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“Nothing in life is to be feared, it is only to be understood. 

Now is the time to understand more, so that we may fear less”. 
 

― Marie Curie 
 

 



                                                                                                                           RESUMEN   

1 
 

RESUMEN 

La porfiria eritropoyética congénita (CEP) es una enfermedad rara, autosómica recesiva 
producida por la deficiencia en la actividad de la proteína uroporfirinógeno III sintasa 
(UROIIIS), la cuarta enzima de la vía biosintética del grupo hemo. Se considera una 
enfermedad multisistémica mutilante debido a la amplitud de signos y síntomas que sufren 
los pacientes, incluidas patologías hematológicas, cutáneas, oculares y esqueléticas, 
llegando a ser potencialmente mortal y para la cual, actualmente no existen tratamientos 
curativos disponibles. Bioquímicamente, en general, las mutaciones hereditarias reducen la 
estabilidad de la enzima, alterando su homeostasis y, en última instancia, disminuyendo la 
producción de hemo intracelular. Esto da como resultado la acumulación de subproductos 
de uroporfirina en el cuerpo, lo que agrava la patología con síntomas como fotosensibilidad 
de la piel y lesiones cutáneas fototóxicas desfigurantes.  
 
En la última década, los estudios sobre chaperonas farmacológicas que ayuden a la 
estabilidad de proteínas en enfermedades relacionadas con mal plegamiento de proteínas, 
han aumentado considerablemente debido su alto potencial terapéutico con bajos costes y 
alta eficiencia. Sin embargo, el uso de chaperones farmacológicas químicas presenta ciertas 
limitaciones relacionadas con la inespecificidad de la proteína diana, lo que puede conllevar 
a conflictos con el centro activo y una alta demanda de dosis para conseguir un efecto 
beneficioso. En este contexto, las chaperonas farmacológicas alostéricas emergen como 
una alternativa terapéutica más eficaz en la restauración de la proteostasis, sin afectar al 
centro activo y, en principio, con un radio de actuación a dosis bajas. En este trabajo, nos 
hemos enfocado en el desarrollo de una terapia basaba en chaperonas farmacológicas 
alostéricas para CEP, abordando la enfermedad desde el punto de vista mecanístico de la 
patología. Para ello, se ha llevado a cabo el desarrollo de una estrategia integral de 
detección de fármacos que integra enfoques computacionales y estructurales, en 
combinación con experimentos funcionales in cellula e in vivo. El éxito de esta estrategia 
se traduce en la detección demostrada de diferentes compuestos que potencialmente pueden 
actuar como chaperonas farmacológicas por unión a la proteína deficiente uroporfirinógeno 
III sintasa.  
 
En el presente trabajo, demostramos que uno de estos fármacos encontrados por la 
plataforma, el antifúngico sintético comercial ciclopirox (CPX), es capaz de asociarse a la 
enzima y estabilizarla. Cumpliendo el propósito de búsqueda, CPX se une a la enzima en 
un sitio alostérico distante del centro activo, por lo que no afecta a su función catalítica, 
actuando como chaperona farmacológica alostérica. Se ha comprobado que el fármaco es 
capaz de restablecer la actividad in vitro, in cellula e in vivo, además de aliviar la mayoría 
de los signos clínicos en un modelo murino (bona fide) de la enfermedad a concentraciones 
sub-tóxicas, estableciendo, en definitiva, una nueva línea de intervención terapéutica 
contra CEP, aplicable a la mayoría de las mutaciones sin sentido (nonsense) perjudiciales 
que causan esta enfermedad devastadora. 
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SUMMARY 
 
Congenital erythropoietic porphyria (CEP) is a rare autosomal recessive disease produced 
by a deficient activity in uroporphyrinogen III synthase (UROIIIS), the fourth enzyme of 
the heme biosynthetic pathway. It is considered a mutilating multi-system disease due to 
the wide range of signs and symptoms that patients suffer, impacting in many organs, being 
potentially devastating. The disease could be life-threatening and currently there are no 
curative treatments available. Biochemically, inherited mutations most frequently reduce 
enzyme's stability, altering its homeostasis and ultimately blunting intracellular heme 
production. This results in uroporphyrin by-product accumulation in the body, aggravating 
the pathology with symptoms like skin photosensitivity and disfiguring phototoxic 
cutaneous lesions.  
 
In the last decade, studies on pharmacological chaperones to assist protein stability in 
misfolding diseases, have increased considerably due to the high therapeutic potential in 
terms of efficiency and low costs. Nevertheless, the use of chemical pharmacological 
chaperones presents certain limitations related to the non-specificity of the target protein, 
which can lead to conflicts with the active site and often require a high demand of doses to 
achieve a beneficial effect. In this context, allosteric pharmacological chaperones emerge 
as a more effective therapeutic alternative in the restoration of proteostasis, since it does 
not affect the catalytic site and, in principle, with a proper action at low doses. In this work, 
we are focused on the search and development of allosteric pharmacological chaperones 
for CEP, addressing the underlying pathology of the disease from the mechanistic point of 
view. For that purpose, the development of a comprehensive drug detection strategy that 
integrates computational and structural approaches, in combination with functional 
experiments in cellula and in vivo has been carried out. The success of this strategy results 
in the proven detection of different drugs that can potentially act as pharmacological 
chaperones by binding to the deficient protein uroporphyrinogen III synthase. 
 
In here, we demonstrate that the synthetic marketed antifungal ciclopirox (CPX) associates 
to the enzyme and stabilizes it. Fulfilling the purpose of search, CPX targets the enzyme in 
an allosteric site distant from the active centre, not affecting the enzyme's catalytic, acting 
as allosteric pharmacological chaperone. We prove that the drug restores the activity in 
vitro, in cellula and in vivo, and is able to alleviate most of the clinical signs in a bona fide 
mouse model of the disease at sub-toxic concentrations, establishing a novel therapeutic 
intervention line against CEP, applicable to the majority of the deleterious missense 
mutations causing this devastating disease. 
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“There are, in effect, two things, to know and to believe one knows;  
to know is science; to believe one knows is ignorance.” 

 

― Hippocrates 
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I. INTRODUCTION 
 

I.1. Congenital erythropoietic porphyria (CEP). 
 

Heme group acts as a prosthetic addition to many enzymes, transporters, and receptors 
including hemoglobin, myoglobin, catalases, peroxidases, cytochromes P450 (CYP), and 
in sensor proteins for diatomic gases such as O2 or NO1. In eukaryotes and prokaryotes 
except archaea and some eubacteria, heme synthesis belongs to the well-established and 
conserved biosynthetic pathway2. Malfunction of this pathway will unequivocally result in 
the onset of pathologies, termed porphyrias. The porphyrias are defined as a clinically and 
genetically heterogeneous group of metabolic diseases which result from an either inherited 
or acquired dysfunction of the enzymes crucial for heme biosynthesis. In mammals, heme 
synthesis is accomplished by the sequential action of eight enzymes (mainly expressed in 
liver and in erythroid cells), each type of porphyria depends on the affected enzyme, 
suffering an accumulation of heme precursors denominated porphyrins, which causes acute 
neurovisceral symptoms and/or skin lesions3. Hence, porphyrias may be classified by 
different ways; according to the location of the deficient enzyme: erythropoietic (bone 
marrow) or hepatic (liver); based on the clinical manifestation; cutaneous or noncutaneous 
types or classified as either photosensitive or neurologic, but some porphyrias cause both 
symptoms; or alternatively, they can be classified either acute or non-acute porphyria, 
depending on whether the patient presents with an acute life-threatening attack4 (Figure 1).  
 
 

 
 

Figure 1. Classification of porphyrias. Heme biosynthetic pathway (left) and porphyria classification 
according to deficient enzyme, tissue location and the most clinical manifestation. The porphyrias highlighted 
in red correspond to acute porphyrias. (a) Erythropoietic porphyrias; (b) Hepatic porphyrias. 
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In the present work, within all types of porphyria, we focus our investigation on congenital 
erythropoietic porphyria (CEP; ICD-10 #E80.0; MIM #263700) or Gunther’s disease, 
which is related to a deficient function of the fourth enzyme in the pathway. Historically, 
the name of the disease has evolved until finally agreed to the name CEP. The first case 
was described in 1874 by J.H. Schultz who reported clinical features from a patient with 
skin photosensitivity, anemia, splenomegaly and red urine since childhood but was treated 
as a special form of leprosy, “pemphigus leprosus”5. The studies of the patient urine 
allowed identifying different pigments which considered as “hematoporhyrin” (dicarboxyl 
porphyrin derived in the laboratory from hemoglobin), suggesting that they were originated 
from an error of biosynthesis of hemoglobin6,7. In 1912, the physician Hans Gunther 
reported the case of Mathias Petry, a 19-year-old male who presented skin lesions and red 
urine, the disease was named as “congenital hematoporphyria”8. Subsequently, Gunther 
proposed to classify the pathologies of porphyrin metabolism in four types: 
hematoporphyria acuta, hepatoporphyria acuta toxica, hematoporphyria chronica, and 
hematoporphyria congenita 9. In 1923, Gunther was recognized as the first to define this 
rare condition as an inborn error of metabolism10 and, accordingly, CEP was also named 
after him as Gunther disease 11. Studies of Hans Fisher demonstrated that the pigments were 
different from hematoporphyrin and contributed stronger to the knowledge of the chemistry 
of porphyrins, abandoning the prefix “hemato” for porphyrins12. In 1955, Schmid and co-
workers underlined the erythroid nature of this disease suggesting ‘porphyria 
erythropoietica’ as a more appropriate name13. Finally, this form began to be called 
‘congenital erythropoietic porphyria’ to reflect an early onset of this clinical status 
compared with the other erythropoietic forms14. 

Nowadays, CEP is defined as an autosomal recessive genetic disease caused by a 
remarkable deficient activity of uroporphyringen III synthase (UROIIIS; EC 4.2.1.75), 
enzyme involved in the biosynthetic heme pathway15,16, although not completely absent 
activity (<1 to ~10% of normal). It is one of the less common porphyrias; considered a rare 
disease, whose prevalence has been estimated at 1 or less in 1 000 000, with approximately 
280 cases reported in the world14. Pathologically, the loss of enzyme activity causes the 
overproduction and accumulation of the non-physiological porphyrin at toxic levels, 
especially porphyrin isomers I [uroporphyrin I (URO I) and coproporphyrin I (COPRO I)] 
which are not metabolized inducing the hemolysis and release them into the plasma, 
distributed and deposits in the tissues17 causing the most characteristic features; skin 
photosensitivity and hemolytic anemia, among other symptomatology. 

The severity of CEP is normally classified according to the clinical features. Mild patients 
show cutaneous symptoms and can often live a normal live in adulthood; moderate patients 
have mild anemia and/or weak splenomegaly with skin lesions; and severe patients which 
are transfusion-dependent and sometimes show reduced life expectancy18,19. 
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I.2. Clinical features of CEP.  
 

CEP is always characterized by skin photosensitivity and hemolytic anemia. In addition, it 
is considered a mutilating multi-system disease due to the wide range of signs and 
symptoms that patients suffer, including hematological, cutaneous, ocular and skeletal 
pathologies. The severity of the clinical manifestations varies considerably among CEP 
patients and it is likely interdependent of the amount of porphyrin accumulated in the 
tissues, ultimately correlated with the levels of residual UROIIIS activity in the cells 
dependent on the different mutations of the enzyme20. 
 

I.2.1. Hematological manifestations. 
 

The main hematological pathology found in CEP is hemolytic anemia. In the bone marrow, 
it was observed that developing erythropoietic cells contained large amounts of porphyrins. 
Under fluorescent microscope most normoblasts have persistent red fluorescence localized 
to their nuclei, with heme-containing inclusion bodies being detected into the nuclei as well 
as in peripheral blood (Figure 2). The overproduction of porphyrin isomers I, mainly 
accumulated in these erythroid cells, causes variable hemolytic anemia associated with 
dyserythropoiesis, a defective development of blood red cells (RBC), producing defects 
such as abnormal nuclear division and disintegration of the nuclear envelope. This 
condition favors hemolysis that releases high content of porphyrins to circulating plasma. 
In addition, poikilocytosis, nucleated red cells, and basophilic stippling are common sings, 
and the marrow present erythroid hyperplasia 21,22 . 
 

 
 

Figure 2. Hematological CEP manifestations. A) Hemolytic anemia. Red blood cell smears. Anisocytosis 
and poikilocytosis are shown by arrow heads and hypochromic red cells by arrows23. B) Fluorescent blood 
red cells smear from CEP patient. Fluorescence due to intracellular accumulation of porphyrins, mainly URO 
I and COPRO I 21 . 
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Hemolytic anemia of varying severity is found in nearly all reported cases, from mild to 
severe depending on the balance between bone marrow erythroid hyperplasia and the rate 
of erythrocyte destruction, which often fluctuates considerably during the lifetime of a 
patient or from one patient to another. Eventually, in counted cases anemia is not present21. 
When severe hemolysis occurs, patients become transfusion dependent. Very severe 
hemolytic anemia may even cause hydrops fetalis22 . 

