEC column

All samples have been subjected to size exclusion chromatography (SEC)
during the purification process. Chromatograms show a single peak with an
average retention volume of 82.6 ml. This retention volume corresponds to a
molecular weight of around 90 kDa, consistent with the AGT dimer (see Figure
5.2.3).
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FIGURE 5.2.3. Purification of AGT variants. a) Typical size exclusion chro-
matograms for AGT. Data corresponds to AGT-Ma (black) and P11L-Ma (red)
variants using a HiLoad 16/60 SuperdeXTM 200 SEC column; b) SDS-PAGE of
AGT-Ma samples during purification: 1) soluble extract, 2) flow-through after
IMAC, 3) wash sample and 4) elution sample; 5) molecular weight marker.

The oligomerization state of the AGT is not altered by PH1 muta-
tions. The oligomerization state has been further evaluated for these variants.
Dynamic light scattering (DLS) studies were performed to obtain more informa-
tion about their quaternary structure (see Table 5.2.2). The diameters obtained
for the two polymorphisms, AGT-Ma and AGT-Mi, are 8.1 + 2.3 nm and 7.8
+ 0.1 nm respectively. The average diameter for the pathogenic variants is
8.4 + 1.3 nm. These results are consistent with SEC chromatograms (see Ta-
ble 5.2.1), suggesting that there is no alteration of the oligomerization state
of these variants. Considering the uncertainty associated with these measure-
ments, the obtained hydrodynamic diameter of AGT-Ma is in agreement with

the value that has been previously reported.?°

Most PH1 mutations have little impact on catalysis. The enzyme
kinetics of these variants have been studied using a double displacement mech-
anism (also known as a ping-pong mechanism).6? Using this model, the kinetic
parameters are obtained from a global fit of data at different alanine and gly-
oxylate concentrations. The kinetic parameters for AGT variants are compiled
in the Table 5.2.3. These variants display similar specific activities (Vj,qz) in
comparison with AGT-Ma. In addition, there are no large changes in the val-
ues obtained for the Michaelis-Menten constant of L-alanine (K 4;,) and gly-
oxylate (K ciyor) sSuggesting similar affinities for both substrates. The only
exception for this behaviour is found in the variant H83R-Mi, which shows a
reduced V., of around 15-fold while keeps similar K, values for substrates as
it is shown in the Figure 5.2.4.

34



TABLE 5.2.2. Hydrodynamic diameter of holoenzyme AGT variants de-
termined by DLS.

Variants Hydrodynamic diameter!
nm
AGT-Ma 8.1+ 2.3
AGT-Mi 7.8 £ 0.1
P11L-Ma 9.8 £ 2.8
1340M-Ma 82+ 0.1
H83R-Mi 8.9 + 2.3
F1521-Mi 89 + 0.2
G170R-Mi 6.6 £ 0.9
R197Q-Mi 9.9 £ 0.7
1244T-Mi 714+ 0.7
A295T-Mi 954+ 0.4
P319L-Mi 734+ 1.0
A368T-Mi 8.2 4+ 0.2
L Data from 3 to 9 independent measurements.
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FIGURE 5.2.4. Enzyme activity measurements at 37°C for a) AGT-Ma and
b) H83R-Mi. Results obtained for different L-alanine concentration in presence
of 0.25 mM (green), 0.5 mM (blue), 1 mM (red) and 2 mM (black) glyoxylate in 4
different independent measurements. Lines are the fit of data.
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TABLE 5.2.3. Enzyme kinetic parameters at 37°C obtained by using a

double-displacement mechanism.

Variants Vinaz 1 K it K Gryor *

mmolyy, - h™ - mg™~ mM uM
AGT-Ma 2.22 £ 0.09 195 £ 14 245 £+ 29
AGT-Mi 2.26 = 0.09 19.8 £1.5 197 £ 27
P11L-Ma 2.43 4+ 0.08 18.3 £ 1.2 185 £ 22
1340M-Ma 3.03 £ 0.10 223 £ 1.3 277 £ 27
H83R-Mi 0.141 £ 0.005 424 + 2.4 156 + 19
F1521-Mi 1.90 £ 0.19 15.7 £ 3.1 201 £+ 68
G170R-Mi 2.54 £ 0.13 21.9 £ 2.0 293 £ 42
R197Q-Mi 1.84 £ 0.06 18.1 £1.2 168 £+ 21
1244'T-Mi 2.82 £ 0.20 16.8 £ 2.4 193 £ 49
A295T-Mi 2.10 £ 0.10 185 £ 1.3 292 £+ 30
P319L-Mi 1.54 £ 0.13 16.2 &+ 2.7 212 £ 60
A368T-Mi 2.12 £ 0.13 23.0 £ 2.5 297 £ 50
L' Data from global fittings of 2-4 independent experiments.

The microenvironment of the active site is different in the H83R-
Mi variant. Because of the low enzymatic activity, the microenvironment of
the coenzyme in the active site has been studied for H83R-Mi in comparison with
AGT-Ma by near-UV visible absorption and circular dichroism (CD) spectra.
These spectra were collected with the coenzyme forming the internal (PLP) and
external (PMP) Schiff base (see Figure 5.2.5).

When the coenzyme is bound by an internal Schiff base, the AGT-Ma
variant has a maximum in the absorption spectrum at 425 nm and a shoulder
around 340 nm, were both peaks belong to different tautomeric forms of the
bound cofactor through an internal Schiff base. In addition, the CD spectrum
shows a strong positive peak centered at 430 nm and a weak negative peak
around 340 nm. The CD spectrum also shows weak signals from 270 to 300
nm probably due to aromatic residues. On the other hand, the absorption and
CD spectra of the H83R-Mi variant have peaks with similar intensity to those
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of AGT-Ma but 10-15 nm blue shifted. These spectroscopic differences suggest
that the coenzyme as PLP is bound and maintained in the active site of H83R-

Mi but in a different microenvironment.

a) b)
10000 ¢ | 150 -
8000 - \ _

g

T ,’ﬁ\ N-?
g 6000 - 'I \|‘ g

- ] .
's 1 g
- ,’ \ °

w 4000 H é
-

2,

2000
0 T L] L] L]

300 350 400 450 500 550 250 300 350 400 450 500 550
Wavelength, nm Wavelength, nm

FIGURE 5.2.5. Near-UV and visible spectroscopic characterization by a)
absorbance and b) circular dichroism for AGT-Ma (black) and H83R-
Mi (green). The spectra for each variant is shown for PLP (continuous lines) and
PMP bound (dashed lines) after incubation with 500 mM of L-alanine.

When both enzymes were incubated in the presence of 500 mM of L-alanine,
the coenzyme formed the external Schiff base corresponding to half reaction
of transamination. In this case, the AGT-Ma absorption spectrum has a band
around 320-325 nm and the CD spectrum has also a positive dichroic band at
320 nm because of the PMP. Again, the H83R-Mi variant shows the same peak
10 nm blue shifted in the absorption spectra, and no CD signal from 300 to 550
nm. Therefore, these results support a distorted orientation of the coenzyme in
the active site or maybe even the partial release of the PMP.

Because of PMP remains tightly bound during the catalytic turnover of
AGT-Ma,%? the ability of PMP to remain in the active site was tested for the
H83R-Mi variant. By incubating both enzymes (36 pM in monomer) with L-
alanine for 1 h at 25°C, the PLP was converted into PMP. The amount of
PMP released was followed by UV absorption (es05 = 8300 M~ - em™1) after
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filtration (cut-off of 10 kDa). Under these conditions, only 3% of the PMP was
released for AGT-Ma while for H83R-Mi this value reaches 44%. These results
are consistent with a PMP tightly bound during the transamination reaction of
AGT-Ma®? and a weaker affinity of H83R-Mi variant for PMP, supporting its

distorted active site micro-environment.

PH1 variants show similar binding affinities for PLP. The ability
to bind the coenzyme PLP was measured by quenching of intrinsic Trp fluo-
rescence. The affinity of the coenzyme was measured using two approaches: a
kinetic and an equilibrium approach. The kinetic approach was used for those
variants that underwent aggregation during the incubation with PLP, such as
H83R-Mi, F152I-Mi, G170R-Mi, 1244T-Mi, P319L-Mi and P11L-Ma. The rest
of variants were analyzed under the equilibrium approach.

With both approaches, the main objective is to obtain an equilibrium dis-
sociation constant value for the coenzyme PLP (Kp prp). The equilibrium
approach allow us to determine Kp prp directly, while in the kinetic approach
this value is calculated indirectly from the kinetic rate constants of dissociation
(kosr) and association (ko,) of the coenzyme under pseudo-first order conditions.
The results obtained are summarized in the Table 5.2.4.

The results obtained for equilibrium dissociation constants differ in mag-
nitude according to the approach used (see Table 5.2.4). Since the kinetic
approach implies an indirect evaluation of Kp prp , the uncertainty linked to
the low value of the kinetic rate constants of dissociation (k,ss) determines the
reliability of the Kp prp value. For this reason, the comparisons of Kp prp val-
ues between variants have been made using AGT-Ma as a reference according
to the approach used in each case (see Figure 5.2.6).

In general, considering the uncertainty of data, all variants show similar

Kp.prp values. However, we can highlight some differences:

i): the H83R-Mi and F'152I-Mi variants show an incremented kinetic rate
constants (Ko, and kyss) of around 700% and 1500% vs. AGT-Ma,
respectively (see Figure 5.2.6-a). This result suggests that although
these variants show similar affinities for the coenzyme, the events of
association and dissociation are more dynamic;

ii): the 1244T-Mi variant shows a 2-fold higher Kp prp value than AGT-

Ma, which seems to exceed the uncertainty limits and is due to a
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iii):

4-fold decrease in the k,, rate constant, suggesting a lower affinity
for the coenzyme;

the P319L-Mi variant shows an apparent increase in the coenzyme
binding affinity (its Kp prp is 20% of the AGT-Ma value), however
this fact cannot be confirmed because of the high uncertainty prop-

agated from the dissociation constant rate to the Kp prp value.

TABLE 5.2.4. PLP binding affinities for the AGT variants obtained by
kinetic and equilibrium approaches.

Variants Equilibrium Kinetic

Kpprp ! Kp.prp? Kon kors

nM nM M1t 571 s71(-10%)

AGT-Ma 100 4+ 30 1228 + 273 189 + 4 23 £5
AGT-Mi 157 + 15 N/D N/D N/D
P11L-Ma N/D 1069 + 88 150 + 1 16 + 1
I340M-Ma 172 = 42 N/D N/D N/D
H83R-Mi N/D 1184 4+ 383 1470 £ 160 174 £ 53
F152I-Mi N/D 490 + 298 2987 £ 68 146 4+ 89
G170R-Mi N/D 1378 + 169 125 + 2 17 £ 2
R197Q-Mi 156 + 34 N/D N/D N/D
1244'T-Mi N/D 3058 + 237 5l £1 16 + 1
A295T-Mi 71 + 16 N/D N/D N/D
P319L-Mi N/D 240 4+ 361 268 £ 7 6 £+ 10
A368T-Mi 134 + 26 N/D N/D N/D

N/D, not determined
1 Kp prp data obtained from a single titration except AGT-Ma that was

evaluated in 3 different titration experiments.
2 Kp prp estimated from kinetic experiments at different PLP

concentrations. Errors were obtained from the fit of data
(Kp.prp = koss/kon)-
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FIGURE 5.2.6. Binding affinities of the AGT for PLP. a) kinetics of PLP
binding obtained by the kinetic approach in pseudo-first order conditions for the
AGT-Ma and F152I-Mi; b) titration data obtained by the equilibrium approach
for the AGT-Ma.

PHI1 mutations preferentially destabilize the apo-form of the AGT
enzyme. The thermal stability of the AGT variants has been evaluated by
DSC. Under the experimental conditions used, thermograms obtained show a
single endothermic transition (the system absorbs energy) for all variants in the
holo and apo forms. The thermal unfolding of the AGT is well described by a

two-state irreversible process” that can be represented as:
k
N = F

where the native dimer (N) is unfolded to a final aggregated state (F') that
cannot fold back and the process is characterized by a kinetic constant (k).*2*
This model was fitted to the experimental data and it was also validated by

121 of the activation energy values (F,) (see Figure 5.2.7) for

consistency tests
all AGT variants.

With this model we evaluated the E,, the temperature where the maximum
of the transitions occurs (7, parameter) and the enthalpy of the thermal un-
folding (AH). Alternatively, the order of the reaction (1/u) of the thermal
unfolding was confirmed as a first order,'?2 i.e., the transition state is a dimer
(1 =~ 1) and only for some variants in the apo state the order of the reaction

displayed a small deviation from 1 (see Table 5.2.5).

40



TABLE 5.2.5.

Thermal denaturation parameters for AGT variants.

T, ! AH.q 2 E,3
Variants [
°C kcal - kmol =% keal - kmol !
AGT-Ma  82.1 548 + 4 109 + 5 0.95 + 0.02
AGT-Mi 76.6 374 £ 14 101 £ 5 1.00 £+ 0.01
P11L-Ma  73.8 400 £ 4 95 £ 3 0.98 + 0.01
I1340M-Ma  84.1 530 £ 24 115 + 4 0.90 £+ 0.03
é) H83R-Mi  58.2 236 + 16 55 £ 3 0.90 £ 0.03
E F152I-Mi  73.1 454 £ 18 97 + 4 0.92 £ 0.04
% G170R-Mi  75.5 458 + 18 100 £ 2 0.99 £+ 0.01
é R197Q-Mi  77.9 402 £ 6 110 £ 6 0.96 £ 0.01
1244T-Mi  75.8 404 £ 10 103 £+ 2 0.95 + 0.02
A295T-Mi  77.5 500 £+ 10 105 £ 8 0.91 + 0.01
P319L-Mi  76.5 394 £ 4 101 £+ 3 0.98 + 0.04
A368T-Mi  76.5 440 £ 6 102 £7 0.98 + 0.04
AGT-Ma  58.4 254 + 16 111 + 10 1.30 4+ 0.02
AGT-Mi 51.8 204 £+ 10 121 + 6 1.15 4+ 0.06
P11L-Ma  49.9 200 £ 14 106 £+ 3 1.14 4+ 0.01
I340M-Ma  61.1 370 £ 22 143 + 11 1.04 £+ 0.03
éﬁ HS3R-Mi 469 156 £ 6 6246 091 +0.04
E F152I-Mi  44.7 136 £+ 18 87+ 7 1.13 £ 0.04
% G170R-Mi  48.5 200 £ 12 92 +£9 1.00 + 0.04
% R197Q-Mi  52.3 200 + 4 110 £ 10 0.96 + 0.06
1244T-Mi = 47.3 162 + 10 63 + 1 0.88 £ 0.02
A295T-Mi 494 244 + 14 92 +£9 0.89 £ 0.01
P319L-Mi  47.1 194 + 16 62 £+ 2 0.88 £ 0.01
A368T-Mi  51.8 200 £ 2 112+ 6 1.15 + 0.06

LT, for a scan rate of 3°C/min (fitting errors < 0.1°C).

2
3

meants.d. expressed per mol of AGT dimer from 3 different scan rates.

means.d. from 4 consistency test.1?!
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FIGURE 5.2.7. Consistency tests that support the thermal unfolding of
AGT follows a two-state irreversible process (data for AGT-Mi). a) Test
A: Arrhenius plot including k data obtained from 3 scan rates. b) Test B: plot of
In(v/T2) vs. 1/T, (in the plot the coordinate 1/T actually represents 1/T,). c)
Test C: values of In[in(Q:/(Q: — Q))] vs. 1/T. Lines correspond to the fit of the
data.

All thermal transitions for AGT variants share some common features: tran-
sitions are irreversible, as shown by the lack of signal in the second run for
all samples; transitions are kinetically controlled as shown by the scan rate
dependence of the T, parameter (see 5.2.8-a); and finally the reaction displays
first-order kinetics as shown by the lack of the protein concentration depen-

dence in the T, parameter (see 5.2.8-b) and values of =~ 1 (see Table 5.2.5).
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FIGURE 5.2.8. Thermal transition at different scan rates and protein con-
centration dependence on T,,. a) thermograms of holo AGT-Mi at different
scan rates: 1°C/min (red), 2°C/min (blue) and 3°C/min (green). Lines are the
best fit of data to a two-state irreversible model; b) lack of protein concentration
dependence of the T, parameter. Data correspond to holo AGT-Ma (black) and
P11L-Ma (red).
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If we consider the T, as a simple operational parameter of the thermal
stability we can make a preliminary comparison of the stability. Firstly, if we
compare the stability for each variant between its holo and apo form, we observe
that for all variants the removal of PLP has a dramatic effect on stability with
a T, reduction of 20-25°C (see Table 5.2.5 and Figure 5.2.9).

Secondly, if we focus on holo enzymes we can observe that AGT-Ma variant
has a T, that is 5.5°C higher than AGT-Mi, while the polymorphisms P11L-
Ma and I340M-Ma have a difference of -2.8°C and +7.5°C compared to the T,
of AGT-Mi. Moreover, PH1 holoenzymes have a similar 7,,, (£1°C) than AGT-
Mi and there are two exceptions, HS3R-Mi and F152I-Mi variants that have a
reduction of 17.8°C and 3.5°C respectively.

Finally, if we now compare the apo enzymes, we have a similar trend with
the polymorphisms but almost all of PH1 variants have a reduction in the T},
compared to AGT-Mi, such as F152I-Mi (-7.1°C), H83R-Mi (-4.9°C), P319L-Mi
(-4.7°C) or 1244T-Mi (-4.5°C).
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FIGURE 5.2.9. Thermograms for the thermal unfolding, obtained by dif-
ferential scanning calorimetry. Different variants are shown (see color code) in
the a) apo form and the b) holo form. Lines are the best fit of data to a two-state
irreversible model.

In addition, we can go beyond the thermal stability information that is given
by the T,, parameter because the DSC allows us to obtain information about
the kinetic stability, i.e., the time scale of denaturation. The kinetic con-

stant of the unfolding as a function of the temperature can be extracted from
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thermograms for each variant. Thus, the E, can be evaluated from the Arrhe-
nius plots of the kinetic constants for AGT variants and we can calculate the
half life (Z,2) at different temperatures (being the half life inversely propor-
tional to the denaturation kinetic constant). In Table 5.2.6 values of the kinetic
constants extrapolated at the physiological temperature of 37°C are shown for
holo and apo enzymes. Because, for some variants, the kinetic constant has
to be extrapolated more than 40°C (from the range of temperatures where ex-
perimental data were collected to 37°C) values obtained for apo enzymes are
expected to be more accurate, not even been necessary to extrapolate in some

cases (see Figure 5.2.10).
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FIGURE 5.2.10. Arrhenius plot for two AGT variants as holo and apo
forms. Lines correspond to the fit of experimental data (markers) and allow us to
obtain the half life parameter at physiological temperature of 37°C (vertical dotted
line).

According to data in Table 5.2.6, if we focus on the kinetic stability of
holo enzymes, we can observe that all variants are kinetically stable, with
half life at 37°C from 12-14 years (P11L-Ma and F152I-Mi respectively) to al-
most 80,000 years (for the most stable variant 1340M-Ma). The only exception
found is once again the H83R-Mi variant that shows a dramatic reduction in
kinetic stability with a half-life of around 4 hours. Furthermore, the stability of
disease-causing holoenzymes is almost similar if we compare with the AGT-Mi,
with ratios that range from 0.2 to 6.0 (see Table 5.2.6), where only polymor-
phisms 1340M-Ma and AGT-Ma are more stable (3 and 1 orders of magnitude

respectively). On the other hand, if we focus now on kinetic stability of apo

44



enzymes we have a different scenario. Now, PH1 mutations dramatically re-
duce the kinetic stability of the enzyme that is translated into half life values
from some minutes to a few hours. The H83R-Mi, 1244T-Mi, F152I-Mi and
P319L-Mi show a reduction on kinetic stability (at 37°C) of around 2 orders
of magnitude in comparison with AGT-Mi (see Table 5.2.6). Moreover, in the
same comparison other variants show a reduction in the kinetic stability of 1
order of magnitude (G170R-Mi and A295T-Mi and P11L-Mi). The polymor-
phisms AGT-Ma and [1340M-Ma exhibit again high stability as apo enzymes.

TABLE 5.2.6. Kinetic stability parameters for AGT variants.

HOLOENZYMES APOENZYMES
Variants k37 ,@I?G# ,  tipe 3 ksr ! ,@I?G# ,  tie 3
min =t vertant years min =t vertant hours

AGT-Ma 6.4-10719 34 2089 | 1.6:107° 16 722
AGT-Mi  2.2:1078 1.0 61 2.6-1074 1.0 44
P11L-Ma 1.1.1077 0.2 12 2.1-1073 0.12 6
I340M-Ma 1.7-10~! 1300 78652 | 2.0-1077 1300 57762
H83R-Mi 291073  7.6-107% 4.6-107*| 3.8102 6.8:1073 0.3
F1521-Mi  9.9-1078 0.2 14 4.9-1072  5.3.1073 0.2
G170R-Mi 3.7-1078 0.6 36 6.8-1073 0.04 2
R197Q-Mi 3.7-107° 6.0 361 5.5-1074 0.5 21
1244T-Mi  1.1-1078 2.0 122 3.6-1072  7.2.1073 0.3
A295T-Mi  1.2-1078 1.8 111 5.3-1073 0.05 2
P319L-Mi 9.4-107° 2.3 142 | 3.9-1072  6.6-1073 0.3
A368T-Mi 2.1.1078 1.0 64 5.9-1074 0.4 20

L Kinetic constant rates for irreversible denaturation extrapolated to 37°C

(fitting errors < 10%).
2 Ratio of kinetic constant rates compared to AGT-Mi at 37°C.
® Kinetic stability at 37°C expressed as half life (t1,2) from Arrhenius plots.

As mentioned above, the calculation of the rate constant at 37°C for some
variants, requires a long extrapolation in which the uncertainty of the Arrhe-

nius plot slope is propagated as we move far away from experimental data.
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Nonetheless, experimental data of variants in the apo form are close enough
to the physiological temperature to provide an accurate value of the kinetic
constant (see Figure 5.2.10). In order to prove this accuracy, we have tested
the stability of variants in apo form by thermal inactivation experiments after
incubation at 37°C (see Figure 5.2.11). Kinetic constant and half life values
measured at 37°C by this procedure are consistent with those obtained by DSC

thermograms (see inset in Figure 5.2.11).
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FIGURE 5.2.11. Thermal inactivation of the apoenzyme 1244T-Mi. Enzyme
activity was measured at different times of incubation at 37°C. In the table are
shown the constant rates obtained by thermal inactivation for AGT-Mi and some
PH1 variants. Errors are from 3 independent measurements.

5.3. Discussion

At the beginning of this project, only some common alleles associated to
PH1, such as G170R-Mi,” 123 1244 T-Mi"-59124 and F1521-Mi,'25 had been char-
acterized. During this work, we have characterized a set of twelve polymorphic
variants where six of them are known PH1 mutations. To date, this work repre-
sents one of the most exhaustive and complete in vitro characterization of PH1
mutations.

Few AGT mutations have been found to affect the enzymatic activity®? and
among the PH1 mutations characterized in this work, only H83R-Mi variant
has manifested a clear catalytic defect. According to the AGT structure, the
substitution of the histidine 83 by an arginine is expected to modify the orien-
tation of the coenzyme in the active site due to steric and electrostatic effects.
We have shown that the H83R-Mi variant is not able to undergo an efficient
transamination showing a low affinity for PMP. In addition, H83R-Mi is not well
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stabilized upon the binding of the coenzyme and is highly instable especially as
holo form. Therefore, molecular defects of this variant may imply a distortion of
the proper orientation of the coenzyme in the active site,®2 that could influence
the optimal and required protonation state of PLP for the transamination.?2

In our study, we have shown that PH1 mutations mainly affect the protein
stability. We found that PLP binding to AGT enzyme improves the kinetic
stability of native state in 4-5 orders of magnitude thus holo enzymes are ki-
netically stable at physiological temperature. Also, in a comparison with the
non-pathogenic AGT-Mi variant, PH1 mutations such as F152I-Mi, G170R-Mi,
1244T-Mi, A295T-Mi and P319L-Mi are highly destabilized as apo proteins with
fast rates of denaturation at physiological temperature.

The apo state of AGT enzyme could be transiently populated in vivo because
given the high reactivity of free PLP,26 its concentration is tightly regulated
by pyridozal kinase (PLK) and pyridozine-5’-phosphate oxidase (PNPOx) en-
zymes. The PLP transference is thought to be mediated by a complex between
PLK or PNPOx and the Bg enzyme.'?” Therefore, the low kinetic stability
of apo disease-causing variants could have important implications in protein
homeostasis of AGT. The apo state might be susceptible to intracellular irre-
versible alterations, such as mitochondrial mistargeting, aggregation or degra-
dation.” Therefore, pharmacological therapies based on stabilization of native
state (such as pyridoxine supplementation) may recover AGT function.? 3!

When we started this project, only the thermal stability of F152I-Mi and
G170R-Mi had been reported earlier by circular dichroism and inactivation
experiments in which the thermal destabilization was mainly shown for the
apo state.123125 Qur detailed DSC analysis provides information about AGT
kinetic stability, denaturation mechanism and structural/energetic features of
its denaturation free energy barrier previously unexplored. Our data suggest
that mutational effects must concern mainly the structure and energetics of the
dimeric native and/or transition state for denaturation. Thus, those effects on
dimer dissociation and full monomer unfolding do not contribute to the relevant
kinetic stability since they occur after the rate-limiting step.

Some of the characterized variants (F152I-Mi, G170R-Mi, 1244T-Mi and
P319L-Mi) show evident signs of misfolding and possible accelerated turnover
upon expression in CHO (Chinese hamster ovary) cells (see Figure 5.3.1-a and -

b). Total immunoreactive AGT protein levels are reduced in most of mutations
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compared to AGT-Ma suggesting an enhanced AGT turnover.59:6% The corre-

lation between protein levels and specific activities in soluble extracts suggests
that soluble fraction is composed by active dimeric AGT. While AGT-Ma is

mainly found in soluble fraction (90%), mutations decrease the protein fraction

in soluble extracts suggesting a reduced intracellular foldability by enhancing

aggregation. Moreover, two mutations (G170R-Mi and F152I-Mi) also cause

protein mitochondrial mistargeting in CHO cells (see Figure 5.3.1-c). Taken to-

gether, these results suggest that there is some degree of correlation between

the low stability of the apo state and protein mitochondrial mistargeting and /or

aggregation (see Table 5.3.1 and Appendix A).

TABLE 5.3.1. Summary of mutational effects on molecular properties of

AGT protein.

Kinetic Fukaryotic
' Hsc70
Variants — Stability Cell Expression ) ,
interaction
Total Soluble
Holo Apo Activity ~ Targeting
AGT AGT
AGT-Ma T T ™ T T Peroxisomes 3
AGT-Mi = = = = = Peroxisomes =
P11L-Ma + + = = = Peroxisomes =
1340M-Ma 11 ™ ™ T T Peroxisomes 3
H83R-Mi ||| = = H Peroxisomes =1
F152I-Mi J H l d 1 Mitochondria =1
G170R-Mi = H = H H Mitochondria =7
R197Q-Mi 1 = ™~ Peroxisomes =7
1244T-Mi = I d Peroxisomes =1
A295T-Mi = H T = Peroxisomes T
P319L-Mi = H 4 H H Peroxisomes T
A368T-Mi = = = = = Peroxisomes =1

Semiquantitative comparison taking AGT-Mi as reference. Symbols indicate: (1)

increase, (|) decrease, (=1) slightly increase and (=) unchanged (see Appendiz A).
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FIGURE 5.3.1. Expression studies of AGT variants in CHO cells. a) lev-
els of immunoreactive AGT in soluble (black) and insoluble (grey) extracts. Inset
shows representative immunodetection experiments (upper) and loading controls
(bottom); rAGT: recombinant His-tagged AGT; b) AGT activities in soluble ex-
tracts. Data are means+ts.d. of 2-5 independent experiments, N.D. not detectable;
¢) immunolocalization in the mitochondria (upper) and peroxisome (bottom) for
AGT-Ma, AGT-Mi, G170R-Mi and F152I-Mi. Data were obtained by Prof. Ed-
uardo Salido from Centre for Biomedical Research on Rare Diseases at University
of La laguna through the collaboration on this project (see Appendiz A).
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The AGT-Mi is a non-pathogenic natural polymorphism that is known to
sensitize AGT towards deleterious mutations.?® In this respect, AGT-Mi has
shown a reduction in protein kinetic stability and enhanced protein misfolding
and degradation (see Figure 5.3.1-a and -b). The disease-causing mutations over
the AGT-Mi background appear to exacerbate some of these defects. Strong
interactions with Hsc90, Hsc707 5 and bacterial Hsp60'?4 have been reported
previously for 1244T-Mi and G170R-Mi variants. Furthermore, all PH1 muta-
tions analyzed in the present work have shown strong interactions with Hsc70
chaperones upon expression in a cell-free system and immunoprecipitation using
antibodies anti-Hsc70 (see Figure 5.3.2).

AGT-Ma_ P11L-Ma_ 1340M-Ma AGT-Mi H83R-Mi
E | E | E | E | E |
F1521-Mi G170R-Mi_ 1244T-Mi _ A295T-Mi_ P319L-Mi
E | E | E | E | E |
o
5
9 30 4
I
8
2 204
=
[*]
Ke)
5 10 =
<
k]
2 11 M
R ———
$£352s53335335¢%
Orgeeertog 5 8
<o 2 ST Log® < <

FiGURE 5.3.2. Interaction of AGT variants with Hsc70 chaperones in a
cell-free system (TnT). Upper) representative autoradiograms of AGT proteins
labeled with %S — Met. E: total AGT synthesized in extracts, I: AGT immunopre-
cipitated using anti-Hsc70 antibodies. Note that 1 pl of the TnT reaction was loaded
in E lanes while 6 nl from TnT lysate was loaded in I lanes; Bottom) percentage of
immunoprecipitated AGT compared to total AGT synthesized. Mean+s.d. from 3
independent experiment. Data were obtained by Prof. Eduardo Salido from Centre
for Biomedical Research on Rare Diseases at University of La laguna through the
collaboration on this project (see Appendiz A).

Therefore, we propose that acquisition of the tertiary and dimeric quater-
nary structure is crucial for proper folding of AGT. Enhanced interactions of
PH1 mutants with molecular chaperones may suggest a rougher folding land-
scape with higher population of kinetic/equilibrium intermediates.** This com-
plexity in the proteostasis of AGT together with differences in the proteostasis
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128 in clinical presentation for

network may explain inter-individual variability
patients sharing a given phenotype.2°
Chaperones are key components to protein quality control by promoting

65,71,76 We have shown that PH1 mutations mainly af-

folding or degradation.
fect protein folding and stability suggesting that an alteration in protein home-
ostasis could be involved in defective function of AGT protein. Despite our find-
ings, those specific events and interactions responsible for the partition between
protein mitochondrial mistargeting, aggregation and degradation remain elu-
sive.” Consequently, molecular chaperones emerge as an important checkpoint
in the folding of PH1 mutants, likely by partitioning AGT folding intermediates
into native dimers, peroxisomal import, mitochondrial mistargeting, aggrega-
tion or degradation. Therefore, a detailed characterization of PH1 mutants
interactions during protein folding and misfolding could open new approaches

for therapeutic intervention in PH1.

51






CHAPTER 6

C. elegans as an animal model for PH1

6.1. Brief introduction

In the previous chapter, we have shown that the alterations of AGT pro-
teostasis by PH1 mutations are complex and largely unexplored. In vivo studies
using an animal model would help us to further develop our preliminary obser-
vations. Thus, we selected C. elegans as model organism because there are
many advantages in the use of this nematode as an animal model for protein-
misfolding diseases.89 105,129,130

Two goals were set in our approach to this model organism: i) demonstrat-
ing whether C. elegans may be used as a model for PH1 i.e., whether we could
be able to generate a hyperoxaluric phenotype in this nematode; ii) the use of
the nematode as a test bench to identify and modulate key proteostasis ele-
ments and thus design new therapeutic approaches to PH1 by targeting critical
interactions. Due to complications during the nematode strains construction,
only the former goal is addressed in this chapter.

It has been predicted, by an in silico search,'®® an orthologous gene (ORF
named 714D7.1) to the human AGXT gene. We have compared this ortholo-
gous protein with the human AGT, in order to have more knowledge about the
physiological role of an AGT orthologous in the nematode (where glyoxylate is
not a metabolic end product), the potential functional divergence with human
AGT and the possibility to create a hyperoxaluric phenotype in the nematode.

In this chapter the in wvitro characterization of the nematode orthologous

protein, in a comparison with human AGT, is presented and discussed.
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Results

The predicted protein sequence of T14D7.1 appears to be an or-
thologous of peroxisomal human AGT. The predicted ORF of T14D7.1
was found with a expectation value (E-value i.e., alignments expected to occur
in a database search by chance) of 3.1:10~"! in comparison to human AGXT
gene.193 Accordingly, a protein sequence comparison of the T14D7.1 with the
human AGT and AGT2 show that the protein of the nematode is much more
similar to the peroxisomal human AGT (see Figure 6.2.1 and Table 6.2.1). This
comparison shows that identity between T14D7.1 and human AGT sequences is
around 41% (167 identical positions) with an additional similarity of 30% (121
similar positions). The T74D7.1 gene is composed by 3557 bp that are divided
in 11 exons in the chromosome 2 of the nematode.1%% Translation of this gene
results in a protein with 405 residues, which is 13 residues longer than human
AGT. The extra residues of the T14D7.1 protein are located in the N-terminal
domain (17 residues longer than human AGT) and the sequence lacks the C-
terminal tripeptide required in human AGT for peroxisomal import (see Figure
6.2.1).