Generally, anemia is accompanied by secondary splenomegaly developed as a response to 
hemolysis and the need for the organism to eliminate the damaged RBCs, which are 
removed and destroyed in the spleen. The high turnover required induces for this organ to 
gradually become bigger, being the magnitude of splenic closely related to the severity of 
hemolysis, which may worsen the anemia inducing leucopenia and symptomatic 
thrombocytopenia24. 

At the level of regulation of the pathway, there is an attempt to compensate the anemia and 
the heme deficiency by increasing the enzymatic activity of δ-aminolevulinate synthase 2 
(ALAS2) and porphobilinogen deaminase (PBGD), as observed in hemolysates of CEP 
patients25. Therefore, erythropoiesis is being stimulated in response to anemia (Figure 3). 
This compensatory up-regulation increases UROIIIS upstream deficient bone marrow, 
which in turn increases the overproduction and accumulation of porphyrins worsening the 
symptomatology. On the other hand, approximately 20% of patients with mild phenotype 
of CEP are not showing anemia, which suggests that this compensation for increased 
erythropoiesis may be sufficient to compensate for the hemolysis26. 

 

 
 

Figure 3. Stimulation of erythropoiesis in response of hemolytic anemia. The compensatory upregulation of 
ALAS2 in heme biosynthesis pathway. Adapted from21. 

 

I.2.2. Photosensitivity; cutaneous damage and others manifestations.  
 

Skin photosensitivity is the result of the chemical qualities of porphyrins, whose 
photochemical properties can explain porphyrin phototoxicity. The electronic 
configuration of an aromatic porphyrin molecule provides unusual photoexcitation 
characteristics. Porphyrins have a largely conjugated double bond structure and the 
electrons are excited by wavelength light between 500 nm and 650 nm with main 
absorption peak at 408 nm (Soret band, in the visible spectrum). When multi-wavelength 
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photon radiation excites the porphyrins, the photochemically induced excited state returns 
to the ground state by releasing energy in form of the characteristic red fluorescence, 
phosphorescence or by heat dissipation. Yet, the fraction of light around the 408 nm 
promote porphyrins to a longer-lived excited state which, in turn, transfer the energy 
surplus to neighbouring molecules, ultimately leading to the phototoxicity responsible for 
the clinical features of the cutaneous damages manifested as skin photosensitivity after sun-
exposition. These photodynamic reactions stimulate the production of reactive oxygen 
species (ROS) that damage tissues directly, and also indirectly by stimulating 
proinflammatory mediators, complement activation, mast cell degranulation and matrix 
metalloproteinase activity21,22,27 (Figure 4). 
 

 

 

Figure 4. Photodynamic reactions of porphyrins. Radiant energy (hν) stimulates the transition to photoexcited 
states. The photoexcited porphyrins generate reactive oxygen species, which damage cells and tissues27. 

Generally, the phototoxic cells damage includes lipid peroxidation and alteration of the 
membranes, which contributes to the release of enzymes and mediators from cells such as 
mast cells and polymorphonuclear cells, increasing serum histamine levels and causing an 
inflammatory response. As well as the interaction between activated mast cells and 
fibroblasts may contribute to fibrosis and sclerodermoid skin changes27. 

At the symptomatology level, CEP photosensitivity is manifested early in life as a series of 
cutaneous damages such as vesicular or bullous eruptions in the skin exposed to light. The 
fragility in the skin is associated with secondary infections with erosions that heal slowly, 
leaving scars with hyperpigmentation. Ultimately, this type of cutaneous damage can lead 
to severe mutilation of fingers, hands, ears, lips and nose (Figure 5). 
 

 
Figure 5. CEP cutaneous damage. Progressive scarring and mutilations of severe CEP patients. 8-year-old 
girl (left)21. Severe case of CEP in an adult (right) 28. 
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As progress of the disease, depending on the severity of the disease, have been described 
other types of manifestations derived from the photosensitivity and the accumulation of 
porphyrins, such as ocular involvement (chronic conjunctivitis, leukoma, cataracts, corneal 
ulcers, iritis or Scleromalacia perforans), erythrodontia (deposition of porphyrins in the 
enamel by binding to dental calcium phosphate during teeth development) and skeletal 
abnormalities (Deposits of porphyrins in bones that result in osteodystrophy characterized 
by osteolysis and turnover type of osteoporosis) (Figure 6).  
 

 
Figure 6. Other clinical CEP manifestations. Scleromalacia perforans in the external interpalpebral region of 
a woman adult CEP patient (left). Erythrodontia of a CEP boy patient (right)21. 

 

I.3. Diagnosis. 
 

The diagnosis of CEP usually is suspected in infancy from the early onset of severe 
cutaneous photosensitivity accompanied by pink to dark-brown fluorescent urine and 
erythrodontia. Urine porphyrins, primarily URO I, fluoresce with a brilliant pink color 
when exanimated under Wood’s light (long-wave ultraviolet (UV) light lamp)29,30 (Figure 
7 ).  
 
 

 
Figure 7. Observation of urine porphyrins (primarily URO I). The diaper from a child with CEP, porphyrins 
fluoresce with a brilliant pink color when illuminated with a Wood’s light (left)28. Comparison between 
normal urine and red-to-brown urine of CEP patient (right) 21. 

In addition to physical and careful familiar medical history, the definitive diagnosis requires 
biochemical analysis of porphyrins from biological samples as urine, stool, plasma, or 
RBCs. Fractionation and separation of isomers I and III is the main basis in this type of 
analysis, preferentially by high-performance liquid chromatography (HPLC) with a 
fluorescence detector31. Due to the pathological state and the regulation of the organism 
trying to eliminate the accumulated amount of porphyrins, the biological samples have a 
characteristic pattern with abnormal high peaks of porphyrins (URO I and COPRO I) 
detected by HPLC (Table 1; Figure 8). 
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Table 1. CEP diagnostic tests. Porphyrins increment from biological samples. n = normal concentration.             
a Fluorescence emission spectrum shows a peak at 615–618 nm when the plasma is excited at a wavelength 
of 405 nm, which is indicative of a positive result21. 

Determination of the residual activity of UROIIIS reinforces CEP diagnosis. The analysis 
is normally performed from erythrocytes or lymphocytes, and the enzymatic assay is 
performed after the incubation of hemolyzed cells with porphobilinogen (PBG), which 
leads to the formation of hydroxymethylbilane (HMB), substrate of UROIIIS. The isomer 
I and III formation are analyzed by HPLC and the profiles allow the identification of 
patients CEP and carriers32. 
 

 
Figure 8. Characteristic HPLC profiles of hemolysate (A), urine (B) and stool (C) of a patient with CEP 
showing the predominance of isomers porphyrins I resulting from the oxidation of the respective 
porphyrinogens 21. Uro I: uroporphyrin I; Hepta I: Heptaporphyrin I; Penta: pentaporphyrin; Copro III/I: 
coproporphyrin III/I; ZPP: zinc-protoporphyrin. Adapted from21. 
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The ultimate confirmation diagnostic test consists in the identification of mutations 
encoded in the UROS gene, by amplification of the latter after blood DNA extraction. The 
sequencing should allow the detection of mutations and confirms the biochemical 
diagnosis18 (Figure 9). 

 

 
Figure 9. DNA sequencing of CEP patient. Electropherogram of UROIIIS exon 10 from CEP patient 
compared to a normal individual. P248Q mutation results in a proline-glutamine substitution in the protein21. 
 

These analyses are important for the diagnosis since they allow to differentiate CEP patients 
from other types of congenital photodermatoses. Cutaneous defects in patients with 
xeroderma pigmentosum, epidermolysis bullosa, hydroa vacciniforme, and bullous 
pemphigoid may resemble those found in patients with CEP, yet porphyrins analysis is 
determinant to distinguish them.    

Finally, a rapid and reliable diagnosis (including prenatal diagnosis) of CEP is essential. 
This should allow non-delayed clinical decisions and the instaurations of early preventive 
measures in infants. 

 

I.4. Treatment. 
 

Currently, different preventive strategies are devised to decrease the amount of 
accumulated porphyrins: suppression of erythropoiesis, short or long-term blood 
transfusions, splenectomy in severe cases, use of agents that help excrete porphyrins such 
as cholestyramine and charcoal, among other palliative therapies. In general, these 
treatments vary from one patient to another, being ineffective or mostly, producing 
secondary effects and various complications especially emphasizing iron overload, 
thrombocytopenia or risk of infections among others26,28,33. 
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Another strategy is the photoprotection, for example, the oral administration of beta 
carotene increases sun tolerance of the skin but it alone does not become effective34 and 
sunlight avoidance is fundamental. Thus, it is strongly recommended for CEP patients the 
use of sun protective clothing, hats, opaque sunscreens with pigmentary grade titanium 
dioxide or zinc oxide, possibly with added iron oxide can be effective. Unfortunately, these 
physical barriers could lead to vitamin D deficiency, so additional supplementation can be 
necessary35. 

The current curative treatments that are applied are bone marrow or hematopoietic stem 
cell transplantation (HSCT) and genetic therapy. HSCT is currently the most effective to 
cure CEP, however involves many operative risks and there are cases of patients who have 
died36,37 as well as post-operative complications such as transplant rejection or 
infections35,38. In any case, not all transplanted patients have been reported and their follow-
up is currently deficient. Concerning gene therapy, the use of viral vectors containing non-
deficient human UROIIIS cDNA has corrected in vitro the enzymatic defect in CEP cells 
39. This supports a future use of this approach for the cure of CEP in humans. However, the 
use of gene-transfer techniques in the clinical setting should avoid the risk of genotoxicity. 
The alternative use of induced pluripotent stem cells (iPSCs) for gene therapy may be a 
safer alternative 40. 

Consistently, there are currently no approved treatments for CEP, highlighting the need of 
identifying novel therapeutic strategies that addresses the underlying pathology to impact 
significantly in the quality of life of these patients. 

 

I.5. Molecular basis of CEP pathogenesis.  
 

The molecular basis of CEP pathologies is closely related to the alteration of the 
biosynthesis of heme group. In particular, as defined above, the deficient enzyme is 
UROIIIS. Therefore, we will make an in-depth review of the structure, thermodynamic as 
well as mechanistical studies of the involved enzyme, for which the mutations detected 
generate instability leading ultimately to the pathology of the disease by accelerating 
protein misfolding.  
 

I.5.1. Heme group biosynthesis.  
 

The heme group plays important roles in oxidation-reduction reactions and oxygen 
transport, which is necessary for a variety of hemoproteins, such as hemoglobin, 
myoglobin, respiratory cytochromes, and cytochrome P450 (CYP) enzymes. In humans, 
although the heme group is produced in all cells, approximately 85 % daily is mainly 
synthesized by erythrocytes in the bone marrow and most of the rest takes place in 
hepatocytes cells41, for obtaining CYP, which are especially abundant in the liver 
endoplasmic reticulum (ER). At least in humans, under normal conditions, physiological 
concentrations of porphyrins stay low because of the high efficiency of heme synthesis, 
which seems to indicate that the enzymes work at the maximum possible speed. 
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On the contrary, abnormal regulation of heme synthesis may result from defects in enzymes 
of the synthetic pathway, and this may occur as the result of inherited and/or environmental 
factors leading to the accumulation in the body of one or more heme pathway intermediates, 
such as the porphyrins or their precursors, as occurs in the case of CEP, produced ultimately 
by the fourth enzyme deficiency of the route (UROIIIS). 

Heme biosynthesis is a chemically sophisticated process, constituted by a series of 
sequential reactions carried out by eight different intracellular enzymes localized between 
the mitochondria and the cytosol (Figure 10). The first enzyme, δ-aminolevulinate synthase 
(ALAS; EC 2.3.1.37), as well as the last three enzymes, coproporphyrinogen oxidase 
(CPOX; EC 1.3.3.3), protoporphyrinogen oxidase (PPOX; EC 1.3.3.4) and ferrochelatase 
(FECH; EC 4.99.1.1) are mitochondrial, whereas the remaining enzymes including δ-
aminolevulinic acid dehydratase (ALAD; EC 4.2.1.24,), porphobilinogen deaminase 
(PBGD; EC 4.3.1.8), uroporphyrinogen III synthase (UROIIIS), and uroporphyrinogen 
decarboxylase (UROD; EC 4.1.1.37) are localized in the cytosol. The synthesis of heme 
group is the result of several chemical processes including the formation of the pyrrole 
moiety, the condensation of pyrroles to render a linear tetrapyrrole and the subsequent 
cyclization with inversion of configuration. This metabolite is the scaffold for further 
modifications of the tetrapyrrole side chains and a final oxidation of protoporphyrinogen 
IX (PROTOgen IX) to protoporphyrin IX (PPIX) followed by insertion of iron.  
 