1 e MASHKLLVTPPKALLKPLSIPNQLLLGPGPSNLPPRIMAAGGL 43 humanAGT
1 MISTRFLRPSVSIFGFGIKSSMSSRAPPKALLQDMVVPPRQLFGPGPSNMADSIAETQSR 60 T14D7.1
skkkkkkg o s kakkkkkkg

61 NLLGHLHPEFVQIMADVRLGLQYVFKTDNKYTFAVSGTGHSGMECAMVNLLEPGDKFLVV 120 T14D7.1
ik s sp Kkk gy Kgkkkkgk Kk kg gkkgkE sk Kykkgkkkkk Kkkk

44 QMIGSMSKDMYQIMDEIKEGIQYVFQTRNPLTLVISG?iiCALEAALVNVLEPGDSFLVG 103 humanAGT

121 EIGLW QRAADLANRMGIEVKKITAPQGQAVPVEDIRKAIADYKPNLVFVCQGDSSTGVA 180 T14D7.1
kolktekkk Ko skek kg sksakk kekg skykkkkk

104 ANGQRAVDIGERIGARVHPMTKDPGGHYTLQEVEEGLAQHKPVLLFLTHGESSTGVL 163 humanAGT

181 QPLETIGDACREHGALFLVDIVASLGGTPFAADDLKVDCVYSAT LNAPPGLAPISFS 240 T14D7.1

kkke oskg ko 2 KekkEllRkkkkkkk . * FEEE X kkkkk o kkkk

164 QPLDGFGELCHRYKCLLLSLGGTPLYMDRQGIDILYSGS%@LNAPPGTSLISFS 223  humanAGT
*|

224 DKAKKKMYSRKTKPFSFYLDIKWLANFWGCDDQP

1Y}
241 DRAMEKIRNRKQRVASFYFDAIELGNYWGCDGELKRY
*:* :*: _‘k'k H ***:* *_*:**** H . *

'APISTVYALRAALSAIAKEG 300 T14D7.1
B ccR:EE B BE::H

P |

[TIPVISLYSLRESLALIAEQG 283 humanAGT
I
*

284 LENSWRQHREAAAYLHGRLQOALGLQLFVKDPALRLPTVTTVAVPAGYDWRDIVSYVIDHF 343 humanAGT
301 IDESIQRHKDNAQVLYATLKKHGLEPFVVDEKLRLPCLTTVKVPEGVDWKDVAGKMMT N 359 T14D7.1

L ks *ks kk * kkkk skkk Kk Kk kkokg |

344 DIEIMGGLGPSTGKVLRIGLLGCNATRENVDRVTEALRAALQHCPKKKL 392 humanAGT

360 GTEIAGGLGATVGKIWRIGTFGINSNSTKIENVVELLSKSIGEKSK——— 405 T14D7.1
*k kkkk 3 kks kkk sk kg, TN BT

FIGURE 6.2.1. Sequence alignment of the human AGT (GI code: 134855)
and the predicted protein sequence of T14D7.1 (GI code: 5824614).
Identical residues are marked as (*), conserved substitutions as (:), substitutions
with similar shape as (.) and gaps are marked by (-). The residues of the active
site are highlighted in red.
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TABLE 6.2.1. Protein sequence comparison between peroxisomal human
AGT, mitochondrial human AGT2 and C. elegans T14D7.1.

AGT vs AGT2 AGTvsT14D7.1 AGT2vsT14D7.1

Identical positions 75 (19%) 167 (41%) 77 (19%)
Similar positions 112 (28%) 121 (30%) 103 (25%)

1

Comparison made by using Clustal Omega algorithm.'3

Moreover, T14D7.1 protein should be able to bind the coenzyme PLP be-
cause the main residues involved in the binding and stabilization of the coen-
zyme in the active site are conserved in both sequences (see highlighted residues
in Figure 6.2.1).

T14D7.1 is a soluble protein with a dimeric quaternary structure.
We have expressed and purified the T14D7.1. protein (for more details see
M&M section) with an average yield of 4 mg of soluble product per liter of LB
medium. The size exclusion chromatography, performed during the purification,
gives a single peak centered around 84.9 ml (see Figure 6.2.2). The retention
volume obtained for T14D7.1 was similar but slightly higher than the one of
dimeric human AGT (82.6 ml as was shown in the previous chapter). This
result suggests that T14D7.1 also seems to be a dimer with similar size than
human AGT.

| T14D7.1
3: 1204 human AGT- Ma PLP
£ | \
8 804 |— T14D7.1
s . —— human AGT-Ma
2 40
Q
2 ]
0 T T T T T T 1
0 20 40 60 80 100 120
Volume, ml

FIGURE 6.2.2. Size exclusion chromatogram for T14D7.1. SEC was per-

formed using a HiLoad 16/60 SuperdeXTM 200 size exclusion chromatography
column. Data correspond to T14D7.1 (blue) and human AGT-Ma (red).
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The functional assembly of T14D7.1 was further characterized by DLS. The
hydrodynamic diameter obtained for T14D7.1 is 8.8 4+ 0.4 nm, which is slightly
larger than the human AGT-Ma obtained in a control experiment (8.1 £ 0.1).
Polydispersity of the measurements is 15 + 1 % and 7 + 6 % respectively,
which are consistent with the narrow particle size distribution of a monodisperse
sample. Therefore, the results from DLS are consistent with a T14D7.1 protein
folded as a dimer but slightly larger than the human AGT.

The spectroscopic characterization of T14D7.1 confirms its ability
to bind PLP and PMP. The residues of the active site involved in the PLP
binding are conserved according to Figure 6.2.1. Therefore, the ability to bind
the coenzyme was measured by near-UV visible absorbance and circular dichro-
ism spectra for T14D7.1, using the human AGT-Ma as a reference (see Figure
6.2.3). The spectra were measured with the coenzyme PLP and also PMP after

incubation of the protein with L-alanine.
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FIGURE 6.2.3. Near-UV visible spectroscopic characterization by a) ab-
sorbance and b) circular dichroism for T14D7.1 (blue) and AGT-Ma
(red). The spectra for each variant is shown for PLP (continuos lines) and PMP
bound (dashed lines) after incubation with 500 mM of L-alanine.
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In the absorbance spectra of the holo forms (coenzyme as PLP) we ob-
serve a peak centered around 420 nm that corresponds to the ketoenamine
tautomer of the internal Schiff base of PLP and another peak centered around
340 nm that is assumed to belong to the corresponding enolimine tautomer!23
of the coenzyme in the active site. After incubation with L-alanine, spectra of
both proteins show a main peak at around 340 nm that correspond to the PMP
form of the coenzyme, with almost no absorption in the region of 420 nm.

In addition, CD spectra also show the ability of T14D7.1 to bind PLP with
a positive dichroic signal centered at 420 nm having lower intensity than human
AGT. Again, when both proteins are found in the presence of the substrate,
the formation of PMP is displayed by a reduction of the peak at 420 nm and
the appearance of a CD signal at 340 nm. These results support that T14D7.1
protein is able to bind PLP through an internal Schiff base. In addition, the
coenzyme in the active site of T14D7.1 is properly aligned and activated to take
the amino group from the substrate (L-alanine) producing PMP, which is kept
in the active site as an external Schiff base.

Attempts to obtain the apo form of the T14D7.1 protein have failed so far.
The procedure applied was similar to the human AGT. After incubation with L-
alanine, the internal Schiff base is broken giving the external Schiff base. Then,
the external Schiff base could be removed from the active site probably due to
a relaxation of the quaternary structure by the pH reduction.

The application of this procedure was not enough to remove the external
Schiff base (PMP) from the active site of the T14D7.1. The use of even lower
pH than the one we used for human AGT leads to protein aggregation before
the release of the coenzyme. Therefore, any measurable fraction of the apo form
was obtained.

To confirm that PMP remained bound, the treated protein was incubated
in the presence of glyoxylate in order to complete the transamination reaction.
As a result, the spectrum of T14D7.1 as holo-PLP was obtained, in which the
absorbance peak at 420 nm was restored while the peak at 340 nm got reduced
(see Figure 6.2.4).
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FIGURE 6.2.4. Reconstitution of the holo-PLP T14D7.1 spectrum by in-
cubation with L-alanine. The spectrum of the protein, after several treatments
to remove the PMP from the active site (green), returns back to the spectrum of
the holo-PLP protein (red), supporting that PMP remained bound.

T14D7.1 is more active than human AGT. We have measured the
activity of the T14D7.1 on the natural substrates of the human AGT. Therefore,
L-alanine has been used as an amino donor and glyoxylate as keto acid. Global
fit of data at different substrate concentrations allows us to obtain the kinetic

parameters for the overall transamination. Data are summarized in Figure 6.2.5
and Table 6.2.2 .
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FIGURE 6.2.5. Enzyme activity measurements for a) AGT-Ma and b)
T14D7.1 at 37°C. Results obtained for different L-alanine concentration in the
presence of 0.25 mM (green), 0.5 mM (blue), 1 mM (red) and 2 mM (black) gly-
oxylate in 3-4 different independent measurements.

As we can observe, the specific activity of T14D7.1 is 5-fold higher than the
human AGT-Ma at 37°C. However, affinities for both substrates are kept in a
similar range and only the affinity for alanine is slightly increased in T14D7.1
(see Figure 6.2.5 and Table 6.2.2).
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TABLE 6.2.2. Kinetic parameters of transamination for T14D7.1 vs. hu-
man AGT-Ma protein at 37°C. Data were obtained using L-alanine and gly-

oxylate.
. Vmax KM,Ala KM,Glyoa:
Variant
m molyy, - h=1 - mg™* mM uM
C. elegans T14D7.1 11.28 £ 0.73 122 £ 1.7 263 &+ 53
Human AGT-Ma 2.22 + 0.09 195+ 1.4 245+ 29

In addition, we have evaluated the dependence of the specific activity of
T14D7.1 with temperature and pH changes. On one side, through the stud-
ied range of temperature, both proteins have shown the same trend with an
increase of specific activity on temperature (see Figure 6.2.6-a). If we consider
that activity rate follows an Arrhenius temperature dependence, we can infer
information about the activation energy (E,) of the overall activity process (see
Figure 6.2.6-b). Both proteins show a similar and small E, (see Table 6.2.3).

Moreover, the activity dependence on pH is also similar for both proteins
(see Figure 6.2.6-c and -d). The sigmoidal fit of the data gives for both proteins
an identical apparent pK, (see Table 6.2.3) suggesting that both proteins have
a similar pattern of protonation states of the active site, which could be a sign
of similar reaction specificities®® and environmental pH in their intracellular

132 (

location e.g., mitochondrion vs peroxisome).

TABLE 6.2.3. Analysis of the temperature and pH dependence on specific
activity. Evaluation of the activation energy and the apparent pK, of the specific
activity according to temperature and pH respectively, for T14D7.1 and AGT-Ma.

Temperature Dependence pH Dependence

E,
Variant pK,
kcal - mol 1
C. elegans T14D7.1 4.02 £ 0.9 6.03 £ 0.12
Human AGT-Ma 2.2+ 1.8 5.96 + 0.22
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FIGURE 6.2.6. Influence of the temperature (a and b) and pH (c and d)
in the specific activity of T14D7.1 (blue) and AGT-Ma (red).

T14D7.1 protein is less stable than human AGT. The stability of
the T14D7.1 upon thermal unfolding has been characterized using DSC. As
we proved for human AGT, thermograms obtained for the T14D7.1 are also
well described using a two state irreversible model. Moreover, values of the
activation energy obtained with the application of the consistency tests'?! are
in good agreement. As shown in the previous chapter, the dependence of the T,
parameter on scan rate and the independence on protein concentration support
that the thermal unfolding of the holo T14D7.1 is a kinetically controlled process
with first order kinetics.

In terms of thermal stability, T14D7.1 is less stable than human AGT.
Although both proteins show similar E,, the T}, parameter of T14D7.1 is 12.3°C
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lower than the human protein (see Table 6.2.4 and Figure 6.2.7-a). As a re-
sult, these parameters are translated into an important reduction of the kinetic
stability for T14D7.1.

In terms of kinetic stability, expressed as a half-life extrapolated at 37°C,
the nematode protein is 190-fold less stable than human protein (see Figure
6.2.7-b). However, if we compare the kinetic stability of human AGT at 37°C
with the kinetic stability of T14D7.1 at 15 or 25°C (range of growth tempera-
tures for C. elegans) we find that the protein of the nematode is from 2000-fold
to 5-fold more stable, respectively (see Table 6.2.4).

In addition, there is a difference of about 200 kcal per mol of dimer between
the experimental enthalpy of unfolding (AH) for the T14D7.1 and the hu-
man AGT at their corresponding T,,, (see Table 6.2.4). However, if the enthalpy
of unfolding is corrected by temperature and both values are evaluated at the
denaturation temperature of human AGT-Ma, we obtain an enthalpy of unfold-
ing for T14D7.1 of 504 kcal per mol of dimer. Now, this value does not differ
largely of the AGT-Ma denaturation enthalpy (548 kcal per mol of dimer).

TABLE 6.2.4. Energetic parameters of the thermal unfolding for T14D7.1
and human AGT-Ma.

T, 1 AH 2 E,3 ka7 (ko) *
Variant
oC kcal - mol~! kcal - mol™! min 1
C. elegans T14D7.1  69.8 366 & 11 112 £ 15 1.2:1077 (7.1-10712)
Human AGT-Ma 82.1 548 + 4 109 £ 5 6.4-10710

! determined at scan rate of 180 °C/h.
2 enthalpy of unfolding at T}, expressed per mol of dimer.
3 mean + sd from the consistency test.

4 kinetic constant rates for irreversible denaturation extrapolated to 37°C (and 20°C).

The experimental enthalpy of unfolding is also lower than the expected en-
thalpy for a protein of the size of T14D7.1. The total changes in accessible
surface area (AASA), the number of residues (V,.s), the heat capacity change
upon unfolding (AC),) and the enthalpy of unfolding (AHy ) are highly corre-
lated33 for a globular protein. The theoretical enthalpy of unfolding (AHy)
and the heat capacity change upon unfolding (AC,) of T14D7.1 can be calcu-
lated with the use of empirical structure-energetic relationships as a function of
the number of residues3® (see Table 6.2.5).
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The theoretical value obtained for the denaturation enthalpy of T14D7 at

its denaturation temperature (7),,) is 675 kcal per mol of dimer with a heat

We have also evaluated the behaviour of T14D7.1 during urea induced

FIGURE 6.2.7. Thermal and kinetic stability of T14D7.1 (blue) and human
AGT-Ma (red). a) thermograms for thermal unfolding obtained at scan rate of
180 K/h by DSC; b) Arrhenius plots where markers correspond to experimental
data. Lines correspond to the fit of data and allow us to obtain the kinetic stability
at the physiological temperature of 37°C (vertical dotted line).

TABLE 6.2.5. Theoretical parameters of the unfolding of the T14D7.1 and
human AGT as a function of the number of residues!32

AC, AHy(Ty) !
Variant
kcal -mol=t - K1 kcal - mol ™t
C. elegans T14D7.1 11.23 + 0.19 675 (366)
Human AGT-Ma 10.87 £+ 0.19 787 (548)

! Theoretical enthalpy of the unfolding evaluated at its corresponding T}, .
Experimental values are expressed in parentheses

capacity change of 11.2 + 0.2 kcal/K - mol. The difference between theoreti-
cal and experimental enthalpy of unfolding suggests that thermal unfolding of
T14D7.1 does not involve a complete loss of the native structure. This is a
slightly different situation compared to AGT-Ma, which seems to involve the

loss of more native structure (see Table 6.2.5).

unfolding. The process was monitored by measuring the CD signal at 222 nm
after overnight incubation of the samples at 25°C, in the presence of different

urea concentrations, until sample equilibration was reached (see Figure 6.2.8).
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To obtain an estimation of the urea unfolding resistance and the transition

midpoint (C,, value) a two-state equilibrium unfolding model was used.

-5

CD555nm » Mdeg
=
|

[Urea], M

FIGURE 6.2.8. Urea-induced unfolding equilibrium of T14D7.1 (blue) and
human AGT-Ma (red). The unfolding was monitored by CD at 222 nm. The
dashed line respresent the fit of the data to a two-state model. The reversibility is
shown by the black dots and arrows.

The human AGT-Ma unfolds irreversibly in the presence of urea showing a
broad curve. Due to aggregation of AGT-Ma under some urea concentrations
(intermediate values), the two-state reversible model does not hold because the
equilibrium was not reached'??® (see Figure 6.2.8). In addition, the maximum
urea concentration of 8 M appears to be insufficient to reach the post-transition
region. Nonetheless, it has been published previously that urea induced unfold-
ing of the AGT-Ma has a C,, value of around 6.9 M.'23 Alternatively, T14D7.1
shows a narrow unfolding curve with well-defined pre- and post- transition base-
lines. The concentration of urea at the inflection point (the C,, parameter) is
3.73 M, with a high value of the slope of the curve. Moreover, the urea in-
duced unfolding of the T14D7.1 protein is reversible (see Figure 6.2.8). During
the reversibility measurements the refolding of the protein was found to take
place rapidly, where the native signal was recovered within the dead time of the

experiments (few seconds).

6.3. Discussion

In this work we have confirmed that T14D7.1 is an alanine:glyoxylate amino-
transferase protein, which resembles that of the peroxisomal human AGT. The

T14D7.1 protein displays an increased in vitro activity (5-fold higher at 37°C)
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and a lower kinetic stability (190-fold lower at 37°C) than human AGT. As hu-
man AGT, the substrate specificity of T14D7.1 is highly selective for L-alanine

as amino donor and glyoxylate as amino acceptor (see Table 6.3.1).

TABLE 6.3.1. Specific activity of T14D7.1 in comparison with AGT-Ma.

Human AGT — Ma C.elegans T14D7.1

. Activity Activity
Amino donor ) )

mmol - h™! - pg mmol - h™! - g

L-alanine 1.405 4 0.043 6.405 £+ 0.075
L-serine 0.061 £ 0.02 0.00465 £ 0.00045
L-arginine 0.027 4+ 0.004 N.D.
L-glutamate 0.0082 £ 0.004 N.D.
L-aspartate N.D. N.D.
L-phenylalanine 0.0145 £ 0.005 0.01085 £ 0.00015

N.D., not detectable. Data were obtained by Dr. Barbara Cellini and Dr.
Elisa Oppici at the department of Life and Sciences and Reproduction,

Section of Biological Chemistry at University of Verona.

While the physiological temperature of humans is kept constant at 37°C,
the nematode C. elegans is an ecthotherm® animal that can survive between
8-27°C and whose physiology is highly affected by the environmental tempera-
ture. The low denaturation temperature of T14D7.1 (12.3°C lower than human
AGT-Ma) could be explained as a temperature adaptation due to a correla-
tion between protein thermal/kinetic stability and environmental/physiological
temperature.134

In order to be a good regulator of metabolism, enzymes must change the
reaction velocity in a substrate concentration range according to its K, value.
It is usually found that Kj; values of orthologous enzymes from organisms
adapted to different temperatures are strongly conserved (assuming inter-species
similarities in substrate concentration or Ky : [substrate] ratio).*3 In this case
we have found that both enzymes display similar Kj; values for substrates.
Moreover, if we compare the activity of T14D7.1 and human AGT-Ma at its
physiological temperature (i.e., 20°C and 37°C respectively), T14D7.1 activity

*Animal whose physiological temperature tracks ambient temperature
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is only 2-fold higher than AGT-Ma. Accordingly, it has been found that cold
adaptation is usually accompanied by increases in the activities of enzymes
involved in major pathways of metabolism.36

T14D7.1 is expressed from embryo to adult stage mainly in the intestinal
and body wall muscle cells®® but there is no information about its intracellular
location. Nonetheless, there are two evidences that would discard a peroxiso-
mal location: i) T14D7.1 lacks the consensus sequence of the PTS1 pathway in
the C-terminal tripeptide that is conserved between humans and nematodes!3?
where the protein C34C6.6 is the orthologous for human Pex5p in the nema-
tode;?* ii) the C. elegans genome lacks genes encoding protein specific for the
PTS2 pathway to target proteins to peroxisomes, and proteins that are imported
to peroxisome by the PTS2 pathway in other organisms (such as humans) con-
tain a PTS1 sequence in C. elegans.*3® On the other side, mitochondria ap-
pear to be a plausible location for T14D7.1 due to the extra residues at its
N-terminal domain. Although some mitochondrial proteins contain an inter-
nal targeting signal, the information required for translocation to mitochondria
is usually presented as a cleavable sequence at the N-terminal domain (mito-
chondria targeting sequence or MTS). There is no consensus MTS but it usually
consists of 10-80 residues that prone to form amphipathic helices. Bioinformatic
tools such as MitoProt (http://ihg.gsf.de/ihg/mitoprot.html) or TargetP
1.1 Server (http://www.cbs.dtu.dk/services/TargetP/) suggest that the N-
terminal domain of T14D7.1 could form a cleavable amphipathic helix with a
probability of 87% and 85% respectively. In collaboration with Dr. Ana Calvo
(Department of Cell Biology, Yale University, CT, USA) the intracellular loca-
tion of T14D7.1 protein is being determined and preliminary results support
the hypothesis of a mitochondrial location.

While in humans glyoxylate must be eliminated by the AGT protein, nema-
todes contain an active glyoxylate cycle'3® where isocitrate lyase (EC 4.1.3.1)
and malate synthase (EC 4.1.3.2) activities allow to bypass the decarboxylation
steps of the TCA cycle. The glyoxylate cycle is regulated in a developmen-

140,141 and is performed by a single bi-functional protein

tally specific manner
(encoded by icl-1 gene) with different activities in different domains (isocitrate
lyase in N-terminal and malate synthase in C-terminal) that is located in in-

testinal and body wall muscle cells.'4? Therefore, in nematodes, glyoxylate is
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a key metabolite that can be used to produce energy through TCA cycle or to
create a net production of carbohydrates through gluconeogenesis.143
Although the T14D7.1 protein may be associated to the inter-conversion of
amino acids, the biological role of T14D7.1 remains unknown. There are nu-
merous strains reported in the WormBase with mutated alleles on the T'14/D7.1
gene but there are no phenotypes associated. However, in collaboration with
Dr. Ana Calvo, we are currently characterizing the phenotype of a strain with
a knockout T14D7.1 gene (allele tm6307 from National Bioresource Project for
the Experimental Animal «Nematode C. elegans»). The bi-functional glyoxy-
late cycle protein of C. elegans is involved in the intermediary metabolism of
the dauer larva (arrested developmental stage of C. elegans to survive harsh

144 and it is essential for embryonic morphogenesis and influence

conditions)
lifespan.14® According to this, in order to create a hyperoxaluric phenotype in
the nematode, at least the gene expression of T14D7.1 and the bi-functional
glyoxylate cycle protein should be inhibited by RNAi. In this scenario glyoxy-
late is expected to be oxidized to oxalate that can lead to the formation of
CaOx stones. Nonetheless, the key role of the glyoxylate cycle protein in the
normal development of the nematode may represent a challenge in the creation
of a viable hyperoxaluric model in C. elegans.

In any case, the nematode C. elegans could still be a useful tool to study
the interactions of human AGT protein during the folding process. Therefore,

the creation of a test bench model is an ongoing project.
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CHAPTER 7

Engineering an improved human AGT enzyme

7.1. Brief introduction

An alternative therapeutic approach to the rescue of PH1 disease-causing
variants, is the replacement of the deficient protein or gene. Enzyme replace-
ment therapy (ERT) and gene therapy (GT) are two potential treatments for
monogenic inborn errors of liver metabolism such as PH1.146

The liver is the center of metabolism for proteins, lipids and glucose and
therefore it is a target for treatment of a wide variety of diseases. Due to the
stable environment of hepatocytes, enriched vasculature, great regenerative ca-
pacity and the central role in drug metabolism, the liver is one of the most
appropriate organs for gene therapy.'4” Nonetheless, gene delivery is an essen-
tial first step that is crucial for the success of GT.148 In addition, GT requires
the transduction of a large percentage of the hepatocytes of patients with a
wild type copy of the gene,#® thus the modification of the coding sequence
delivered with the GT vector could be an attractive strategy to improve its ef-
ficiency. Similarly, the use of an engineered protein with higher stability and
activity could also enhance the success in ERT.1¢

The consensus approach is based on statistical information contained in se-
quence alignments of proteins with moderate to high homology and it is a simple
strategy to improve protein stability.!®® The procedure of how this enhanced
enzyme has been engineered and its biochemical and biophysical characteriza-

tion are presented and discussed in this chapter.
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7.2. Results

Eight single point mutations were selected by the consensus-based
approach. The consensus amino acid for each position in human AGT protein
sequence was obtained (see Figure 7.2.1) by the comparison of human AGT-
Ma with twenty-one sequences of AGT orthologous from vertebrates (see Figure
7.2.2). According to the consensus approach, the ratio of frequencies between
the most common amino acid found at a certain position in the multiple align-
ment and the frequency of the amino acid found in the human sequence was
evaluated.!'® Those mutations with ratios higher than 1 should increase protein
stability. Moreover, the selected mutations were also found in a wider sequence

alignment using human AGT and eighty-nine sequences from eukaryotes (see
Appendix B).
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FicUure 7.2.1. Ratio of frequencies according to the sequence alignment
of human AGT and 21 sequences of AGT orthologous from vertebrates.
The consensus-based mutations are marked in red.

Eight mutations were selected from the sequence alignment. Nonetheless,
only six of these single mutations were studied. Mutations T9P and R197Q
could not be expressed at proper yields under different conditions and therefore
these mutations were taken out from our analysis. As a result, only six single
mutations were selected to be expressed under the background of the human

major allele (that encodes for AGT-Ma protein).
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CLUSTAL 2.1 multiple sequence
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225706550 | gb|AC009121.1|
209738520 | gb|ACI70129.1]
45709105 gb | ARH67638. 1|
229366512 gb|ACQ58236.1|
47212538 | emb | CAF90554. 1|
55741900 | ref [NP_001006705.1
50417404 |gb|AAH77189.1|
4557289 | ref |NP_000021.1|
197101617 |ref |[NP_001125018.
109101707 |ref |XP_001090301.
176612 | gb|AAA35397.1|
1174432 |sp|P41689.1|SPYA_FE
73994226 | ref |Xp_848328.1]
194211512 |ref |XP_001497552.
56972365 | gb|ARH88133.1|
6180226 | gb|AAB82001.2
126723301 |ref |[NP_001075778.
2239081 |emb|CAA71715.1]
156121353 | ref [NP_001095825.
224059805 | ref |XP_002192415.
115941749 |ref [XP_001177122.
196007736 | ref |XP_002113734.

225706550 | gb |AC009121.1|
209738520 | gb|ACT70129.1]
45709105 | gb | AAH67638.1|
229366512 | gb|ACQ58236.1|
47212538 |emb |CAF90554.1]
55741900 | ref [NP_001006705.1
50417404 |gb|AAH77189.1|
4557289 | ref [NP_000021.1|
197101617 | ref |[NP_001125018.
109101707 | ref |XP_001090301.
176612 |gb|AAA35397.1]
1174432 |sp|P41689.1|SPYA_FE
73994226 | ref |XP_848328.1]
194211512 |ref |XP_001497552.
56972365 | gb|AAH88133.1|
6180226 | gb|AAB82001.2]
126723301 | ref|NP_001075778.
2239081 |emb|CAA71715.1]
156121353 |ref |[NP_001095825.
224059805 | ref |XP_002192415.
115941749 |ref |XP_001177122.
196007736 | ref |XP_002113734.

225706550 | gb |AC009121.1|
209738520 |gb|ACI70129.1]
45709105 gb| ARH67638.1|
229366512 | gb|ACQ58236.1|
47212538 | emb | CAF90554. 1|
55741900 | ref |NP_001006705.1
50417404 |gb|AAH77189.1]
4557289 |ref|NP_000021.1|
197101617 |ref [NP_001125018.
109101707 |ref |XP_001090301.
176612 |gb|AAA35397.1|
1174432 |sp|P41689.1|SPYA_FE
73994226 | ref|XP_848328.1]
194211512 |ref |XP_001497552.
56972365 gb|ARH88133.1|
6180226 gb|AAB82001.2|
126723301 |ref |[NP_001075778.
2239081 |emb|CAA71715.1|
156121353 | ref |[NP_001095825.
224059805 | ref |XP_002192415.
115941749 |ref [XP_001177122.
196007736 |ref |XP_002113734.

225706550 |gb|AC009121.1|
209738520 |gb|ACI70129.1]
45709105 | gb | AAH67638.1 |
229366512 | gb|ACQ58236.1|
47212538 | emb |CAF90554.1|
55741900 | ref |NP_001006705.1
50417404 |gb|ARH77189.1|
4557289 | ref [NP_000021.1|
197101617 | ref |[NP_001125018.
109101707 |ref |XP_001090301.
176612|gb|AAA35397.1|
1174432[sp|P41689.1|SPYA_FE
73994226 | ref |xp_848328.1]
194211512 |ref |XP_001497552.
56972365 | gb|AAH88133.1|
6180226 | gb |AAB82001.2
126723301 |ref |NP_001075778.
2239081 |emb|CAA71715.1]
156121353 | ref |NP_001095825.
224059805 | ref |XP_002192415.
115941749 |ref |XP_001177122.
196007736 |ref |XP_002113734.

225706550 gb|AC009121.1|
209738520 gb|ACTI70129.1|
45709105 gb | AAH67638.1|
229366512 gb|AC058236.1|
47212538 | emb | CAF90554.1|
55741900 | ref |NP_001006705.1
50417404 | gb|ARH77189.1|
4557289 | ref |[NP_000021.1|
197101617 |ref |[NP_001125018.
109101707 |ref |XP_001090301.
176612 |gb|ARA35397.1|
1174432 |sp|P41689.1|SPYA_FE
73994226 | ref |XP_848328.1]
194211512 | ref |XP_001497552.
56972365 | gb|AAH88133.1|
6180226 | gb|AAB82001.2|
126723301 | ref |NP_001075778.
2239081 |emb|CAA71715.1|
156121353 | ref |[NP_001095825.
224059805 | ref |XP_002192415.
115941749 |ref [XP_001177122.
196007736 |ref |xP_002113734.
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MMQRTVFRRAALLAQQAAVESSLPTKNMIMMLRL VSIPPPACML RPLEAPFRYLFGPGPSNVPPRVLAAGGRPIIGHLHPEMYEIMNDIKKGIQ
MMQRTLFRRGALLAQKAAVEVSLLPMSAPLQPRL TIPPPECML RPLEVPFRYL AAGGRGIT EMYETMNDIKKGIQ
~-PRTVLSRCARLTQQVPLESAL VPPPACML RPLEAPLRYL AAGGRPIT IMNEIKQGIQ
SIPPPKRLE KPL ILEAGANPVIGHMHPEIFEIMSDIKSGIR

IPPPOCLK KPLAVPHRHMFGPGPSNVPPRILEAAAKPVIGHMHPEIFEIMDDIKSGIQ

TIPPPSALL QPLNVPQRLMLGPGPSNVPP; TQAAGALQLA IMDDIKQGIR

MSSLATIPPPSALQ RPLNVPQRL! TQAAGGLQLI DIMDDIKQGIQ

LLVTPPKALL KPLSIPNQLLLGPGPSNLPPRIMAAGGLQMIGSMSKDMYQIMDETKEGIQ

LLVHPPKALL KPLSIPNRLLLGPGPSNLAPRIMAAGGLQIIGPMSKDMYQIMDEIKEGIR

LLVPPPKALL KPLSIPKRLLLGPGPSNLPPRIMSAGGMQIIGPMDKEMYQIMDEIKEGIQ

~MFQALAK, LLVAPPKALL KPLSIPTRLLLGPGPSNLPPRTMAAGGLQMLGHMHKETYQIMDEIKEGIQ
7MFRALARASATLGPQ TCQLL RPLSIPNRLLLGPGPSNLAPRVLVAGGKQMIGHMHKEMFQIMDDIKQGIQ
-MFRALARASVALGPQAAGWYV.- TMASQQLLVAPPKALL KPLSIPNRLLLGPGPSNLAPRILAAGGLQMIGHMHKEMFQIMDEIKEGIQ
~MLRALAMASVALGPQ! TMASHQLLVAPPEALR KPLSIPNRL PRV IMDETKQGIQ
QLLVPPPEALS KPLSIPKRLLLGPGPSNLAPRVLAAGSLRMIGHMQKEMFQIMDEIKQGIQ
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LCVAPPEALL KPLSIPNRLLLGPGPSNLAPRVQAAGGLQMIGHMHKETFQUMDEIKKGIQ

_MLWALTTARAVL TMASHSLLVAPPAALS KPLFIPSRLLLGPGPSNLTPRVMAAGGLQVLGHMHQEVYQIMDEIKQGIQ
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AQSALPISAPTSLL TPIKVPQRLLMGPGPSNASPRVLAASALPLLGHLHKEFLDVMDEIKEGLR
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TAFQTRNALTLAVSGSGRCALETALPNLLEPCDAFLVGANGTHGORAKEY
YVFQTRNPLTLAISGSGHCALEVALFNLLEPGDSFL
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TTIKKPVGQVFTLEEIEEGLIRDKPKLFFITHAESSATVLOP
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GTSLISFSDKAKNKIYTRKTKPVSFYLDMKWLANIWGCDGKP-RIYHHTT
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PVIGI] L RRLOELGLQLFVKDP
PIIGLFTLRESLALI: OGLGLQLFVRDP
PVTSLYSLRESLAHLAEQGLENSWRQHREASEYLHACLQGLGLQLFVKDP
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PISSFYALREGISILC QKLGLELYVKKK IARI NWKEVATF IMQKYNLET IGLM
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L 392
GCNATRENVDLVTEALREALQHCP----KKKL 414
RVIQALQEALQRC! L 414
GCNATRENVDRVTHALQEALRHCP----RHKL 413
EALREALQRC] L 414

GYNATTENADRVAEALREALQHCP----KNKL 394
GYNATTENVDRVAEALREALQHCP----KNKL 413
GCNATRENVDRLATALREALQHCA----QSQL 392

392

el AQALKEALQRC!
GGNATRESVDRVTRALREALQRCP----RSKL 414
LQDALKR 342
GYNANQDNVKRVLRVLEDGLNHSR---TTSRL 394
KSSL 399

FIGURE 7.2.2. Sequence alignment of AGT proteins from vertebrates

56972365, 6180226, 126723301, 2239081

(Clustal Omega).

196007736.

GI codes from top to botton are 225706550, 209738520,
45709105, 229366512, 47212538, 55741900, 50417404, 4557289 (human AGT
is highlighted),
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These six substitutions were mainly located in the first third of the primary
sequence of human AGT: Q23R, S48H, S50H, D52E, V113A and I340M (see
Figure 7.2.1). One of these mutations involves a change from a neutral to a
basic residue (Q23R) in which a larger side chain is also included as in S48H
and S50H mutations. The other three substitutions (D52E, V113A and 1340M)
are more conservative. The D52E substitution keeps the negative charge of the
side chain whereas the V113A and 1340M substitutions keep the hydrophobic
nature. Interestingly the mutation 1340M obtained by the consensus approach
is actually one of the polymorphisms that form the minor allele, together with
the P11L substitution (see Appendix A).

According to the three dimensional structure of AGT, residues GIn23, Ser48,
Ser50, Aspb2 and Ile340 are clustered and located close to the dimerization
interface while the residue Vall13 is far from this cluster and partially exposed
to the solvent (see Figure 7.2.3).

In this document, the six single consensus-based variants under the ma-
jor allele background are named as Q23R-Ma, S48H-Ma, S50H-Ma, D52E-Ma,
V113A-Ma and 1340-Ma.

Ficure 7.2.3. Consensus-based mutations over the AGT structure. Five
consensus-based positions are clustered close to the dimerization interface: residues
Ser48, Serb0 and Aspb52 from one monomer and residues GIn23 and Ile340 from
the other monomer. Image was created with Pymol Molecular Graphics System,
Version 1.5.0.4 Schrodinger, LLC.
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The consensus-based approach improves the in vitro stability of
the human AGT enzyme. The thermal unfolding of the six single point
mutations was studied by DSC. Like the human AGT-Ma, the thermal unfolding
of these consensus-based variants was found to be irreversible and scan rate
dependent. Thermal denaturation followed a two state kinetic model with first
order kinetics, where the first order of the thermal unfolding was also tested
()22 The energetic data obtained from thermal unfolding of these single
mutants are summarized in Table 7.2.1.

Five of the six consensus-based variants show an enhanced thermal stability,
with a higher 7,,, parameter (~2-3°C) than AGT-Ma (see Figure 7.2.4-a). Only
the substitution S50H was found to be destabilizing with a reduction in the 7},
of 15°C.

A -1
20 kcal-mol™-K"! | 20 kcal-mol™"-K

>
=
Q
©
Q.

Apparent heat capacity
pparent heat ca

60 70 80 90 60 70 80 90 100
Temperature, °C Temperature. °C

FIGURE 7.2.4. Thermograms of the thermal denaturation of AGT-Ma and
consensus-based variants as holo proteins for a) single mutants and b)
multiple mutants. Markers are the experimental data obtained at scan rate of
180°C/h, while lines are fits to a two state irreversible model.
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TABLE 7.2.1. Thermal and kinetic stability of consensus-based variants
compared to AGT-Ma.

Tm 1 Ea 2 k37
Variant "
oC keal - mol™! min !
AGT-Ma 82.1 109 + 5 6.4-10710  0.95 + 0.02
Q23R-Ma 84.5 104 + 3 1.1-:10719  0.91 + 0.02
S48H-Ma 85.5 67 + 2 2.3-10710  0.94 + 0.02
S50H-Ma 67.1 104 £ 6 6.8-107°  0.99 + 0.02
D52E-Ma 84.4 101 + 1 1.3-10719  0.93 + 0.01
V113A-Ma  83.2 116 £ 9 2.0-1072  0.97 + 0.01
1340M-Ma 84.1 101 + 1 1.7-10711  0.94 4+ 0.02
HM-Ma 88.0 121 + 8 1.1-10711  0.93 + 0.02
HE-Ma 81.5 118 + 10 7.2.10710  0.90 + 0.01
EM-Ma 86.9 122+ 5 6.4-10712  0.94 + 0.02
HEM-Ma 89.5 125 + 5 4310712 0.95 + 0.04
HEAM-Ma  91.0 125 +6 9.5-107  0.92 + 0.07
RHEM-Ma  92.0 112+ 5 1.7-10713  0.87 + 0.03
RHEAM-Ma  93.7 104 + 3 1.1-10713  0.92 + 0.04
LT, values obtained at scan rate of 180°C /h.
2 E, values are mean+s.d. from the 4 different tests proposed?!
3 Obtained from Arrhenius plots
4 11 values obtained from fittings to a non first-order kinetic model'22

The stabilizing effect of the single consensus-based mutations is
additive. In order to evaluate the stabilizing effects of these five single point
mutations, we combined them to create double (HM-Ma, HE-Ma and EM-
Ma), triple (HEM-Ma), quadruple (RHEM-Ma and HEAM-Ma) and quintuple
(RHEAM-Ma)* mutants (see Table 7.2.1).

The characterization of these new variants shows that the stabilizing effects

is additive (see Figure 7.2.4-b) with an increase in the thermal stability (up to

*The multiple mutants are named with the letters of new mutations introduced. For example
the double mutant of S48H and I340M is termed as HM-Ma
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12°C in the quintuple mutant) that is translated in a higher kinetic stability ex-
trapolated at physiological temperature (see Table 7.2.1). The kinetic stability
is increased in the quadruple and quintuple mutants in 3-4 orders of magnitude
compared to AGT-Ma. These results are coherent with the existence of a high
correlation between thermal stability (higher 7)) and the kinetic stability at
physiological temperature (lower k37) (see Figure 7.2.5-a and Table 7.2.1).

a) b)
® AGT-Ma 3.0+
® Single mutants (1]
—8 — ® Double mutants z,
Y ® Triple mutant = 2.5+
g Quadruple mutants 2
' Quintuple mutant 2.0 [ J
€ -10 ]
N 3 1.57
4 © ® AGT-Ma
~ -124 Q ® Single mutants
- g 1.0 ) ‘ PY ® Double mutants
g’ 8 ® Triple mutant
- _ | - 0-5 ] Qu?druple mutants
1 4 e r2=0.46 Quintuple mutant
T T T T 4?‘ 0.0 T T T T T T T
80 84 88 92 3 80 84 88 92
Q
<
T, °C Ty °C

FIGURE 7.2.5. Correlation between a) kinetic stability and b) enzyme
activity with the thermal stability (7,,) for the consensus-based variants
as a comparison with AGT-Ma. Lines correspond to a linear fit.

Consensus-based mutations also increase the activity of the human
AGT enzyme. We have measured the specific activity of the consensus-based
variants. This activity was measured using L-alanine and glyoxylate under
saturation conditions for both substrates. The results obtained are shown in
Figure 7.2.6.

As we can observe, three single variants (Q23R-Ma, D52E-Ma and V113A-
Ma) show similar activity than AGT-Ma, while only one substitution (S50H-
Ma) causes a 2.5-fold lower activity. There are also two single consensus-based
variants (S48H-Ma and 1340M-Ma) that have increased the activity (75% and
14% respectively) compared to AGT-Ma. According to this, the multiple mu-
tants show a high specific activity mainly due to the presence of the S48H sub-
stitution (see Figure 7.2.6) while there is a weak correlation between thermal

stability and activity (see Figure 7.2.5-b).
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FIGURE 7.2.6. Specific activity for the consensus-based variants compared
to AGT-Ma. Data from 3 different independent measurements.

Functional characterization of the highly stable and active quintu-
ple mutant. According to the previous results, we have studied the functional
properties of RHEAM-Ma variant with more detail, in comparison with AGT-
Ma (see Table 7.2.2):

Thermal stability. The increase of the thermal stability that has been shown
for the holo RHEAM-Ma in comparison with the holo AGT-Ma, is also kept
in the apo forms, and both proteins have a reduction of the thermal stability
through the release of the cofactor (see Table 7.2.2-a and Figure 7.2.7-a). More-
over, the kinetic stability at physiological temperature is also increased in the
apo state of the quintuple mutant (see Table 7.2.2-a and Figure 7.2.7-b).

Enzyme activity. The consensus-based RHEAM-Ma variant has shown an
increased activity of around 125% compared to human AGT-Ma (see Table
7.2.2-b and Figure 7.2.7-c). A complete analysis of the influence of substrates
concentration (L-alanine and glyoxylate) on enzyme activity, reveals that the
quintuple mutant has a slightly lower K,; constant for the L-alanine while the
Ky constant for glyoxylate is 1.6-fold higher (see Table 7.2.2-b).

Microenvironment of the cofactor. The microenvironment of the cofactor in
the active site was studied by spectroscopic techniques (see Figure 7.2.7-d and -
e). When the coenzyme is located in the active site as PLP, both proteins show
the same strong absorption and dichroic signal around 420 nm. In addition,
both proteins have the same spectroscopic behaviour when the coenzyme is
forming the external Schiff base as PMP (peak centered at 320 nm and lack
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of signal at 420 nm). This result suggests a similar microenvironment of the

active site.

TABLE 7.2.2. Thermal

denaturation and functional

properties of

RHEAM-Ma variant as a comparison with AGT-Ma.

a) Thermal and kinetic parameter of the thermal unfolding

HOLOENZYME APOENZYME
Variant
AGT-Ma RHEAM-Ma | AGT-Ma RHEAM-Ma
T b, °C 82.1 93.7 58.4 70.2
AH 2, keal - mol™? 548 + 4 638 + 32 254 + 16 392 4+ 20
Ey 2, keal - mol™t 109 £ 5 125 £ 6 111 £ 10 116 £ 7
n 2 0.95 £ 0.02 0.91 £0.04 | 1.30 £0.02 0.89 = 0.01
ksr 3, min~! 6.4-10719 1.1-10713 1.6-107° 3.6:1078
poACT=Ma_ 1 2100 1 440
RHEAM—Ma
LT, for a scan rate of 3°C/min
2 mean+s.d. of AGT dimer from 3 scan rates
3 Kinetic constant rates extrapolated at 37°C

b) Functional properties of the enzyme

Variant

AGT-Ma

RHEAM-Ma

KM,Alm mM 195+ 14
KM,Glyoca NM 245 4+ 29
Kp.prp, nM 99 + 20

Vinaz, mmol - h=t-mg™! 222 £0.09 4.99 4+ 0.22

11.5 £ 1.2
412 + 45
101 £ 18

PLP affinity. The coenzyme affinity was also tested for RHEAM-Ma and
AGT-Ma. The affinity was measured by monitoring the quenching of the intrin-

sic Trp fluorescence through the binding of PLP in an equilibrium approach.

The results obtained show that the quintuple mutant is able to bind the coen-

zyme in a similar way than AGT-Ma with almost identical equilibrium constants

(Kp.prp) (see Table 7.2.2-b and Figure 7.2.7-f).
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FicUure 7.2.7. Comparative stability and functional properties of the
consensus-based variant RHEAM-Ma (red) and human AGT-Ma

(black). a) thermograms at 3°C/min;

b) Arrhenius plots for the thermal un-

folding of the holo (closed symbols) and apo (open symbols) forms; ¢) enzyme
activity dependence on L-alanine at 0.25 mM (circles) and 2 mM (squares) gly-
oxylate, were lines are the global fitting; d) absorption and e) circular dichroism
spectra of the holo proteins incubated with (dashed lines) or without (continuous
lines) L-alanine; and f) titration with PLP monitored by fluorescence.
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In addition, the kinetic approach was also used to evaluate the dynamics of
this process (see Table 7.2.3). Values obtained for the rate constants of associa-
tion (k,y,) and dissociation (k,fs) of the coenzyme for RHEAM-Ma are ~3.5-fold
lower than those found for AGT-Ma. This result indicates that, although the
RHEAM-Ma variant has a similar equilibrium constant than AGT-Ma, the pro-

cess of binding and release of the coenzyme is slower in RHEAM-Ma.

TABLE 7.2.3. Kinetic parameters of the PLP affinity for the RHEAM-Ma
and AGT-Ma variants.

Variant AGT-Ma RHEAM-Ma

kop, M—1.s71 189 + 4 65 + 1
kopf, s 23 £5(-107°) 5.5 4+ 2.5 (-1079)

Data were obtained by kinetic measurements

Electrostatic interactions are involved in the RHEAM-Ma stabi-
lization. As noted before, according to the structure of human AGT, four of
the five consensus-based mutations are located in a cluster at the dimerization
interface. The introduction of charges through these mutations may have impli-
cations in the kinetic stabilization of AGT enzyme, so the electrostatic contri-
butions were estimated in AGT-Ma, HEM-Ma and RHEAM-Ma variants. This
estimation was done using a simple Tanford-Kirwood and Bashford-Karplus
(TK-BK) algorithm®®! and the dimeric structural information (atomic coordi-
nates) of those variants’. The result of this analysis is given as the energy of
charge-charge interactions (E,_,) of a given ionizable residue with the rest of
the ionizable residues of the dimer.

The comparison of the energy arising from charge-charge interactions for
these variants compared to the AGT-Ma (AE,_,, see Figure 7.2.8), shows
that two mutations (Q23R and D52E) are responsible for the development of
new favourable charge-charge interactions (negative AE,_,values). Moreover,
this analysis suggests that there are four additional ionizable residues (Argl75,
Argl97, Arg333 and Asp344) that have created new favourable interactions
through the introduction of the consensus-based residues (negative E,_, values,
see inset at Figure 7.2.8).

fThrough the collaboration on this project, the crystallographic structures of 1340M-Ma,
HEM-Ma and RHEAM-Ma were determined by Dr. Armando Albert at Department of
Crystallography and Structural Biology, IQF-Rocasolano, CSIC.
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FicGure 7.2.8. Electrostatic contributions to the stability I1340M-Ma,
HEM-Ma and RHEAM-Ma evaluated using a TK-BK model.’®?> The
graph shows the differences in the charge-charge interactions (AEq,_4) of a given
ionizable residue for I340M-Ma (green), HEM-Ma (blue) and RHEAM-Ma (red)
with regard to AGT-Ma. The inset shows the charge-charge interactions (Eq4—q) at
selected positions. Same color code (where black corresponds to AGT-Ma). Neg-
ative values indicate that the ionizable groups are mainly involved in stabilizing
interactions with groups of the opposite charge.

7.3. Discussion

In this work, we have successfully applied the consensus approach to improve
a protein of biomedical interest, such as the human AGT. The improved enzyme
was obtained through five single point mutations (RHEAM-Ma) and it displays
a high kinetic stability (~1000-fold longer half life than AGT-Ma at 37°C) and
an improved catalytic performance (~125% higher than AGT-Ma).

A low protein stability can lead to degradation, aggregation and lack of bio-
logical function in vivol®® and thus stability is an important regulatory trait for
proteins. We show that consensus-based mutations target the stability of native
AGT dimer (which is the cooperative unit) determining the kinetic stability in
vitro (i.e., denaturation follows first order kinetics) partly by a remarkable op-
timization of the electrostatic interactions in the native state. Moreover, this

enhanced in vitro stability could be also translated in vivo!®4.
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It has been proposed recently that the stability effect of consensus mutations
may reflect to some extent the extreme properties of ancestral proteins.!®5 Al-
though reconstruction of the ancestral sequence leads to larger protein stability
enhancements, the promiscuity of the protein is also enhanced by this «travel-
ling back in time».1®6 Therefore, this lack of protein specificity may hinder the
use of this approach for targeting specific metabolic pathways. By contrast, the
consensus approach appears to be a simple and excellent choice to develop ro-
bust proteins for GT and ERT with wild type specificity, provided that these
changes do not trigger significant immune response.

The consensus approach is an useful tool for different biotechnology fields.*% 157
During the collaboration of this project, the structure of 1340M-Ma, HEM-Ma
and RHEAM-Ma variants have been obtained and an improved success of the
crystallization process and protein solubility have been observed (see Figure
7.3.1-a and Appendix B). Different physical properties of proteins can con-
trol the crystallization behaviour and different protein engineering approaches
have been used in protein crystallography (such as high purity protocols, en-

158,159 160

hancing protein solubility, engineering crystal contacts™®® or by surface

161)  While it has been proposed that the overall thermo-

162

entropy reduction
dynamic stability is not a major determinant of crystallization propensity,
the consensus approach has been also applied successfully to improve the ther-
mostability and crystallizability of the kinase domain of the plant salt-overly-
sensitive 2 (CIPK24/SOS2) protein by Dr. Armando Albert (see Appendix B).
In addition, the structures of 1340M-Ma, HEM-Ma and RHEAM-Ma (deter-
mined during this project) and the previously reported structure for AGT-Ma®®
are nearly identical with changes confined at the point mutations (see Figure
7.3.1-b). Therefore, the consensus approach seems to be a simple and generic
strategy to increase the success in obtaining high-quality protein crystals for
high-resolution structural determination.

The design of an enhanced human AGT protein might be useful to improve
the efficiency of GT and ERT for the treatment of PH1 by reducing the dose
and/or frequency of vector/protein administration.'® The in vivo stability and
activity of the consensus-based RHEAM-Ma was tested upon transiently trans-
fection in CHO cells. The RHEAM-Ma variant was found to be correctly im-

ported to peroxisomes by immunofluorescence confocal microscopy (see Figure
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RHEAM-Ma

FIGURE 7.3.1. Application of the consensus approach for crystallization
studies. a) crystallization propensity (number of hits) for RHEAM-Ma in a com-
parison with AGT-Ma under a variety of conditions; b) structural superimposition
of the AGT-Ma (green), I1340M-Ma (red), HEM-Ma (blue) and RHEAM-Ma (cyan)
AGT crystal structures; Data obtained by Dr. Armando Albert at Department of
Crystallography and Structural Biology, IQF-Rocasolano, CSIC.

7.3.2-a). However, the enhanced in vitro stability of RHEAM-Ma was not trans-
lated to higher resistance toward degradation or increased steady-state levels
or solubility inside eukaryotic cells compared to AGT-Ma (see Figure 7.3.2-b
and -c). A possible explanation could be that the kinetically relevant state
in vitro might differ from the state sensitive to cytosolic and/or peroxisomal
degradation by the corresponding quality control systems such as proteasome
ATP-dependent mechanism in cytosol®® or through the activity of a Lon pro-
tease in peroxisomes.1®3 Alternatively, the conformational stability of AGT-Ma
may define an upper threshold from which an enhanced stability against ther-
mal unfolding is not translated in higher resistance toward in vivo degradation.
That said, the enhanced stability of RHEAM-Ma could lead to higher trans-
duction efficiency upon GT and/or longer half-lives in ERT. Accordingly, the
identification of possible advantages of RHEAM-Ma variant in GT and ERT is
an ongoing project in collaboration with Prof. Eduardo Salido (University of
La laguna, Spain) and Dr. Barbara Cellini (University of Verona, Italy).

In summary, by using the consensus approach we have optimized interactions
in the AGT native state increasing the kinetic free energy barrier for protein
denaturation while the overall protein fold and enzyme function have been kept
or improved. Although the possible advantages of using an enhanced AGT

enzyme in GT and/or ERT remain unknown (ongoing project), we have proved
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that consensus approach is a simple and generic tool to increase stability and

solubility improving the crystallization of hard-to-crystallize proteins.
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Ficure 7.3.2. AGT location, activity and immunoreactive protein levels
in transiently transfected CHO cells. a) subcellular localization by confocal
microscopy with anti-AGT (green), anti-PMP70 (peroxisomal marker red) antibod-
ies. Co-localization is detected as a yellow signal; b) specific AGT activity (data
are meants.d. from 6 independent experiments); ¢) immunoreactive protein levels
of AGT (data are meants.d. from 4 independent experiments). Inset is a repre-
sentative WB analyses. The statistical significance is calculated using one-tailored
unpaired Student’s t test. Data were obtained by Prof. Eduardo Salido from Cen-
tre for Biomedical Research on Rare Diseases at University of La laguna through
the collaboration on this project
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CHAPTER 8

Energetic insights into the human AGT enzyme stability

8.1. Brief introduction

164 The energy

Proteins have a marginal thermodynamic stability in wvitro.
landscape of the protein folding could be modified in vivo by the action of
chaperones or folding enzymes. The fate of a protein will be influenced by an
adequate balance of the proteostasis network. In many genetic diseases, the
presence of a destabilizing mutation in a protein is translated in a reduction
of the ability to fold in a biological network (folding deficiency) exceeding the
capacity of the proteostasis network,3¢ and thus protein stability is a key feature
in protein misfolding diseases.

We have shown that PH1 variants generally affect the ability of the AGT
protein to fold properly, leading to accelerated protein turnover, aggregation
or mitochondrial mistargeting (see Appendix A). We have also suggested that
the reduced kinetic stability of the apo native state may play an important
role in the pathogenic mechanisms of PH1 variants. Alternatively, by using
the consensus approach we have enhanced an in vitro AGT stability partly by
optimization of electrostatic interactions in the native state (see Appendix B).

In this context, we have performed a characterization of the conformational
stability of a set of AGT proteins composed of natural (non-pathogenic and
disease-causing) and highly stable (consensus-based) variants. The objective is
to obtain information about the existence of common patterns in the modula-
tion of the stability in wvitro and inside cells. In this chapter, these results are

presented and discussed.
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8.2. Results

Holo naturally-occurring and consensus variants share a common
thermal denaturation mechanism. The characterized set of proteins is com-
posed of ten naturally occurring and twelve consensus-based AGT variants (see
Figure 8.2.1), in which all mutations are scattered over the AGT structure and
only some consensus-based mutations are found in a cluster close to the dimer-
ization interface. This set of proteins consists of five non-pathogenic polymor-
phisms (AGT-Ma, AGT-Mi, P11L-Ma, I340M-Ma and R197Q-Mi), five disease-
causing variants (H83R-Mi, G170R-Mi, 1244T-Mi, A295T-Mi and A368T-Mi),
five single consensus-based mutations (Q23R-Ma, S48H-Ma, S50H-Ma, D52E-
Ma and V113A-Ma), three double mutants (HE-Ma, HM-Ma and EM-Ma), one
triple mutant (HEM-Ma), two quadruple mutants (RHEM-Ma and HEAM-Ma)
and one quintuple mutant (RHEAM-Ma)*.

FiGURE 8.2.1. Localization of the mutations on AGT structure. Residues
shown in red are changed in naturally-ocurring variants and those in blue are
involved in consensus mutations.

For all variants, the thermal unfolding in the absence or presence of low-
denaturating urea concentration was described by a two state irreversible model,
with first order kinetics (see Figure 8.2.2-a and b). In addition, the thermal

“Please, note that the multiple mutants are named with the letters of the new mutations
introduced. For example the double mutant of S48H and 1340M is termed as HM-Ma
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unfolding was also found to be essentially independent on protein concentration
(see Figure 8.2.2-c).
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FIGURE 8.2.2. Thermal unfolding of AGT variants in the absence or pres-
ence of urea and determination of kinetic m values. a) experimental DSC
thermograms obtained at 3°C/min for AGT-Ma (black), 1244T-Mi (red) and HEM-
Ma (blue); b) effect of the urea concentration in the stability of AGT-Ma; c¢) de-
pendence of the stability with protein concentration for AGT-Ma (black), 1244T-Mi
(red) and HEM-Ma (blue) for urea concentration of 0 M (circle), 1 M (squares)
and 2 M (triangles); d) and e) evaluation of the kinetic m values at scan rate of
3°C/min. Lines are the best fit for the data.

AGT variants share similar degree of unfolding by thermal denat-
uration. We have evaluated the changes in accessible surface area (AASA)
from the native stateS® and a model of the unfolded states based on Gly-X-
Gly tripeptides.'®® We have obtained that 64% of the buried surface upon
AGT folding is apolar surface while 36% corresponds to polar surface (see Ta-
ble 8.2.1) in agreement with contributions to total changes of ASA in a wide set

of proteins.!33 It has long been known that buried surface area correlates with
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the size of the protein (number of residues), and the value obtained for human
AGT correlates with the expected value of a protein of this size.!33 Experimen-
tal denaturation enthalpies (AH) for the thermal unfolding of this set of AGT
enzymes are strongly dependent on T, values (see Figure 8.2.3-a and Table
8.2.2), yielding a slope of 11.3 &= 0.8 kcal - K~'-mol~!, which can be considered
as the heat capacity change upon unfolding (ACp). This value correlates well
with the theoretical value of ACp for human AGT of 10.87 kcal - K= - mol™*
that we can obtain using structure-energetics parameterization®® for globular
proteins. These results, suggest that most of the native structure of AGT is dis-
rupted in the thermally denatured state and all variants denature to a similar
extent.

TABLE 8.2.1. Changes in accessible surface area of the human AGT. The
crystal structure of the human AGT-Ma was used for this analysis.?°

ASAtotalv AZ ASAapolara AQ ASApolara AQ

Native 27087 15392 11695
Tripeptide 128499 80474 48025
AL ASA 101412 65082 (64.2%) 36330 (35.8%)

The denaturation transition state of AGT is native-like in terms of
area exposed to solvent. If we focus now in the dependence of the activation
energy (E,) values on the T, parameter (see Figure 8.2.3-b), the correlation
yields a slope of 1.85 + 0.15 kcal - K=' - mol~!. If we consider this slope as an
activation heat capacity change (ACp”) between the transition and native state,
it may indicate a native-like transition state in terms of exposure to solvent.
Accordingly, the kinetic m values (m”) have been evaluated from the urea
concentration dependence on the T}, parameter, as a measure of the exposure
to the solvent of the transition state!®® (see Figure 8.2.2-d and -e and Table
8.2.2). The experimental values obtained were relatively small (m” ~0.4-1.2
kcal -mol= - M~1; see Figure 8.2.3-c) with an average value of m” = 0.77+0.21
kcal - mol™ - M~', in comparison with the theoretical equilibrium m value
(m®) estimated from the crystal structure of AGT (m® = 11.5 kcal - mol™" -
M~1).187 The low value obtained for the ratio m”/m® is also in agreement
with a transition state close to the native state in terms of solvent exposure.
On the other side, there is no clear link between the kinetic m values obtained

for the set of AGT variants and the T,,, parameter (see Figure 8.2.3-c inset).

86



have been evaluated for each varian
37°C (see Figure 8.2.4-a). Results obtained support that mutations affect the
kinetic stability by producing large changes in the enthalpic and the entropic
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FIGURE 8.2.3. Correlation of a) calorimetric enthalpies, b) activation en-
ergies and c) kinetic m values (m”) with the T,, parameter. The calori-
metric enthalpies, and kinetic m values are the mean+s.d. from three different scan
rates; the activation energies are obtained from Arrhenius plots. Markers corre-
spond to experimental data for polymorphisms (black), disease-causing (red) and
consensus-based (blue) variants of AGT protein. Continuous lines correspond to
the fit of the data to a straight line. Dashed line in c) shows the equilibrium m

value as a reference.

Mutations on human AGT show an enthalpy-entropy compensa-
tion of the denaturation free energy barrier. The enthalpic (AH7) and

entropic (AS7) contributions of the unfolding activation free energy (AG7)
{165
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TABLE 8.2.2. Summary of the main parameters for the thermal unfolding
and kinetic stability of holo AGT variants obtained by DSC.

T ! AH 2 E,3 ks 4 m? ®
Variant
°C kcal/mol  kcal /mol min 1 kcal /mol - M

AGT-Ma 82.1 547 £ 5 109 £ 5 6.4-10~10 0.76 £ 0.10
AGT-Mi 76.6 375 £ 13 101 £ 5 2.2.1078 0.94 £ 0.07

£  PllL-Ma 73.8 399 + 5 95 + 3 1.1-1077 0.64 £ 0.04
% I340M-Ma  84.1 530 4+ 24 1154+4  1.7:107'%  0.62 £ 0.11
= HS83R-Mi 58.2 235+ 16 55 + 3 2.9-1073 1.19 £ 0.02
g G170R-Mi  75.5 459 4+ 17 100£2 331078 0.96 £ 0.05
E R197Q-Mi  77.9 401 + 6 110+6  3.7.107° 0.95 £ 0.05
<zC 1244T-Mi 75.8 402 + 9 103 £ 2 1.1-10°8 0.92 + 0.15

A205T-Mi 775 500 & 10 105 + 8 1.2.1078 0.96 £ 0.15

A368T-Mi  76.5 439 + 6 102+7 211078 0.79 £ 0.07

Q23R-Ma 84.5 475 % 10 112+5  1.1.1071% 0.82 &+ 0.15

S48H-Ma 85.5 520 4 24 104 +£3 2331071 0.66 + 0.06

S50H-Ma 67.1 357 + 17 67 +2  6.82107°  0.42 +0.14
E D52E-Ma 844 544 +£34  104+£6 130107 0.76 £ 0.06
E V113A-Ma 832 502 + 13 101 +£1  1.98107°  0.75 +0.01
i HM-Ma, 88.0 599 + 45 116 £9  1.08107'  0.60 £ 0.07
; HE-Ma 81.5 486 + 13 101 +1 7201071  0.85 + 0.06
2 EM-Ma 86.9 573 & 28 121 +£8 6.38107'2  0.48 £ 0.01
§ HEM-Ma 89.5 315+ 41 118 +£10 4.28-107'2  0.43 £ 0.11

HEAM-Ma  91.0 613 + 20 122 +5 951014 0.46 + 0.13
RHEM-Ma  92.0 609 + 5 125 + 5 1.7-10713 1.05 + 0.12
RHEAM-Ma  93.7 638 + 31 125 +6  1.1-10713 0.99 + 0.12

! Determined at scan rate of 3°C/min.

2 mean4s.d. of different scan rates; expressed per mole of dimer.
3 mean4s.d. from four consistency tests.!?!
4 extrapolated from Arrhenius plots.

> mean+s.d. from DSC at 3-5 urea concentrations and 3 different scan rates.
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free energy are comparatively small due to an enthalpy-entropy compensation

where both components largely cancel each other out.
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FIGURE 8.2.4. Enthalpic (closed markers) and entropic (open markers)
contributions to the activation free energy for the natural (red) and
consensus-based (blue) variants of the human AGT at temperature of
37°C. Lines are placed to point out the trend and have no theoretical meaning.

Dissection of the kinetic stability of human AGT: solvation and
unfolding contributions to the activation enthalpy. During the protein
folding process, the water molecules removed from the surface are involved in
a water-associated barrier (desolvation barrier) to protein folding. Conversely,
during the unfolding process of a protein, the asynchrony between water pene-
tration and breakup of the internal interactions could be described as a solvation
barrier.18 166 Therefore, it has been suggested that the activation energy (AG7)
is composed by: i) contributions from the unfolding (unfolding and solvation of
regions of the native state in the transition state); and ii) contributions from
the solvation barrier (networks of broken internal contacts but not yet solvated
in the transition state).16% 166

The activation energy of the protein unfolding can be viewed as the enthalpy
difference between the transition and the native state (E, ~ AH7).1%® More-
over, the ratio between kinetic urea m value and equilibrium m value (m? /m<9)

can be considered as an estimation of the change in the degree of exposure to the
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solvent between transition and native state!33

and the unfolding contribution
to activation enthalpy (AH,,s) can be evaluated from the calorimetric enthalpy
derived from DSC. Accordingly, the solvation-barrier (AH*) contribution to ac-
tivation enthalpy can be evaluated by difference'®® (AH7 = AH,,,; + AH*; see

Figure 8.2.5).

= Unfolding contribution (AH,.)
@ Solvation barrier contribution (AH*)

AH’, keal-mol”’
[
|

Natural Consensus-based

FIGURE 8.2.5. Unfolding (AHu.; - green) and solvation barrier (AH* -
blue) contributions to the activation enthalpies (AH”) for each AGT
variants.

Our data for this set of AGT variants show that the main contribution to the
activation enthalpy is the solvation barrier component (average of 68 + 3%).
Although there are no clear differences between the natural and consensus-
based variants, both components of the activation enthalpy correlate with the
kinetic stability as can be seen from their moderate increase with the raise of
the stability (expressed with the T, parameter) (see Figure 8.2.6-a).

Structural changes, in terms of accessible surface area between the native
and the transition state, can be estimated from the unfolding and solvation bar-
rier contributions'33195 (see Figure 8.2.6-b). These results show that structural
changes between the transition and the native state are always small (average
of 18.6%) compared with the total change in the accessible surface area for
the complete unfolding. Moreover, the structural changes associated with the
solvation barrier are always bigger than those associated with the unfolding
contribution. Finally, within the uncertainty associated to these calculations, it

seems that the structural changes associated with the solvation barrier increase
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as the kinetic stability is raised while the trend for the unfolding contribution

seems to be of opposite sign and weaker (see Figure 8.2.6-b).
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FIGURE 8.2.6. Dissection of the activation enthalpy of the natural (red)
and consensus-based (blue) variants of human AGT. Temperature depen-
dence of the a) energetics contributions and b) structural changes (as % of total
AASA) of the unfolding (open markers) and solvation barrier (closed markers)
component.

Estimation of the solvation and unfolding contributions to the ac-
tivation entropy. In the previous subsection, the activation enthalpy has been
deconstructed into its unfolding and solvation barrier contributions. However,
the free activation energy (AG7) will also have an entropic component (AS7)
that can also be deconstructed in unfolding and solvation-barrier component:
AS* = ASyny + AS*. In order to estimate these contributions, the existence
of an enthalpy-entropy compensation is invoked!®® (see more details in M&M
section).