 

 
Figure 10. General scheme of heme group biosynthetic pathway, which occurs between the mitochondrion 
and the cytosol. Acronyms for the enzymes: δ-aminolevulinate synthase (ALAS), δ-aminolevulinate 
deaminase (ALAD), porphobilinogen deaminase (PBGD), uroporphyrinogen III synthase (UROIIIS), 
uroporphyrinogen decarboxylase (UROD), coproporphyrin oxidase (CPOX), protoporphyrin oxidase 
(PPOX) and ferrochelatase (FECH). Each specific porphyria is linked to a deficient activity in each enzyme 
of the pathway. Adapted from16. 
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The synthesis begins with the formation of δ-aminolevulinic acid (ALA) as a natural 
precursor of the route in the mitochondrial matrix, being the first and rate-limiting reaction 
in the pathway. Two different ways of ALA production have been described; Shemin and 
the “C5-pathway”2,42 (Figure 11). The first one, discovered by Shemin, involves the 
condensation of glycine and succinyl-CoA by ALAS and occurs in mammals, fungi, and 
α-proteobacteria. The “C5-pathway” is found in plants, archaea and most bacteria. In this 
alternative biosynthetic path, ALA is produced from tRNA-bound glutamate in two steps: 
an initial reduction of glutamyl-tRNA to glutamate-1-semialdehyde by the glutamyl-tRNA 
reductase (GluTR; EC 1.2.1.70) and the subsequent transformation into ALA by glutamate-
1-semialdehyde-2,1-aminomutase (GSAM; EC 5.4.3.8)43.  

Whereas there is usually only one isoform of bacterial ALAS proteins, mammals carry two 
different ALAS isoforms; ALAS1 and ALAS2. ALAS1 is ubiquitously expressed in all 
tissues providing the basic needs of heme in the non-erythropoietic cells. ALAS2 is 
expressed exclusively in the erythropoietic cells sustaining high levels of heme 
biosynthesis and playing an important role during the late stages of erythropoietic 
differentiation, becoming essential for the maturation of the blood cells44. Regardless of the 
isoform, ALAS always uses pyridoxal 5'-phosphate (PLP) as an essential cofactor45. 
 

 

 

 
 

Figure 11. C5 and Shemin pathways for ALA biosynthesis. Adapted from42. 
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ALA is exported to the cytosol. The mechanism of ALA transport is not fully understood, 
but a role for solute carrier family 25 member 38 (SLC25A38) and ATP-binding cassette 
subfamily B member (ABCB)10 has been suggested41,46,47. Once on the cytosol, two 
molecules are condensed to yield the pyrrole ring porphobilinogen (PBG), in an enzymatic 
reaction catalyzed by ALAD. The assembly of tetrapyrrole occurs when four molecules of 
PBG are condensed by PBGD to render the highly unstable linear tetrapyrrole 
hydroxymethylbilane (HMB)48, substrate of UROIIIS (Figure 12).  
 

 
Figure 12. Biosynthesis of the linear tetrapyrrole HMB from ALA. A= Acetate; P= Propionate. 

Particularly, under the biochemically point of view PBGD is an interesting enzyme because 
of it catalysis four distinct reactions: it forms a linear tetrapyrrole from four units of PBG 
using a single active site, with a distinct and yet chemically equivalent bond being form 
each time. The existence of four distinct complexes of the enzyme, each containing a 
separate reaction intermediate was proven before49, but the complexes were never 
characterized at the structural level. Our laboratory for the first time has been able to 
capture, separate and monitor stable reaction intermediates of PBGD. The results prove the 
dynamic character of the enzyme and results in the first diffraction of PBGD crystal with 
an intermediate bound. 

Following the pathway, UROIIIS catalyzes the rapid cyclization of the linear tetrapyrrol 
HMB, inverting the configuration in one of the aromatic rings to form the first cyclic 
intermediate of tetrapyrrole uroporphyrinogen III (UROgen III). Since this enzyme is the 
source of mutations that produce CEP, a detailed mechanistic and structural description of 
UROIIIS is reported in section I.5.2. In the absence of the UROIIIS enzyme (or when ill-
functioning), HMB spontaneously degrades to the by-product uroporphyrinogen I 
(UROgen I). This process occurs by non-enzymatic reaction and the by-products cannot 
lead to the heme group and accumulates in the body, producing some of the symptoms 
observed in CEP patients. The subsequent steps of the route enable the modifications of 
tetrapyrrole side chains required to produce heme. UROD catalyzes the stepwise 
decarboxylation of the four acetic acid chains of UROgen III (and UROgen I) to yield the 
corresponding methyl groups of coproporphyrinogen III (COPROgen III) or COPROgen I 
(Figure 13).  Remarkably, such decarboxylation is produced step-wise with all the 
intermediates (Hepta-, Hexa- and Penta- porphyrinogen III/I, Figure 13) being natural 
substrates of UROD. 
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Figure 13. Biosynthesis of the macrocycle tetrapyrrole COPROgen III from HMB. Part of HMB is also 
condensed non-enzymatically to form the biologically inactive UROgen I. Decarboxylation of UROgen III/I 
to form COPROgen III/I catalyzed by UROD. Intermediates are represented; Heptaporphyrinogen III/I, 
Hexaporphyrinogen III/I and Pentaporphyrinogen III/I. A= Acetate; P= Propionate; M= methyl. 
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Analyzing further down in the metabolic pathway, COPROgen III is imported into the 
mitochondrial intermembrane space by the membrane transporter ABCB650, and it is then 
transformed into PROTOgen IX by the action of the oxygen-dependent CPOX. PROTOgen 
IX is further oxidized to PPIX by PPOX. Finally, ferrous iron is incorporated into PPIX to 
form heme in the mitochondrial matrix, a reaction catalyzed by FECH (Figure 14). FECH 
is another rate-limiting enzyme of the heme biosynthetic pathway. 
 

 

 
Figure 14. Final part of the biosynthesis of heme group from COPROgen III.  A= Acetate; P= Propionate; 
M= methyl; V= vinyl group. 

In non-erythrocytes cells, the regulation of the pathway depends on the pool of free heme 
levels, where ALAS1 is regulated by negative feedback of the free heme pool produced. 
Instead, in the erythrocytes, the heme group activates its own synthesis due to the high 
requirements of heme during differentiation and maturation of the erythropoietic cells. In 
this case, heme biosynthesis is closely related to the amount of iron regulating the 
expression of ALAS2 and FECH enzymes. Such regulation is produced at the RNA level 
thanks to a special structural element in the promoter region (erythroid promoter region, 
PE), which selectively recognizes the iron ion. 
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I.5.2. Human Uroporphyrinogen III synthase (UROIIIS); Structure and 
Function.  
 

UROIIIS is the fourth enzyme of the heme biosynthesis pathway localized in the cytosol, 
whose importance lies in the formation of the first cycled tetrapyrrole UROgen III, without 
becoming a limiting step in the route. Its structure was crystallized for the first time by 
Mathews, M. et al.51 at a resolution of 1.85 Å determining that the protein folds into two 
alpha/beta domains connected by a beta-ladder, with the active site between the domains 
(Figure 15). 
 

 

 

Figure 15. UROIIIS structure in stereo. Helices and strands of domain 1 are blue and red, helices and strands 
of domain 2 are green and orange. Strands connecting the two domains are yellow. Secondary structure 
elements and chain termini are labeled. The dotted line represents the disordered loop (residues 114-118)51. 
 

It has been described that UROIIIS is a remarkably thermolabile and highly efficient 
enzyme32 with a catalytic activity of 2.5x108 sec-1 M-1, being more active than other 
cytosolic enzymes in the pathway52. Consequently, UROIIIS does not catalyze a rate-
limiting step in heme biosynthesis, this may explain why in some mild CEP patients do not 
present hematological abnormalities. The high catalytic efficiency of UROIIIS combined 
with the relative low PBGD activity in RBC precursors favoring the conversion of HMB 
substrate into the physiologically active form UROgen III, and only a minor part yields the 
non-physiological product UROgen I 53. Such UROgen I product constitute a minimal 
amount and the oxidized form of this metabolite, uroporporphyrin I (URO I) will be 
eliminated by the urine31. In most CEP patients, the residual UROIIIS activity in 
erythrocytes ranges from 5 to 35 % of the normal values21. 
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As mentioned above in the description of heme biosynthesis, UROIIIS catalyzes the 
formation of UROgen III from the linear tetrapyrrole HMB. In order to clarify the 
mechanism of action and based on the structural data available, it has been proposed a 
scheme of the catalytic mechanism for UROIIIS, in which rearrangement of the A ring 
results in the loss of the C20 hydroxyl group to create a carbocation at C20 that performs 
an electrophilic attack on C16 to form a spirocyclic pyrrolenine intermediate (Figure 16). 
This intermediate can resolve in the same direction thus restoring the substrate or in the 
opposite direction to generate an azafulvene. Intriguingly, UROIIIS forces a conformation 
in the tetrapyrrol that separates C19 from C20 to avoid the electrophilic attack that would 
lead to the formation of the I isomer. The high degree of flexibility conferred to the D ring 
may be required for the flip that this ring has to undergo prior to the formation of the III 
isomer product16,51. 
 

 
Figure 16. Conversion of HMB to UROgen I (non-enzymatic) and UROgen III (enzymatic). A, acetate; P, 
propionate. The linear tetrapyrrole is cyclized by UROIIIS with inversion of ring D to form the asymmetric 
product UROgen III (pyrrole rings labeled A–D). Adapted from51. 

 
I.5.3. Missense mutations on UROIIIS causing CEP. 
 

The UROIIIS human protein is composed of 265 amino acids (aa) encoded by the UROS 
gene, located on chromosome 10q25.2-q26.3 (Figure 17), whose total length is about 34 kb 
and consists of 10 exons and 10 introns. Alternative promoters with tissue-specific 
regulatory elements for housekeeping for constitutive expression in all cells or erythroid-
specific expression increased during hemin-induced erythroid differentiation54 (Figure 17). 
The protein is active as a monomer with an apparent molecular mass of 29.5 kDa32. 
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Figure 17. UROS gene location and regulation. A) UROS gene location on chromosome 10q25.2-q26.3. 
Image from Genome Decoration Page/NCBI (https://ghr.nlm.nih.gov/gene/UROS).B) Schematic architecture 
of the UROS gene and the different housekeeping and erythroid mRNA transcripts. AT and TG indicate the 
translation start and stop sites. Arrows and letter P indicate the housekeeping (PH) and erythroid promoter 
(PE) regions. The housekeeping promoter region is upstream of the non-coding exon 1, while the 
erythropoietic promoter region is within intron 1 upstream of the non-coding exon 2A, which is immediately 
upstream of the coding exon 2B. The translation start site for both transcripts is 26 bp downstream of the 
exon 2A/B junction. Hence, single gene yields two alternative RNA transcripts, a housekeeping transcript 
containing the 5’ untranslated exon 1 joined to exons 2B through 10 and an erythroid-specific transcript with 
the 5’untranslated exon 2A joined to coding exons 2B through 10. This arrangement yields different 
transcripts in erythroid and non-erythroid cells, although both initiate translation at the same initiation codon 
and thus yield identical URO synthase proteins. Adapted from21,54. 

 
To date, over 49 URO-synthase disease-causing mutations are listed in the Human Gene 
Mutation Database (www.hgmd.org), divided in missense mutations (29/49), splicing 
defects (4/49), insertions/deletions (10/49) and mutations in the erythroid promoter or 
transacting erythroid-specific transcription factors (6/49). That said, patients with CEP 
genotype also have been diagnosed without mutations identified in any of the alleles35 and 
produced by enzyme activating mutations in the ALAS2 gene. Nevertheless, missense 
mutations in the coding region are the most common source of CEP pathogenesis, where 
according to the cases reported, by far, the most frequent mutations in CEP are C73R (exon 
4) and P248Q (exon 10) whose allelic frequency is established in 35% and 10% 
respectively (Table 2). On the other hand, due to the diversity of mutations for the UROS 
gene and the recessive characteristic of transmission, both progenitors must carry a 
mutation for the enzyme showing different severity of the disease.  

 

 

 

https://ghr.nlm.nih.gov/gene/UROS).B)
http://www.hgmd.org),
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Table 2. Missense mutations of UROS gene. Human Gene Mutation Database (www.hgmd.org). 
(a)Accounting for all the cases reported in the scientific literature to date. Adapted from55. 
 

It is clear then that there is a relationship between the genotype/phenotype according to the 
classification established by Warner, C. et al.18; Fontanellas, A. et al.19 and briefly stated in 
section I.1, the severity is divided in mild patients with cutaneous symptoms and can often 
live a normal live in adulthood; moderate patients have mild anemia and/or weak 
splenomegaly with skin lesions; and severe patients which are transfusion-dependent and 
sometimes show reduced life expectancy. Since it is clear that the disease onset is related 
to the specific genotype inherited, Figure 18 now shows the genotype/phenotype 
relationship according to this classification. 

http://www.hgmd.org).
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Figure 18. Genotype/phenotype analysis of the studied cases of congenital erythropoietic porphyria. Mild, 
moderate, and severe phenotypes are colored in yellow, orange, and red, respectively. Patients with different 
phenotypes but sharing genotype are represented by triangles16. 