This decomposition shows that both components of the activation entropy
have a similar correlation with the stability of the variants and also both com-
ponents contribute to the same extent to the activation entropy (see Figure
8.2.7).
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The rate-limiting step in the kinetic stability of human AGT. We
have shown in the previous chapters that the irreversible two-state kinetic model
(N 5 F ) provides a good description of the thermal denaturation of human
AGT variants. We must keep in mind that this two-state kinetic model is a

simplification of a more general scheme known as the Lumry-Eyring model:1%2
k1 k
N ];i U3 F
-1

Ky

K =1
ko

in which an unfolded or partially unfolded state (U) is in equilibrium with
the native state (N), but it can also suffers irreversible modifications to a non-
functional final state (F) that cannot fold back again.

In this model, if the irreversible step (U LEqy ) does not take place signifi-
cantly during the time of the DSC transition, it can be assumed that thermo-
grams reflect information about the reversible step so an equilibrium thermo-
dynamic analysis can be done. On the other side, if the irreversible step takes
place during the time that protein spends in the DSC transition, the thermo-
gram will be strongly rate limited.'?? Two limiting cases can be presented: i)

the irreversible step (U — F') is fast, therefore the overall denaturation rate
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is limited by unfolding kinetics (N — U); ii) the irreversible step (U — F') is
slow, therefore both steps determine the overall denaturation rate. To discrim-
inate between these two scenarios, the kinetics of global unfolding have been

determined for four selected variants:

— AGT-Ma;

— [340M-Ma (highly stable natural polymorphism);

— HEM-Ma (very highly stable consensus-based variant);
— and A295T-Mi (destabilizing disease-causing variant).

It was found that HEM-Ma variant is kinetically resistant to high concentration
of urea (9M) at physiological temperature, while A295T-Mi denatures 4-fold
faster than AGT-Ma (see Figure 8.2.8-a). We have evaluated the urea denat-
uration rate constants extrapolated to no denaturant at different temperatures
(see Figure 8.2.8-b and c¢). As for thermal unfolding, the urea denaturation
rate constant is independent of protein concentration supporting that no dimer
dissociation occurs prior to the rate limiting step (see Figure 8.2.8-d)

The kinetic m values derived from urea-induced unfolding kinetics are com-
paratively small and nearly temperature independent (similar to those obtained
by DSC), with an average m7” values at different temperatures of: AGT-Ma:
0.55 4+ 0.05; A295T-Mi: 0.32 + 0.02; 1340M-Ma: 0.69 + 0.04 and HEM-Ma:
0.51 £ 0.04 kcal - mol=™' - M~1. On the other side, the activation energy val-
ues obtained for 1340M-Ma and HEM-Ma (130 + 5 and 96 + 6 kcal - mol ™
respectively) are similar to those obtained by thermal unfolding, while the ac-
tivation energies obtained for AGT-Ma and [295T-Mi are 4-fold lower (22 +
12 and 22 4 4 kcal - mol™! respectively) compared to thermal unfolding (see
Figure 8.2.8-¢).

The kinetic stability (kinetic constant extrapolated at 37°C) of the irre-
versible denaturation by temperature is found to be higher than that obtained
by urea-induced unfolding (see Figure 8.2.8-e). This result suggests that in the
context of the N <» U — F mechanism, the N — U step is not rate limiting.
Therefore the overall denaturation rate may depend on either, the thermo-
dynamic stability or the rate of the irreversible step. As a consequence, the
changes in kinetic stability in natural and consensus-based mutants may arise
from changes in the thermodynamic stability and the aggregation rate constant

of unfolded states.
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FIGURE 8.2.8. Kinetics of the urea-induced unfolding. a) Urea denaturation
kinetics of three holo AGT variants at 37°C measured by far-UV CD spectroscopy;
b) urea denaturation kinetics of holo AGT-Ma at 37°C at different urea concentra-
tions; c) linear extrapolation of unfolding rate constants at different urea concen-
tration and temperatures to the absence of denaturation (kuns—on); d) dependence
of kuns—onm at different temperatures and urea concentration with the AGT con-
centration; e) comparison of denaturation rates obtained from thermal unfolding
(DSC - solid lines) and global unfolding rates in the absence of urea (open markers
and dashed lines). Physiological temperature is indicated by a vertical dotted line.
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In addition, the aggregation propensity has been evaluated by the use of

168,169
agg>

which measures the propensity to form high molecular weight aggregates (see

two algorithms, which model aggregation from unfolded regions:

Figure 8.2.9); and Zj,,, which measures the tendency to form low molecular
weight aggregates (see Appendix C). This bioinformatic tools may provide an

estimation of the rate constant of the irreversible step (U — F).
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FIGURE 8.2.9. Sequence-based prediction of aggregation propensities
from the unfolded states (Z,4, score) using the Zyggregator algo-

168,169

rithm a) Propensities per residue for naturally-occurring (upper) and

consensus-based (bottom) variants; b) difference of propensities between each
variant and AGT-Ma sequence for naturally-occurring (left) and consensus-based
(right) variants.

Both methods show similar results. Mutations of natural variants seem to
occur on regions with some aggregation propensity (positive Z,,,, see Figure
8.2.9-a) while the consensus based mutations show no clear bias towards oc-
curring in regions with any preference towards aggregation. In addition, the
naturally occurring variants show no direct link between aggregation propen-
sity and protein kinetic stability, while the consensus based mutations appear
to reduce the aggregation propensity (see Figure 8.2.9-b). This result supports
that the irreversible step (aggregation to a final state F') might be slowed down
by consensus-based mutations.
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8.3. Discussion

Our mechanistic and energetic studies on a set of human AGT variants
have shown kinetic stabilities spanning over 11 orders of magnitude due to
changes in activation free energies up to ~15 kcal - mol~! between disease-
causing and consensus-based variants. The increase of the activation free energy
barrier is due to large and highly compensating changes in the enthalpic-entropic
contributions (see Appendix C).

Although the relevant denaturation transition state retains a native-like
overall structure in terms of exposure to solvent, changes in kinetic stability
seem to arise from those relatively small changes of the structure/energetic bal-
ance. These changes come mainly from solvation barriers between native and
transition state, due to an increase of those networks of broken native internal
contacts that have not been yet solvated in the transition state.

Some local changes in the structure or dynamics of the native state upon
mutations could not be excluded. However, it is unlikely that they could ex-
plain the difference in ASA due to solvation barrier since these variants share
commons traits such as similar hydrodynamic behaviour, similar activity, de-
naturation energetics consistent with similar degree of unfolding and, for some
of them, almost superimposable crystal structures (see Appendix A and B).
Therefore, it seems that the AGT stability depends on a very delicate balance
between the structure and dynamics of the native and denaturation transition
state.

It was shown, in the previous chapter, that consensus-based mutations en-
hance the kinetic stability at least partly by developing new favourable interac-
tions in the AGT dimer. Differences in thermal denaturation and urea-induced
global unfolding, suggest that the kinetic stability of AGT is modulated by
changes in thermodynamic stability and the aggregation propensity of unfolded
states. A complete thermodynamic characterization of AGT using chaotropic-
induced unfolding cannot be performed due to irreversibility.” 123

Alternatively, the aggregation propensity of the unfolded states was eval-
uated by bioinformatics tools suggesting that the irreversible step might be
slowed down by consensus-based mutations without a clear trend for naturally-
occurring variants. This might imply that disease-causing mutations plausibly
affect the thermodynamic stability of the native AGT, which could establish a
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mechanistic link between a reduced kinetic stability and a reduced foldability

upon expression in eukaryotic cells (see Figure 8.3.1).
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Fi1cURE 8.3.1. Correlation between kinetic stability of holo AGT proteins
and intracellular foldability. a) total protein levels and b) fraction of soluble
protein in eukaryotic cells as a function of kinetic stabiliy. Solid lines are linear
fits of AGT variants with kinetic stabilities equal or lower than AGT-Ma while
dotted lines show AGT-Ma as a threshold. Correlation coefficients (r?) are a) 0.56
and b) 0.48. Ezpression data were obtained by Prof. Eduardo Salido from Centre
for Biomedical Research on Rare Diseases at University of La laguna through the
collaboration on this project.

Here we have also proposed that consensus-based mutations enhance the in
vitro stability mostly by changes in solvation barriers that slightly affect the
structure-dynamics of native and/or transition state. Nonetheless, consensus
variants do not increase AGT foldability inside eukaryotic cells. Therefore it
is plausible that human AGT-Ma represents a stability threshold to provide an
optimum stability for intracellular folding to active dimers (90% of AGT-Ma is
found in soluble fractions in vivo) and proper turnover inside peroxisomes (see
Appendix A and Figure 8.3.1). As a result we hypothesize that the presence
of consensus mutations in other vertebrate sequences may provide additional
stability to compensate the fixation of destabilizing mutations that are beneficial
for AGT function in the fitness of these organisms.

In terms of molecular evolution, a protein sequence under a selective pressure
will explore a space of sequences where only those mutations that are compat-
ible with the structure and the function of the protein will be fixed (fitness

97



threshold).'*® While consensus-based mutations have a high degree of conser-
vation among vertebrates, naturally-occurring mutations on human AGT show

a very low degree (see Figure 8.3.2-a and -b).
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FIGURE 8.3.2. Divergence in conservation of a) natural (disease-
associated) and b) consensus-based variants in AGT sequences from ver-
tebrates. Closed symbols indicate the frequency of the residue found in human
AGT-Ma while open symbols refer to the corresponding vertebrate sequences.

We have shown that the minor allele (AGT-Mi that has P11L and 1340M
substitution), which is found in about 20% of non-PH1 populations, shows a
remarkable effect on protein stability and intracellular foldability. These ef-
fects are suggested to be mostly due to the presence of the P11L substitution.
Thus the minor allele is known to predispose human AGT towards additional
deleterious mutations and may represent a lower limit for AGT stability i.e.,
the threshold between health and disease. When a disease-causing mutation is
found on the AGT-Mi background, the folding energetics of the protein may be
located close to or beyond the proteostasis boundary. Therefore, mitochondrial
mistargeting or aggregation events may be the consequence of modified interac-
tions with elements of the proteostasis system such as chaperones.” 29170 Then,
AGT activity in peroxisomes may decrease below a threshold incompatible with
health and thus causing the onset of the disease.

In summary, human AGT-Ma displays an adequate conformational stability
to fold inside cells and to be targeted to peroxisomes but it still interacts with

molecular chaperones to reach its functional state.” Alternatively, AGT-Mi
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may be close to the lower fitness requirements in a healthy cell, thus explaining
the high frequency of disease-causing mutations on its background. Although
molecular chaperones are able to buffer the effects of destabilizing mutations,
the chronic expression of a misfolded protein together with changes in the pro-
teostasis capacity through aging may influence the onset of the disease. In
this situation, different elements of the proteostasis network may modulate the
loss-of-function in PH1 by affecting the partition of AGT between aggregation,

degradation or mistargeting.83-93:171
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Conclusions

Through the different chapters of this thesis, we have performed a detailed
in vitro characterization of the human AGT protein from different perspectives
with the purpose of finding new therapeutic approaches to PH1.

The in vitro characterization of disease-causing mutants has revealed a high
destabilization of apo AGT, which partly correlates with kinetic trapping by
molecular chaperones and intracellular protein foldability and mistargeting in
cells.” In addition, we have observed a coenzyme induced kinetic overstabiliza-
tion of some mutants that may explain the pyridoxine responsiveness found in
patients carrying these mutations.!™ Therefore we suggest that native state ki-
netic stabilizers and protein homeostasis modulators may be suitable to correct
folding and stability in PH1.13

We have considered the use of the nematode C. elegans as an animal model
for PH1 and AGT proteostasis in vivo. The in vitro characterization of the
orthologous AGT protein in this nematode and the key role of glyoxylate in
the normal development of C. elegans indicate that it might not be suitable for
developing a hyperoxaluric phenotype. Nonetheless C. elegans could still be a
proper model to study interactions of AGT protein with different elements of
the proteostasis network (ongoing project).17®

The consensus approach has been proved to be a simple tool for improving
kinetic stability and catalytic performance of human AGT. Consensus-based
proteins could be used in gene and enzyme replacement therapies for PH11®
(ongoing project), and in general for inborn errors of metabolism.'® While ex-
pression of the enhanced AGT in cells is properly located in peroxisomes, the
higher in wvitro stability is not translated to higher resistance toward degra-
dation. However, our study clearly shows that consensus approach optimizes
interactions in AGT native structure that efficiently increase the kinetic free
energy barrier for denaturation while the overall protein folding and enzyme

function are kept and the crystallization process is sped up. We suggest that
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AGT-Ma variant has been provided through evolution with a proper confor-
mational stability'” and turnover to perform its biological function in a harsh
organelle such as peroxisome. Therefore, AGT-Ma may define an upper limit
of kinetic stability beyond which an increase in stability is not translated in
an increase of resistance to in vivo degradation. We also indicate that consen-
sus approach could be a simple and generic strategy to obtain high resolution
structural models of protein for which crystallization is a challenging task due
to stability issues.

Finally, a deep insight into the energetics of the AGT protein has shown
that disease-causing mutations mostly affect the thermodynamic stability of
native AGT compromising the foldability in cells. At the same time, consensus-
based mutations clearly enhance the kinetic stability mostly through changes
in solvation barriers between native and transition state by developing new
favourable interactions in the native state, and reduction of the aggregation
propensity of partially unfolded states as proposed by bioinformatic algorithms.
While AGT-Ma could represent an upper stability threshold for optimal folding
in cells, AGT-Mi could represent a lower stability threshold between health and
disease, i.e., AGT-Mi is a non pathogenic variant, but its folding energetic may
be close to the proteostasis capacity so the presence of PH1 mutations induce the
onset of the disease. Buffering effects of molecular chaperones on destabilizing
mutations may allow disease-causing mutants to fold intracellularly but to a
lower extent explaining the loss-of-function in these mutations. Our results also
explain why pharmacological therapies based on native state ligands that boost
AGT stability may lead to recovery of AGT function in cells.
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Conclusiones

A través de los diferentes capitulos de esta tesis hemos realizado una de-
tallada caracterizaciéon in vitro de la enzima humana AGT desde diferentes
perspectivas con el objetivo de encontrar nuevas aproximaciones terapéuticas.

La caracterizacion in wvitro de los mutantes causantes de enfermedad ha
revelado una alta desestabilizacion del estado apoenzima de la AGT, la cual
correlaciona parcialmente con la existencia de estados atrapados cinéticamente
por chaperonas moleculares y plegabilidad y localizacion mitocondrial errénea
en células.” Ademads, hemos observado una sobre-estabilizacién de la estabilidad
cinética por unién del coenzima, lo que puede explicar la respuesta a tratamien-
tos con piridoxina en pacientes que presentan estas mutaciones.!™ En este sen-
tido sugerimos que el empleo de estabilizadores del estado nativo y reguladores
de la homeostasis proteica pueden permitir la correccion de los problemas de
plegabilidad y estabilidad en HP1.13

Hemos considerado el empleo del nematodo C. elegans como un modelo
animal para HP1 y la proteostasis in vivo de la enzima AGT. La caracterizacion
in vitro de la proteina ortéloga a la enzima humana AGT en este nematodo, y
el papel relevante que tiene el glioxilato en el desarrollo normal de C. elegans
sugieren que quizas no sea un modelo adecuado para desarrollar un fenotipo de
hiperoxaluria. No obstante, C. elegans podria atin ser un modelo adecuado para
el estudio de las interacciones de la enzima AGT con los diferentes elementos
de la red de proteostasis (projecto bajo desarrollo).1”®

La aproximacion de consenso ha sido empleada como una herramienta sim-
ple para la mejora de la estabilidad cinética y la capacidad catalitica de la
enzima humana AGT. Las proteinas basadas en la aproximacion de consenso
podrian ser usadas en terapia genética y de reemplazamiento enzimatico para el
tratamiento de HP1'® (projecto en desarrollo) y, en general, para tratar errores
congénitos del metabolismo.'® Mientras la enzima AGT mejorada es adecuada-
mente importada a peroxisomas cuando se expresa en células, la alta estabilidad

in vitro no se traslada directamente a una mayor resistencia a la degradacion.
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Sin embargo, nuestro estudio muestra claramente que a través de la aproxi-
macién de consenso hemos optimizado interacciones en la estructura nativa de
la enzima AGT, y que esto se ha trasladado eficientemente en un incremento
de la barrera de energia libre para la cinética de desnaturalizaciéon, mientras el
plegamiento y la funcién de la enzima se han mantenido y se ha acelerado el
proceso de cristalizacion. Sugerimos que la variante AGT-Ma ha sido provista,
a través de la evolucién, de una adecuada estabilidad conformacionall” y re-
ciclaje proteico para llevar a cabo su funcién biologica en un entorno adverso
como es el peroxisoma. Por tanto, la variante AGT-Ma puede definir un limite
superior de estabilidad cinética méas alla del cual un incremento de la estabili-
dad no se traslada en un incremento de la resistencia a la degradacion in vivo.
También indicamos que la aproximacion de consenso podria ser una estrate-
gia simple y genérica para obtener modelos estructurales de alta resolucion de
aquellas proteinas que presentan problemas de estabilidad.

Finalmente, un estudio profundo sobre la energética de la proteina AGT ha
mostrado que las mutaciones causantes de enfermedad afectan principalmente
la estabilidad termodinamica del estado nativo comprometiendo la plegabilidad
en células. Al mismo tiempo, las mutaciones de consenso claramente mejoran
la estabilidad cinética principalmente a través de cambios en la barrera de sol-
vatacion entre el estado nativo y de transicion debido al desarrollo de nuevas
interacciones favorables y a reduccion de la propensidad de agregacion de los es-
tados parcialmente plegados, como se desprende de los algoritmos informaticos
aplicados. Mientras la variante AGT-Ma podria representar un limite superior
para el 6ptimo plegamiento en células, la variante AGT-Mi podria suponer un
limite inferior entre la salud y la enfermedad. Es decir, aunque AGT-Mi es una
variante no patogénica, su energética de plegamiento podria estar cercana a la
capacidad de proteostasis y por tanto la presencia de las mutaciones de HP1
sobre AGT-Mi podrian inducir la aparicion de la enfermedad. Los efectos aten-
uadores de las chaperonas moleculares sobre las mutaciones desestabilizantes
podrian permitir que los mutantes de enfermedad plieguen intracelularmente,
aunque en pequena medida, explicando la pérdida de funciéon de estas muta-
ciones. Nuestros resultados también explican por qué las terapias farmacologi-
cas basadas en ligandos, que mejoran la estabilidad del estado nativo, pueden

conducir a la recuperacion de la funciéon AGT en células.
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Materials and Methods






CHAPTER 9

Expression and purification of recombinant proteins

9.1. Reactives

Reagents were acquired from Sigma-Aldrich except the protease inhibitor
cocktail EDTA-free (Roche), the imidazole (Merck) and the tryptone and yeast
extract (BD).

9.2. Human AGT variants

Plasmids construction. The cDNA of AGT variants were generated by
Prof. Eduardo Salido at Centre for Biomedical Research on Rare Diseases (Uni-
versity of La Laguna, Spain) using site-directed mutagenesis and standard sub-
cloning procedures. All constructs were confirmed by sequencing. The cDNA
was inserted in a cold shock expression system pColdTM plasmid (pColdII DNA
- Takara Bio Inc.) and E. coli BL21 strains were transformed. This plasmid
includes a His-tag sequence (at the N-terminal of the protein target) and ampi-
cillin resistance.1™

Expression. BL21 strains containing plasmids encoding AGT variants were
grown in presence of ampicillin (0.1 mg/ml) until an absorbance of 0.6 at 600
nm was reached. Then, cultures were cooled down to a temperature below 15°C
before induction with isopropyl p — D — 1 — thiogalactopyranoside (IPTG) at 1
mM. The induction took place during 16 h at 4°C, and cells were collected by
centrifugation at 4500 g for 10 minutes (Kokusan H-251 centrifuge). Cells were
washed with binding buffer (NaHs PO, 20 mM, NaCl 200 mM, I'midazole 50
mM, pH 7.4) and again harvested by centrifugation in a swing-out rotor (Het-
tich Universal 320R centrifuge) at 2800 g for 10 minutes. Finally cells were

frozen for at least 10 h at -80°C prior the purification process.

Purification. The lysis of cells was performed by sonication (Sonics Vi-
bracell VCX 130) with a 6 mm probe in cold lysis buffer (NaHy PO, 20 mM,
NaCl 200 mM, Imidazole 50 mM, PLP 100 nM, lysozyme 0.2 ng/ml, protease
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inhibitor cocktail EDTA-free, pH 7.4). After lysis, samples were ultracentrifu-
gated at 70300 g for 20 minutes (Beckman-Coulter Optima LE-80K ultracen-
trifuge). The soluble fraction was loaded into an immobilized metal ion affinity
chromatography (IMAC) step (His GravitTrap; GE-Healthcare) in order to bind
the His-tagged AGT protein to the stationary phase (SepharoseTM). The ma-
trix was washed with binding buffer and the protein was eluted by the addition
of the elution buffer (NaHyPO4 20 mM, NaCl 200 mM, I'midazole 500 mM,
pH 7.4). Samples were buffer exchanged by the use of a desalting step (PD10
SephadeXTM G-25; GE-Healthcare) in order to remove the imidazole. Next,
samples were eluted with working buffer (Na — Hepes 20 mM, NaC'l 200 mM,
pH 7.4).

The dimeric form of AGT proteins was isolated by a size-exclusion chro-
matography step (HiLoadTM 16/60 SuperdeXTM2OO prep grade column; GE-
Healthcare) in working buffer. The selected fractions (15 ml centered at re-
tention volume of 81-84 ml) were collected and concentrated (Vivaspin' 20 -
30000 MW cut-off). Samples were preserved in working buffer at concentra-
tions ranging from 5 to 15 mg/ml using liquid nitrogen and stored at -80°C.
The protein concentration was measured spectrophotometrically with a molar
extinction coefficient of 959 = 1.069ml - mg=! - em™!, according to the AGT

primary sequence.!”®

Preparation of the AGT apo enzyme. The coenzyme was removed
from the holo AGT enzyme by using a modification of the protocol described
by Cellini et al.,%% which can be divided into two steps that can be monitored
spectrophotometrically.

During the first step, the internal Schiff base between the coenzyme and the
Lys209 is broken through the incubation of the holo enzyme (2 mg at 1 mg/ml)
in the presence of 500 mM of L-alanine for 10 minutes at room temperature.
After a concentration step, the incubation with L-alanine is repeated. In this
stage the characteristic peak of the internal aldimine at 420 nm is replaced by
a peak at 330 nm due to the formation of the external aldimine o Schiff base
(PMP) (see Figure 9.2.1). Now that the coenzyme is non-covalently bound to
the active site, it is released by successive steps of dilution and concentration
(VivaspinTMQO - 30000 MW cut-off) in a buffer KH,PO, 1 M pH 5.8. The low
pH destabilizes the structure of the protein and the release of the coenzyme is

made by displacement with the phosphate ion. At the end of this stage, the
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absorbance spectra show that the peak at 330 nm is absent so the enzyme is in

the apo state (see Figure 9.2.1).

1.0+
— holo AGT

0.8+ —— AGT-PMP
8 —— apo-AGT
5 0.6+
8
&
0
S 0.4+
3
<<

0.2 1

0.0+ T T T T T

280 320 360 400 440 480 520 560 600
Wavelength, nm

FiGURE 9.2.1. Characteristic absorption spectra of an AGT variant
through the formation of the apo enzyme. The internal aldimine of the
holo enzyme (black) has the characteristic absorption peak at 420 nm while the ex-
ternal aldimine (blue) presents the peak at 330 nm. Finally absorptium spectrum
of the apo enzyme (red) lacks both peaks. Protein concentration 20 pM monomer.

Finally the pH is restored and the phosphate concentration is reduced by
dilution-concentration steps with K H, PO, 100 mM pH 7.4. Then, samples are
buffer exchanged to buffer Na — Hepes 20 mM, NaCl 200 mM, pH 7.4 by a
desalting step (PD10 Sephadex = G-25; GE-Healthcare). In these conditions,
more than 90% of the dimer is obtained as apo state. Nonetheless, the percent-
age of the protein lost in the process is increased in the PH1 variants due to
the lower stability of these proteins. In each case the lack of aggregates in final
samples were measured by evaluation of the absorbance at wavelength higher
than 300 nm.

9.3. C. elegans T14D7.1 protein
Plasmid construction. The gene sequence of the predicted T14D7.1 pro-
tein was found indexed in the WormBase* as an orthologous to the human AGT

“International consortium of biologists and computer scientists dedicated to provide accurate,
current, accessible information concerning the genetics, genomics and biology of the C. elegans
and related nematodes (http://www.wormbase.org/).
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enzyme.'% The coding sequence was obtained from a C. elegans cDNA library
and it was cloned into a pET-28 (Novagen) vector, by Dr Ana Calvo at the
Department of Cell Biology (Yale University, CT, USA). This plasmid includes
a His-tag sequence in the N-terminal with a cleavage site for thrombin and

kanamycin resistance.

Expression. FE. coli BL21 cells containing plasmid encoding T14D7.1 pro-
tein were grown in the presence of kanamycin (30 pg/ml) at 37°C until an ab-
sorbance of 0.6 at 600 nm. The induction was performed with IPTG (0.5 mM)
during 16 h at room temperature. After the induction, cells were harvested and

frozen following the same protocol and buffers as for human AGT.

Purification. T14D7.1 protein was purified following the same purification
process that was used for human AGT (see previous section).
The protein concentration was measured spectrophotometrically with a mo-

1

lar extinction coefficient of e9g9 = 0.763ml - mg~' - em™!, according to the

primary sequence of T14D7.1 protein.7®

Preparation of the T14D7.1 apo enzyme. The procedure applied was
based on the same protocol that was used for the human AGT variants (see
previous section), including some different pH conditions (down to pH 5.5) and

incubation times (from minutes to hours).
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CHAPTER 10

In vitro characterization of recombinant proteins

10.1. Buffers

All assays were performed in Na — Hepes 20 mM, NaCl 200 mM pH 7.4 at
25°C. Otherwise, it is explicitly indicated.

10.2. Spectroscopic analysis

Absorption spectroscopy. Absorption spectra were collected in a UV-
visible spectrophotometer (Agilent 8453) using a 3-mm path length cuvette

with a protein concentration of 20 pM in monomer.

Circular dichroism spectroscopy. The Near UV-visible circular dichro-
ism spectra were measured in a Jasco J-710 spectropolarimeter using a protein
concentration of 20 pM (in subunit) in a 5-mm path length cuvette. Spectra

were collected at 50 nm/min and were averaged from 8 scans.

Dynamic light scattering. The evaluation of the hydrodynamic diame-
ter of the holo variants was performed using a protein concentration of 5 pM
(in subunit) in the presence of PLP 50 pM in a Zetasizer Nano ZS (Malvern
Inc.) by using the Stokes-Einstein equation assuming a spherical shape. Mea-
surements were made using a 3-mm path length cuvette and were the results of

3 independent measurements.

10.3. PLP affinity

The coenzyme affinity of human AGT variants was evaluated according to
the equilibrium process in which each monomer of the protein is able to bind one
molecule of the coenzyme. The equilibrium constant (Kp prp) of this process

can be described as follows:

Kp pLp

(10.3.1) AGTomonomer — PLP %5 AGT monomer + PLP
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[AGTmonomer] : [PLP]
10.3.2 K =
( O 3 ) D,PLP [AGTmonomer - PLP}

The equilibrium constant was evaluated by using two different approaches:%2
the equilibrium approach is based in the establishment of the equilibrium be-
tween the coenzyme bound to the active site and the free coenzyme; alterna-
tively the kinetic approach is based in the evaluation of the kinetic binding rates.
Both approaches were applied to the human AGT-Ma, while for the other vari-
ants, the equilibrium or the kinetic approach was used according to the stability
of the enzymes. Those variants that displayed aggregation events (detected by
the decrease of fluorescence over time in the absence of ligand) during the incu-
bation, were analyzed by the kinetic approach, while the equilibrium approach
was used for the rest of variants.

For both approaches, the coenzyme binding was measured by quenching
effect on the intrinsic Trp fluorescence due to the binding process. The intrinsic
fluorescence was measured using excitation and emission wavelengths of 280
and 340 nm respectively with slits of 5 nm in a Cary Eclipse spectrofluorimeter
(Agilent Technologies).

PLP stocks were freshly prepared for each assay in Na— Hepes 20 mM, NaCl
200 mM pH 7.4. PLP concentration was measured spectrophotometrically using

a molar extinction coefficient of e355 = 4900 M ! . cm~1.176

Equilibrium approach. The apo state of the protein (100 nM monomer)
was incubated in the presence of PLP (0 - 10 uM) for 4 hours at 30°C. The
stability of the fluorescence signal was checked to confirm that the equilibrium

was reached. Fluorescence data were interpreted as follows:

(1033) F = Fapo + (Fholo - Fapo) T

where F' is the fluorescence intensity in the equilibrium for each total PLP
concentration, Fe, and Fy,, are the intrinsic fluorescence of the holo and apo

state respectively, and « is the reaction progress and is defined as:

(10.3.4)
[E)s + [PLP)s + Kp prp — \/((E]; + [PLP), + Kp pp)? — 4- [E], - [PLP),
2. [El

o=



where [E]; and [PLP]; are the total concentration of protein (monomer) and

coenzyme respectively.

Kinetic approach. This approach is based on the establishment of a pseudo
first-order process by keeping a low apo-protein:coenzyme ratio (i.e., [apo —
protein] < [PLP]). Under these conditions, the binding kinetics of the coen-
zyme follows:

(10.3.5) F(t)=Fy+ A-exp(—kapp - t)

where the fluorescence F(t) is described as a function of time (t), Fy is the
fluorescence at t = 0 (apoenzyme), A is the total quenching caused by the
ligand and kg, is the pseudo first-order constant of the process. The kinetic
constants of the association (ko,, s™' - M ') and dissociation (k,ss, s7*) can
be estimated from the linear regression of the [PLP] vs kg, according to the

following expression:

(10.3.6) Kapp = kon - [PLP] + koyy
The equilibrium constant of the dissociation process can be evaluated as
follows:
ko
(10.3.7) Kpprp = kff

10.4. Enzyme activity measurements

The overall transamination activity of human AGT variants and the T14D7.1

protein, was analyzed according to a double displacement mechanism:

(10.4.1) L — alanine + Glyozylate 4T Pyruvate + Glycine

This mechanism involves two substrates and two products, and it can also

be described as the sum of two semi-reactions:

(104.2)  AGTprp + L — alanine <— [AGT : L — ala] - AGTpyp + Pyruvate
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(10.4.3) AGTpyp + Glyoxylate +— [AGT : Glyox]| - AGTprp + Glycine

The kinetic parameters of the protein activity were obtained from the mea-
surement of the initial velocity (vg) at different concentrations of substrates.
A double displacement model was fit to the data according to the following

expression:

_ Vmaa: . [SAla] : [SGlyoz]
KM,Ala : [SGlyox] + KM,Glyom : [SAla] + [SAla] : [SGlyoac]

where V4, is the maximum reaction rate, and [Sai), [Saw), K i and

(10.4.4) vo

K i.cryor are the substrate concentrations and Michaelis-Menten constants for
L-alanine and glyoxylate respectively.

The assay was performed in two consecutive steps. In the first step the
transamination reaction was carried out. The reaction was done at 37°C with
a protein concentration of 5 pg/ml* in the presence of PLP (150 pM) in Na —
phosphate 100 mM pH 8 buffer. The glyoxylate concentrations were set from
0.25 mM to 2 mM, and the reactions were triggered by the addition of L —
alanine at concentrations from 0 to 100 mM. The time of reaction was set at 2
minutes. Under these conditions, the assay was linear to protein concentration
and time and no more than 10% of substrates were consumed. After the time of
reaction, the transamination was stopped by the addition of trichloroacetic acid
(100 nl 50% w/v) and incubation on ice for 20 minutes. Then, supernatants
were recovered after a centrifugation step and stored at -20°C.

In the second step, the formation of pyruvate was measured from the reac-
tion mixtures by a coupled NADH:Lactate dehydrogenase assay (see Eq 10.4.5).
These assays were performed in a 96 well plate (NanoQuant InfiniteM200 -
Tecan) at 37°C by monitoring the reduction of the absorption at 340 nm, in the
presence of NADH 0.7 mM and Tris-HCI 1 M pH 8.

A. yruvate + < Lactate +
10.4.5 P NADH "B [, NAD*

*Due to the lower activity of the human AGT variant H83R-Mi, the total amount of protein
used in the assay, was increased up to 15 pg/ml for a reaction time of 10 minutes. Conversely,
the concentration was decreased (2.5 pg/ml) for the T14D7.1 protein while the time of reaction
was kept in two minutes.
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Transamination assays were done at least by duplicate, while the coupled
assay was evaluated by triplicate. The pyruvate concentration was evaluated
by performing calibration curves at known pyruvate concentrations for each set
of experimental data.

Specific activities were measured at glyoxylate concentration of 10 mM and
L-alanine concentration of 100 mM following the same procedure. The depen-
dence of specific activity on pH was performed replacing Hepes with sodium
phosphate (for pH from 6 to 8) and sodium acetate (for pH from 3.5 to 5.5)
buffers during the assay. The time of the transamination reaction was set at
1.5 minutes (pH 7-8), 4 minutes (pH 6-6.5) and 10 minutes (pH 3.5-5.5). The
dependence of specific activity on temperature was measured at 15, 20, 25, 30

and 37°C with times of reactions of 2 and 10 minutes.

10.5. Differential scanning calorimetry

The thermal unfolding of the enzymes was evaluated in a capillary VP-
DSC differential scanning calorimeter (MicroCal, GE, Healthcare) with a cell
volume of 135 pl at scan rates ranging from 1-3°C/min. Temperature ranges
were usually 10-80°C (apo proteins) or 20-110°C (holo proteins), with a protein
monomer concentration of 5 pM in the presence of PLP 25 pM, NaC'l 200 mM,
Na — Hepes 20 mM pH 7.4 unless otherwise indicated. Samples were freshly
prepared in filtered buffers and centrifugated prior to the experiments.

Thermal denaturation for all variants was irreversible, kinetically controlled
and protein-concentration independent.” The analysis was done using a two

state irreversible model:121

N5 F
where the native state N is irreversibly unfolded into a final state F' and k

is a kinetic constant that changes with temperature according to the Arrhenius

equation:

E
10.5.1 k=A- S
(10.5.1) ewp( 7 )

where R is the ideal gas constant, A is the pre-exponential parameter and

E, is the activation energy.
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The output of the DSC experiment (apparent heat capacity — C,,,; see

Figure 10.5.1-a) can be analyzed as a function of the temperature as follows:

dr
where x is the molar fraction of the native state, AH is the enthalpy of
unfolding and finally Cp,,. and Cppes: are the baseline of the pre- and post-
transition as a linear function of the temperature respectively.

dx
(10.5.2) CPapp = Copre + (CPpost — Cppre) - (1 —2zn) — AH - < N>

a) b)
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FicURE 10.5.1. Output of a DSC experiment for F152I-Mi analyzed by
a two-state kinetic model. a) experimental temperature-dependence of the
apparent heat capacity (blue markers). The red line is the fit of the two-state
irreversible model to data and the green line corresponds to the chemical baseline;
b) the excess heat capacity is calculated taking the chemical baseline as a reference.

The first two summands of the the Eq 10.5.2 represent the chemical baseline
(green line in Figure 10.5.1-a), a smooth curve that connects the apparent heat
capacities of the native (Cp,,.) and denatured (Cp,ost) states of the protein. The
third summand represents the peak or transition which is attributed to the heat
absorption associated with the denaturation of the protein. The subtraction
of the chemical baseline from the apparent heat capacity (Cpapy) allows us
the evaluation of the excess heat capacity (Cpesc; see Figure 10.5.1-b) as the

apparent heat capacity of the protein measured from an adequate reference level
(the chemical baseline):

B dry
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Two-state irreversible model with first order kinetics. Therefore,

from Eq 10.5.3 we can particularize an expression for a first order kinetic process,

obtaining the following expression:12!

(10.5.4)
- —F, —E, - (T —T,) —FE, - (T — Tm)>)
Cpeze = —AH (R : T%) exp ( R-12 ) exp ( exp ( R-TZ

where Cpe,. is the excess heat capacity in reference with the chemical base-
line, T, is the temperature corresponding to the maximum of the excess heat
capacity, E, is the activation energy and AH is the denaturation enthalpy per
mol of protein of the thermal unfolding.

The proper description of the thermal unfolding by the two state irreversible
model, was tested by the evaluation of the activation energy with the application

of the consistency tests:12!

— Test A: the kinetic constant values evaluated with Eq 10.5.5 and the
linearization of the Arrhenius equation allow the plot of the in(k) vs
1/T,,, from where the activation energy can be obtained from the slope.

— Test B: the dependence of the T, parameter with the scan rate (v)
can be evaluated with the linearization of the Eq 10.5.6, where the
activation energy can be again evaluated from the slope of the plot
In(v/T?) vs 1/T,.

— Test C: this test is based in the dependence of the heat involved at any
temperature according to the Eq 10.5.7. The plot of the In(in(Qr/(Qr—

Q))) vs 1/T allows the evaluation of the activation energy from the

(10.5.5) = &f%
e ww ()
oo "(n(e)) = 7 (7, 7)

where ()7 corresponds to the total heat involved upon the unfolding process

and @) corresponds to the heat involved at each temperature.
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Two-state irreversible model with non first-order kinetics. The oligomer-

ization change between the native protein and the transition state for the rate-

limiting step upon the thermal unfolding, determines the reaction order (1/u)

of the process. The possible dissociation of the dimer into monomers prior to

the transition state can be evaluated in the Eq 10.5.3 obtaining the following

expression:!

22

(10.5.8)

1
AH - E, (T —Tp) - Ea 1—u (T = Tp) - Eg\\ 71
e = ———— o om e (g . o om) e
cr R-T7 exp( RT3, ><+ I mp( R-T3 ))

where p is the dissociation grade of the native state to the transition state

(where pr = 1 represents no dissociation and pu = 2 represents a total dissocia-

tion).

This model is based on the condition that the concentration of the unfolded

state (U) must be much lower than the native state (N), therefore for fitting

purposes, the range of temperatures must be constrained to 7' < 1" to avoid

inconsistencies during the fitting. 77 is provided by:

R-T? 1
10.5. T =T, .
(10.5.9) + . ln(u_1>

10.6. Mutational effects on the activation energetics

Mutational effects on the activation free energy (AAG7), enthalpy (AAH7)

and entropy (AAS7) were determined on the basis of the transition state the-

ory.18 The effects of mutations on activation energetic parameters were deter-

mined using the following expressions:!

66

B kr (mutant)
(10.6.1) AAGH(T)=-R-T-In (kT (ACT Ma)>
(10.6.2) AAH?(T) = E, (mutant) — E, (AGT — Ma)
(10.6.3) — T -AASH(T) =AA G (T) — AAHZ(T)
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These parameters were evaluated at the physiological temperature of 37°C
using the kinetic constants of the thermal unfolding extrapolated to this tem-

perature.
10.7. Dependence of the activation free energy of unfolding on urea
concentration (m?”)

The denaturant concentration dependence of the activiation free-energy

changes (m7) is defined as following:

(10.7.1) m* — — < SAGE > _R.T. ( oln(k) )

J [ureal J lureal

where AG7 is the activation free energy and k is the first-order rate constant.

Kinetic m values for irreversible thermal denaturation. Instead of
evaluating the kinetic m values (m7) from rate constant values (k), it is more
convenient to derive them from the urea dependence of the transition temper-
ature (7,,) and activation energy (E,) values'®® because they are accurately
determined by DSC. Therefore, the kinetic m was evaluated according to the

following expression:

R R

The derivatives in Eq 10.7.2 are available from experimental urea concentra-
tion dependencies of T, and E,, for a given scan rate. Plots of T},, vs [urea] were
highly linear while In (E,/R - T?) vs [urea] show some curvature. Nonetheless
the second-term in the right-hand-side of Eq 10.7.2 is almost negligible com-
pared to the first-one.

10.8. Unfolding and solvation barrier contribution to activation

free enthalpy and entropy

The decomposition of the activation free enthalpy (AH7) into the unfold-

ing (AH,,s) and solvation barrier (AH*) contributions was determined by the

following expressions:18 165

(10.8.1) AH? = AH* + AH s
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med

£
(10.8.2) AH,,p = AH - (m )

(10.8.3) AH* = E, — AH s

where AH is the calorimetric enthalpy derived from the analysis of the DSC
transition, and the ratio m? /m® reflect the degree of unfolding in transition
state as estimated from the kinetic (m”) and equilibrium®®” (m°?) m values.

The changes in total accessible area (AAS A7) between transition and native

state were calculated from the unfolding and solvation barrier contribution to

the activation enthalpy:133,165,177

(10.8.4) AASA* = AAS Ay + AASA*
m”

(10.8.5) AASAyny = () . AASA
med

(10.8.6) AH* = 3 ASA*

where f = 24.J - mol~'-A? according to the parametrization of enthalpy
changes for the breakup of internal interactions.”?

The unfolding and solvation barrier components to the activation entropy
(AS7 = AS*+AS,, ;) were determined by invoking the existence of a enthalpy-
entropy compensation for the solvation barrier contributions.t®® The rate con-

stant for unfolding can be written as:

—AG7 —AH* AS7
(10.8.7) k—ko-exp<R‘T>—ko-exp<R.T>-exp<R)

and rearranged as:

AH#
(10.8.8) R -Ink + 7 ASyns = R - Inky + AS”

where the unfolding component can be determined as:133
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(10.8.9) ASyny = (0.0088 +0.058 - In < z )) - (Wé) ‘N,
333.15 med
The left-hand side of the Eq 10.8.8 can be evaluated for a given temperature
providing an estimated value for R -Inky+ AS*. In order to separate these two
terms the proposed enthalpy-entropy compensation for the solvation barrier is

invoked:

(10.8.10) AH* =Ty - AS*;  AS* = AH*/T,

where T} is the compensation temperature that can be evaluated (434.78 K
for this set of proteins). A plot of the left-hand-side of Eq 10.8.8 vs AH* should
be linear with a slope equal to 1/7j and with an intercept equal to R-Inky. Using
the Eq 10.8.10 and the value of Tj, the solvation-barrier entropic contributions

can be evaluated, and therefore the activation entropy can be decomposed.

10.9. Electrostatic and Accessible surface area calculations

Accessible surface area. The accessible surface area (ASA) calculations
were performed using a home-built software, kindly provided by Prof. Jose
Manuel Sanchez-Ruiz. By the use of atomic coordinates of the dimeric human
AGT-Ma,?® 1340M-Ma, HEM-Ma and RHEAM-Ma!, the ASA was evaluated
with a radius of 1.4 A and the Chothia set for the protein atoms.”®

Electrostatic interactions. The evaluation of the energy of charge-charge
interactions (E,_,) were performed using the solvent-accessibility-corrected Tanford-
Kirkwood model described previously by Ibarra-Molero et al.'®' The calcula-
tions were performed using a home-built software, kindly provided by Prof.
Jose Manuel Sanchez-Ruiz, at the simulated conditions of pH 7.4 and 200 mM
of ionic strength in order to mimic the conditions used in the DSC experiments.
The output of these analyses provide the energy of charge-charge interactions

of a given ionizable residue with all the ionizable residues in the protein dimer
(Eg—q)-

"Through the collaboration on this project, the crystallographic structures of I34M-Ma, HEM-
Ma and RHEAM-Ma were determined by Dr Armando Albert at Department of Crystallog-
raphy and Structural Biology, IQF-Rocasolano, CSIC.
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10.10. Urea-induced global unfolding

Equilibrium unfolding curves were measured at 25°C after an overnight in-
cubation of the holo protein (5 pM) at different urea concentrations in presence
of 1 mM of Tris(2 — carboxyethyl)phosphine (TCEP) in a Hepes 20 mM,
NaCl 200mM and pH 7.4 buffer. The degree of unfolding was monitored by
measuring ellipticity at 222 nm in a Jasco J-710 spectropolarimeter using 1-
mm path-length cuvettes thermostatized with a Peltier element. The data were

analyzed by a two-state model (N < U) according to the following expression:

(10101) v = Yn +ay - [urea]l + (Yu + ay - [ureal) - exp ( Xy )

where Y is the measured signal, Yy and Yy the signal values of the native
and fully unfolded states, any and ay represent the dependence of the signal
of native and unfolded states on urea concentration respectively and C,, is the
midpoint of urea required for unfolding and m is the slope of the curve at C,,.

Kinetics of protein unfolding was also monitored by measuring ellipticity
at 222 nm using a thermostatized 1-mm path-length cuvettes. Urea solutions
were prepared daily in Hepes 20 mM, NaC'l 200mM and pH 7.4 and urea con-
centration was measured by refractive index.'™ Proteins were incubated at
the target temperature (25-70°C) for 10 min in concentrated protein solutions
(routinely AGT concentration of 50 pM monomer with 10-fold excess of PLP).
Then, solutions were diluted 1:10, manually mixed with urea solutions (7-9 M)
containing a final concentration of TCEP 1 mM, and the time dependence of
ellipticity at 222 nm was registered. Data were corrected by the dead time of
experiment (15-20 sec). All the kinetic traces were described by a single expo-
nential function that yields an apparent rate constant (ky,). The dependence
of this constant on urea concentration was found to be linear and was analyzed

by the following expression:

(10.10.2) In(kapp) = In(Kung—ont) + 5 - [urea]

where Ky, 5_oa is the rate constant extrapolated to the absence of urea and
m7 is the unfolding kinetic m value. Finally, the temperature dependence of

the rate constant was analyzed using the Arrhenius equation (see Eq 10.5.1).
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Introduction frequent (“wild-type”; AGT WT) called the major allele (haplotype)
and a less common polymorphic variant called the minor allele
(referred to as AGT LM) which appears in 20% of control subjects
and 46% of PHI patients [1]. The minor allele shows two single
amino acid substitutions (p.P11L and p.I340M) among other
genomic changes. Even though the minor allele does not cause
PHI by itself, it is known to exacerbate the deleterious effects of
additional mutations [1,4,7]. About 150 mutations in the AGXT
gene have been described in PHI1 patients, 50% of them being
missense mutations [1], and a few of them, such as p.G170R and
p.1244T, are relatively common. Several molecular mechanisms
seem to contribute to AGT loss-of-function in PHI1 at the protein
level: i) Mitochondrial mistargeting, where the AGT enzyme is
imported to mitochondria [2]; ii) Protein aggregation [4,8,9]; iii)
Accelerated proteasomal degradation [8]; iv) Catalytic defects [4].
However, the molecular details underlying protein mistargeting,
aggregation and degradation in PH1 remain unclear. Beyond their

Primary hyperoxaluria type I (PHI) is an autosomal recessive
inborn error of metabolism caused by mutations in the AGXT
gene, coding for the enzyme alanine-glyoxylate aminotransferase
(AGT). AGT catalyzes the transamination of L-alanine to
pyruvate and glyoxylate to glycine in the presence of pyridoxal
5'-phosphate (PLP) as cofactor [1]. AGT deficiency causes
glyoxylate accumulation that is subsequently oxidized to oxalate,
leading to the production of calcium oxalate crystals that result in
progressive renal failure, and eventually, a life-threatening
systemic build-up of oxalate known as oxalosis [2]. Liver and
kidney transplantation is the only curative option to date, but this
aggressive treatment poses significant morbidity and mortality [3].
A limited number of patients with specific genotypes have been
reported to respond to pharmacological doses of pyridoxine, even
though the molecular mechanisms involved in the response are
unclear [4,5,6,7]. AGXT has two polymorphic variants, the most
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interest in PHI1, some of these mutations have important
implications in cell biology and genetics. AGT mistargeting
mutations are unique models to try to understand some of the
principles behind enzyme compartmentalization in the cell, which
also has relevant evolutionary connotations [10]. In addition, the
necessary synergy between common polymorphisms and disease-
causing mutations of the AGX7 minor haplotype is one of the best
characterized examples of such interaction in human genetics [2].

Human genetic diseases are often caused by alterations in
protein homeostasis [11]. The ability of a protein to fold into its
native and functional conformation relies on intrinsic physico-
chemical properties (thermodynamic stability, folding, unfolding,
misfolding and aggregation rates) in the crowded intracellular
milieu, as well as in the interaction of different conformations
populated along the folding/unfolding process with elements of
the protein homeostasis network, an array of pathways involved in
the control of protein synthesis, folding, post-translational modi-
fication, trafficking, disaggregation and degradation [11,12,13,14].
In the context of protein homeostasis, we have recently suggested a
role of the low kinetic stability of the apo-AGT (which shows no
coenzyme bound [6]) and enhanced interactions with Hsc70,
Hsp90 and Hsp60 chaperones [6,9,15] in the aggregation (for the
1244T variant -p.P11L, p.I244T and p.I340M in «s -) and
mistargeting (for the G170R variant -p.P11L, p.G170R and
p-I340M in ¢s -) of PHI mutations. Whether these aberrant
protein features are specific to these mutations and/or intrinsic to
a certain pathogenic mechanism (aggregation vs. mistargeting)
remains unclear. From the perspective of the protein homeostasis
network, understanding the role of specific protein features in the
disease-causing mechanisms is required to develop new therapeu-
tic strategies aimed to restore protein function [11,13,14].
However, owing to the large complexity and interactivity of the
protein homeostasis pathways, involving at least 800 different
proteins [13], a detailed characterization of protein homeostasis
defects in PH1 represents a remarkable challenge.

In this work, we have performed a multidisciplinary character-
ization of four polymorphic variants (WT, p.P11L, p.I340M and
p-P11L/1340M or minor allele, LM) and six known PH1 mutations
present in the minor allele (named p.H83R, p.F152I, p.G170R,
pI1244T, p.P319L and p.A368T through this paper). We also
analyzed two rare variants of uncertain pathogenicity: p.R197Q
and p.A295T, both in the minor allele. Our main aim is to shed light
on the complex mutational effects of AGT folding and stability in
PHI1 from biochemical, biophysical, cell and structural biology
perspectives required to deeply understand PHI as a conforma-
tional disease. Our results show that PHI1 causing mutations
associated with aggregation and mistargeting display common
alterations in protein folding, stability and interaction with
molecular chaperones. This suggests that the protein homeostasis
pathways involved in both mechanisms are shared and, conse-
quently, that the final fate of the mutant proteins is likely
determined by their specific regulatory elements. Nevertheless, our
results indicate that native state stability and molecular chaperones
are key points to understand PH1 pathogenesis, that might be
targeted pharmacologically to restore protein homeostasis in PH1
patients.

Materials and Methods

Construction, expression and purification of Pex5p-pbd
and AGT proteins in E.coli

Cloning of the PTS1-binding domain (amino acids 235-602 in
reference sequence NM_000319) of human Pex5 (Pex5p-pbd) was
performed after reverse transcription of normal human liver
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mRNA and PCR amplification with primers BgNPEX5-F:
AGATCTCATATGGAGTTTGAACGAGCCAAG and
SIRPEX5-R: TGCGACGAATTCACTGGGGCAGGCCAAAC.
The Ndel and EcoRI sites designed at the 5’end of the primers
were used to clone the amplification product into pCOLDII
expression vector. The AGT expression constructs were generated
as previously described [6], using site-directed mutagenesis,
standard subcloning procedures and confirmed by sequencing.
E. coli BL21strain containing pCOLDII plasmids encoding AGT
and Pex5p-pbd proteins were grown in the presence of ampicillin
0.1 mg/ml and induced with 0.4 mM IPTG for 6 h at 4°C. His-
tagged AGT and Pex5-pbd proteins were purified from soluble
extracts using IMAC-columns (GE Healthcare) as recommended
by the manufacturer. Proteins were further purified by size-
exclusion chromatography (SEC) as previously described [6].
Holo- and apo-AGT were prepared and stored as previously
described [6]. Protein concentration was measured spectrophoto-
metrically using €980(1 mg/my = 1.069 (AGT) and 1.243 (Pex5p-
pbd), calculated from their sequences [16].

Spectroscopic analyses

All spectroscopic analyses were performed in 20 mM Na-
Hepes, 200 mM NaCl pH 7.4 at 25°C. The hydrodynamic
behavior of dimeric holo-AGT proteins was evaluated by dynamic
light scattering (DLS) using 5 pM AGT (in subunit) and 50 uM
PLP in a Zetasizer Nano ZS (Malvern Inc.). UV-visible absorption
spectra were acquired in an Agilent 8453 diode-array spectro-
photometer using 3 mm path length cuvettes and 20 pM AGT.
Near-UV/Visible circular dichroism measurements were per-
formed as described [6].
performed as previously described [6,17] with some minor
modifications (see SI text).

Fluorescence measurements were

Enzyme kinetic analysis

The AGT overall transaminase activity was customarily
measured as described [18]. Briefly, 5 pg/ml of AGT incubated
in Na-Phosphate 0.1 M pH 8 buffer at 25°C in the presence of
150 uM PLP, 0-5 mM glyoxylate and the reaction was triggered
by adding 0-100 mM L-Alanine. Pyruvate formed in the reactions
was measured in a Tecan Infinite M200 Pro microplate reader by
a coupled NADH:lactate dehydrogenase assay after 2 min
reaction at 25°C. Global fittings of activity measurements were
performed using a double-displacement mechanism [17].

Differential scanning calorimetry (DSC)

DSC measurements were performed and analyzed using a two-
state irreversible kinetic model as described [6] (a detailed
description of DSC fittings can be found in the SI text).
Denaturation rate constants £ are determined from the profiles
of excess heat capacity vs. temperature profiles using equation 1:

v Cp(ew')

k=AH—<H>

()
Where (e and <H> are the excess heat capacity and the
excess enthalpy at each temperature, v and AH stand for the scan
rate and the calorimetric enthalpy, respectively. The temperature
dependence of the rate constants follows the Arrhenius equation:

k=A~exp[f IfaT} (2)
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Where E, is the activation energy and 7 is the absolute
temperature in K.

Mutational effects on the activation free energy (AAG+),
enthalpy (AAH’F) and entropy (AAé“h where determined on
the basis of the transition state theory as described in [19]. The
values of AA and AAST where considered to be constant
within the temperature range involved in extrapolations based on
the highly linear Arrhenius plots found in all cases as well as the
nice agreement between the values obtained upon determination
of these parameters at 37°C (physiological temperature) and at
60°C (approximately the average and median 7, value for all
AGT enzymes; data not shown). Mutational effects on activation
energetic parameters were determined using equations (3)—(5):

AAG* = —R-T'n (M) )

k(370 C)( WT)
AAH” = E (mut)— E,(WT) (4)
—TAAS” =AAG” —AAH* (5)

Expression and characterization of AGT variants in
chinese hamster ovary (CHO) cells

CHO cells (ATTC, USA) were grown in o-MEM (Lonza,
Germany) supplemented with glutamine, penicillin/streptomycin
and 5% fetal bovine serum. Cell transfections were performed
using AGT c¢DNA variants subcloned in pClneo plasmids
(Promega, USA) in 6-well plates with Transfast reagent (Promega,
USA), following manufacturer’s guidelines. After 24 h, cells were
passed to 100 mm Petri dishes containing 4 glass coverslips for
immunofluorescence studies. Cultures were harvested 48 h after
transfection.

Cells were sonicated in lysis buffer (100 mM potassium
phosphate  pH 8.0, 250 mM sucrose, 0.05% triton X-100,
100 uM PLP) and centrifuged at 4°C, 5000 ¢ for 10 min
(Beckman, USA) to obtain soluble fractions (supernatants). The
pellets were washed with phosphate buffer saline (PBS) and
resuspended in RIPA buffer. The protein concentration was
measured by using bicinchoninic acid (BCA), and equal amounts
of total protein were run in 10% acrylamide-SDS gels. The upper
portion of the gel (above 70 kDa) was stained with Coomassie blue
and scanned to control for equal protein loading, while the
remaining of the gel was transferred to nitrocellulose membranes
for western analysis. Purified AGT protein were included to
calibrate the amount of AGT present in the cell lysates.
Membranes were probed with anti-AGT rabbit serum followed
by HRP-conjugated anti-rabbit IgG (Jackson ImmunoResearch,
USA) and enhanced chemiluminescence substrate (Roche, Ger-
many). Chemiluminescent signals were measured in VersaDoc
4000 MP and ChemiDoc MP devices and analysed using
ImageLab Software (BioRad, Hercules, CA).

AGT activities were measured using cell lysates containing
100 pg total protein incubated in 100 mM K-Phosphate buffer
pH 8.0 at 37°C for 30 min in the presence of 40 uM PLP, 10 mM
glyoxylate and 40 mM L-Alanine. Pyruvate formed in the
reactions was measured by a coupled NADH:lactate dehydroge-
nase assay [18].

For immunofluorescence confocal microscopy, cells grown on
two coverslips were pulse-labeled iz vivo with 100 nM MitoTracker
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Red (Invitrogen USA) during 15 min, followed by additional
15 min chase in label-free medium. PBS, pH 7.4, was used as a
buffer in all subsequent washes and incubations. Cells were fixed
in 3% paraformaldehyde at room temperature for 10 min. and
permeabilized with 0.1% Triton X100-PBS. For AGT labeling on
mitotracker stained cells, rabbit anti-human AGT (a gift from Dr.
Danpure, University College London, UK) and Alexa Fluor 488
goat anti-rabbit IgG (Invitrogen, USA) were used. To label AGT
and peroxisomes on the same cells, guinea pig anti-human AGT
(also provided by Dr. Danpure) and rabbit anti-human PMP70
(Abcam, UK) were used, followed by incubations with Alexa Fluor
488 goat anti-guinea pig IgG (Invitrogen, USA) and Alexa Fluor
555 goat anti-rabbit IgG (invitrogen, USA). The coverslips were
mounted with PBS-glycerol. The images were taken with a 60X
objective in a confocal laser-scanning microscope (Olympus
Inverted IX81, Japan).

In vitro expression of AGT variants in a cell-free system
and interaction with Hsc70 chaperones

Cell-free expression of AGT variants was performed in rabbit
reticulocyte lysates (ITn'T' system, Promega, USA) at 30°C for 2 h
using *°S-Met and AGT ¢DNA variants subcloned in pClneo
plasmids. Protein synthesis was stopped with 100 pg/ml cyclo-
heximide, and 1/25" of the reaction product was set aside for
analysis. Hsc70 immunoprecipitation was carried out with the
remaining TnT product, using rat-Hsc70 antibodies (Abcam,
Cambridge, UK) as previously described [9]. The immunopre-
cipitated proteins and the initial TnT products were denatured in
Laemmli’s buffer and analyzed by SDS-PAGE and fluorography.

Molecular modeling

p-I340M crystallization assays were carried out on a 60-well
microbath under oil (Terasaki plates) at 291 K. Crystals were
obtained using a precipitant solution containing 15% PEG 3350;
0.1M Bis-Tris pH 5.2, 150 mM Li,SO, and 5% w/v octyl-b-D-
glucoside as additive. The best crystal forms were obtained by
mixing drops of 1 pl protein solution, 2 ul precipitant solution and
0.45 pl additive. In general, the crystals appear and grow in the
following 24 hours. Crystals were mounted in a fiber loop,
transferred to the cryoprotectant (20% glycerol on the crystal
mother liquor solution) and flash-frozen at 100 K in a nitrogen gas
steam. p.I340M crystals diffraction data set was collected using a
ADSC Q4 CCD detector at ID14.4 beamline of the European
Synchrotron Radiation Facility (Grenoble). Diffraction data were
processed with XDS [20] and scaled with SCALA from the CCP4
package (Collaborative Computational Project, Number 4) [21]. A
summary of the diffraction protocol, data-collection and refine-
ment statistics are given in Table S2. p.I340M diffracted to 1.90 A
resolution and belonged to space group P2,2,2;, with unit-cell
parameters a=>54.5, b=103.5, ¢=153. The p.I340M structure
was solved by molecular replacement using Phaser [22] with the
coordinates from the native protein (PDB 1HOC [23]). Several
cycles of restrained refinement with PHENIX [24] and iterative
model building with COOT [24,25] yielded to the final model
with an R/Rg.. 0.17/0.20. The water structure was also modeled.
The stereochemistry of the models was verified with MolProbity
[26]. Ribbon figures were produced using PyMol [27]. The
coordinates and structure factor amplitudes have been deposited
in the Protein Data Bank (PDB code: 2YOB).

Statistical analysis

For statistical comparison, a two-sample Student’s t-test was
performed.
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Results

PH1 causing mutants decrease protein yields and
enhance protein aggregation in mammalian cells

We have explored the impact of mutations and polymorphisms
in AGT protein folding efficiency and intracellular trafficking
upon transient transfection of CHO cells (Figure 1 and 2). We
define AGT intracellular foldability as the ability to fold into native
dimers inside the cell, which is determined by the partition of the
newly synthesized protein into folding, aggregation and degrada-
tion pathways. Most of the mutations studied are shown to reduce
the total immunoreactive AGT levels (soluble plus insoluble in
Figure 1A) compared to WT, from ~8-10-fold (p.F152I, p.P319L
and p.1244T) to ~3—4-fold (LM, p.P11L, p.H83R, p.G170R and
p-A368T), while only three mutants show WT-like levels
(p-I1340M, p.A295T and p.R197Q)). Since total AGT protein
levels represent the balance between protein synthesis, folding and
degradation, these results indicate that most of the PH1 mutants
display folding defects, possibly leading to enhanced AGT
turnover (remarkably for p.F1521, p.P319L and p.J1244T) which
would be consistent with previous studies showing increased
proteasomal turnover of PH1 mutants in cell-free systems [8,9].

AGT levels and specific activities (per mg of total protein) in
soluble extracts closely correlate (Figure 1). The specific activity
(per mg of AGT) measured in these soluble extracts (0.9-1.5 mmol
Pyruvate-h™ 'smg ™!, with the exception of p.H83R) and in
purified AGT dimers (Table 1) are also found to be similar.
Therefore, the AGT levels detected in CHO soluble extracts
mostly reflect folded AGT dimers. AGT WT exists mainly in the
soluble fraction (~90% of the total AGT protein), while the
mutations decrease the presence of AGT in soluble extracts by
~2-fold (p.P11L and LM, p<<0.01; p.A295T, p=0.054; p.H83R
and p.A368T, p=0.10), ~3-4-fold (p.F1521 and p.J244T,
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p=0.01) and ~8-fold (P.P319L and p.G170R, p<0.01)
(Figure 1A). Noteworthy, p.F152I, p.G170R, p.I244T and
pP319L showed significantly decreased fraction of AGT protein
(p<<0.05 in all cases) and specific activity (p<<0.01 except for
p-P319L which was not detectable) in soluble extracts compared to
AGT LM. Opverall, these results indicate that p.F152I, p.G170R,
p-1244T and p.P319L further reduce AGT intracellular foldability
compared to AGT LM also by enhancing protein aggregation.
The intracellular targeting of the AGT variants has been also
analyzed in CHO cells by immunofluorescence confocal micros-
copy (Figure 2). Only two mutants were found to mistarget to
mitochondria (p.G170R and p.F152I), where AGT is thought to
be unable to detoxify glyoxylate [2], while the remaining variants
were found at the correct peroxisomal location. Since peroxisomal
import of AGT is mediated by the interaction of its peroxisomal
targeting sequence (PTS1) with Pex5p [28], a possible explanation
for mitochondrial mistargeting would be alterations in the binding
of mutant AGT folded dimers with Pex5p. However, calorimetric
titrations of native AGT proteins with the PTS1 binding domain
of Pex5p (Figure S1) show little or no effects of these PHI
mutations in the molecular recognition by Pex5p (Table S1).

PH1 causing mutants strongly interact with Hsc70
chaperones

An alternative explanation for protein misfolding and mis-
targeting observed for some mutants (see section above) may be
that AGT variants abnormally interact with molecular chaperones
along their folding process, as previously described by us for the
p.-G170R and p.I1244T variants and chaperones of the Hsp60,
Hsp70 and Hsp90 families [6,9,15]. Thus, we have tested the
interaction of all AGT variants with Hsc70 chaperones upon
expression in a cell-free system by immunoprecipitation (Figure 3).
All the AGT variants tested showed stronger interactions with
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Figure 1. Expression studies of AGT variants in CHO cells. A) Levels of AGT immunoreactive protein as determined in soluble (black bars) and
insoluble (grey bars) extracts. The inset shows representative immunodetection experiments of AGT variants (upper image) and the corresponding
loading controls (lower image); rAGT: recombinant His-tagged AGT. B) AGT activities in soluble extracts. Data are means=*s.d. of 2-5 independent

experiments. N.D. not detectable.
doi:10.1371/journal.pone.0071963.9001
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Figure 2. Immunolocalization studies of AGT variants in CHO cells. WT (upper left panel), LM (lower left panel), p.G170R (upper right panel)
and p.F152! (lower right panel). In each panel, the upper row shows mitochondrial immunolocalization (AGT variant, Mitotracker probe and their
merge), while lower row shows peroxisomal immunolocalization (AGT variant, PMP70 and their merge).

doi:10.1371/journal.pone.0071963.9002

Table 1. Functional properties and hydrodynamic diameter of AGT variants.
Diameter

Kw(alanine) Kon(pLP) kotepLp) (10°) (meanzs.d.; in
AGT Variant  Vpax (mmol-h™"mg™")*  (mm)* Kwalyoxitate) (UM)*  Kayprp) (NM)® M 's7h) (s nm)*
WT 2.22+0.09 19514 245+29 10030 (1400+800) 197+33 28*18 8.1+23
p.P11L 2.43+0.08 183*1.2 185+22 (1070+90) 150*1 161 9.8+2.8
p.1340M 3.03+0.10 223*13 277+27 172+42 N.det. N.det. 8.2+0.1
LM 2.26+0.09 19.8+1.5 19727 15715 N.det. N.det. 7.8%0.1
p.H83R 0.141£0.005 424+24 15619 (1180+:380) 1470160 174£53 89+23
p.F152I 1.90*0.19 15.7%3.1 201*+68 (490+300) 299070 14690 8.9+0.2
p.G170R 2.54+0.13 21.9+2.0 293+42 (1380+170) 125*2 17%2 6.6+0.9
p-R197Q 1.84+0.06 18.1£1.2 168+21 15634 N.det. N.det. 9.9+0.7
p.1244T 2.82+0.20 16.8+2.4 19349 (3060+240) 51%1 161 7.1%0.7
p.A295T 2.10=0.10 185*13 292+30 71*x16 N.det. N.det. 9.5+04
p.P319L 1.54%0.13 16.2+2.7 212£60 (240%360) 268+7 6+10 73%1.0
p.A368T 2.12+0.13 23.0%25 29750 134+26 N.det. N.det. 8.2+0.2
“Enzyme kinetic parameters were obtained from global fittings of 2-4 independent experimental series using a double-displacement mechanism;
PK, values were estimated from single titrations except for AGT WT protein where Ky value is the means.d. from three independent titrations. Data in parenthesis are
Ky estimates obtained from the kinetic binding experiments (Kg = Koft/Kon)-
“Hydrodynamic diameter of holo-AGT variants determined by dynamic light scattering (DLS). Data are mean=s.d. of 3-9 independent measurements.
doi:10.1371/journal.pone.0071963.t001
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Hsc70 chaperones (p<<0.01 in all cases), except p.J340M.
Polymorphic p.P11L and LM showed a 4-fold increase in
immunoprecipitated AGT compared to the WT protein, while
disease-causing mutants showed somewhat higher levels, from 4.8-
fold (p.H83R, p=0.46 vs. LM) to 7-fold (p.P319L, p=0.078 vs.
LM). Owing to the significant variability in these experiments, the
changes detected are not robust enough to claim mutation-specific
differences compared to AGT LM, but the trend observed suggests
that disease-causing mutations may increase the interaction with
Hsc70 chaperones along their folding process vs. LM protein.