 

It has been observed that the majority of reported patients inherit the same mutation, which 
could be explained from a local spread of the mutation within demographic groups.  C73R 
is the most aggressive and frequent mutation, responsible for more than one-third of all 
reported known cases of CEP. Therefore, from the clinical point of view, C73R is the most 
relevant mutation in CEP56, it has received special attention in the literature and it also 
constitutes and important scientific goal to be addressed in the present work. 
 

I.5.4. Stability and catalytic activity of UROIIIS variants associated to CEP.  
 

UROIIIS is a thermolabile protein undergoing irreversible denaturation, being an unstable 
enzyme that evolves into an unfolded and aggregated final form over time. However, at 
physiological temperature and in vitro, UROIIIS has a half-life time of 61.1 h, a sufficiently 
long time for the enzyme to exert its function in the cell57. This dynamic energy landscape 
for the UROIIIS protein has been characterized using a simple three-state model, which is 
suitable to describe the so-called kinetically stable proteins58: 

 

where kNU, kUN, and kUF are the kinetic rates of the process, N is the native state and U the 
unfolded state that spontaneously converts into the more stable (often inactive) final state 
F. Nuclear magnetic resonance (NMR) studies determined that the unfolding rate (kUN) for 
UROIIIS at physiological temperature is 1.6±0.2x10-6s–1 16. In this model, F is thermo-
dynamically more stable than N whose behavior is explained in Figure 19.  
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Figure 19. Thermodynamic versus kinetic stability. In the thermodynamic equilibrium, the native state (N) 
is always more stable that the unfolded one (U). When the kinetic stability regime applies, the folded state is 
always less stable than another conformation of the protein (generically called F). The N state only exists for 
a certain time and due to the large energy barrier (Ea) that separates it from the transition state (TS). Under 
these conditions, the U state can have less, the same or more stability than the N form of the protein U1, U2 
or U3 represent the possible unfolded states of the system, which eventually evolves to a final, aggregated 
state (F). Adapted from16. 
 

On the other hand, the activation energy is obtained by the temperature dependence of the 
unfolding rate constant, applying the Arrhenius model: 

 

where R is the universal gas constant and A is the frequency factor that includes the entropic 
contribution. The activation energy for wild-type UROIIIS, derived from the slope of the 
linear plot of ln(kUN) versus 1/T is 101.5 kcal mol-1. The energy barrier (Ea) explains the 
energetic difference between the active folded conformation (N state) and the highest 
energy conformation in the unfolding process. For WT (Wild Type) UROIIIS the Ea value 
is large falling in the normal range of proteins kinetically stable59. 
 
It is educational to compare the in vitro determined kinetic stability from WT and CEP-
causing mutants of UROIIIS and frame this data in the context of their catalytic activity, as 
determined by enzymatic assays60. Most of mutations that produce CEP are associated with 
the loss of the stability of the UROIIIS bioactive conformation due to misfolding, reducing 
their kinetic stability, while maintaining much of the catalytic activity (Table 3). This 
situation is pretty general among the deleterious mutants and introduces the stability 
defect16. Remarkably, C73R becomes the most unstable of all the mutant variants of 
UROIIIS, being >400 times more prone to denaturation than wildtype UROIIIS, the 
unfolding half-life dropped from 61.1 h (WT) to less than 10 minutes (C73R) at 
physiological temperature (37ºC)57, providing an explanation for the severity of the 
phenotype observed inpatients carrying this mutation. 
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Table 3. Stability properties of the reported CEP pathogenic mutants. (a)Determined from the stability of the 
secondary structure, monitored by circular dichroism. (b)Percentage of EGFP in K562 cells expressing 
UROIIIS-EPFG. (c)Referred to WT UROIIIS specific activity (E.a). 

 
I.5.5. Activity rescue of deficient UROIIIS protein.  
 

It has been demonstrated that the mutations that speeded up the process of protein 
denaturation, cluster in a specific region of the protein: the third helix of the C-domain 
which is not involved in the catalytic center21. This fact has received special attention in 
stability studies in order to rescue the enzymatic activity. Structurally, the combination of 
in silico and in vitro studies have attempted to modify the charge configuration of helix C-
domain that contains the C73R mutation. This C-domain with C73 is highly amphiphilic, 
while the alpha helix of the protein prone to produce electrostatic repulsions. The 
computationally designed rescue mutants L43D/C73R and A69E/C73R improves the 
electrostatic field of this affected region, retaining up to 75% of the catalytic activity. 
Assays in mammalian cells with these double mutants are not effective, but docking studies 
demonstrated that the interaction network surrounding R73 hotspot conforms to a solvent 
accessible pocket which may be exploited in further therapeutic interventions61. 
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On the other side, the sequence of UROIIIS protein carrying C73R mutation has been 
cloned and expressed in different mammalian cell lines, where in contrast to the WT, the 
C73R variant does not accumulate in the cytoplasm at detectable levels, indicating that the 
mutant protein is processed rapidly by the cellular degradation pathways62. In this context, 
it has been demonstrated by inhibition of the main cellular degradation pathways that the 
levels of the mutant protein are recovered under the presence of MG132, an inhibitor of the 
proteasomal system (Figure 20). Alternatively, in the presence of lysosome inhibitors such 
as ammonium chloride (NH4Cl) or chloroquine, no rescue is observed, indicating that the 
proteasome is the natural pathway degradation for UROIIIS (Figure 20). The mutant 
protein accumulated in the cells by inhibition of the proteasome shows a partial recovery 
of the catalytic activity, the mutant retains 50 % activity with respect to UROIIIS WT62.  
 

 

 
 

Figure 20. Inhibition of main intracellular degradation pathway of UROIIIS. Western blot of MLP29 cells 
stably expressing C73R UROIIIS-GFP protein cultured in the presence of dimethyl sulfoxide (mock), or 
inhibitors of degradative pathways, proteasome (MG132), and lysosome (chloroquine and NH4Cl), were 
analyzed by Western blotting. The C73R UROIIIS-GFP protein was detected by using an antibody against 
the GFP (green fluorescent protein) moiety. Hsp70 serves as a protein loading control, and the accumulation 
of early endosomal antigen 1 (Eea1), p21, and ubiquitinated proteins confirms that the inhibitors were 
working properly. Green arrow indicates the proteasome degradation pathway in the right diagram and the 
red arrow indicates the lysosomal pathway. Adapted from62. 

 
I.5.6. Accumulations of porphyrins. 
 
The pathology in porphyrias is largely associated with the accumulation in excess of some 
of the intermediary products (porphyrins). Specifically, CEP is altered at the level of the 
fourth enzyme, producing the accumulation of porphyrins of the isomers I series as a 
consequence of the UROIIIS defect. As we have seen previously, UROIIIS misfolding 
decreases the catalytic activity in cells favoring the non-enzymatic conversion of HMB to 
UROgen I. UROD enzyme recognizes this isomer and decarboxylates it to the COPROgen 
I form. However, the specificity of CPOX enzyme for the COPROgen III isomer, prevents 
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COPROgen I to be metabolized nor used to form heme21. The overproduction of UROgen 
I combined with the non-metabolized of COPROgen I by CPOX lead to decrease of heme 
biosynthesis with the accumulation of isomer I intermediates undergo autooxidation, 
mainly URO I and COPRO I. Thus, these non-physiological porphyrins I are accumulated 
in cells and tissues (skin, bone marrow and other organs) constituting the pathogenic basis 
of the disease.   

The main source of porphyrin production in CEP is located in bone marrow due to its 
function as a hemoglobin producing organ. Also found high amounts of porphyrins in 
spleen and liver24, organs associated with the metabolism of heme or erythropoiesis. 
Definitively, the accumulation of porphyrins in bone marrow occurs in the erythrocyte 
precursors (normoblasts), where part of these porphyrins will be released into the plasma. 
This pattern also occurs in the circulating erythrocytes of the blood stream, the 
accumulation of porphyrins induces hemolysis and release of porphyrins into the plasma 
that subsequently are deposited in the tissues and bones.  

As a natural physiological disposal pathway, part of the porphyrin overproduction is 
eliminated by excretion. In urine the amount of porphyrins can be increased about 1000 
times over the upper normal value26, providing a characteristic dark-reddish color usually 
observed from the childhood of the patient. A relationship between the amount of 
porphyrins in urine and the severity of the disease has been established in the literature63. 
In general, the water-soluble URO I is the main porphyrin found in urine, although 
concentration of COPRO I is also elevated. Fecal excretion of porphyrins, which is mainly 
dependent of biliary excretion and subsequent transformation by intestinal bacteria, is also 
increased in CEP patients, where the major porphyrin found in stool is COPRO I 64. The 
decarboxylation of uroporphyrinogen to coproporphyrinogen, and thence to 
protoporphyrinogen, decreases water solubility, so that uroporphyrinogen is only excreted 
via the kidneys whereas hydrophobic protoporphyrinogen and protoporphyrin are 
exclusively excreted into the bile. Coproporphyrinogen is excreted by both routes. 
Physiological concentrations of porphyrins stay low because of the high efficiency of heme 
synthesis. 

 
I.6. Misfolding or conformational diseases.  
 

It is clear from previous results from our laboratory and other's that most of the mutations 
alter the protein stability in vitro. The stability defect (as found in CEP mutations) is 
ultimately related to a deficient protein homeostasis. In this section this concept is further 
explored making emphasis on the deleterious effect of a proteostatic imbalance and the 
possible strategies to correct it. 
 

I.6.1. Protein homeostasis (Proteostasis). 
 

In biology, the term homeostasis is defined as: set of self-regulation phenomena, leading to 
the maintenance of a relative constancy in the composition and properties of the internal 
environment of an organism. Under this concept, proteostasis is coined to define the protein 
homeostasis within the cell than spans from the study of individual protein from its 
biosynthesis, localization and function, up to their half-life and degradation. Proteins are 
surrounded by a dynamic cellular environment, constantly receive insults of stress, but the 
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integrity of the proteome is designed to remain intact, owing to a system that maintains 
protein homeostasis. This system was described by Balch, W. et al.65 called proteostasis 
network (PN) that control the biogenesis, folding, trafficking and degradation of proteins. 
For a protein to become biologically functional it must attain their correct three-
dimensional conformation (tertiary structure), which is achieved after a series of 
conformational transitions required to acquire the native conformation66. In principle, the 
DNA sequence of proteins contains all the information for the protein to fold without 
intermediaries. Yet, proteins newly formed in the eukaryotic cells are synthesized on 
ribosomes as linear chains of up to several thousand amino acids. These chains are versatile 
allowing proteins to adopt a high number of conformations during folding (>1030 for a 100-
aa protein)67, being the reactions highly complex and heterogeneous, relying on the 
cooperation of many weak, non-covalent interactions68. In this context, protein folding 
becomes an error-prone process, requiring a balance between function and risk of 
aggregation in crowded biological microenvironments where total protein concentrations 
can range from 100–400 mg/mL69,70 with a biosynthesis between 10.000 and 20.000 
different proteins in mammalian cells71. 
 

In terms of the conformational landscape, the native conformation of a protein occurs 
because this state is thermodynamically the most stable in the intracellular environment72 
achieving the lowest energy state possible. Thus, from the physicochemical point of view 
of a protein, the amino acids pack in such a way that the free energy of the molecule reaches 
its minimum value73. To explain the folding pathway and its rate, a theoretical model is 
proposed based on the compromise between thermodynamic stability and the 
conformational flexibility protein required for function, known as the protein's folding 
energy landscape (Figure 21). In the current model, polypeptide chains are thought to 
explore funnel-shaped potential energy surfaces as they progress, along several downhill 
routes, which means that the molecules must cross substantial kinetic barriers during 
folding towards the native structure70. Certain intermolecular interactions may promote 
chain collapse and lead to states of misfolding or aggregation (amorphous aggregates, β-
sheet-rich oligomers, and amyloid fibrils) which are potentially toxic. To prevent or 
regulate protein aggregation the PN is available, comprising molecular chaperones and 
other factors forming a cell quality control to ensure proper protein folding and to eliminate 
misfolded proteins when folding repair mechanisms are unsuccessful71. Signaling pathways 
that regulate PN include the unfolded protein response (UPR), the heat shock response 
(HSR), the ubiquitin proteasome system (UPS), the endoplasmic-reticulum-associated 
protein degradation (ERAD) and epigenetic programs74. In this context, the endoplasmic 
reticulum (ER) plays important role as responsible for secretory proteostasis, involving the 
quality control of ~1/3 of the proteome75. Some of this quality control mechanisms in the 
ER rely on molecular chaperones and folding factors, such as BiP, calnexin, calreticulin, 
thiol-disulfide oxidoreductases, and protein disulfide isomerase76. 
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Figure 21. Energy diagram of protein folding. The diagram represents the proteins fold by sampling various 
conformations in a folding energy landscape. Energetically favorable intramolecular interactions (green) are 
stabilized as the protein progresses on a downhill path through the landscape toward their correct minimal-
energy conformation, the functional native state. Energetically favorable but nonnative conformations result 
in populations of kinetically trapped states that occupy low-energy wells (partially folded or misfolded states). 
These states are prone to form amorphous aggregates or oligomers that can join together generating non-
functional protein aggregates (amyloid fibrils). Molecular chaperones assist misfolding proteins in 
overcoming free energy barriers and prevent intermolecular interactions (red) leading to aggregation68. 

 
I.6.1.1. (Im) balanced proteostasis; sources of alterations.  
 
In general, cellular proteostasis is highly controlled and can be considered as a balance of 
the protein folding load that maintain a healthy cellular state (Figure 22). When the system 
is balanced, it means that the PN function properly; cells maximize production of properly 
folded, functional proteins. Whereas, quality control mechanisms ensure that the 
production of misfolded and aggregated proteins is minimized. Deregulations of the PN 
result in an imbalance of the cellular proteostasis (Figure 22). PN deregulations can be 
caused: (i) by many genetic mutations that destabilize or prevent the folding of a protein; 
(ii) by dysregulated ER (unresolved by the UPR); (iii) by environmental stressors (adverse 
physiological conditions; oxidative stress) or (iv) by an apparent loss of age-dependent 
proteastasis capacity75,77,78. All these sources of PN alteration leads to diverse protein 
misfolding and aggregation-related diseases.  
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Figure 22. Proteostasis (im)balance in health and disease. The cellular proteostasis is a balance of the folding 
load (green circle), quality control mechanisms ensure that the production of misfolded and aggregated 
proteins is minimized. Perturbance of proteostasis, e.g., aberrant interactions or proteostasis impairment, lead 
to a collapse of the PN result in an imbalance of the celular proteostasis (red circle) favoring the deposit of 
misfolding or aggregate proteins. These sources of PN alteration leads to diverse protein misfolding and 
aggregation-related diseases67. 
 
Specifically, deficiencies in proteostasis has been linked to an expanding list of pathologies 
lead to metabolic, oncological, cardiovascular and neurodegenerative disorders. These 
diseases must be classified in: loss-of-function and toxic gain-of-function diseases71 
(Figure 23). The first group is characterized by dysfunction of protein due to mutations 
(single-nucleotide polymorphisms) that may render proteins metastable and prone to 
degradation, causing the lack or accumulation of metabolites in the organism, as in the case 
of cystic fibrosis and a wide range of metabolic defects. The second group is related to 
accumulation of metastable proteins which undergo aggregation in a process associated 
with cellular toxicity as occurs with neurodegenerative diseases [Alzheimer disease (AD) 
and Parkinson disease (PD)], Creufeld-Jackob disease, type II diabetes and certain forms 
of heart disease and cancer. However, protein aggregation may also be caused by inherited 
mutations, as in early onset AD and PD or Huntington disease (HD)79–81. Understanding 
the molecular basis of these reactions would guide future efforts to define the PN as a target 
for pharmacological intervention in protein misfolding diseases.  

 
 

 

 

Figure 23. Protein misfolding and disease. The diseases associated with misfolding can be grouped into two 
different types: loss of biological protein function or gain of toxic activity. Aggregation of the misfolded 
protein may also contribute to the disease pathogenesis82. 
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I.6.2. Molecular chaperones.  
 

Molecular chaperones are families of multi domain specialized proteins that play a 
fundamental role in the regulation of intracellular proteostasis. In particular, under 
physiological conditions, they assist newly protein biosynthesis from the ribosome and 
ensure protein folding, protein trafficking and assembly of macromolecules at the same 
time that they prevent protein misfolding and re-direct non-native intermediates to the 
native state70 or for clearance mediated by the UPS or the autophagy system83 (Figure 24). 
They are present in all organisms, both prokaryotic and eukaryotic. In addition, chaperones 
intervene in maintenance processes under stress conditions such as oxidative stress or 
thermal shock. In general, chaperones are defined as assistant proteins that help other 
proteins to reach their native conformation under any circumstance in order to maintain the 
proteome system balanced. 
 

 
 

Figure 24. Molecular chaperones are key players in the cellular PN and maintain a balanced proteome. They 
assist the newly biosynthesis proteins helping to achieve functional native conformation. Also prevent 
potentially toxic off-pathway protein aggregation by cooperation with other components of PN such as 
proteasome system and autophagy removing misfolded and aggregated proteins67.  

Although the family of chaperones is broad, they share a certain degree of homology. They 
can be grouped based on their sequence of homology, being most of them stress proteins 
or heat shock proteins (Hsps). This diverse family of the striking Hsps is divided according 
to their molecular weight (in kDa): Hsp40s, Hsp60s, Hsp70s, Hsp90s, Hsp100s and the 
small heat shock proteins (sHsps). As a generic mechanism of action, chaperones bind to 
the hydrophobic surface of the unfolded or partially folded proteins in order to avoid 
aberrant folding and confer further stability to promote the native state of protein. In this 
context, chaperones are composed of highly coordinated moving parts (displacements and 
rotations) which most of them depend on energy input such as ATP binding and hydrolysis 
for their function and, although they tend not to have a broad spectrum of substrates, their 
specificity is large enough to ensure the integrity of the PN as part of quality control84 
(Figure 25). On the other hand, the mechanisms which chaperones distinguish native from 
non-native conformations and assist in folding of proteins are yet unknown. 
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Figure 25. Molecular chaperones promote protein folding by a generic mechanism of nonnative states. ATP 
binding and hydrolysis are necessary for the performance of most chaperones. They prevent the hydrophobic 
surface of the unfolded or partially folded proteins from reaching aberrant conformations or aggregates and 
promote the native state. Adapted from67. 

Deficiencies in protein homeostasis caused by mutations alter the free energy of the folded 
conformation and leads to reduce folding efficiency. In such cases, the compensatory or 
regulatory mechanisms of cell quality control, such as the molecular chaperones, are not 
able to solve. In principle it is possible to propose chaperone-based therapeutic approaches 
taking advantage of the described assistance properties of chaperones and employing small-
molecule ligands that bind to these mutant proteins and stabilize their native state and/or 
destabilize the transition state to compensate for the influence of the mutation85. Natural, 
chemical or pharmacological chaperones have been shown to be promising as therapeutic 
agents of many protein-misfolding diseases, including cystic fibrosis, AD, PD and HD, as 
well as several forms of prion diseases86. 
 
I.6.3. Types of therapeutic chaperones 
 

Two types of potentially therapeutic chaperones can be distinguished: 
 
Chemical chaperones: chemical molecules with low molecular weight that are capable to 
correct the folding protein defects helping to achieve the native conformation and to 
stabilize proteins against thermal and chemical denaturation86,87. Typical examples of 
chemical chaperones are the intracellular osmolytes glycerol, trehalose or deuterated water, 
which bind and stabilize the unfolded protein. Specifically, glycerol increases the in vitro 
folding ratio and also improves the protein assembly ratio since it is able to decrease the 
solvent-accessible area of protein, improving its stability86,88,89. Meanwhile, others 
molecules have been classified as hydrophobic chemical chaperones, including sodium 4-
phenylbutyrate (PBA) and bile acids, which interact with hydrophobic regions of the 
unfolded protein exposing certain hydrophobic segments, this interaction suggests that 
protects the protein from aggregation90. Currently, chemical chaperones have not been 
tested in humans, but the data in mouse cells have been satisfactory. In this context, 
intracellular positive effects have been described and suggest an improvement in the 
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stability of various misfolded proteins such as -antitrypsin91, vasopressin V2 receptor92, 
aquaporin-293, p53 and P-glycoprotein94, cystic fibrosis transmembrane regulator 
(CFTR)95, as well as prion protein PrP96. Although in theory, chemical chaperones can be 
considered as potentially therapeutic from the medical point of view, they present mainly 
some disadvantages; their inespecifity, the fact that the protein binding site of interest is 
not known. Additionally, they may stabilize most of the proteins in a cell drastically altering 
the homeostatic balance. Finally, the concentration required to achieve stability may be 
millimolar or even molar, which is impractical for use in treatment since the doses may be 
too toxic in vivo97. 
 
Pharmacological chaperones: are considered as a special subtype of chemical 
chaperones, but the main advantage is their specificity to bind to their target protein and, 
acts on, at most, only a small number of protein targets, ideally, stabilizing only that 
macromolecule (Figure 26). Pharmacological chaperones can be, for example, ligands for 
a receptor promoting its proper folding, or, more specifically, a molecule or drug designed 
especially to bind the native conformation of the target protein, stabilizing its conformation 
and pushing the balance toward the native state76,98. 
 

 

 

 
 

Figure 26. General representation of the proteostasis regulation. Proteostasis regulatory pathways are 
represented (red arrows) as well as proteostasis regulators (magenta circles). Imbalances in proteostasis lead 
to disease, regulators can restore protein homeostasis and ameliorate both loss- and gain-of-function diseases. 
Pharmacological chaperones (green squares) enhance folding and trafficking of a specific protein target 
through a mechanism distinct from the innate biological pathways influenced by proteostasis regulators65. 
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In the literature we can find examples of pharmacological chaperones that show partial or 
complete restoration of normal function for the targeted mutant proteins including G 
protein-coupled receptors (GPCRs), ion channels, ATP-binding cassette (ABC) or solute 
carrier (SLC) transporters, and enzymes such as galactosidases or oxidoreductases99. The 
activity of most pharmacological chaperones has been proved in vitro as well as in animal 
models and humans. Specifically, there is a pharmacological chaperone for the treatment 
of Fabry disease which is in phase III of clinical trials: migalastat is a drug that has been 
demonstrated to be safe and effective in improving disease parameters100. In addition, the 
low concentrations required for its function are physiologically acceptable, would 
overcome the limitations due to high doses of chemical chaperones. Definitely, the 
properties of pharmacological chaperones offer a novel therapeutic strategy to treat 
misfolding diseases, which main advantage is their higher specificity where only the 
folding of the selectively targeted protein will be influenced. 

Our laboratory group is involved in the investigation of a new therapeutic line based on 
pharmacological chaperones for the deficient enzyme UROIIIS against CEP, in order to 
improve the proteostasis of the protein, re-establishing its stability that ultimately will 
enhance the symptomatology of the disease. This is the work developed in the present 
thesis. 
 

I.6.4. Other molecular interventions: modulation of the proteostasis network.  
 
The interest in therapeutic interventions focused on the pharmacological modulation of 
proteostasis has grown significantly during the last decade. From the point of view of 
protein stability, these therapies can take the form of drugs that increase the rate of 
clearance of misfolded/aggregated proteins, and drugs that increase the native-state 
stability or increase the kinetic barrier to misfolding aggregation85. However, therapeutic 
interventions can also occur at the levels of protein biosynthesis protein or even at the level 
of the regulation of the homeostatic pathway where the protein of interest belongs to. The 
modulation of proteostasis opens up a broad field of investigation in which the mechanisms 
that promote or inhibit its activity can be manipulated and offer new opportunities to treat 
the wide range of diseases associated with declining proteostasis. In this context, the 
therapeutic possibilities include drugs that reduce the biosynthesis of a certain protein, up 
or downregulate chaperones factors, up or downregulation of degradation pathways (UPS 
or lysosomal degradation) or partially inhibition of previous substrate of the misfolding 
protein, among others. Of note, both strategies are not mutually exclusive and combined 
therapies could be more effective when improving the symptomatology and increasing the 
life expectancy of the patients.  
 
Generally, the modifications in the proteostasis are oriented to the improvement in its 
regulatory capacity or, by contrary, to its inhibition. In principle, the intracellular 
proteostatic capacity can be enhanced in several ways (Figure 27): (i) by inhibition of 
protein biosynthesis to reduce the production of misfolded proteins by compounds which 
inhibit DNA replication, RNA synthesis (mRNA, tRNA or rRNA), translation, amino acid 
metabolism, ATP synthesis, cofactor synthesis, etc101; (ii) by up-regulating chaperone 
levels to improve folding and conformational repair; and (iii) by enhancing the clearance 
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of misfolded proteins and aggregates or by promoting the formation of inclusions that are 
nontoxic67. Conversely, attenuating the proteostasis capacity by inhibiting specific 
chaperone or degradation pathways is effective in cancer treatment, because oncogenic 
proteins are often metastable and thus highly chaperone dependent67,80,102,103. The inhibition 
of chaperone Hsp90 prevents the activation of proteins that promote tumor growth factors 
and are directly degraded102. 

 

 
Figure 27. Alternative therapies of proteostasis modulation; drugs targets. Pathways promoted by chaperones 
are shown with green arrows, off-pathway reactions with red arrows. Options to modulate the proteostasis 
pharmacologically are indicated. RQC, ribosome quality control machinery. UPS, ubiquitin proteasome 
system Adapted from67. 
 