PH1 causing mutants do not generally perturb AGT
oligomerization and function

To probe whether PH1 mutants may affect AGT oligomeriza-
tion and catalytic properties (as recently found for some PHI
mutants [4]), we have expressed recombinant AGT variants in
E.coli and purified AGT dimers to homogeneity. Size-exclusion
chromatography analysis showed a single peak for all variants with
an elution volume consistent with a =90 kDa dimeric form (data
not shown). The molecular dimensions of purified dimers were
further studied by dynamic light scattering (DLS), showing a
hydrodynamic diameter of 8.1%2.3 nm for holo-WT and
8.4*1.1 nm for the rest of holo-AGT variants (Table 1). Within
the experimental uncertainty, these results are consistent with the
size of dimeric AGT WT previously reported by DLS [29] and
also imply no noticeable perturbation of dimer size and/or dimer-
monomer equilibrium by these mutations.

Thus, we evaluated the effect of these variants on the
functionality of the AGT protein. Enzyme kinetic analyses based

wT p.P11L  p.I340M LM p.H83R
E | E I E 1 E 1 E_ I
p.F152 p.G170R p.1244T  p.A295T p.P319L
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p.P319L
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Figure 3. Interaction of AGT variants with Hsc70 chaperones in
a cell-free system. Representative autoradiograms of AGT proteins
labeled with **S-Met are shown for several AGT variants (E: total AGT
synthesized in extracts; I: AGT immunoprecipitated using anti-Hsc70
antibodies; note that 1 ul of the TnT reaction was loaded in E lanes,
while the protein immunoprecipitated from 6 ul TnT lysate was loaded
in | lanes). Data in the lower panel are expressed as percentage of
immunoprecipitated AGT compared to the total AGT synthesized, and
are mean=s.d. from three independent experiments.
doi:10.1371/journal.pone.0071963.g003
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on a double-displacement mechanism ([17]; see Figure 4A-B for
representative examples) were performed for all the AGT variants
and the enzyme kinetic parameters obtained are compiled in
Table 1. All the AGT variants tested showed similar specific
activity (Vay) to that found for AGT WT with the exception of
p-H83R mutant, which displayed a ~15-fold reduction in specific
activity. No large changes in A}, values for L.-Ala and glyoxylate
were found among the AGT variants studied. The environment of
the bound coenzymes to WT and p.H83R was characterized by
Near-UV and visible absorption and circular dichroism spectros-
copies, revealing a ~10-15 nm blue shift in the absorbance and
dichroic bands of bound PLP and PMP (Figure 4C-D), which
supports a distorted coenzyme binding mode to the p.H83R
mutant. We have further tested this hypothesis by incubating holo-
WT and p.H83R (at a final monomer concentration of 36 uM) in
the presence of L-Ala for 1 h at 25°C and analyzed the the
amount of PMP released by UV-absorption spectroscopy upon
filtration using microfilters of 10 kDa cut-off. Under these
conditions, ~3% of the PMP was released in the WT enzyme
(consistent with tight binding of PMP along the overall transam-
ination reaction previously reported; [17]), while ~44% of PMP
was released in the p.H83R, indicating a large decrease in PMP
binding affinity for this mutant. Thus, we conclude that the large
decrease in catalytic performance of p.H83R is caused by a
distortion in the binding mode of PLP and PMP coenzymes.

We have also measured the binding affinity of the apo-variants
for PLP using fluorescence spectroscopy (Figure S2). Direct
equilibrium measurements allowed to determine the Ky values
for the WT and some stable mutants at 30°C (Table 1). All the
AGT variants studied under equilibrium conditions showed
affinity for PLP similar to the WT protein (£y about 100 nM).
Under these conditions, aggregation in the absence of PLP was
found for p.P11L, p.H83R, p.F152I, p.G170R, p.I244T and
p-P319L mutants. Lowering the temperature or adding 10%
glycerol did not prevent aggregation in the time scale required for
AGT:PLP equilibration. Alternatively, we estimated the affinity
for PLP by performing kinetic binding experiments under pseudo-
first order conditions (Figure S2B) providing only an upper limit
for the Ay values mostly due to the large uncertainties associated to
the determination of the kg (Table 1). No clear differences were
observed for the estimated Ky values for PLP between WT and the
mutants studied using this kinetic approach (Table 1).

PH1 mutations kinetically destabilize the apo-AGT form

Thermal denaturation of AGT shows a single transition for all
AGT variants studied by differential scanning calorimetry (DSC;
Figure 5A). Denaturation of AGT variants is a purely kinetic
process, which is well described by the irreversible two-state
conversion of the native dimer to a final aggregated state (N—F).
This kinetic process is characterized by a denaturation rate
constant £ [6,30], which is inversely proportional to its half-life for
denaturation. In this scenario, protein kinetic stability (as a given
denaturation rate or half-life under certain experimental condi-
tions) is determined by the height of the free energy barrier that
AGT must cross from the native state to reach the transition state
of the denaturation rate-limiting step [7]. Thus, mutational and
PLP effects on AGT thermal transition (7., and E, values) are
translated into changes in kinetic stability (Table 2 and Figure S3).
Remarkably, removal of bound PLP has a dramatic effect on the
stability of most of AGT variants, reducing by ~25°C and 4-5
orders of magnitude the 7, values and the corresponding kinetic
stabilities (Table 2 and Figure S3).

DSC is particularly suitable to study the stability of AGT
enzymes because it provides not only a 7, value, which can be
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Figure 4. Functional characterization of WT and p.H83R. A and
B) Enzyme activity measurements for WT (A) and p.H83R (B) at different
L-Ala concentrations in the presence of 0.25 mM (diamonds), 0.5 mM
(down triangles), 1 mM (up triangles) and 2 mM (circles) glyoxylate.
Data in panel A are means=s.d from four independent measurements
while data in panel B are means from two independent measurements.
Lines are best fits for the different glyoxylate concentrations obtained
from global fittings using a double-displacement mechanism. C and D)
Absorption (C) and circular dichroism (D) spectra for holo-WT (black)
and holo-p.H83R (grey) acquired upon incubation for at least 10 min in
the absence (continuous lines; PLP bound) or presence (dashed lines;
PMP bound) of 500 mM L-alanine.
doi:10.1371/journal.pone.0071963.9004

alternatively obtained by other techniques, but also allow
determine accurately the rate constants as a function of
temperature, to compare kinetic stabilities over widely different
time scales (in this work half-lives for denaturation range from
several minutes to thousands of years, extrapolated to physiolog-
ical temperature; Table 2) and provide insightful parameters of the
denaturation process such as denaturation enthalpies and activa-
tion energies [6,19,30]. For instance, the temperature dependence
of denaturation enthalpies shows a common behavior for holo-
and apo-AGT enzymes (Figure 6A), yielding a global slope (i.e. a
denaturation heat capacity) of 10.2+0.6 kcal'mol 'K ! which is
slightly lower than the theoretical value expected for global
unfolding of the AGT dimer (14.8 kcal'mol” '*K™'; based on
[31]). This analysis supports that AGT thermal denaturation
involves a large loss of tertiary structure, possibly reflecting
denaturation of both domains in AGT, and also that all the AGT
enzymes studied here in their holo- and apo-forms denature to a
similar extent.

DSC scans are used to determine denaturation rates (k) or half-
lives at different temperatures by building Arrhenius plots
(Figure 5B) which allow study kinetic stabilities at physiological
temperature (Table 2). Most of the holo variants are kinetically
stable at 37°C with extrapolated half-lives ranging from ~12 to
~80000 years (Table 2), with the exception of p.H83R, with a
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Figure 5. Thermal denaturation of AGT variants studied by
differential scanning calorimetry (DSC). A) Representative DSC
traces obtained at 3°C/min; Lines are best-fits from a two-state
irreversible denaturation model with first-order kinetics [6]; B) Arrhenius
plots for the irreversible denaturation of AGT variants, indicating also
the extrapolated rate constants at physiological temperature (intercept
with the vertical dotted line). Symbols are: WT (circle), LM (triangle) and
p.F152I (square). Data for holo proteins are shown as closed symbols
and for apo proteins as open symbols.

doi:10.1371/journal.pone.0071963.9005

very short half-life of ~4 h likely due to a distortion in the binding
mode of PLP (Figure 4). The apo-proteins are much less stable,
remarkably the p.G170R, p.A295T, p.H83R, p.F152I, p.1244T
and p.P319L enzymes, which reduce ~20-150-fold the kinetic
stability vs. the LM variant, and they denature on a time scale of a
few minutes to hours (Table 2). Indeed, the half-lives for enzyme
inactivation upon incubation of apo-proteins at 37°C and standard
activity measurements agree very well with those obtained from
our DSC analyses (Table 2). This significant kinetic destabilization
of the apo vs. holo-forms in most of PH1 mutants is not due to
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large changes in the affinity for PLP (Table 1), but rather, it
suggests that cofactor binding overcomes some destabilizing
interactions present in the native state of the apo-forms [7].
Regarding the polymorphic variants, p.P11L and LM are
kinetically destabilizing, while p.J340M enhances AGT kinetic
stability compared to the WT protein, either in the apo- or the
holo-form (Table 2).

The large kinetic stabilization induced by PLP binding, as well
as the destabilization induced by some mutants in their apo-form
must originate from changes in the height of the denaturation free
energy barrier (i.e. the free energy difference between the native
and denaturation transition state [6]). Our DSC analyses also
provide information on the reaction order of AGT denaturation
by determining the pt value (i.e. reaction order is 1/p), and hence,
on the oligomerization state of the denaturation transition state: a
p value close to one indicates first-order kinetics, involving a
dimeric transition state for AGT, while a value close to two
supports that the transition state is monomeric. As we show in
Table 2, most of the AGT variants display first-order denaturation
kinetics (u=1), with only small deviations for a few apo-forms.
Thus, the AGT denaturation transition state is essentially a
partially unfolded dimer for all AGT variants, indicating that other

PLOS ONE | www.plosone.org

Table 2. Thermal denaturation and kinetic stability parameters for AGT enzymes.

Tm (°C)° Kaz°c (min~")P< Ahea (kcal-mol~")> E, (kcal-mol™")® i
Holo-AGT
wT 82.1 64+22:107"° 548+5 109+5 0.95+0.02
p.P11L 738 1.1£0.2:1077 400*+4 95+3 0.98£0.01
p.I340M 84.1 1.7+1.1-10° " 530+24 115+4 0.90+0.03
LM 76.6 9.3+0.9-10° 375%13 101%5 1.00%0.01
p.H83R 58.2 29+04-103 236*15 55*3 0.90+0.03
p.F152I 73.1 9.9+33-107° 454+18 97+4 0.92+0.04
p.G170R 755 3.7+06-10°° 458+17 100%2 0.99£0.01
p.R197Q 779 3.7+0.7-10° 4016 1106 0.96+0.01
p.1244T 75.8 1.1+0.1-1078 405*10 103*2 0.95+0.02
p.A295T 775 1.2+0.2:107° 500+9 1058 0.91£0.01
p.P319L 76.5 8.6+15-107° 395+£5 1013 0.98+0.04
p.A368T 76.5 6.8+2.1-10"° 440*+6 102%7 0.98+0.04
Apo-AGT
WT 58.4 1.6+0.7:10"° 255%17 111x10 1.30%+0.02
p.P11L 49.9 214081072 201£14 105%3 1.14£0.01
p.1340M 61.1 2.0+1.0-1077 370£21 143%+11 1.04%+0.03
LM 51.8 261510 % (3.7+2.0-10°%) 204*=10 1216 1.15*+0.06
p.H83R 46.9 3.8+0.8:102 156+7 62+6 0.91+0.04
p.F152I 44.7 4.9+0.4:1072 13717 87x7 1.13£0.04
p.G170R 48.5 6.8%0.5-10 > (9.2+3.0:10 ) 201£13 92+9 1.00%+0.04
p.R197Q 523 55+05-10* 200*+4 11010 0.96+0.06
p.1244T 47.3 3.6+0.4-10 2 (26+0.5-102) 16210 63*+1 0.88+0.02
p.A295T 494 53+12:1072 (24+0.7:1073) 244+14 92+9 0.89+0.01
p.P319L 47.1 3.9+0.2:102 194+37 62+2 0.88£0.01
p.A368T 518 59+05-10* 201£3 1126 1.15+0.06
2determined at 3°C/min scan rate.
Pmean+s.d. from independent experiments performed at three different scan rates.
“Values in parentheses are the inactivation rate constants measured at 37°C.
dexpressed per mol of AGT dimer (i.e. the unfolding cooperative unit).
°meanz=s.d. from the four consistency tests proposed by [47].
doi:10.1371/journal.pone.0071963.t002

unfolding steps (dimer dissociation and monomer unfolding) must
occur after the denaturation rate-limiting step, and hence, these
steps do not contribute to the effect of mutations, polymorphisms
or PLP binding on AGT kinetic stability. PLP mediated kinetic
stabilization arise from its preferential binding and stabilization of
the native AGT dimeric structure, raising the denaturation free
energy barrier by ~7 kcal'mol ™" (see [6] and Table 1).

Structural and energetic basis of AGT kinetic
destabilization by PH1 mutations

A plot of the activation energies for denaturation of all AGT
enzymes as a function of their 7,, value (which exponentially
correlate well with their kinetic stabilities; see Figure S3) shows
that those AGT enzymes with lower kinetic stability display lower
values of F, (Figure 6B). The high linearity of Arrhenius plots
(Figure 5B) indicates a negligible activation heat capacity, and
thus, F, values can be considered essentially as temperature-
independent. Hence, the results shown in Figure 6B can be
rationalized as mutational effects on the energetic balance (entropic
and enthalpic contributions) of the free energy barrier for
denaturation (previously shown for denaturation of other protein
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doi:10.1371/journal.pone.0071963.9006

systems; [19,32,33]). We have thus calculated the changes in the
activation enthalpies (AA and entropies (—TAAS+) and
plotted them as a function of the mutational effects on the kinetic
stability (AAG%E) for the holo-(Figure 6C) and apo-(Figure 6D)
enzymes. We found that changes in kinetic stability (AAG™) arise
from large changes of opposite sign in AA and —AATST that
largely cancel out for holo- and apo-AGT enzymes. Since AAHT
reflect structural differences (~solvent exposure) between the
native and the transition states, the analyses shown in Figure 6
support that the most destabilizing mutants the
magnitude of the structural change occurring between the native
and denaturation transition states. We must note that there is no

decrease

experimental evidence of large structural changes in the native
dimer upon mutation: they show similar hydrodynamic radius
and, with the exception of p.H83R, similar enzyme activities
(Table 1) as well as denaturation enthalpies consistent with
similarly folded native states (Table 2), and thus, these changes
may primarily affect the denaturation transition state. Using
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structure-energetics relationships, a value of —60 kcal'mol " for
AAHT (found for several AGT mutants; see Figure 6) is translated
into a difference of ~90 folded residues or ~8500 A? of solvent
exposed surface [31] between the native and transition state (per
dimer), supporting the existence of significant mutational effects on
the structure and energetics of the denaturation transition state
(see [33] for a similar situation with mutants of human
phosphoglycerate kinase 1).

Structure of p.I340M and modeling of the AGT variants

The crystal structure of p.I340M has been determined at an
unprecedented 1.9 A resolution to improve our modeling efforts
on PHI causing mutants. The structures of p.I340M and the WT
(PDB code 1HOC [23]) are nearly identical. AGT homodimer has
cach protomer folded into a large N-terminal domain, a smaller C-
terminal domain and a 22 amino acid long unstructured N-
terminal tail that grabs the other subunit within the dimer
(Figure 7A). None of the substitutions observed in the same
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haplotype are clustered, and thus, the effects of these substitutions
are likely to be additive rather than synergic. The PI1L and
1340M polymorphisms are found in the dimer interface. P11L is
expected to produce steric clashes with residues from the other
subunit, which would explain the reduced stability and foldability
of p.PI11L, while I340M establishes several new favorable
interactions hence explaining the stabilization observed for
p-I340M, and the partial compensation of PI1L destabilizing
effect when they both occur in ¢is (i.e. the minor allele).

The mutations analyzed on the minor allele occur in locations
far from the dimerization interface (Figure 7A), and with the
exception of H83R (Figure 7B), none of them are found near the
active site. Modeling of Arg83 predicts a loss of interactions with
PLP and the appearance of repulsions with surrounding residues,
likely affecting the orientation of PLP (and/or PMP), which could
explain the low catalytic activity, altered PLP/PMP binding mode
and low stability as holo-protein of H83R. A295T, P319L and
A368T substitutions are found in the vicinity of the domain:do-

Protein Misfolding in Primary Hyperoxaluria |

main interface of AGT monomer (Figure 7B), and cause an
increase in the size of the side chain. Interestingly, these three
mutations show more pronounced apo-AGT destabilization
(Table 2) and deleterious effects in CHO cells (as total and soluble
AGT protein levels; Figure 1) as closer the substitution is to the
domain interface (P319L>A295T=A368T), suggesting that a fine
tuning of interactions in AGT domain:domain interface may be
important for apo AGT kinetic stability and intracellular stability
and foldability. G170R, F152I and R197Q mutations are not
expected to cause important alterations on AGT structure based
on the simple modeling of these substitutions or the crystal
structures available [34], although molecular dynamic simulations
have suggested a significant structural impact of the FI152I
mutation [35].

Discussion

A majority of the most common alleles associated to PH1 affect
protein folding and stability, suggesting that most PH1 patients

12447

A H83R

1340M

F1520P11L 12447

R197Q

p11LF1521

H83R

Figure 7. Structural modeling of AGT mutations and polymorphisms. A) Representation of AGT dimer structure. The domain structure of
one of the subunits is emphasized using green and blue colors. The AGT mutations found in PH1 patients are labeled and pointed by the arrows
while the polymorphisms constituting the minor allele are highlighted in magenta. B) Representation of the structural environment of the Arg197
(left), His83 (middle) and Ala295, Pro319 and Ala368 (right). The mutations have been modeled as thinner sticks.

doi:10.1371/journal.pone.0071963.9007
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may show defective AGT function due to alterations in its protein
homeostasis (this work; [4,6,9,36]). To understand the different
mechanisms underlying PH1, we have integrated in this work
concepts from protein structure, biophysics, biochemistry and cell
biology to provide a comprehensive view on the mutational effects
on protein folding, assembly, transport, mistargeting and degra-
dation of the AGT protein (summarized in Table 3). Our work
delineates important checkpoints in AGT protein homeostasis,
such as the stability of the apo-proteins and the recognition of
folding intermediates by molecular chaperones (Figure 8) that
might be specifically targeted to restore AGT function in PH1
patients. We also provide insight to current potential therapies for
PHI1 such as pyridoxine supplementation [4,5,6,37].

PLP binding to AGT enhances native state kinetic stability by
4-5 orders of magnitude ([6]; this work), making holo-proteins
highly kinetically stable at physiological temperature, with the only
exception of the catalytic mutant p.H83R. Interestingly, we found
that p.F152I, p.G170R, p.J244T, p.A295T and p.P319L are
markedly destabilized as apo-proteins compared to the non-
pathogenic LM variant (Table 2), and actually, they denature at a
relatively fast rate at physiological temperature. As we have
previously discussed for p.G170R [6], the low kinetic stability of
these mutants in the apo-form may have important implications
for PH1 pathogenesis, since it is likely that a significant fraction of
AGT may transiently exist as apo-protein i vivo, and thus, it might
be susceptible to intracellular irreversible alterations such as
mitochondrial import, protein aggregation and degradation.
Consequently, four of these variants (p.F152I, p.G170R,
pI1244T and p.P319L) show evident signs of misfolding and,

Cochaperones?

. NEFs?
— '

Kinetic
trapping

Low

kinetic APO
PROTEIN PARTIALLY barrier DIMER
SYNTHESIS FOLDED
STATES
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possibly, accelerated turnover in CHO cells, while two of them
(p-G170R and p.F152I) also cause protein mitochondrial mis-
targeting (Table 3). This indicates some degree of correlation
between the apo- stability and protein mitochondrial import and/
or intracellular aggregation. According to this interpretation, we
propose a beneficial effect of pyridoxine supplementation in
patients carrying these four mutations (F152I, G170R, 1244T and
P319L). In fact, p.F1521 and p.G170R have been described as
pyridoxine-responsive genotypes in PHI1 patients [38,39].

Our DSC analyses provide molecular insights on the effect of
PHI1 causing mutants and PLP binding on the AGT kinetic
stability, denaturation mechanism and structural/energetic fea-
tures of its denaturation free energy barrier previously unexplored.
Within the set of PHI mutants studied here, only the thermal
stability of p.F1521 and p.G170R have been reported earlier (by
circular dichroism and inactivation experiments) showing thermal
destabilization (lower 7,,) mainly for their apo-forms [35,40,41].
Our detailed DSC kinetic analyses further show that the kinetic
overstabilization exerted by PLP bound to p.F152I, p.G170R,
p-1244T, p.A295T and p.P319L as holo-proteins arises from subtle
changes in the enthalpic and entropic contributions to the
denaturation free energy barrier, since a similar pattern of
enthalpy/entropy compensation is found for holo- and apo-AGT
proteins (Figure 6C and 6D). Moreover, these effects must concern
mainly to the structure and energetics of the dimeric transition
state for denaturation, and thus, mutational effects on dimer
dissociation and full monomer unfolding do not contribute to the
relevant kinetic stability of AGT enzymes since they occur after
the denaturation rate-limiting step.

Mitochondrial
Mistargeting

HOLO
DIMER

Figure 8. Folding and misfolding checkpoints of PH1 causing mutants.

doi:10.1371/journal.pone.0071963.9008
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The intracellular homeostasis of AGT protein seems to rely on a
delicate balance between protein folding, misfolding, degradation
and intracellular trafficking. Importantly, the AGT LM protein, a
variant which is not disease-causing but it is known to sensitize
AGT towards deleterious mutations, is shown to notably reduce
protein kinetic stability and to enhance protein misfolding and
degradation, while most of disease-causing mutations further
exacerbate at least some of these defects (Table 3). The partial
correlation between these molecular defects suggests that multiple
clements in the protein homeostasis networks play a role in
determining the fate of PH1 mutants (including chaperones,
cochaperones and regulatory proteins [13] and vitamin B6 salvage
enzymes implicated in the recycling and targeting of PLP to apo-
enzymes [42]). This complexity in the homeostasis of AGT
proteins, as well as individual differences in the protein homeo-
stasis network (which may even occur among isogenic individuals
[43]), may explain inter-individual variability in clinical presenta-
tions and residual activities for patients sharing a given genotype
[7,44] and the different fate of mutant proteins (aggregation vs.
mitochondrial mistargeting) when expressed under different
experimental conditions (this work and [36]). Despite our findings,
those specific events and interactions responsible for the partition
between protein mitochondrial mistargeting, aggregation and
degradation remain elusive.

In the present work, we show that all PH1 mutations of the minor
haplotype strongly interact with Hsc70 chaperones, adding to our
previous work on p.J244T and p.G170R that also showed
enhanced interactions with Hsc90 [6,9] and bacterial Hsp60
[15]. We have recently reported that p.G170R interacts with
Hsc70 and Hsp90 chaperones through a molten globule folding
intermediate [6], while p.I244T interacts with Hsp60 chaperones
in partially folded monomeric state with the folded N-terminal and
C-terminal domains in an open conformation [15]. We thus
propose that the last steps involving docking of tertiary structure
elements and acquisition of the dimeric quaternary structure are
crucial for proper folding of AGT. Moreover, enhanced interac-
tion of PH1 mutants with these molecular chaperones suggest a
rougher folding landscape for these mutants (with a higher
population of kinetic/equilibrium intermediates [13,45,46]). Thus,
molecular chaperones emerge as an important checkpoint in the
folding of PHI1 mutants, likely by partitioning AGT folding
intermediates into productive formation of native dimers and
peroxisomal import, presentation of partially folded states to the
mitochondrial import systems, aggregation and proteasomal
degradation [7]. Hsp70, Hsp60 and Hsp90 chaperone systems
are known to cooperate in assisting protein folding, and the
regulation of chaperone activity by cochaperones and regulatory
proteins may lead to different fates (i.e. folding vs. degradation) for
the client proteins [13]. Overall, all these results suggest that at
least these three chaperone systems (Hsp60, Hsp70 and Hsp90) are
potential targets for correction of the folding defects displayed by
PHI1 mutants. Consequently, the detailed characterization of the
chaperone requirements for efficient folding of PHI mutants will
open new approaches for therapeutic intervention in PHI1. We
have already initiated such studies in cell and animal models of
PH1 (ongoing work).
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Conclusions

In this work, we present a multidisciplinary approach that
provides clues on the protein homeostasis defects displayed by
PHI1 causing mutations leading to protein aggregation and
mistargeting. We observe a significant correlation between
mutation-induced kinetic destabilization of the apo-AGT dimer,
kinetic trapping by molecular chaperones and intracellular protein
foldability and mistargeting. Detailed kinetic and structure-
energetics analyses also show that cofactor induced overstabiliza-
tion of some mutants is caused by subtle changes in the enthalpic/
entropic contributions to denaturation free energy barriers, which
may also explain the pyridoxine responsiveness found in patients
carrying these mutations. We propose that native state kinetic
stabilizers and protein homeostasis modulators may be suitable
pharmacological therapies to correct folding and stability defects
in PHI.
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Protein stability is a fundamental issue in biomedical
and biotechnological applications of proteins. Among these
applications, gene- and enzyme-replacement strategies are
promising approaches to treat inherited diseases that may benefit
from protein engineering techniques, even though these beneficial
effects have been largely unexplored. In the present study we
apply a sequence-alignment statistics procedure (consensus-based
approach) to improve the activity and stability of the human AGT
(alanine—glyoxylate aminotransferase) protein, an enzyme which
causes PHI (primary hyperoxaluria type I) upon mutation. By
combining only five consensus mutations, we obtain a variant
(AGT-RHEAM) with largely enhanced in vitro thermal and
kinetic stability, increased activity, and with no side effects
on foldability and peroxisomal targeting in mammalian cells.
The structure of AGT-RHEAM reveals changes at the dimer

interface and improved electrostatic interactions responsible for
increased kinetic stability. Consensus-based variants maintained
the overall protein fold, crystallized more easily and improved the
expression as soluble proteins in two different systems [AGT and
CIPK24 (CBL-interacting serine/threonine-protein kinase) SOS2
(salt-overly-sensitive 2)]. Thus the consensus-based approach
also emerges as a simple and generic strategy to increase the
crystallization success for hard-to-get protein targets as well
as to enhance protein stability and function for biomedical
applications.

Key words: inherited disease, protein crystallization, protein
function, protein stability, sequence-alignment statistics, therapy.

INTRODUCTION

Inborn errors of liver metabolism are rare inherited disorders
with significant morbidity and mortality. For many of them, liver
transplantation and dietary restriction are the only therapeutic
option currently available to increase the lifespan of patients
and, thus, novel treatments such as GT (gene therapy) and ERT
(enzyme replacement therapy) are being investigated. For GT, an
important issue is the percentage of hepatocytes to be corrected
with a therapeutic gain and low toxicity (e.g. as little vector dose
as possible). Modifications of the coding sequence included in the
vector for GT is an attractive strategy to improve its efficiency.
Similarly, ERT efficiency can be enhanced by protein engineering
of the coding sequence. Thus GT and ERT strategies may benefit
from an improvement of the protein target by protein engineering
techniques to prolong therapeutic effects and/or reduce the dose
required for therapeutic action [1,2].

PHI (primary hyperoxaluria type I) is a severe inborn error of
liver metabolism due to the inherited deficit of AGT (alanine—
glyoxylate aminotransferase; E.C. 2.6.1.44), which conveys high
oxalate production by the liver and subsequent renal damage [3].
AGT is a peroxisomal PLP (pyridoxal-5'-phosphate)-dependent

enzyme that catalyses the amino transfer from L-alanine to
glyoxylate to yield pyruvate and glycine. Current treatments for
PHI often rely on a combined liver and kidney transplantation
[4,5]. Most disease-associated PH1 mutations cause protein mis-
folding (peroxisomal aggregation and/or accelerated protein
turnover) or mitochondrial mistargeting (instead of normal
peroxisomal targeting) (see [5] and references therein). GT and
ERT are new therapeutic strategies for PH1 [6,7]. Working with
an animal model for PH1, we have previously shown that about
40 % hepatocytes have to be transduced with the WT (wild-type)
human AGT in order to normalize oxalate production [8].

The ‘consensus approach’ to improve protein stability is a
simple strategy that uses statistical information contained in
sequence alignments of proteins with moderate to high homology
[9]. Consensus mutations are often viewed as reversions to the
ancestral amino acid residues [10] and, consequently, protein
stability enhancement could be reasonably attributed to the fact
that consensus-sequence proteins may capture to some extent the
extreme properties (such as thermophilicity) of ancestral proteins
[11-13]. The consensus approach has been successfully applied
to improve the thermodynamic and thermal stability of several
proteins [14-20]. Interestingly, some of these studies have also

Abbreviations: AGT, alanine—-glyoxylate aminotransferase; CCD, charge-coupled device; CHO, Chinese-hamster ovary; CIPK, CBL-interacting
serine/threonine-protein kinase; DSC, differential scanning calorimetry; ERT, enzyme replacement therapy; GT, gene therapy; ITC, isothermal titration
calorimetry; Pex5p-pbd, Pex5p-PTS1 binding domain; PH1, primary hyperoxaluria type I; PLP, pyridoxal-5'-phosphate; SOS2, salt-overly-sensitive 2; WT,
wild-type.

" These authors share senior authorship.
2 Correspondence may be addressed to either of these authors (email xalbert@igfr.csic.es or angelpey@ugr.es).

The co-ordinates and structure factor amplitudes have been deposited in the PDB under codes 4CBR and 4CBS for AGT-HEM and AGT-RHEAM
respectively.
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shown that the consensus-based approach also improves protein
kinetic stability [16—18]. Therefore the consensus approach
appears to be a simple and excellent choice to develop robust
proteins for GT and ERT, provided that these changes do not
trigger significant immune response. Moreover, a recent study
has also shown that the consensus approach can simultaneously
increase protein activity and stability (analysed in [18]).

In the present study, we have used the consensus-
based approach to improve the stability and function
of human AGT. A combination of five mutations
(Q23R/S48H/D52E/V113A/1340M, referred to as AGT-
RHEAM) improves protein kinetic stability (as a half-life for
denaturation at physiological temperature) by 2-3 orders of
magnitude and also, remarkably, increases enzyme activity
2.2-fold. The X-ray crystal structure of the AGT-RHEAM
protein reveals that several mutations target the AGT monomer—
monomer interface, contributing to improve the protein kinetic
stability of the unfolding co-operative unit (i.e. the dimer) [24].
AGT-RHEAM is well expressed and imported into peroxisomes
and its activity is enhanced in eukaryotic cells. In addition, we
report that consensus-based AGT proteins crystallized more
easily than the WT protein, which was confirmed using the
plant SOS2 (salt-overly-sensitive 2)/CIPK24 (CBL-interacting
serine/threonine-protein kinase 24) protein [21], a protein that is
very hard to express and crystallize. This suggests that the protein
stabilization and increased solubility provided by the consensus
approach could be a simple and generic method to enhance the
ability of a protein sample to crystallize as an alternative to the
use of chemical ligands and optimal solvent conditions [22,23].

EXPERIMENTAL

Sequence alignment and consensus-based identification of
potentially stabilizing mutations

Stabilizing mutations for human AGT were searched on the
basis of the consensus approach to protein stability [9].
Briefly, the human AGT sequence (NCBI GI: 4557289 and
Reference Sequence: NM_000030) was aligned with 21 AGT
sequences from vertebrates and 88 AGT sequences from
eukaryotes (obtained using BlastP) using the MUSCLE program
(http://www.drive5.com/muscle/). These sequence alignments
were used to determine those mutations displaying highest
frequencies in the alignments that were not present in the human
AGT sequence. Eight mutations with ratios (highest frequency
in the alignment/frequency of the amino acid present in human
AGT) >8 in the alignment with sequences from vertebrates
were selected for recombinant expression and purification
in Escherichia coli cells and further analysis. An identical
procedure was followed for the kinase domain of CIPK24/SOS2.
For CIPK24/SOS2, the sequence from Arabidopsis thaliana
(At5g35410) was aligned with 500 CIPK sequences from
viridiplantae. The N- and C-terminals of the proteins were
excluded from the analysis. Five mutations out of 12 possible
candidates on the kinase domain of A. thaliana CIPK24/SOS2
were chosen and two multiple mutants generated in E. coli cells
for further analyses: 3MxCIPK24/SOS2 (E107K/S109D/C127S)
and SMxCIPK24/SOS2 (P81K/E107K/S109D/C127S/L266K).

Protein expression and purification

E. coli BL21(DE3) bacterial cells containing pCold II plasmids
(TaKaRa) encoding AGT protein variants or Pex5p-pbd (Pex5p-
PTSI binding domain) were grown and proteins expressed
and purified as described in [24]. Holo- and apo-AGT were
prepared as described in [25] and stored as described in
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[26]. Full details of CIPK24/SOS2 cloning, expression and
purification along with determination of the crystal structure
solution have also been performed (J.M. Gonzalez-Rubio and
A. Albert, unpublished work). Briefly, the kinase domain of
CIPK24/SOS2 (residues 7-308) and the mutated constructs were
cloned into the pGEX4T?2 expression vector (GE Healthcare) and
recombinant proteins were expressed in Rosetta 2 (DE3) pLysS
cells (Stratagene) at 16°C. Recombinant proteins were purified
using glutathione Sepharose 4B (GE Healthcare) followed by an
overnight preScission cleavage. Samples were further purified by
gel-filtration chromatography on a Hi Load 16/60 Superdex 200
prep-grade column previously equilibrated in 20 mM Tris/HCl
(pH 9.0), 100 mM NaCl and 5 mM DTT (GE Healthcare).
Protein concentration was measured spectrophotometrically
using &xso(imgmy = 1.069 (AGT), 1.243 (Pex5p-pbd) and 0.964
(CIPK24/SOS2) derived from their primary sequence [27].