Misfolding diseases that are related to metabolic defects, known as inborns errors of 
metabolism disorders result from defects in the biochemical pathways of the organism due 
to the deficiency or the abnormality of an enzyme, its cofactor or a transporter resulting in 
the accumulation of one or several metabolites normally accompanied by the deficiency of 
the metabolic product(s)104.  Biochemically, the modulation of the biosynthetic pathway as 
therapeutic intervention has been much less studied. Our laboratory has investigated 
another potential therapeutic line in CEP based on the partial inhibition of the enzyme prior 
to the affected enzyme, to ultimately decrease the production of some by-products. At the 
right concentration, this chemical modulation of the route should decrease the accumulation 
of metabolites due to the frustration of the route since the amount of substrate would 
decrease, compensating with the functional deficiency of the enzyme. In this sense, the 
combined use of pharmacological chaperones that retain or stabilize the misfolded enzyme 
with inhibitors of the previous enzyme of the route may constitute a new therapeutic 
modality for furthers studies with promising applications in rare diseases of metabolism. 
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“We build too many walls and not enough bridges” 
 

― Isaac Newton 
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II. OBJETIVOS 
 
Los objetivos del presente trabajo están basados en la hipótesis inicial, planteada por 
nuestro laboratorio, del reestablecimiento de la estabilidad del enzima UROIIIS afectado 
por mutaciones que causan su mal plegamiento (principalmente C73R), impidiendo que 
alcance su conformación nativa funcional. El reestablecimiento de esta estabilidad, 
rescataría la actividad catalítica del enzima, llevando a cabo su función en la ruta de 
biosíntesis del grupo hemo y, por tanto, mejorando las manifestaciones clínicas de CEP. 

Hasta la fecha, estudios previos en nuestro laboratorio han demostrado in silico que la 
incorporación de residuos propensos a interactuar con la mutación C73R en CEP, podría 
modular la estabilidad cinética, siendo capaces de restaurar la actividad catalítica del 
enzima61. Por otra parte, estudios in vitro en células han demostrado que es posible la 
restauración de los niveles de proteína intracellular por inhibición del proteosoma, vía 
principal de degradación del enzima, rescatando parcialmente la actividad catalítica62. Sin 
embargo, el uso de inhibidores del proteosoma en modelos in vivo tiene efectos 
beneficiarios a corto plazo, la inespecificidad del tratamiendo hace que sea especialmente 
tóxico a largo plazo con efectos adversos graves, por lo que no constituye una terapia segura 
para CEP105. Bajo estas pruebas de concepto, el objetivo principal ha estado enfocado en la 
propuesta de una nueva vía terapéutica más segura para CEP, basada en la detección de 
chaperonas farmacológicas que actúen sobre la proteostasis del enzima defectuoso in 
vivo. Para ello, se han llevado a cabo los siguientes objetivos: 
 

1. Desarrollo de una plataforma para el descubrimiento de chaperones farmacológicas, 
incluyendo:  
 
1.1. Identificación in silico de posibles sitios de unión alostéricos terapéuticos de 

pequeñas moléculas químicas o fármacos a la proteína UROIIIS.  
 

1.2. Caracterización in vitro del complejo de unión de la proteína UROIIIS y las 
moléculas de librerías comerciales mediante ensayos de termoestabilidad. 

 
1.3. Puesta a punto de un sistema celular in vitro (in cellula) que permita la 

monitorización de la proteína mutante UROIIIS intracelular.  
 

2. Aplicación de la plataforma para el caso específico de CEP.  
 

3. Caracterización y validación de ciclopirox (CPX).  
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II. OBJETIVES 
 
The objectives of this study are based on the initial hypothesis proposed by our laboratory 
to re-establish the stability of the enzyme UROIIIS affected by mutations that cause 
misfolding (mainly C73R) and prevent to achieve its functional native conformation. The 
restoration of enzymatic stability would rescue the catalytic activity carrying out its 
function in the heme biosynthesis pathway and therefore improving the clinical 
manifestations of CEP. 
 
To date, previous in silico studies in our laboratory have shown that the incorporation of 
residues prone to interact with the C73R mutation in CEP, could modulate the kinetic 
stability, being capable to restore the catalytic activity of the enzyme61. On the other hand, 
in vitro cells studies have shown that is possible to restore intracellular protein levels by 
inhibition of proteasome, the main route of degradation of the enzyme, partially rescues its 
catalytic activity62. However, the in vivo use of proteosome inhibitor in CEP mouse model, 
has short-term beneficial effects since the treatment is especially toxic in the long term with 
serious adverse effects, not constituting a safe and long-term therapy for CEP105. Under 
these proofs of concept, the main objective has been focused on a novel therapeutic 
approach for CEP, based on the discovery of pharmacological chaperones targeting the 
defective enzyme and designed to enhance the proteostasis in vivo. Based on this 
hypothesis our main goals are:  
 

1. To develop a platform for the discovery of pharmacological chaperones, including: 
 
1.1.Identification in silico of putative therapeutic allosteric binding sites of small 

chemical molecules or drugs to the UROIIIS protein. 
 
1.2.Characterization in vitro by thermostability assay of UROIIIS protein bind with 

small organic molecules from a commercial library. 
 
1.3.Set up of a cellular in vitro system (in cellula) to monitoring of the intracellular 

mutant protein UROIIIS. 
 

2. Application of the platform to the specific case of CEP. 
 

3. Characterization and validation of ciclopirox (CPX). 
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“Make things as simple as possible, but no simpler.” 

 
― Albert Einstein 
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III. MATERIALS & METHODS 
 
In the present thesis we are interested in finding pharmacological chaperones for deficient 
UROIIIS, therefore our efforts have been focused on the use of methods that allow us a 
broad and efficient search. This methodology is closely related to the field of drug 
discovery based on those techniques that involve a wide range of scientific disciplines, 
including structure-based approaches and, most recently, computational methods which 
constitute the first key step in the lengthy process of developing new drugs. In this section 
we will see a plethora of materials and methods used for this work involving in silico, in 
vitro and in vivo analyses. 
  
III.1. NMR and computational analyses 
 
The structure-based experiments of NMR and molecular docking have been carried out in 
collaboration with the technological platform ChassysTM approach from the company Atlas 
Molecular Pharma S.L. (Basque Country, Spain). 
 
III.1.1. Virtual and commercial chemical libraries 
 
This work is based on different screening assays of chemistry libraries: a virtual library as 
well as two commercial chemical libraries. 
 
III.1.1.1. Virtual library 
 
For virtual screenings were used a ligand library of 25000 small “drug-like “compounds 
retrieved in Simplified Molecular Input Line Entry Specification (SMILES) format from 
the website ZINC (zinc.docking.org), a free online drugbank database of commercially-
available compounds. To date, the database contains over 230 million commercially 
available molecules in biologically relevant representations that may be downloaded in 
popular ready-to-dock formats, SMILES or 3D formats and subsets. These provided 
structures improve the potency as well as the selectivity in the process of drug discovery 
which allow to predict and detect the formation of ligand-receptor interactions. ZINC is 
provided by the Irwin and Shoichet Laboratories in the Department of Pharmaceutical 
Chemistry at the University of California, San Francisco106. 
 
III.1.1.2. Commercial chemical libraries  
 
Library L1: a commercially available chemical library, the Maybridge Rule of three (Ro3) 
Fragment Library® (Maybridge, Fisher Scientific Int., NH, USA) or so-called in this work 
as library L1 was used to searching potential pharmacological chaperones for UROIIIS. 
The Maybridge fragment library contains 2500 selected small compounds (MW <300) 
ensuring diversity and pharmacophoric content (Table 4). Ro3 compliance delivers 
superior ADME (Absorption, Distribution, Metabolism and Excretion) attributes, 
optimizing the development of new orally accepted drugs for human consumption107,108. 
Pre-dissolved in dimethyl sulfoxide (DMSO) at 200 mM solutions.  
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Table 4. Extract of Maybridge Ro3 Fragment library L1. 
 
Library L2: a second library of 1800 compounds (FDA approved-drug library®, Selleck 
Chemicals) or so-called in this work as library L2 was used in the drug repurposing studies. 
The drugs have passed exhaustive tests of control for human consumption by the agency 
from Unites States responsible for protecting the public health so-called FDA (Food and 
Drug Administration) department (Table 5). Pre-dissolved DMSO at 10 mM solutions.  
 
 

 
Table 5. Extract of FDA library repurposing drugs (library L2). 
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III.1.2. NMR spectroscopy 
 
In the field of drug discovery, protein-ligand interactions constitute the heart of the 
research. Hence, NMR spectroscopy is an excellent and powerful tool to identify and 
validate these interactions because of its high-structural resolution. In addition, it is the only 
technique that allows exploring the dynamic behaviour of biological systems in solution. 
Importantly, another advantage of NMR-based strategies is its high sensitivity to identify 
weak-binding compounds as well as provide quickly information about ligand binding 
properties and aid their development into potent, drug-like for use as lead compounds in 
drug discovery109.  
 
In this work, to observe the protein we used mainly the experiments of two-dimensional 
1H-15N SOFAST-HMQC (sensitive fast-pulsing spectroscopy experiments)110 and TROSY 
(Transverse relaxation optimized spectroscopy) version of the ⁠1H-15N-HSQC 
(Heteronuclear Single-Quantum Correlation experiments) spectra. The spectrum obtained 
is two-dimensional with one axis for proton (1H) and the other for a heteronucleus (an 
atomic nucleus other than a proton), in this case 15N (stable isotope of nitrogen) and 
correlates the chemical shift () of the proton with that of a heteronucleus. Thus, the 
resulting spectrum contains a signal for each proton attached to the heteronucleus. Hence, 
if you know the chemical shift of each proton, the chemical shift of the heteronucleus can 
be determined. In this context, NMR is sensitive to minimal changes in the chemical 
environment, being possible measure the chemical shift perturbation (CSP) by monitoring 
spectrum, useful method to determinate the interactions protein-ligand, calculated 
according to the following expression: 

= ܲܵܥ  ඥ0.1 ∗ ேଶߜ + ுଶߜ ) 
 

where  ߜு and  ߜே are the ligand induced perturbations of the 1H and 15N chemical shifts 
respectively.  
 
The NMR experiments have been carried out using samples of 15N-labeled UROIIIS at 50 
M according to previous studies in our laboratory performed by Fortian A., et al.57⁠, 
recorded at 298 K on Bruker AVANCE III 800 MHz spectrometer with cryoprobe. NMR 
measurements were made in 20 mM potassium phosphate pH 7.0, 150 mM KCl with 5% 
deuterated water (D2O) added. The NMR data were processed using TopSpin 3.5 and 
analyzed using CCPNMR (Collaborative Computing Project for the NMR community)111. 
When indicated, binding of selected ligands from the chemical libraries were tested by 
preparing a sample in a 1:10 protein:ligand ratio. For some of the compounds CSP were 
observed which were used to determine the ligand binding pocket and the key residues 
involved in the binding phenomena.  
 
III.1.3. Computational analyses; in silico or molecular docking 
 

Analyses in silico predict the interactions of protein-ligand by simulations constituting an 
increasingly used tool in drug discovery. With docking strategies, the druggability of the 
compounds and their specificity against a particular target can be calculated for further lead 
optimization processes. Specifically, molecular docking software perform a search 
algorithm in which the conformation of the ligand is evaluated recursively until the 
convergence to the minimum energy is reached as the sum of the electrostatic and van der 
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Waals energies, obtaining an affinity score to classify the successful candidates. The 
driving forces for these interactions in biological systems aim toward complementarities 
between the shape and electrostatics of the binding site surfaces and the ligand112. 

In this work, ligand docking simulation were accomplished using the open-source programs 
for AutoDock Vina113 and AutoDock4.2 in conjunction with AutoDock Tools (ADT)114⁠. 
The human uroporphyrinogen III synthase structure (PDB: 1JR2, chain A)51. was used as a 
protein receptor. Virtual library (25000 compounds) were retrieved in SMILES format ⁠. 
Structure prediction, optimization and refinement was achieved through minimization by 
applying chemical groups (CGs) with a united force field by employing 25x106 steps using 
Open Babel package (v 2.4.0). Receptor and ligand structures were adapted to AutoDock 
format using ADT tools, adding partial charges and atom types to the PDB format, a 
standard format for files containing atomic coordinates and provides the representation of 
a macromolecular structure. The Lamarckian geometric algorithm methodology was 
selected in the docking parameter. 
 
For the blind docking simulation, we used the whole virtual library against the entire 
UROIIIS structure with a screening exhaustiveness of 200 and a number of binding modes 
defined as 15. A grid centred on the protein of 35x33.9x47.8 Å in the x, y and z directions 
was built. The virtual screening results were analyzed using in-house Matlab© scripts and 
visualized using PyMOL. The top scoring 10 % of molecules were selected and further 
analyzed in a second run increasing the exhaustiveness and the number of binding modes 
to 500 and 50 respectively. 
 
For flexible-docking, the CPS information were analyzed from the NMR experiments and 
were implemented in the docking simulation by restraining the searching space to a 
25x25x25 Å centred in the binding site and providing flexibility to the side-chains of the 
key residues. The screening exhaustiveness and the number of binding modes were defined 
as 500 and 50 correspondingly. Results were analyzed using in-house Matlab© scripts and 
visualized using PyMOL. 
 
III.2. Protein Sample Preparation 
 
The proteins used in this work were the enzymes corresponding to the heme pathway 
biosynthesis required for biophysical, enzymatic activity and NMR experiments; PBGD 
and WT or C73N version of UROIIIS. C73N is used instead of C73R version of UROIIIS 
due its highly instability complicating its purification and management. Previously, the 
proteins were already available in our laboratory produced by site-directed mutagenesis as 
described by Fortian, A. et al.57 and checked by gene sequencing analysis. PBGD were 
cloned in a pETM-11 expression vector, whereas WT- or C73N-UROIIIS were cloned in a 
pET-16b expression vector. Proteins for biophysical and enzymatic activity assays were 
grown in regular LB (Lysogeny Broth, Pronadisa) media, whereas protein samples required 
for NMR experiments included a specific isotopic labelling scheme. 
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III.2.1. Culture growth and isotopic labelling 
 
PGBD and UROIIIS protein samples were prepared by freshly transformation of the 
plasmid with the expression vector into Escherichia coli BL-21 (DE3) cells (Invitrogen), 
following the transformation protocol adapted from Stratagene QuickChange Mutagenesis 
Kit®. Approximately 100 ng of plasmid DNA are added to 50 L of competent cells and 
the mixture is kept for 30 minutes at 4 ºC. A thermal shock is performed in a thermoblock 
(1 minute at 42 ºC) to facilitate plasmid entering the cell. The sample is chilled on ice for 
1 minute and then 300 L of LB media are added. The mixture is incubated at 37 ºC for an 
hour. 200 L of transformed cells were plated in petri plates with 50 mg/ of the 
corresponding antibiotic, Kanamycin (Kan) for PBGD and Ampicillin (Amp) for UROIIIS 
and incubated over night at 37 ºC. Cells were then grown at 37 ºC for 16 h in small 
preinocules of 100 mL of LB media for unlabelled proteins or M9 minimal media for 
isotopic labelled proteins. Cells were separated by centrifugation and resuspended into 1–
1.5 L of corresponding cell culture media to grow at 37 ºC. Once cells reached optical 
density of 0.60–0.80 for LB cultures or 0.45–0.60 for M9 cultures, protein overexpression 
was induced with 1 mM IPTG (isopropyl-β-D-thiogalactopyranoside, Sigma-Aldrich) in 
both cases. Optimal induction conditions were found to be 12-14 h at 20 ºC for PBGD and 
UROIIIS. Cells were then separated by centrifugation and resuspended in 30 mL of 
resuspension buffer per litre of culture, in 20 mM Tris, 150 mM NaCl, pH 7.0 buffer for 
PBGD, and pH 8.0 for WT or C73N version of UROIIIS. Resuspended cells can be stored 
at -20 ºC prior to purification process. 

Protein samples prepared for NMR experiments require specific isotopic labelling, in this 
work we used N. M9 minimal media is a restrictive media in which the sources of 
nutrients are tightly controlled (Table 6). Ammonium chloride and glucose were used as 
the sole sources of nitrogen and carbon for protein synthesis. As a result, the addition of 
15NH4Cl ensures that all nitrogen atoms in the protein are isotopically labelled. 
 
 
 

 
 

Table 6. Composition of M9 minimal media. 15N-labelled ammonium chloride. 
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III.2.2. Protein purification 
 
Freshly or -20 ºC stored cells were resuspended and 1:100 diluted PIC (Protease Inhibitor 
Cocktail, Sigma) was added. The cells were then thoroughly sonicated and the lysate was 
centrifuged at 25000 g at 4 ºC for 30 minutes. After centrifugation, the proteins were 
obtained by nickel affinity chromatography following the protocol: the supernatant was 
mixed with 3 mL of His-tag resin (Ni-NTA; Invitrogen) and incubated for 1 h at 4 ºC being 
gently mixed/rotated. Previously, the resin is equilibrated with buffer A (20 mM sodium 
phosphate, 500 mM NaCl and 5 mM imidazole, pH 7.4). After incubation, the mixture was 
eluted with buffer A containing 500 mM imidazole. The eluate was then purified by size 
exclusion chromatography (Superdex 75; GE Healthcare) under isocratic conditions, in 20 
mM Tris, 150 mM NaCl, pH 7.0 buffer for PBGD, and pH 8.0 for WT or C73N version of 
UROIIIS. All the purification steps proceeded at 4 °C to minimize proteolysis, and resulted 
proteins were concentrated and stored at 4 °C. Protein concentration was measured by UV 
spectrophotometer at 280 nm and quantified with extinction coefficients of 15970 and 
25410 M-1·cm-1 for PBGD and UROIIIS respectively115. 

 
III.3. Protein Thermal Shift (PTS) Assay; Stability Assay  
 
The melting profiles for the stability assay with chemical library L1 for UROIIIS-WT 
purified by our laboratory, were recorded by Protein Thermal Shift (PTS) assay with a non-
specific dye which fluoresces bind to hydrophobic parts of unfolding protein when starts to 
denature in response to an increase in temperature. PTS assays were performed in a Real 
Time PCR instrument (ViiATM 7 Real-Time PCR System; Applied Biosystems, CA, USA). 
The samples were distributed in 384-well PCR plates loaded with 1X Dye (Protein Thermal 
ShiftTM Dye kit, Applied Biosystems), 4 M UROIIIS protein and 60 M of each 
compound and heated from 25 to 90 ºC at 1 ºC/min. Each experiment was done in 
quadruplicate, reaction volumes were 15 L/well, and controls without compounds were 
also included. The excitation wavelength of 580 nm and the emission wavelength of 623 
nm, were adapted to detect our dye. Fluorescence data were processed using in-house 
Matlab© scripts. Comparisons of the resulting mid-point denaturation temperature of the 
protein (Tm) values with respect to the control were used to select potential pharmacological 
chaperones. The chemical compounds from library L1, originally at 200 mM in DMSO, 
were diluted to 1.2 mM in 50% DMSO and 50% Phosphate buffered saline (PBS) and 
diluted again in assay media for a final concentration of 60 μM in the screen. The final 
concentration of DMSO in each assay well, including all control wells was 0.89%. 
 
III.4. Enzymatic Assay 
 
Enzymatic assay was adapted from the method described by Jordan, P. et al.60 using 96-
well polystyrene plates (Corning Inc., NY, USA). The assay is divided in two parts or 
reactions; First, the plates were loaded with 5 L of PBGD at 150 M in 24 L of 20 mM 
tris-HCl, NaCl 150 mM, pH 8 buffer. The first reaction starts with the addition of 12.5 μL 
of substrate porphobilinogen (PBG; Frontier Scientific Inc., UT, USA) diluted in the same 
buffer at different concentrations (0.1, 0.4, 0.8, 1.5, 2, 3, and 4 mM). This reaction was 
performed by incubation at 37 ºC for 1 minute and was then stopped by freezing the plates 
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at -80 ºC until the second reaction which occurs by the incubation with 12.5 μL of WT or 
C73N UROIIIS at 35 M with different concentrations of the potential chaperones ranging 
between 1:80 to 1:5 (1:80, 1:50, 1:30, 1:15 and 1:5) at 37 ºC for 5 minutes. Controls 
included reaction without substrate PBG and reaction without any potential chaperone. The 
WT or C73N UROIIIS reaction was also stopped by freezing at -80 ºC. Uroporphyrinogens 
were then oxidized to uroporphyrins by adding 12.5 μL of I2/KI solution and incubation on 
ice for 10 minutes. The excess of iodine was removed with 12.5 μL of sodium metabisulfite 
(saturated solution) and the protein was precipitated by lowering the pH with 125 μL of 
trichloroacetic acid (10 % w/v) and centrifugated at 13000 g for 5 minutes. Finally, the 
supernatant in 0.1 M of HCl were prepared to measure the change of absorbance at 405 nm 
(absorption max. of protein bound porphyrin) with respect to the control sample in an 
absorbance reader. Due the photosensitivity of porphyrins, all reactions were carried out 
protected by the light. Additionally, it is possible to obtain the product ratio formation 
which was calculated by absorbance values at 405 nm, while HPLC was used to separate 
and quantify uroporphyrin III/I products from UROIIIS enzymatic assays.  
 
III. 5. Circular dichroism 
 
Circular dichroism (CD) is one of the most commonly used techniques to monitor the 
chemical and thermal unfolding experiments and to report on the populations of the folded 
and unfolded protein state. It measures the difference in the absorption of left-handed 
circularly polarised light (L-CPL) and right-handed circularly polarised light (R-CPL) and 
is usually reported as ellipticity θ. This phenomenon occurs when a molecule contains one 
or more chiral chromophores (light-absorbing groups). In this sense, it is possible to analyze 
the secondary structure or conformation of macromolecules, particularly CD can be used 
to observe how secondary structure of a protein changes with environmental conditions or 
on interaction with other molecules obtaining structural, kinetic and thermodynamic 
information. In the present work, we used CD to monitor the unfolded and folded state 
populations at increasing temperature or denaturant concentration in order to estimate the 
global protein stability from stability curves in the presence or not of different compounds.  

All experiments were collected in a JASCO J-810 spectropolarimeter, using a quartz 
cuvette of 0.2 cm of path length. Proteins tested were WT or C73N UROIIIS at 5 μM in 20 
mM Tris, 150 mM NaCl, pH 8.0 buffer in presence or absence of potential chaperones 
ranging between 1:5 to 1:30 (1:5, 1:10, 1:15 and 1:30) in order to evaluate the stability 
interaction. Apparent melting temperatures were measured using temperature scans from 
10 to 75 ºC. to ensure the proper determination of the baselines in both, the folded and 
unfolded states. Data were analyzed using in-house built scripts programmed in Matlab© 
(Simulink) assuming the linear extrapolation method: the molar ellipticity at each point of 
the transition can be described as a linear combination of the expected values for the folded 
(F) and unfolded (U) states. The values for F and U are obtained from extrapolations 
of the linear baselines. 
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III.6. Cell cultures 

III.6.1. Cell lines 
 
The following mammalian cell lines have been used for the present study: 

M1: Human fibroblast and not commercial cell line. M1 are a non-tumor epithelial cells 
derived from apparently health human skin tissue.  

MLP29: Mouse liver progenitor clone 29 (MLP29) is an epithelial cell line established 
from mouse embryonic liver. MLP29 are small cells with ovoidal nuclei, forming tightly 
packed colonies116.  

HEK 293: Human embryonic kidney 293 (HEK 293 or HEK) is a cell line transformed 
with sheared human Ad5 DNA117 which possess high percentage of transfection. Provided 
by the laboratory of Dr. Emmanuel R., University of Bordeaux, France.  

K562: Human erythroleukemic cell line from a human blood 53-year-old female patient 
with chronic myelogenous leukemia, established from pleural effusion during the blast 
crisis118. Provided by the laboratory of Dr. Emmanuel R., University of Bordeaux, France. 

HuH-7: Human liver cell line is a well differentiated hepatocyte derived cellular carcinoma 
cell line that was originally taken from a liver tumor in a 57-year-old Japanese male in 
1982119. 

Lymphoblastoid cell line (LCL) with CEP: Human LCL with CEP obtained from the 
NIGMS Human Genetic Cell Repository at the Coriell Institute for Medical Research, ID 
number: GM09666. LCL were established by Epstein - Barr virus (EBV) transformation of 
peripheral blood mononuclear cells from a patient with CEP using phytohemagluttinin as 
a mitogen. Infection with EBV leads to proliferation and subsequent immortalization of 
cells in vitro. The following cell line were obtained from the peripheral vain of a male 23-
year-old patient with CEP diagnosed with hemolytic anemia; splenomegaly; skin 
photosensitivity; marked cutaneous scarring and deformity; porphyrinuria; erythrodontia; 
hypertrichosis and 4-10 % of normal UROIIIS activity. 
 
III.6.2. Cell cultures conditions and reagents 
 
M1, MLP29 and HEK cell lines were grown in complete DMEM medium (Dulbecco’s 
modified Eagle’s medium) supplemented with 10 % (v/v) Fetal Bovine Serum (FBS), 0.1 
mg/mL streptomycin and 100 units/mL penicillin at 37°C with 5% CO2 in incubator 
chamber.  K562 and LCL with CEP cell lines were maintained with Roswell Park Memorial 
Institute (RPMI) 1640 medium supplemented with 10 % FBS, 0.1 mg/mL streptomycin 
and 100 units/mL penicillin and maintained at 37 °C with 5 % CO2 in incubator chamber.  