Differential scanning calorimetry

Measurements were performed on a capillary VP-DSC
(differential scanning calorimetry; MicroCal; GE Healthcare)
calorimeter with a cell volume of 0.135 ml at the indicated
scan rates. DSC scans were customarily performed in 20 mM
sodium Hepes and 200 mM NaCl (pH 7.4) (AGT proteins) or
100 mM sodium phosphate and 20 mM NaCl (pH 8) (SOS2
proteins), in a temperature range of 20—110°C, and using a protein
concentration of 5 uM (in protein subunit) as described in [26].
DSC profiles were analysed on the basis of a two-state irreversible
model depicted by the scheme N— F, where N is the native state
and F is the final state which cannot fold back to N under the
given experimental conditions [28,29]. Additional details of
the DSC analyses have been described previously [26].

Spectroscopic analyses

All spectroscopic analyses were performed in 20 mM sodium
Hepes and 200 mM NaCl (pH 7.4) at 25 °C as described previously
[24].

Binding of AGT proteins to Pex5p-pbd by isothermal titration
calorimetry

ITC (isothermal titration calorimetry) measurements were carried
out as described in [24].

Activity measurements

Steady-state measurements were typically performed using 5
png/ml of AGT incubated in 0.1 M sodium phosphate buffer (pH
8) at 25 °C in the presence of 40 uM PLP and 0-2 mM glyoxylate
and the reaction was triggered by the addition of 0-100 mM L-
alanine. Each set of experiments included activity measurements
at 32 pairs of alanine/glyoxylate concentrations. Pyruvate formed
in the reactions was measured in a Tecan Infinite M200 Pro
microplate reader by a coupled NADH/lactate dehydrogenase
assay after 2 min of reaction at 25°C [30]. Global fittings of
activity measurements were performed according to a double-
displacement mechanism as described in [24].

Protein crystallization

Before crystallization AGT-HEM and AGT-RHEAM were
dialysed in 50 mM Tris/HCI (pH 7.5) and 250 mM
NaCl, and concentrated to 13.5 mg/ml. CIPK24/SOS2 and
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SMxCIPK24/SOS2 were concentrated to 5.0 mg/ml. We
employed a 10 kDa cutoff Amicon protein concentrator (YM-
10; Millipore Corporation) and kept the proteins at 4°C.
Crystallization assays were carried out on a 60-well microbath
under oil (Terasaki plates) at 18°C. The best AGT-HEM
and AGT-RHEAM crystals were obtained using a precipitant
solution containing 15% PEG 10K, 0.1 M Hepes (pH 7.5),
2.5% (vlv) isopropanol and 5% glycerol as additives. For
SMxCIPK24/SOS2 the best crystallization conditions were
obtained using a precipitant solution containing 24 % PEG 4K and
20 mM Tris/HC1 (pH 8.5). Crystals were obtained by mixing drops
of 2 ul of protein solution and 2 1 of precipitant solution that grew
over a few hours. Several strategies were used to optimize these
crystallization conditions, which included adjusting the protein
sample composition, the precipitant concentration and pH values.

To estimate the crystallization propensity of the consensus
optimized proteins compared with the WT forms we performed a
number of crystallization experiments in which we varied the pH
and precipitant concentration around the optimal crystallization
condition. For AGT-RHEAM compared with AGT-WT, we
screened at pH 7.0, 7.5 and 7.8 and PEG 10K at 8 %, 10 %,
12% and 15%, and for SMxCIPK24/SOS2 compared with
CIPK24/SOS2 we screened pH 8.2, 8.5, 8.8 and 9 and PEG
4K at 16 %, 18 %, 20% and 22 %, monitoring the number of
crystallization hits at different times (0-36 h). We considered as a
crystallization hit any kind of protein crystal observable under a
x50 magnification microscope regardless of the size or shape of
the crystal. AGT hits were identified as yellow crystals due to the
PLP bound to Lys*” and displayed a large prismatic shape (up to
0.5 mm in the longest direction). By contrast, SMxCIPK24/SOS2
hits were colourless small thin plates initially identified as protein
crystals using Izit crystal dye (Hampton Research). Subsequent
crystallographic analysis confirmed in both cases that the hits
were protein crystals.

Data collection and structure resolution

Crystals were mounted in a fibre loop, transferred to the
cryoprotectant (20 % glycerol on the crystal mother liquor
solution) and flash-frozen at 100 K in a nitrogen gas steam.
AGT-HEM and AGT-RHEAM crystals displayed good-quality
diffraction patterns and a diffraction data set was collected
using an ADSC Q4 CCD (charge-coupled device) detector at
the ID14.4 beamline of the European Synchrotron Radiation
Facility (Grenoble). Diffraction data were processed with XDS
[31] and scaled with SCALA from the CCP4 package. AGT-
HEM diffracted to a 2.5 A resolution and belonged to space
group P4,2,2, with unit-cell parameters a =90.2, b=90.2 and
c=141.0. AGT-RHEAM diffracted to a 2.4 A resolution and
belonged to space group P4,2,2, with unit-cell parameters
a=289.6, b=289.6 and c=142.4. Both structures were solved
by molecular replacement using Phaser [32] with the co-ordinates
from AGT-1340M (PDB code 2YOB). Several cycles of restrained
refinement with PHENIX [33] and iterative model building with
COOT [34] yielded the final model with an R/R;,.. of 22.0/26.8 for
AGT-HEM and 22.0/25.7 for AGT-RHEAM. The water structure
was also modelled. A summary of the diffraction protocol, data
collection and refinement statistics is given in Supplementary
Table S1 (http://www.biochem;j.org/bj/462/bj4620453add.htm).
A diffraction data set from SMxCIPK24/SOS2 crystals was
collected using an ADSC Q4 CCD detector at the Petra-III
synchrotron, Hamburg, beamline P13. The data set was processed
using XDS [31] and scaled using SCALA [35] from the CCP4

package [36]. A summary of the data collection statistics is given
in Supplementary Table S1.

The stereochemistry of the models was verified with
MolProbity [37]. Ribbon figures were produced using PyMOL
(http://www.pymol.org). The co-ordinates and structure factor
amplitudes have been deposited in the PDB under codes 4CBR
and 4CBS for AGT-HEM and AGT-RHEAM respectively.

Electrostatic calculations

The calculations of the energy of charge—charge interactions
(Eq.q) were performed using the solvent-accessibility-corrected
Tanford-Kirkwood model [39]. A detail description of this
procedure can be found in [40]. The input for these calculations
were the atomic co-ordinates of dimeric AGT-WT [41] and AGT-
HEM and AGT-RHEAM (the present study), and the calculations
were performed using home-built software at pH 7.4 and 200
mM ionic strength to mimic the conditions used in the DSC
experiments. The output of these analyses provide the energy
of charge—charge interactions of a given ionizable residue with all
the ionizable residues in the protein dimer (E,).

AGT expression in cell cultures

CHO (Chinese-hamster ovary) cells were transfected using
AGT cDNA variants subcloned in pCIneo plasmids (Promega).
Details for cell growth, transfection, Western blot, activity
measurements and immunofluorescence microscopy analyses
have been described recently [24].

RESULTS

The consensus-based approach improves AGT stability and activity
in vitro

First, we aligned the human AGT and 21 AGT sequences found
in vertebrates (Figure 1A), and then calculated the ratio of
frequencies between the most common amino acid found in a
certain position in the multiple alignment and the frequency of the
amino acid found in the human sequence (Figure 1B). On
the basis of the consensus approach [9], mutations with ratios
higher than 1 should increase protein stability. It is worth noting
that these single point mutations suggested by the sequence
alignment from vertebrates are also predicted to be stabilizing
using a wider sequence alignment performed using human AGT
and 88 sequences from eukaryotes (Supplementary Table S2 at
http://www.biochemj.org/bj/462/bj4620453add.htm).

To test the consensus-based approach, we have first studied
six of the eight single mutants suggested by the consensus
approach and determined their thermal stability by DSC (Figure 2
and Supplementary Table S3 at http://www.biochemj.org/bj/
462/bj4620453add.htm). The TOP and R197Q mutants were not
investigated since we could not obtain good expression yields
under different expression conditions. Thermal denaturation of
the remaining six variants (as well as the WT protein) was
found to be irreversible and strongly scan-rate dependent (for
representative DSC scans, see Supplementary Figure S1 at
http://www.biochemj.org/bj/462/bj4620453add.htm). As previ-
ously shown for WT-AGT [26], a two-state irreversible model with
first-order kinetics satisfactorily describes thermal unfolding of all
holo-AGT variants (Supplementary Figure S1 and Supplementary
Table S4 at http://www.biochemj.org/bj/462/bj4620453add.htm).
Five of the six single consensus-based variants show enhanced
thermal stability (AT,,~2-3°C; Figure 2A and Supplementary

© The Authors Journal compilation © 2014 Biochemical Society



456 N. Mesa-Torres and others

Ratio of frequencies

0 100 200 300

(most frequent in vertebrates/human)
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Figure 1 Consensus-based analysis of AGT protein sequence alignment

(A) Sequence alignment of AGT proteins from vertebrates. Gl codes are (top to bottom): 4557289 (human AGT), 197101617, 109101707, 176612, 194211512, 1174432, 156121353, 164579,
2239081, 56972365, 73994226, 6180226, 55741900, 50417404, 45709105, 229366512, 47212538, 225706550, 209738520, 115941749, 196007736 and 224059805. (B) Consensus-based
analyses: ratio of frequencies of the most frequent amino acid in the sequence alignment and of the amino acid found in the human AGT sequences expressed along the human AGT protein sequence.
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Figure 2 Thermal denaturation profiles of WT and consensus-based variants of AGT as holo-proteins

Single (A) and multiple (B) mutants. Lines are fits to a two-state irreversible denaturation model with first-order kinetics [29]. Experiments were carried out at 3°C/min.

Table S3) compared with the WT protein. When some of these
mutations are combined, the stabilizing effect was found to be
additive, leading to increases in thermal stability in the range
of 9-12°C for the quadruple and quintuple mutants (Figures 2B
and 3A and Supplementary Table S3). It is worth noting that the
increase in thermal stability (as a 7, up-shift) is exponentially
translated to an increase in kinetic stability extrapolated to
physiological temperature, yielding increases in protein kinetic
stability for the 4-fold (HEAM and RHEM) and 5-fold (RHEAM)
variants of ~3—4 orders of magnitude compared with WT-AGT
(Figures 3A and 3B, and Supplementary Figure S2A and Table S3
at http://www.biochemj.org/bj/462/bj4620453add.htm). Activity
measurements also show enhanced specific activity for several of
the consensus variants, mostly due to the activity enhancement
provided by the S48H substitution (Supplementary Figure S2B
and Table S3); thus, showing a weak overall correlation between
stability (as the T, value) and activity (Supplementary Figure
S2B).

We must note that the kinetic stability analyses reported in
the previous paragraph for the holo-variants require very long
extrapolations in the Arrhenius plots to be accurate. Nevertheless,
similar kinetic analysis on the WT and RHEAM variants as apo-
proteins (displaying ~25°C lower T,, values compared with the
holo-forms, see Figure 3A, and requiring shorter extrapolations
to reach physiological temperature) reveal a consistent kinetic
stabilization of the RHEAM variant, with a ~440-fold increase
in protein kinetic stability at 37°C compared with the apo-WT
(Figure 3B and Table 1).

Functional characterization of AGT-RHEAM

We have studied in more detail the functional properties of the
highly stable and active RHEAM quintuple variant. Enzyme
kinetic analyses based on a double-displacement mechanism
revealed an 125 % increase in V,,,, in RHEAM compared with
the WT, whereas the K,, values for L-alanine and glyoxylate
are only slightly different (Figure 3C and Table 2). We have
further investigated the microenvironment surrounding the bound
PLP and PMP cofactors in the WT and RHEAM variants by

spectroscopic analyses (Figures 3D and 3E). PLP bound to the
active sites of these two variants reveal the same spectroscopic
signature, with strong absorption and positive dichroic signals
centred around 420 and 430 nm respectively, indicating the
microenvironment of the cofactor is not affected in this consensus-
based mutant. Similarly, PMP bound to both variants shows a
characteristic dichroic signal in the near-UV (centred around 320
nm), suggesting no perturbation of the PMP bound in the mutant
either. PLP binding affinity determined by quenching of AGT
intrinsic tryptophan fluorescence yields similarly strong binding
affinities in both variants for PLP (Figure 3F and Table 2).

Structural basis of the consensus-based enhancement of AGT
function and stability: the crystal structures of the AGT-HEM and
AGT-RHEAM

The structures of the AGT-HEM and AGT-RHEAM mutants
with enhanced thermal stability have been determined by X-ray
crystallography at 2.5 A and 2.4 A respectively (Figure 4
and Supplementary Table S1). All of the mutations are
unambiguously modelled into the electron density. Both
structures and the previously reported AGT-WT [41] and
AGT-1340M [24] are nearly identical with changes confined at
the point mutation positions (Supplementary Figure S3 at http://
www.biochemj.org/bj/462/bj4620453add.htm) ~ showing the
RMSD between equivalent Cor atoms that range from 0.13 A to
0.28 A (0.28, 0.13 and 0.27 for AGT-I340M, AGT-HEM and
AGT-RHEAM respectively). The AGT structure is a homodimer,
each protomer is formed by two domains. Of them, the N-terminal
domain is involved in the dimerization and contains residues
forming the PLP-binding site.

The analyses of the structures reveal that four of the five point
mutations, Q23R, S48H, D52E and 1340M, cluster in the same
area of the macromolecule at the dimerization interface (Figure 4).
The increased size of the mutated-residue side chains produces an
increase of the intra- or inter-molecular hydrophobic interactions
and/or in the number of hydrogen bonds with respect to the AGT.
This yields a small, but noticeable, increase of approximately
2% in the accessible surface buried in the dimer interface
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Figure 3 Comparative stability and functional studies of WT and RHEAM AGT

(Aand B) DSC scans (A; at 3°C/min) and Arrhenius plots (B) for the thermal denaturation of AGT-WT (black symbols) and RHEAM (grey symbols) proteins in their holo- (closed symbols) and apo-
(open symbols) forms. (C) Enzyme activity dependence of AGT WT (black symbols) and RHEAM (grey symbols) on L-alanine concentration at 0.25 mM (circles) and 2 mM (squares) glyoxylate.
Results are means + S.D. from four independent experiments. Lines show global fittings to a double-displacement mechanism. (D and E) Absorption (D) and CD (E) spectra of holo-WT (black
lines) and holo-RHEAM (grey lines) incubated with (broken lines) or without (continuous lines) 500 mM L-alanine for 10 min at 25°C. (F) Titration of AGT WT (black) and RHEAM (grey) with PLP

monitored by fluorescence.

(calculated using NACCESS from LIGPLOT [42]). Interestingly,
the Q23R, D52E and 1340M modifications increase the number of
stabilizing interactions between protomers. The native hydrogen
bond between GIn* OE1 and Gly*’ NH is reinforced by the AGT-
HEM point mutations (Figure 4). The native GIn* NE1 was found
to hydrogen bond to the mutated Glu®®* OE1, whereas the mutated
Met** side chain and native Pro®' sandwich the hydrophobic
moiety of the GIn* side chain. The additional point mutation
on the AGT-RHEAM variant Q23R enlarges the side chain at this
position, but maintains the same pattern of interactions observed
in AGT-HEM by the inclusion of a structural water molecule. In
addition, the mutated Arg” NZ1 and native Asp*** OD1 forms a
salt bridge and the larger hydrophobic moiety of the arginine side
chain stabilizes further the Pro*'/Arg®/Met** cluster. The mutated
His*® side chain fills a solvent accessible cavity contiguous to the
interprotomer interface and forms new hydrophobic interactions
with Pro® of the adjacent protomer.

The active site architecture is maintained in both mutated
proteins when compared with WT-AGT, in agreement with the
spectroscopic analysis. However, the side chain of residue 48
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lines the surface of the cavity towards the active site. The
mutation S48H increases the nucleophilicity and narrows
the access to the PLP, which may explain the differences in activity
when WT and HEM/RHEAM are compared. Interestingly, these
differences do not lead to large changes in the binding affinity for
PLP, glyoxylate or L-alanine (Table 2).

The structural analyses described above strongly support
a role of electrostatic interactions in the enhancement of
conformational stability in the AGT-RHEAM. To provide a
quantitative estimation of the electrostatic contribution to the
high kinetic stability of HEM and RHEAM variants, we have
used a simple Tanford—Kirwood algorithm described previously
[40]. Comparison of the energy arising from charge—charge
interactions (E,,) between the structures of HEM- and WT-
AGT yield almost negligible net changes, whereas AGT-RHEAM
shows a remarkable enhancement in the favourable electrostatic
interactions (negative values AE,, in Supplementary Figure S4A
at  http://www.biochemj.org/bj/462/bj4620453add.htm). This
stabilizing electrostatic contribution in RHEAM is due to the
introduction of the Q23R and D52E mutations which seem to
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Table 1 Comparative analysis of AGT-WT and RHEAM variants thermal denaturation as holo- and apo-proteins determined by DSC

Data were fitted using a two-state irreversible unfolding model including non-first-order kinetics as described in [26,28].

Protein Tn (°C) AH (keal/mol)t nt E, (kcal/mol)} kso0 (Min=")% Kwr/Krean (@t 37°C)
Holo

WT 82.1 21442 0.95+0.02 109+5 6.4 x 1010 1

RHEAM 93.7 319+16 0.9140.04 125+6 11x10-1 21 x10°

Apo

WT 58.4 127+8 1.30+0.02 111+10 16 x10-° 1

RHEAM 702 196+ 10 0.89+0.01 116+7 36 x10-° 4.4 x 10?

*From experiments at 3°C/min.
From experiments at three different scan rates (means +S.D.).
*From Arrhenius plots.

Table 2 Functional characterization of AGT-WT and RHEAM enzymes

Protein Vinax (mm0|<h"'mg’1) K alanine) (mM) KM(egninate) (1eM) Kd(PLP) (nM) Kd(PexSp) (M)

WT 2.22+0.09 195+14 245+29 99+20 14402

RHEAM 499+0.22 15+12 412+45 101418 19404
Q23R D52E

1340M
D52E Q23R

wT HEM RHEAM

D344 0344 0344

o[ 1340% M340* M340*
- @\023(4 P21 @\ J\(E P21 @\ C%

64?1 pas
ES2* 146 =
/—"\
o Hag* —-/)

Figure 4  Structural comparison between AGT-WT, HEM and RHEAM variants

E52%

Upper panel: structural model for AGT-RHEAM dimer at 2.4 A resolution. Individual mutations are labelled as well as the N- and C-termini. Lower panel, monomer—monomer interface in the vicinity
of residues 23, 52 and 340 for AGT-WT, HEM and RHEAM variants. Hydrogen bonds are shown as dashed lines and hydrophobic interactions as green curved lines.
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Figure 5 AGT activity and immunoreactive protein levels in transiently transfected CHO cells

(A) Specific AGT activity. Results are means + S.D. for six independent experiments. (B) Immunoreactive AGT protein levels. Results are means + S.D. for four independent experiments. Inset:
representative Western blot analyses for AGT WT and RHEAM. Statistical differences are calculated using one-tailed unpaired Student's ¢ tests.

develop new favourable charge—charge interactions with Arg'”,
Arg"’, Arg®® and Asp™ (Supplementary Figure S4B). The
overall increase in favourable electrostatic interactions amounts
to several kcal/mol per AGT monomer (Supplementary Figure
S4B), which is likely to contribute to the 4-5 kcal/mol increase in
kinetic stability displayed by RHEAM compared with WT-AGT.
These analyses also suggest that at least a significant fraction of the
favourable electrostatic interactions formed in the native RHEAM
protein are weakened or disrupted in the relevant transition state
for the irreversible denaturation of AGT. Our data also show
that the optimization of the kinetic stability occurs through the
development of electrostatic networks between a few mutations
(Q23R and D52E in RHEAM) and ionizable residues already
present in the target protein (Arg'™, Arg'”’, Arg®* and Asp**).

The effect of V113A is difficult to rationalize in structural terms.
The side chain of Val'"® is partly exposed to the solvent, and its
replacement by alanine reduces the amount of solvent-accessible
hydrophobic surface by 40 %. Although this reduction is very
small compared with the total solvent-accessible hydrophobic
surface (less than 1 %), it might enhance the stability of the AGT
dimer.

Our analysis shows that the stabilizing effect of consensus-
based mutations on AGT are related to new favourable interactions
in the native dimer, particularly of electrostatic and hydrophobic
nature. Most of the new favourable interactions found in
AGT-RHEAM occur at the monomer—-monomer interface, a
similar scenario to the one described for a tetrameric glucose
dehydrogenase [43], in which a structure-guided consensus
approach was found to enhance its kinetic stability by targeting
the subunit—subunit interface.

Expression of AGT-RHEAM in cell culture

To test whether the stability and activity of the AGT-RHEAM
measured in vitro correlate with the same behaviour inside cells, as
well the effects of the mutations on the foldability and intracellular
transport into peroxisomes, we have transiently transfected CHO
cells with plasmids carrying the cDNAs of WT and RHEAM
AGTs. The specific activity (per mg of AGT) measured in AGT-
RHEAM soluble extracts is 2.5 1 0.3 fold higher than for WT-
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AGT (Figure 5A), which correlates excellently with the in vitro
measurements. Regarding the expression levels, AGT-RHEAM
is expressed at slightly lower levels than WT (72 & 15 % of WT
levels; Figure 5B). Moreover, the specific activities of both AGT
enzymes compare reasonably well with those measured using
recombinant enzyme (Table 2), thus supporting that most of the
soluble AGT enzyme is forming active dimers. AGT-RHEAM
exists mainly in the soluble fraction (~90 % of the total AGT
protein) similar to the WT-AGT.

The intracellular targeting of the AGT-RHEAM has
been also analysed in CHO cells by immunofluores-
cence confocal microscopy (Supplementary Figure S5 at
http://www.biochemj.org/bj/462/bj4620453add.htm), and found
at the correct peroxisomal location, as for WT-AGT. Thus the five
amino acid changes introduced in the RHEAM sequence do not
have negative consequences in terms of subcellular localization
of the enzyme. This outcome is consistent with AGT-RHEAM
properly folding to dimers and interacting with the Pex5p receptor
with normal affinity (Table 2).

The consensus approach improves the solubility and crystallization
of AGT and CIPK24/S0S2 proteins

During the purification and crystallization trials of AGT HEM
and RHEAM, we observed an increase in the ability of
AGT consensus variants to crystallize and to increase the
protein yield upon expression in E. coli cells (Figures 6A and
6B). These results suggest that thermostability enhancement
of AGT provided by consensus mutations also increases their
crystallization propensity and solubility. We thus propose that the
consensus-based approach may be a simple strategy to increase
the crystallization success and protein yields in challenging
protein systems. To further support this notion, we have applied
the consensus approach to the kinase domain of the plant
CIPK24/SOS2 protein. WT CIPK24/SOS2 is a very unstable
protein with very poor yields as a soluble protein upon expression
in E. coli under several experimental conditions (Figure 6C and
results not shown), therefore impeding its characterization by
biophysical methods and X-ray crystallography. By applying
the consensus approach to CIPK24/SOS2, we have chosen
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(A) Increased levels of soluble protein by the consensus HEM and RHEAM variants compared with WT AGT upon expression in E. coli cultures. The cells were induced for 6 h at 4°C. The amount of
purified protein for the consensus variants is approximately 5-fold higher than for WT AGT, and all of them are approximately 90 % dimeric as judged by SEC (size-exclusion chromatography; results
not shown). (B) The consensus RHEAM variant shows a higher crystallization propensity (number of hits) than the WT protein under a variety of conditions. (C) Increased levels of soluble protein
for the consensus 5MxCIP24/S0S2 protein compared with the WT protein upon expression in E. coli cells at 16°C. (D) SEC analyses shows that 5SMxCIPK24 exists mainly as a monomer, whereas
3MXxCIPK24 aggregates to a larger extent. (E) The consensus 5SMxCIPK24/S0S2 variant shows a higher crystallization propensity (number of hits) than the WT protein under a variety of conditions.

A.U., absorbance units.

five mutations (P81K, EI107K, S109D, C127S and L266K)
that should stabilize CIPK24/SOS2 (Supplementary Figure
S6A at http://www.biochemj.org/bj/462/bj4620453add.htm). The
resulting consensus multiple variants (3MxCIPK24 and
SMxCIPK24) significantly improved the foldability and solubility
upon expression in E. coli cells (Figure 6C), increasing
the yield as soluble protein several-fold and decreasing the
tendency to aggregate along the purification process (notably
SMxCIPK24; Figure 6D), allowing its further characterization.
The SMxCIPK24 variant show a slightly higher T, value than
that for 3MxCIPK24 (Supplementary Figure S6B), suggesting
that the mutations P§1K and L266K target the solubility of this
protein rather than its thermostability. SMxCIPK24 produced
3.5 A resolution diffracting crystals (Supplementary Table S4),
whereas no crystallization hits were found for WT CIPK24
(Figure 6E). These results suggest that consensus mutations
may increase thermostability, solubility and crystallizability, even
though the correlation between the improvement of these three
properties may depend on the selected mutations and the protein
target.

DISCUSSION

In the present study we have successfully applied the consensus-
based approach to protein stability to generate, through
five single point mutations (AGT-RHEAM), an enhanced of
version of human AGT, a protein of biomedical interest. This
approach yielded a mutant enzyme with high kinetic stability
(approximately 1000-fold longer half-life than the WT enzyme
extrapolated to 37°C) and with improved catalytic performance.
The three dimensional structure of the AGT-RHEAM shows
how the consensus based mutations target the stability of the
native AGT dimer, which is the co-operative unit determining

the kinetic stability of human AGT in vifro (i.e. denaturation
follows first-order kinetics), partly by a remarkable optimization
of electrostatic interactions in the protein native state. Thus the
consensus-based approach can be efficiently applied to improve
protein stability and solubility in vitro and possibly in vivo,
which are known to strongly depend on protein thermodynamic
and kinetic stabilities [44—46]. Our approach may thus have
application to different fields of protein biotechnology aimed to
reduce the degradation and aggregation rates of protein-based
pharmaceutical drugs [47] and also, possibly, in preparations for
ERT. One of the advantages of the consensus-based approach
is that it does not require prior structural analysis of the
target protein or exhaustive experimental/computational work,
in contrast with other protein engineering technologies, such
as structure-based protein engineering [17,20,48,49], ancestral
resurrection approaches [12,20,50] and biophysical screenings in
cells [51].

The production of large amounts of high-quality protein
samples still is the bottleneck for many biophysical and
structural studies. Although the consensus-based approach for
stabilizing proteins is largely employed in biotechnology, to
our knowledge there are no reports on the ability of these
mutant proteins to improve recombinant protein production
for structural characterization. Importantly, the consensus-based
variants maintain the protein fold virtually unchanged, improving
the success of the crystallization process and increasing protein
solubility (as seen in the present study for the AGT and
CIPK24/SOS2 proteins). Protein homogeneity and solubility
are linked to successful crystallization which can be improved
by removing unstructured regions or by the introduction of
localized surface entropy-reducing mutations [52,53] and protein
stabilization by chemical ligands and solvent conditions [22,23].
Accordingly, the consensus-based approach seems to be a simple
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and generic strategy to identify those mutations that increase the
chance of crystallization in hard-to-get protein targets and, thus,
it may be complementary to current approaches based on protein
stabilization to increase the success in obtaining high-quality
protein crystals for high-resolution structural determinations
[22,23,51].

Another very attractive application for the consensus-based
approach in proteins of biomedical interest (such as human AGT)
would be to develop more efficient systems for GT and ERT.
Specific amino acid substitutions that result in enhanced activity
of coagulation Factor VIla [2] have been introduced in gene
replacement vectors in order to improve the therapeutic effect
obtained with the lowest viral dose possible in mouse models of
haemophilia [1]. An increase in protein stability would allow
reduction of the dose and/or the frequency of vector/protein
administration. However, we must note that the enhanced in vitro
stability of AGT-RHEAM does not translate into higher resistance
towards degradation or increased steady-state levels or solubility
inside eukaryotic cells (as seen by the similar expression levels
of AGT-WT and RHEAM; Figure 5). One possible explanation
for this is that the kinetically relevant state in vitro (leading to
protein aggregation upon thermal denaturation) might differ from
the state sensitive to cytosolic and/or peroxisomal degradation
by the corresponding protein quality control systems. Degradation
of AGT in the cytosol may likely occur through a proteasome ATP-
dependent mechanism [54]. However, the degradation pathway
of AGT in peroxisomes is unknown, but possibly involves a Lon
protease that selectively degrades oxidatively damaged proteins
[55]. Alternatively, it is plausible that evolution has provided the
human AGT WT enzyme with an adequate balance between
conformational stability and turnover to perform its function
efficiently in a relatively harsh scenario such as the peroxisomes
(with a high production of reactive oxygen species). Nevertheless,
itis plausible that increasing the conformational stability will lead
to higher transduction levels upon gene transfer and/or longer
half-lives of injectable ERT preparations in the bloodstream,
thus benefiting from the use of the consensus-based approach
to enhance protein stability and activity.

In summary, we have shown in the present study a simple
approach to improve protein kinetic stability and catalytic
performance in proteins of biomedical interest, with potential
applications in GT and ERT for a wide range of inborn errors of
metabolism. The present study clearly shows that the consensus-
based approach optimizes interactions in the AGT native structure
that efficiently increase the kinetic free energy barrier for protein
denaturation. Since the introduction of consensus mutations
maintain the overall protein fold and enzyme function while
increasing protein stability and/or solubility and speeding up the
crystallization process in two unrelated proteins (AGT and SOS2),
we also propose that this approach could be used as a simple and
generic strategy to obtain high resolution structural models of
proteins for which crystallization is a challenging task due to
protein stability issues.
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Abstract

Mutational effects on protein stability and foldability are important to
understand conformational diseases and protein evolution. In this work, we perform
a comprehensive investigation on the energetic basis underlying mutational effects
on the stability of human alanine:glyoxylate aminotransferase (AGT) and their
foldability upon expression in eukaryotic cells. We study twenty two variants whose
kinetic stabilities span over eleven orders of magnitude and classified in two groups:
1) ten naturally-occurring variants, including the most common mutations causing
primary hyperoxaluria type 1 (PH1); ii) twelve consensus variants obtained from
sequence-alignment statistics. We show that AGT dimer stability determines
denaturation rates, and mutations modulate stability by changes in the effective
thermodynamic stability, the aggregation propensity of partially/globally unfolded
states and subtle energetic changes in the rate-limiting denaturation step. In
combination with expression analyses in eukaryotic cells, we propose the existence
of two lower limits for AGT stability, one linked to optimal folding efficiency (close
to the major allele stability) and the other setting a minimal efficiency compatible
with glyoxylate detoxification in vivo (close to the minor allele stability). These
lower limits could explain the high prevalence of misfolding as a disease mechanism
in PH1 and support the use of pharmacological ligands aimed to increase AGT
stability as therapies for this disease.

1. Introduction

The intracellular levels of folded and active proteins are determined to a
large extent by their conformational (kinetic and thermodynamic) stability and the
interaction of folded and partially folded states with folding, degradation and
intracellular trafficking machineries (e.g. protein homeostasis networks; [1-3]).
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Protein stability and homeostasis networks have been adapted along molecular
evolution to provide an adequate balance between stability, flexibility, functionality
and evolvability [3-6]. Protein stability has been particularly important to develop
new protein functions and substrate/cofactor specificities, and for this, molecular
chaperones may have also played a dominant role in promoting functional diversity
and evolvability [7,8]. In many human misfolding diseases, mutations may often
reduce protein thermodynamic and kinetic stabilities, leading to enhanced protein
degradation, aggregation and, in some cases, aberrant intracellular trafficking [9-
12]. However, comprehensive studies on the relationship between mutation induced
destabilization and protein foldability in eukaryotic cells are scarce.

Primary hyperoxaluria type I (PH1) is a human metabolic disease inherited
in a autosomal recessive pattern and caused by mutations in the hepatic and
peroxisomal alanine:glyoxylate aminotransferase (AGT) enzyme. AGT catalyzes the
transamination of L-ala to pyruvate and of glyoxylate to glycine using pyridoxal 5-
phosphate (PLP) as coenzyme, and its main role is to detoxify glyoxylate in humans.
A defective AGT causes accumulation of glyoxylate, which oxidizes to oxalate and
eventually precipitates. This leads to renal failure, widespread oxalate precipitation
and oxalosis, which is a life-threatening condition unless liver and kidney
transplation are successful [13]. Mutations generally affect the ability of AGT to
fold properly, either leading to peroxisomal aggregation, mitochondrial mistargeting
or accelerated protein turnover [11,14-20].

Human AGT forms active dimers, with the two monomers being necessary
to form the two active sites, and each active site contains a PLP molecule forming a
Schiff base with Lys209. The AGT protein exists as two polymorphic variants,
named the major allele (or WT enzyme) and the minor allele (named in this work as
AGT LM), which contains two amino acid substitutions (P11L and 1340M)[13].
Despite the minor allele does not cause PH1 by itself, it is known to sensitize AGT
protein towards additional deleterious mutations [16,17,19,20, 21] and it is found
with higher frequency in PH1 patients that in control subjects (50% vs 20%,
respectively; [22]). More than 150 mutations have been described in PH1 patients,
and they affect residues distributed all over the AGT structure [22]. The molecular
basis of mitochondrial mistargeting and protein aggregation in PH1 are not fully
understood, but disease-causing variants show a decrease in their resistance towards
thermal and chemical denaturation, and importantly, reduced native state kinetic
stability, features which may play a role in these two pathogenic mechanisms [11,
13, 16, 19]. Importantly, a low protein stability seems to roughly correlate with
enhanced interaction of partially unfolded states molecular chaperones [14, 16, 19],
which may represent a checkpoint along folding of AGT and partitioning between
folding into dimers and peroxisomal import, aggregation and mistargeting to
mitochondria [11].

The consensus approach is a simple strategy to improve protein stability
that uses statistical information contained in protein sequence alignments ([23, 24]
and references therein). Originally, this stabilizing effect was explained by the
pseudo-equilibrium hypothesis, which implies that in an evolutionary time-scale,
neutral mutations are fixed in protein sequences with probabilities scaling with their
contribution to protein stability ([25] and references therein). More recently, it has
been proposed that consensus mutations reflect to some extent the thermophilicity of
ancestral proteins [26,27]. Indeed, kinetic and thermodynamic studies on consensus
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mutations have suggested that evolution may have optimized (at least in some cases)
kinetic rather than thermodynamic stability [25]. We have recently shown that
consensus mutations significantly enhance the kinetic stability of human AGT,
which might be useful to improve current gene- and enzyme-replacement therapies
for PH1 [24].

In this work, we have performed a comprehensive characterization of the
conformational stability of twenty two AGT variants in their holo-form (saturated
with PLP) by a combination of thermal and chemical denaturation studies, including
ten naturally-occurring variants and associated to PH1 [19]) and twelve consensus
variants that often enhance AGT kinetic stability [24]. Our results suggest a delicate
balance between protein energetics, thermodynamic stability and aggregation
propensities determining the wide range of kinetic stability observed (spanning from
hours to millions of years). The correlation between AGT kinetic stability in vitro
and foldability in eukaryotic cells for twelve different variants suggests the existence
of lower limits in AGT stability and foldability in health and disease.

2. Methods
2.1 Protein expression and purification.

Site-directed mutagenesis, expression and purification of holo-AGT dimers
has been recently described [19,24]. Proteins were kept at -80°C until use, and
protein concentration was measured spectrophotometrically using a €30,m=1.069
mg " 'ml-cm™.

2.2 Differential scanning calorimetry (DSC).

Preparation of protein samples in the absence of urea, analyses and fitting
procedures based on a two-state irreversible denaturation model (N—F, where N
and F stand for the native and the irreversible denatured states, respectively) have
been recently described in detail [16,19]. For calorimetric analysis in the presence of
urea, urea solutions were daily prepared and concentrations were determined by
refractive index measurements.

2.3 Structure-energetic relationships and calculation of activation energetics
parameters.

Mutational effects on the activation free energy (AAG*), enthalpy (AAH*)
and entropy (AASﬁ|= ) where determined on the basis of the transition state theory as
described in [28,29]. The values of AAHT and AAST where considered to be constant
owing to the highly linear Arrhenius plots found in all cases. However, the
temperature dependence of these two parameters are shown to modestly affect the
outcome of the following calculations (see Figure 4 for two widely different
temperatures). The effect of mutations on activation energetic parameters were
determined using the following expressions (equations 1-3):

k<37vc> (mut)

(WT)

AAG™ =-R-T-In

k(37”C) (Equation 1)
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AAH™ = E (mut) - E,(WT)
(Equation 2)

—TAAS™ = AAG™ - AAH™
(Equation 3)
Kinetic m values (m+) were determined from the urea concentration
dependence of the T}, and E, values for each variant according to [28], using the
following expression:

P T dIn RETaZ
m* =——a|_m \_pT "
T, \ dlurea] dlurea] (Equation 4)

For each experimental scan rate, T, and E, values in the absence of urea
were used, as well as the corresponding d7;,/d[urea] and dIn(E,/RT,%)/d[urea] values
obtained from their dependence on urea concentrations. The reported m™ are the
meanst+s.d. from three experimental scan rates.

The contributions from unfolding (AHUNF+) and solvation barriers (AH*) to
activation energies (=activation enthalpies) were determined following the
procedures described in [28,30]. Briefly, AHUNF+ and AH* were determined using
the following expressions:

- m” (Equation 5)
AH ™ =AH -
mg,
AH* = Ey - AHyyst (Equation 6)

The contributions of AHUNF+ and AH* has been determined for each variant
using two different methods to account for uncertainties inherent to the structure-
energetic parametrizations. We have thus used either experimental AH for each
variant or the theoretical AH values calculated at the T3, from the parameterization
of Robertson and Murphy [31] based on changes in total change in accessible
surface are (AASA) from the crystal structure of WT AGT (PDB:1HOC) and model
tripeptide Gly-X-Gly for the unfolded state (see [30] for further details). The
structural changes associated to the transition between the native and transition
states are calculated from the average values for AHUNF+, and AH" and their relation
with AASA . previously described [28,29].

2.4 Urea induced unfolding.

Concentrated urea stocks solutions were daily prepared in 20 mM HEPES,
200 mM NaCl, pH 7.4, and urea concentrations were measured by refractive index.
Protein unfolding was monitored by measuring ellipticity at 222 nm in a Jasco J-710
spectropolarimeter using 1-mm path-length cuvettes thermostatized with a Peltier
element. Urea solutions (7-9 M) containing a final concentration of 1 mM Tris(2-
carboxyethyl)phosphine (TCEP) were incubated at the target temperature (25-70°C)
for 10 min in a 1 mm path-length cuvette and then, concentrated protein solutions
(customarily 50 uM in AGT monomer with a 10-fold excess of PLP) were diluted
1:10, manually mixed and the time dependence of ellipticity was registered at 222
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nm. The dead time of the experiments was 15-20 s. These kinetic traces were always
excellently described by a single exponential function that yields an apparent rate
constant k. The dependence of & on urea concentration was found to be linear and

analyzed using the following expression:
=

m (Equation 7)
Ink =Ink,, ou) + T [Urea]

Where Inkynqom is the natural logarithm of the rate constant extrapolated to
the absence of urea and mT is the unfolding kinetic m value. The errors reported are
fitting errors.

The temperature dependence was analyzed using the Arrhenius equation:

k=A-exp[— E, l (Equation 8)

R-T
Where E, is the activation energy, R is the ideal gas constant and T is the
absolute temperature in K.

2.5 Sequence based prediction of aggregation propensity.

The aggregation propensity of human AGT enzymes was evaluated using
the Zyggregator algorithm (http://www-vendruscolo.ch.cam.ac.uk/zyggregator-
all.php; [32,33]). The input for these analyses was the primary sequence of human
AGT enzymes and calculations were performed at neutral pH. The Zyggregator
algorithm provides two different scores for propensities towards protein aggregation
(Zage, for amyloid formation, and, Zx, for non-native oligomer formation). The
algorithm provides aggregation propensities at the residue level as well as the
overall aggregation propensity of the entire sequence, in all cases considering an
unfolded state as reference (thus neglecting the contribution from the stability in the
native state).

3. Results
3.1 Naturally-occurring and consensus AGT variants display widely different
kinetic stabilities but share a common denaturation mechanism

We have recently reported thermal denaturation and kinetic stability
analyses on twenty-two variants of human AGT by differential scanning calorimetry
(DSC, [19,24]). This set of variants includes: i) ten naturally-occurring variants of
AGT, five of them are polymorphic variants: the major allele (WT), the minor allele
(LM), the two polymorphisms forming the minor allele individually (P11L and
1340M), and the R197Q change on the minor allele (a polymorphic variant recently
found in PH1 patients; [19]), and the remaining five variants known to cause PH1
(H83R, G170R, 1244T, A295T and A368T, all on the minor allele). All these
variants are correctly targeted to peroxisomes, with the exception of F152I and
G170R on the minor alleles, which are mistargeted to mitochondria, and often
decrease the yield in functional dimers when expressed in eukaryotic cells [19]; ii)
twelve consensus variants previously generated from sequence alignment statistics,
which were shown to increase in most of the cases AGT protein kinetic stability,
including five single point mutants (Q23R, S48H, S50H, D52E, V113A), three
double mutants (HE, S48H/D52E; HM, S48H/1340M; EM, D52E/1340M), a triple
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mutant (HEM, S48H/D52E/1340M), two four-fold mutants (RHEM,
Q23R/S48H/D52E/1340M and HEAM, S48H/D52E/V113A/1340M) and a quintuple
mutant (RHEAM, Q23R/S48H/D52E/V113A/1340M) [24]. The consensus variant
RHEAM is expressed at WT-like levels as functional dimers in eukaryotic cells and
normally targeted to peroxisomes [24], suggesting that these consensus mutations do
not alter intracellular traffic of AGT. As we show in Figure 1, the location of the
residues mutated in these twenty two variants scatter over the structure of dimeric
AGT, although some consensus variants reported to stabilize AGT (Q23R, D52E
and 1340M) generate a new cluster of stabilizing interactions at the dimer interface
[24].

Figure 2 shows representative DSC analyses for three AGT variants: WT,
P11L (a polymorphic variant with lower thermal stability) and the triple mutant
HEM (a consensus variant with enhanced thermal stability). All the AGT variants
studied are described well by a simple two-state irreversible denaturation model
with first-order kinetics, as supported by: i) good fittings to the experimental
calorimetric traces (Figure 2); ii) consistent values of the rate constants obtained at
different scan rates (see Arrhenius plots in Fig S1); iii) very similar activation
energy (£,) values obtained by applying the consistency tests proposed by [34](see
Figure S1 and Table 1); iv) first-order kinetics is supported by two independent
tests: the T3, values are independent of protein concentration (see Figure S2), and,
fittings to a two-state denaturation model including the reaction order (1/p) as a
fitting parameter showed negligible deviations from first-order kinetics
(experimental u values in the range ~0.9-1.0, see Table S1; Note that p=1 implies
first-order kinetics).

As shown in Table 1, the AGT variants studied cover a wide range of T},
values as well as kinetic stabilities extrapolated to 37°C [19,24]. The T, values
range from 58-92°C (at 3°C/min), therefore displaying T, values which are covering
a range of ~34°C. The extrapolated values for k at 37°C range from 2.9-10” min™ to
9.5:10™"* min™', which yield denaturation half-lives at this temperature from ~4 h to
~14 million years, thus spanning over eleven orders of magnitude. Despite the
inherent uncertainty associated to the long extrapolations to 37°C (mostly due to the
estimation of activation energies), the excellent agreement between T;, values and
kinetic stabilites at 37°C (Figure S3) support that overall these results are robust, and
thus, that the differences in kinetic stabilities observed reflect the free energy
difference between the dimeric native and denaturation transition states at
physiological temperature.

3.2 AGT variants show different structural and energetic differences between
the native and denaturation transition states.

In Figure 3, we show the denaturation enthalpies (AH; panel A) and E,
(panel B) for the denaturation of this set of AGT enzymes as a function of their 7},
values. Denaturation enthalpies are strongly dependent on T7), values, yielding a
slope (denaturation AC,) of 11.3+0.8 keal'mol™-K™". This value compares well with
the theoretical AC, of 14.8 kcal'mol™-K™" obtained using structure-energetics
parameterizations [31] and the changes in accessible surface area (AASA) from the
native state using the crystal structure of AGT WT (PDB code:1HOC; [35]) and a
model of the unfolded states based on Gly-X-Gly tripeptides [30]. These data
indicate that most of the native structure is disrupted in the thermally denatured state
6
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of these twenty-two AGT variants, and this situation holds for the entire set of
variants. The dependence of E, values on the T, of these AGT variants is much
weaker, yielding a slope of 1.85+0.15 kcal'‘mol™-K™". If we consider this slope as an
activation heat capacity change (ACp+, that is the difference in heat capacity
between the native and transition states), this may imply that the denaturation
transition state is close to the native state, in terms of solvent exposure. Accordingly,
determination of the kinetic m values (Figure 3C) in the presence of low non-
denaturating urea concentrations provide relatively small values (from ~0.4 to 1.2
kcal'mol™-M™, with an average value of 0.77+0.21 kcal'mol-M™) compared to the
theoretical equilibrium m value estimated for AGT from its crystal structure (11.5
kcal'mol-M™; using the parameterizations of [36]) indicating that: i) the
denaturation transition state shows less than 10% of the native state surface area
exposed to the solvent; ii) no clear trend for the kinetic m values is found for this set
of AGT variants regardless of their stability. Therefore, we may conclude that the
structure of the denaturation transition state is not largely altered by the mutations
studied in terms of structure when the data are analyzed considering their effects on
kinetic stability.

3.3 Enthalpy/entropy compensation occurs in denaturation free energy barriers
of AGT variants.

Mutations affecting protein kinetic stability may produce comparative small
changes in denaturation free energies due to the existence of large changes in the
activation enthalpic and entropic contributions that almost cancel out [19,28-30]. In
Figure 4A, we show the changes in activation enthalpies and entropies vs. the
changes in activation free energy for the set of twenty two AGT variants
extrapolated to 37°C. These results clearly show that changes in activation free
energies are comparative small compared to changes in activation enthalpies and
entropies for this set of AGT enzymes. However, these calculations required a
comparative long extrapolation to 37°C, since denaturation of most AGT variants
occurs at higher temperatures (7, = 70°C; Table 1). Nevertheless, similar
calculations performed at a temperature equal to the average T;, value of this set of
AGT enzymes (81°C) show the same behavior, despite the changes in activation free
energies are somewhat smaller. We can therefore conclude that these and further
analysis on activation energetics for this set of AGT mutants are quite robust
towards the reference temperature used, and that changes in kinetic stability are
associated to different contributions from enthalpy and entropy to denaturation
barriers that are highly correlated and almost cancel out.

3.4 Unfolding and solvation barrier contributions to AGT Kkinetic stability
Previous works have proposed that denaturation activation energies
(~enthalpies) contain two different contributions at the structural and energetic
levels: i) contributions from unfolding, arising from the unfolding and solvation of a
part of the native state surface area in the denaturation transition state (which is thus
proportional to the kinetic m values reported in Figure 3C); ii) contribution from
solvation barriers, networks of broken internal contacts in the denaturation
transition state but not yet solvated [28,30]. We have estimated both contributions
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for the denaturation of our set of AGT variants using previously described
procedures [28] (see Figure 5). These results indicate that both unfolding and
solvation barriers significantly contribute to the denaturation activation enthalpy of
the AGT variants with no clear difference between natural and consensus-based
variants (Figure 5A). We also observed a weak increase in both contributions as the
Tm value (a parameter that correlate excellently with the corresponding kinetic
stability; Figure S3) of the AGT is increased (Figure 5B). We must note that in the
calculations showed in Figure 5, the average kinetic m value for all AGT variants
(0.7740.21 kecal'mol*M™) was used, even though the results obtained using the
individual kinetic m values are quite similar but more scattered (Figure S4).

The unfolding and solvation barrier contributions originate from different
types of structural changes between the native and denaturation transition states [28-
30]. Using well-known structure-energetic relationships [31,37], we have used the
data obtained from the dissection of the activation enthalpies into unfolding and
solvation barrier contributions (Figure 5A) to estimate such structural changes
(Figure 6). We must note: 1) These structural changes are always small in structural
terms compared to the total AASA for unfolding (about 13% on average; Table 2
and Figure 6A); ii) Structurally, the changes associated to solvation barriers are
larger (about 2-fold; Table 2) than those found for unfolding; iii) Overall, no
significant differences (p > 0.05, using a t-test) for the structural effect are found
between natural and consensus-based variants; iv) Despite the uncertainty associated
to these calculations, it seems that the structural changes associated with solvation
barriers increase as the kinetic stability is raised (simply considering the T}, values),
while the trend for the unfolding contribution seems to be of opposite sign and
weaker (Figure 6B).

3.5 AGT Kkinetic stability is not rate-limited by global unfolding kinetics

We have shown that a comprehensive experimental analysis based on a
phenomenological two-state kinetic model (N—F) provides a good description of
thermal denaturation of AGT proteins and yields relevant structural and energetic
insight into the denaturation process. However, in our case, the two state kinetic
model often requires long extrapolations to physiological temperature and do not
shed light into the nature of the denaturation rate-limiting step. We must keep in
mind that the two-state kinetic model is a particular case of a more general
mechanism represented by:

NeU—-F

in which, a (partially) unfolded state U is in equilibrium with N, but it also
undergoes irreversible denaturation to the final state F. In this scenario, two-limiting
scenarios are found: i) U—F is much faster than U—N, and thus, the overall
denaturation rate is limiting by unfolding kinetics (N—U); ii) U—F is much slower
than U—N, and hence, both the equilibrium constant for N«»U and the rate constant
for the irreversible step U—F determine the overall denaturation rate [11, 38]. To
discriminate between these two scenarios, we have determined the kinetics for
global unfolding of selected AGT wvariants (WT, the highly stable natural
polymorphism 1340M, the very highly stable consensus HEM variant and the
destabilizing disease-causing A295T variant) at high urea concentrations and
different temperatures (Figure S5).
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The HEM variant is kinetically resistant to high (9M) urea at physiological
temperature, while 1340M is 3-fold more stable than WT and A295T denatures
about 4-fold faster than WT (Figure S5A). We have thus performed experiments at
different urea concentrations (Figure S5B) in order to obtain the urea denaturation
rate constants extrapolated to the absence of denaturant at different temperatures
(Figure S5C). Control experiments showed no protein concentration dependence of
denaturation rates at different temperatures and urea concentrations (Figure S5D),
supporting that no dimer dissociation occurs prior to the rate limiting step of urea
denaturation, in agreement with the analyses of thermal denaturation experiments
(Figure S2 and Table S1). The kinetic m values derived from urea-induced
unfolding kinetics are comparatively small and nearly temperature independent
(average mT at different temperatures are: WT.- 0.56+£0.07; A295T.- 0.32+0.02;
HEM.- 0.51+0.07; 1340M.- 0.69+0.14; in kcal'mol-M™) while the activation
energies are 22+12 (WT), 22+4 (A295T), 96+9 (HEM) and 130+5 (I340M)
kcal-mol™.

The comparison between rates extrapolated at 37°C obtained from
irreversible denaturation by temperature and by urea-induced unfolding are shown
in Figure S5E. In all cases, the rates for irreversible denaturation at 37°C
extrapolated from DSC experiments are lower than those obtained from urea-
induced denaturation, even though these differences widely vary among them, from
~20-fold for I1340M to 3.6-10°-fold for A295T. This supports that, in the context of
the NeU—F mechanism, the N—U step is not rate-limiting, and thus, the overall
denaturation rate should depend on both the thermodynamic stability (i.e. the
equilibrium constant for the N U step) and the rate of the irreversible step (U—F).
Thus, these results suggest that the changes observed in kinetic stability in natural as
well as in consensus-based mutants stem from either changes in thermodynamic
stability or the aggregation rate constant (or aggregation propensity) of unfolded
states.

3.6 Sequence-based analyses support that changes in aggregation propensities
from unfolded states partly correlate with changes in Kinetic stability

We have studied the aggregation propensity of our set of AGT variants by a widely
used algorithm which models protein aggregation from unfolded protein regions
[32,33] yielding two scores: Z,,, (Figure 7), which measures the propensity to form
high molecular weight aggregates (or amyloids), and Z,x (Figure S6), which
measures the tendency to form low molecular weight aggregates (or amyloid pre-
fibrils/oligomers). As shown, both methods provide qualitatively similar results.
Despite these algorithms were originally developed to study amyloid type of
aggregation, they may also provide information on the formation of other types of
aggregates since they may share some of the molecular mechanisms [39].

In general, the studied mutations do not change the overall aggregation propensities
(wt plus naturally occurring variants; 0.767 £0.009, range: 0.753-0.784; wt plus
consensus variants; 0.776 £0.004, range: 0.768-0.781) but seem to affect the local
aggregation propensities (Figure 7). Naturally-occurring variants mostly affect
regions with some aggregation propensity (positive Z,, values; Figure 7A).
Interestingly, the two polymorphisms forming the minor allele (P11L and [340M)
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affect the aggregation propensity in a manner that correlates with their effect on
protein kinetic stability. However, with the exception of LM-H83R, that decreases
holo-protein kinetic stability due to aberrant PLP binding [19], and R197Q, which is
a polymorphism not unambiguously associated with disease, the remaining
mutations show effects on aggregation propensity difficult to reconcile with their
effect on protein stability. This might imply, either that the algorithm does not
properly capture their effects on protein kinetic stability, or that the local stability of
these regions (which is not included in the algorithm) strongly affects their kinetic
stability in vitro.
The consensus mutations often occur in regions with moderate to mild propensity
towards aggregation (Figure 7C), and, in contrast to natural variants, all the
consensus mutations strongly increasing protein kinetic stability show a significant
reduction in the aggregation propensity considering the unfolded state as a reference
(Q23R, D52E, V113A and 1340M; Figure 7D). These results suggest that consensus
mutations may increase protein kinetic stability by decreasing the aggregation
propensity of partially unfolded states, and in the case of RHEAM, its very high
kinetic stability may arise from the contribution of several consensus mutations to
reduce its aggregation propensity. Additionally, the presence of stabilizing
interactions observed in the crystal structure of AGT RHEAM (mostly of
electrostatic nature) suggest that most of the kinetic stabilization induced by
consensus mutations may arise from favorable interactions in the native state
partially disrupted in the relevant denaturation transition state [24]. Therefore,
consensus mutations may enhance kinetic stability by selective stabilization of the
native state and also by decreasing the aggregation propensity of partially unfolded
states.
4. Discussion

In this work, we have performed comprehensive mechanistic and energetic
studies on a set of variants of human AGT with kinetic stabilities spanning over 11
orders of magnitude (implying changes in activation free energies up to ~15
kcal'mol™) and including naturally-occurring (associated to PH1) and consensus
variants (obtained from sequence alignment statistics). We show that the large
difference in the kinetic stability stems from large and highly compensating changes
in the enthalpic/entropic contributions to denaturation barriers. Interestingly, these
changes in kinetic stability seem to arise from relatively small changes the structure
of the relevant denaturation transition state that retains a native-like overall structure
and mostly involve changes in solvation barriers. We cannot either exclude some
local changes in structure and/or dynamics of the native state might occur upon
mutation, but it is unlikely that they could explain the difference in several thousand
A? found for instance in the contributions from solvation barriers (Figure 6B), since
the variants studied here showed similar hydrodynamic behavior as native dimers
[19,24], comparatively similar activity [19,24], denaturation energetics consistent
with similar degree of unfolding (AH.y and AC, values) and in some cases, almost
superimposable crystal structures [19,24]. All these results suggest that the kinetic
stability of AGT depends on a very delicate balance between the structure,
energetics and dynamics of the native and denaturation transition states.

A comparison of the irreversible thermal denaturation and urea-induced
global unfolding kinetics support that thermodynamic destabilization of the native
state and enhanced aggregation propensity of the unfolded state modulate AGT
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kinetic stability, since the irreversible denaturation step U—F from a global or
(partially) unfolded state is not rate-limiting. Due to the strong correlation between
the stability of holo- and apo-forms (Figure S7), this might also hold for apo-
proteins. Direct assessment of thermodynamic stability cannot be obtained from
equilibrium denaturation studies using urea or guanidium hydrochloride due to the
irreversibility of the chemically induced unfolding [16,40]. However, bioinformatics
analyses on the aggregation propensity of AGT variants from unfolded states
(Figure 7 and S6) may provide an estimation of the mutational effects on the
kinetics of the irreversible step U—F, and therefore, our results support that the
aggregation/irreversible step might be slowed down by consensus-based mutations
while no clear trend is found for naturally-occurring and destabilizing variants. This
might imply than disease-associated variants mostly affect the thermodynamic
stability of the native AGT, thus providing a mechanistic link for the low kinetic
stability of disease-causing variants and their reduced foldability upon expression in
eukaryotic cells (Figure 8).

The consensus mutations clearly enhance the kinetic stability of AGT,
apparently mostly through changes in solvation barriers that modestly affect the
structure/dynamics of the native and/or the denaturation transition state.
Remarkably, consensus mutations target the stability of the native state by
developing new favorable interaction in the AGT [19,24]. Noteworthy, consensus-
mutations also seem to reduce the aggregation propensity of partially unfolded states
as supported by bioinformatic algorithms. Nevertheless, consensus-variants seem to
fail in improving AGT foldability inside eukaryotic cells, as shown for 1340M and
RHEAM variants [19,24]. Therefore, it is plausible that human AGT WT represents
a stability threshold to provide sufficient stability for intracellular folding to active
dimers and proper turnover inside peroxisomes (Figure 8). Thus, we speculate that
the presence of consensus mutations in other vertebrate and eukaryotic AGT
proteins (see Figure 9)may provide additional stability to compensate for the
fixation of additional (destabilizing) mutations that are beneficial for AGT function
in the fitness of these organisms (for instance, to change substrate specificity).
However, to our knowledge, no comprehensive molecular characterization of AGT
enzymes from vertebrates other than humans have been performed to test this
hypothesis.

Naturally-occurring AGT variants show a very low degree of conservation
among vertebrates (Figure 9), which based on the perspective of the pseudo-
equilibrium hypothesis could explain their low fixation frequency due to their
protein destabilizing effect. Interesting, the P11L and 1340M polymorphisms, which
are found together (as the minor allele) in about 20% of non-PH1 alleles, show a
remarkable effect on protein stability and intracellular foldability, mostly due to the
effect of P11L [19]. The minor allele is known to predispose human AGT towards
additional deleterious effects of mutations, and thus, may represent a lower limit for
AGT stability separating health and disease (Figure 8). Similarly, the major allele
(WT AGT) may represent the lower limit for protein stability leading to optimal
intracellular foldability. Some additional mutations (such as G170R and F152I) may
lead to mitochondrial mistargeting possibly due to kinetic stability defects and
strong interaction with molecular chaperones [16, 24]. The intracellular milieu can
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modulate mitochondrial mistargeting possibly by tuning protein stability and
interactions with chaperones inside cells, thus explaining why some stability issues
(such as in 1244T on the minor allele) may lead to aggregation and/or mitochondrial
mistargeting depending on the expression system and conditions used [14,18,19].
By contrast, mitochondrial localization in vertebrate AGT proteins seems to rely
mostly in the presence of a long and import competent N-terminal mitochondrial
targeting sequence (MTS) [41] rather than in the presence of P11L variation (Figure
9). These results thus may support than mitochondrial localization of AGT in PH1
and along evolution in vertebrates operated through different molecular
mechanisms.

Our results allow conclude that human AGT WT displays the adequate
conformational stability to fold efficiently inside cells and to be targeted to
peroxisomes, while the minor allele represent the threshold between health and
disease, thus explaining the vast majority of PHl-associated mutations lead to
misfolding by reducing protein stability [11,17,19,40, 42-44] below the LM
threshold. Inside cells, AGT WT transiently interacts with molecular chaperones in
order to reach its functional and import-competent state to peroxisomes [16,19]. The
well-known action of molecular chaperones buffering destabilizing mutations [45],
may allow disease-causing mutants to fold inside cells but to a lower extent
[14,16,19,46], thus explaining loss-of-function in these mutations. Our results also
explain why pharmacological therapies based on native state ligands (such as
pyridoxine supplementation, which increases PLP intracellular levels), osmolytes
and low temperatures, that may increase AGT stability over the value of the minor
allele, are capable of rescuing AGT function in cells [18,47] and in patients [48,49].
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Table 1. Parameters for thermal denaturation and kinetic stability of AGT
enzymes derived from DSC analyses.

AGT variant T AH E, k3¢ m’

(°C)* | (kcal'mol’ | (kcal'mol’ | (min™)* | (kcal-mol
l)b l)c l_M-l)e
Naturally-occurring variants
WT 82.1 54745 109+5 6.4:10" | 0.76+0.10
P11L 73.8 399+5 9543 1.1:107 | 0.64+0.04
1340M 84.1 530424 115+4 1.7-10" | 0.62+0.11
LM 76.6 375+13 10145 2.2:10% | 0.94+0.07
LM-HS83R 58.2 235+16 5543 2.9-107 1.19+0.02
LM-G170R | 75.5 459+17 100+2 3.7210° | 0.96+0.05
LM-R197Q | 77.9 40146 11046 3.710° | 0.95+0.05
LM-I1244T 75.8 402+9 103+2 1.1-10% | 0.92+0.15
LM-A295T | 77.5 500+10 105+8 1.2:10% | 0.96+0.15
LM-A368T | 76.5 439+6 102+7 2.1-10% | 0.79+0.07
Consensus variants

Q23R 84.5 475+10 11245 1.1%¥10" | 0.82+0.15
S48H 85.5 520424 10443 2.33%107° | 0.66+0.06
S50H 67.1 357+17 67+2 6.82%10° | 0.42+0.14
D52E 84.4 544434 104+6 1.30¥10"° | 0.76+0.06
V113A 83.2 502+13 101£1 1.98%10” | 0.75+0.01
HM 88.0 599+45 116+9 1.08%10"" | 0.60+0.07
HE 81.5 486+13 101£1 7.20%10"° | 0.85+0.06
EM 86.9 573+£28 121+8 6.38%10" | 0.48+0.01
HEM 89.5 315+41 118410 | 4.28*10™ | 0.43+0.11
HEAM 91.0 613420 12245 9.5%10" | 0.46+0.13
RHEM 92.0 609+5 12545 1.7¥10"° | 1.05+0.12
RHEAM 93.7 638+31 125+6 1.1*¥10"° | 0.99+0.12

? Determined at 3K/min scan rate; values are from best-fits to a two-state kinetic model and
the errors associated at < 0.03°C

® meanzs.d. of at least three independent experiments at different scan rates; Expressed per
mole of dimer.

“ means.d. from the four consistency test proposed by [34].

d extrapolated from Arrhenius plots.

® meants.d. from DSC experiments at 3-5 urea concentrations and 3 different scan rates.

Table 2. Structural changes associated to unfolding and solvation barriers
components compared to the total denaturation AASA for the AGT variants.
Data are meants.d. for each group: all variants (N=22), naturally-occurring variants
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(N=10) and consensus variants (N=12). In parenthesis, the corresponding range of

values are shown.

Contribution % of total AASA
All variants Natural variants Consensus
variants
Unfolding+Solvation 13.1+1.8 (8.3- 12.9+1.6 (9.2- 13.3+2.0 (8.3-
barriers 16.6) 15.4) 16.6)
Unfolding 3.6£1.9 (0.4-7.3) | 4.5+1.5(2.2-7.3) | 2.8+1.9(0.4-5.6)
Solvation barriers 9.6+3.0 (1.9-15.9) | 8.2+2.8 (1.9-13.2) 10.5+£2.8 (7.7-
15.9)

Figure 1. Structural localization of mutations introduced in AGT. Residues shown
in blue are those involved in consensus mutations and those in red are changed in
naturally-occurring variants.
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Figure 2. Thermal denaturation of WT, P1IL (a naturally-occurring destabilizing
variant) and HEM (a consensus stabilizing variant). Experiments were performed as
described in [19,24] at the indicated scan rates. Lines are best-fits to a two-state
irreversible denaturation model with first-order kinetics [16,34].
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Figure 3. Correlation of calorimetric enthalpies (A), activation energies (B) and
kinetic m values (m™ ) with temperature. The x-ayis scale shows the average T,
values from three different scan rates. The calorimetric enthalpies are the mean+s.d.
from three different scan rates, the activation energies are from linearized Arrhenius
plots (see Figure S1) and the kinetic m values are the mean+s.d. from three different
scan rates using at least three urea concentrations. Open symbols are for consensus
variants and closed symbols for naturally-occurring variants.
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Figure 4. Enthalpy/entropy compensations in the denaturation free energy barriers
estimated at 37°C (panel A) or 81°C (panel B). Open symbols are for consensus
variants and closed symbols for naturally-occurring variants of AGT. Lines are only
to guide the eye and have no theoretical meaning. For sake of clarity, propagated
errors are not displayed.
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correspond to naturally-occurring (closed) and consensus (open) variants. Data are
calculated using two different sets of values and thus, standard errors are not
displayed.
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Figure 6. Structural changes between the native and denaturation transition states
associated to unfolding and solvation barriers. A) Structural changes (as total
AASA) for all AGT variants compared to the total unfolding AASA (the horizontal
dashed line indicate the total unfolding AASA of AGT native state and a model for
the unfolded state based on a —Gly-X-Gly- model). B) Dependence of the structural
changes (as a % of the total unfolding AASA) on the stability (7}, value) of the AGT
variants. The closed and open symbols in panel B correspond to naturally-occurring
(closed) and consensus (open) variants. Data are calculated from those displayed in
Figure 5, and errors are not displayed.
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Figure 7. Sequence-based prediction of aggregation propensities from unfolded
states (Z,qo Score) using the Zyggregator algorithm. The propensities per residue are
shown in panels A (naturally-occurring variants) and B (consensus variants), and the
position of mutant sites are indicated as circles. The difference between each variant
and the WT sequence are shown in panel C and D for naturally-occurring and
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Figure 8. Correlation between kinetic stability of holo AGT proteins and
intracellular foldability (A, total protein levels; B, fraction of soluble protein) in
eukaryotic cells. The dashed and dotted lines show WT and LM values as a
thresholds, while thick solid lines are linear fits of AGT variants with kinetic
stabilities equal or lower than WT. The correlation coefficients are: r’=0.56 (panel
A) and 0.48 (panel B), and their statistical significance are p<0.01 (panel A) and
<0.02 (panel B). Expression data are from [19,24].
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Figure 9. Divergence in conservation of natural-occurring (panel A) and
consensus-based (panel B) variants in AGT sequences from vertebrates. Closed
symbols indicate the frequency of the residue found in human AGT sequence while
the open symbols refer to the corresponding variant. Details on sequences used for
alignments has been reported elsewhere [24].
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