To maintain all cell lines in a properly confluence, they were count by an automated cell 
counter (CountessTM, Life technologies) that performs cell count and viability (live, dead, 
and total cells) measurements using Trypan blue staining. First, the cells were harvested by 
trypsin treatment, this step is not necessary for cells in suspension RPMI medium. Cell 
sample in suspension were then diluted 1:10 in DMEM or RPMI medium and mixed 1:1 
with Trypan blue. A fraction of 10 μL of the sample mixture was loaded into a Countess™ 
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cell counting chamber slide. The camera of the equipment acquires cell images from the 
sample on the slide and the image analysis software automatically analyzes acquired cell 
images, and measures cell count and viability based on trypan blue exclusion method. The 
measurement provides live and dead cell concentration (per mL), total cell concentration 
(per mL) and viability (% of live cells). After the evaluation of viability which serve as 
routine control, the cells were then seed in a properly concentration in order to maintain or 
according to the experiment when is indicated.  
 
III.6.3. Generation of stably transfected mammalian cell lines 
 
For stable transfection of M1 and MLP29 cell lines were grown to 60–70 % confluency. 
The cells were transfected with C- or N-terminal GFP-tagged UROIIIS-WT or UROIIIS-
C73R-encoding plasmids pEGFP-N3 or pEGFP-C2 (Takara Bio, Clontech, Mountain 
View, CA). Previously, these mammalian expression plasmids were already available in 
our laboratory produced and described by Fortian et al.62 and verified by DNA sequencing 
analysis. The transfection was carried out by using FuGENE 6 (Roche Diagnostics, 
Manheim, Germany) and OptiMEM medium (Invitrogen) as described by the 
manufacturer's instructions. The medium was changed to complete DMEM 5 h post-
transfection and to complete DMEM containing 2 g/L G418 (aminoglycoside antibiotic) 
24 h later. About 2 weeks later, clones of stably transfected cells were isolated and 
maintained in complete DMEM containing 2 mg/mL G418. The same stable cell line from 
each of the different WT and C73R versions of the UROIIIS protein was selected to 
perform this work.  
 
Human erythrocytic K562 cells were transfected at the unit of Biotherapy of genetic 
diseases, inflammatory disorders and cancer (BMGIC) in University of Bordeaux (France). 
For stable transfection, 1x106 K562 cells were electroporated (AmaxaTM NucleofectorTM 
Technology, Lonza, USA) with 5 g of C-terminal or N-terminal EGFP-tagged UROIIIS 
(WT-, C73R or P248Q) encoding plasmids and selected with G418 (0.5 g/L) for 3 weeks. 
Stably transfected cells were maintained in complete RPMI 1640 medium containing 2 
mg/mL G418. 
       
III.6.4. Generation of UROIIIS-C73R+/+ and UROIIIS-P248Q+/+ mutant HEK 
cells by CRISPR/Cas9 
 
These experiments were carried out at University of Bordeaux (France) in collaboration 
with the group of Drs. Emmanuel R. and Jean Marc B. 
 
Two UROS missense mutations (c.217T>C and c.743C>A) were introduced by targeted 
homologous recombination at the endogenous UROS locus in HEK cells. The cells were 
co-transfected by nucleofection (NucleofectorTM, Lonza AG) with the p.X462-UROS-
sgRNA plasmid (1 g) and single strand oligonucleotide ssODN (3 g) containing C73R 
or P248Q UROIIIS mutations as well as flanking sequences on each side of the targeted 
exon. The p.X462 plasmid was obtained from Addgen and expresses Cas9 (D10A nickase 
mutant) from S. pyogenes, puromycin resistance gene and cloning backbone for sgRNA. 
The targeted sequence was designed next to a NGG sequence named PAM (protospacer 
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adjacent motif, N can be any nucleotide). Two silent substitutions were introduced in PAM 
sequences of ssODN to prevent secondary CRISPR/Cas9 cleavage after homology directed 
repair (HDR) at UROS locus and enhanced recombination efficiency. Transfected cells 
were maintained for 2 days in a culture medium containing puromycin to enrich for 
modified cells followed by a limited dilution sub-cloning assay on 10 cm culture dishes. 
UROIIIS-targeted cellular clones were selected by fluorescent microscopy based on their 
red-fluorescence by UV-excitation due to the spontaneous accumulation of porphyrins. 
DNA and RNA were extracted from the individual UROIIIS-C73R+/+ and UROIIIS-
P248Q+/+ clones for UROS gene sequencing to characterize genome editing at the molecular 
level. Targeted exons were PCR amplified and sub-cloned into T-easy vectors for 
individual allele analysis. Because of HEK cell are triploid, three independent genetic 
modifications were detected. One allele resulting from HDR modification was detected in 
each UROIIIS-C73R+/+ and UROIIIS-P248Q+/+ cellular clones. The two other UROS alleles 
presented major nucleotide deletions leading to shift in the reading frame that leads to the 
synthesis of a non-functional protein. Additionally, UROIIIS-targeted clones exhibited 
very low to undetectable residual UROIIIS enzymatic activity leading to the spontaneous 
accumulation of porphyrins that could be analyzed by flow cytometry. 

 

 

 
 

 

Figure 28. UROIIIS-targeted gene edition by CRISPR/Cas9-medited homologous recombination in HEK 
cells. HEK cells were co-transfected by nucleofection with the p.X462-UROS-sgRNA plasmid (1 g) and 
single strand oligonucleotide ssODN (3 g) containing flanking sequences on each side of the targeted exon 
as indicated. UROIIIS-targeted cellular clones were selected based on their spontaneous accumulation of 
porphyrins then characterized at the molecular level. DNA of UROS sequence is indicated as red character: 
exonic sequence, green character: UROS gene substitution corresponding to the C73R or P248Q UROIIIS 
mutants. Adapted from the original figure created by Dr. Emmanuel R., University of Bordeaux, France.  
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III.7. Cellular screening of L1 or L2 Library; Functional assay by HC 
automated fluorescent microscope 
 
Functional assays in cellula were carried out in order to evaluate the intracellular UROIIIS 
homeostasis and its variation in the presence of chemical compounds from library L1 or 
drugs from library L2. GFP-tag fused to the mutant UROIIIS protein was suitable to 
monitor the interaction. The proteasome inhibitor MG132 were used as positive control of 
GFP based on the proof of concept of homeostasis rescue of UROIIIS mutant by blocking 
its main degradation pathway.  
 
In Falcon® 96-well black/clear flat Bottom TC-treated imaging microplate (Corning Life 
Science), 25.000 cells of stably human M1 fibroblast C73R UROIIIS-GFP were seed per 
well. 2500 compounds from library L1 or 130 selected drugs from library L2 were added 
at the concentration of 500 M or 100 M respectively, in 100 L of DMEM containing 
10 % FBS and 1% antibiotics per well and incubated for 16 h at 37 ºC with 5% CO2 in 
incubator chamber. The plates were removed from the incubator into laminar flow hood 
and were washed twice with PBS. The cells were then fixed adding 100 L of formaldehyde 
2 % for 10 minutes at room temperature. The plates were washed three times with PBS for 
5 min each wash. Finally, 100 L of PBS containing 0.7 mg/mL 4',6-diamidino-2-
phenylindole (DAPI) with 0.2% of Azide was added and kept at 4 ºC. Negative control in 
absence of compounds or drugs and GFP positive control with MG132 at 5 M were 
included in each plate. HC automated fluorescent microscope was used to evaluate the GFP 
fluorescence emitted by UROIIIS-GFP mutant protein in presence of the compounds. 
General conditions for the fixed cells and GFP intensity are indicated in Table 7.  

 

 
 

Table 7. Setting of HC Automated Fluorescent Microscope established for functional assays of cellular 
screenings of pharmacological chaperones for CEP. App. Min or Max width as well as Area min. Stained are 
related to the DAPI staining in order to detect the nucleus of cells. Graylevels are arbitrary measure unit from 
HC automated microscope.  
 
Picture data were analyzed using the HC automated fluorescent microscope software 
(MetaExpress ®). The output files obtained included the number fluorescent cells (NFC) 
and total cell number (NTC) detected by the microscope and later the data were processed 
using Excel Microsoft ® 2016 version. Four pictures were taken automatically per well and 
the analysis of data by MetaExpress ® spent about 7 h per plate. In total were 32 plates for 
library L1 and 2 plates for library L2. L1 compounds, originally at 200 mM in DMSO, were 
diluted to 10 mM in 5% DMSO and 95% PBS and diluted again in DMEM media for a 
final concentration of 500 μM in the screen. L2 drugs, originally at 10 mM in DMSO, were 
diluted directly in DMEM media for a final concentration of 100 M in the screen.  
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III.8. Flow Cytometry  
 
Flow cytometry is a laser-based technology to analyze the characteristics of cells or 
particles. Constitute a widely used method for analysing the expression of cell surface and 
intracellular molecules, characterizing and defining different cell types in a heterogeneous 
cell population, assessing the purity of isolated subpopulations and measuring cell size and 
volume. It allows simultaneous multi-parameter analysis of single cells as well as is 
predominantly used to measure fluorescence intensity produced by fluorescent-labelled, 
ligands or intrinsic cellular fluorescence. In the present work, we analyzed the fluorescence 
emitted by GFP-tagged from stably M1 or MLP29 WT- or C73R-UROIIIS-GFP and the 
intrinsic fluorescence from UROIIIS-C73R+/+ and UROIIIS-P248Q+/+ mutant HEK cell 
lines emitted by intracellular accumulated porphyrins for the characterization of the 
molecules or drugs assays. Flow cytometry analyses were performed using the BD 
FACSCantoTM II system (BD Biosciences). Data were analyzed using the BD FACSDivaTM 
software (BD Biosciences) and later processed using Flowing Software - a free flow 
cytometry data analysis software. All cells were harvested with TrypLETM (Gibco) 
treatment, the cells were then washed twice with PBS and finally resuspended with D-PBS 
(400 μL) for flow cytometry analysis. Porphyrin and GFP fluorescence were detected by 
APC (Ex-Max 650 nm/Em-Max 660 nm) or FITC (Ex-Max 494 nm/Em-Max 520 nm) 
channel respectively.   
 
III.9. MTT cell viability assay 
 
The MTT assay is a colorimetric assay for assessing cell metabolic activity. We used MTT 
assay to determine if the test molecules had effects on cell proliferation or showed direct 
cytotoxic effects that eventually lead to cell death. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) is a tetrazolium dye (yellow) which is reduced by the 
NAD(P)H-dependent oxidoreductase mitochondrial enzyme to its insoluble formazan 
(purple) Figure 29. The viability of cells is analyzed by the formation of formazan which 
concentration is determined by optical density. 

 

 
 
 

Figure 29. MTT assay. Conversion of the tetrazolium water soluble MTT into insoluble formazan dye in 
presence of mitochondrial reductase120. 
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For the assay, the cells were seed in 96-well cell culture plate in 100 μL/well of DMEM 
containing 10 % FBS and 1 % antibiotics. The cells were treated with different compounds 
from L1 or L2 libraries at a series of concentration of 1/2 dilutions from 1 mM to 0 mM 
with 3 parallel wells in each group. The cells were cultured in an incubator at 37 °C, 
saturated humidity and 5 % CO2 for 24 h. The plates were then washed twice with PBS, 10 
μL of MTT (0.5 mg/mL) was added into each well in a final volume of 100 L of DMEM 
complete and continued to culture for 1 h at 37 ºC in the incubator chamber. Then, all the 
medium was removed, 200 μL of DMSO was added to each well and mixed properly to 
solubilized the formazan. The absorbance was measured at 550 nm by a microplate reader 
(Spectramax M3 spectrophotometer) to determinate the concentration of formazan. The 
half maximal inhibitory concentration (IC50) was calculated by linear regression method as 
described by Nevozhay121. 
 
III. 10. Western blot analysis 

 
The cells pellets were lysed for 15 minutes on ice in the presence of 50-100 L of lysis 
buffer (1 % Triton X-100, 300 mM NaCl, 50 mM Tris-HCl, pH 7.4) supplemented with 
protease inhibitor cocktails. After centrifugate the samples at 14000 g for 5 minutes, the 
supernatant was transferred to a fresh eppendorf tube. The protein concentration of the cell 
lysates was determined by a Bradford protein assay (Bio-RadLaboratories, Inc) using 
bovine serum album (BSA) as the standard. NuPAGE® LDS Sample Buffer (Life 
Technologies, Inc) was added and samples were incubated for 5 minutes at 37, 65 and 95 
ºC in order to prepare protein samples for denaturing gel electrophoresis. The proteins were 
separated on 4-12 % pre-cast acrylamide gels (NuPAGE® Bis-Tris gel, Life Technologies, 
Inc). The proteins were then transferred to Polyvinylidene difluoride (PVDF) membrane 
(Millipore, Bedford, MA, USA) and blocking for 1 h (5 % milk and 0.05 % Tween 20 in 
PBS). The primary antibody was added overnight at 4 ºC, followed by PBS washes and 
incubated by horseradish-peroxidase (HRP)-conjugated secondary antibody for 30 minutes 
at room temperature. Chemiluminescent detection of bands was performed with ECL Plus 
reagent (GE Healthcare, Buckinghamshire, UK). All proteins were detected under non-
reducing conditions. 
 
Primary antibodies were purchased from the following vendors:  

 

 
Table 8. List of commercial antibodies used for western blot analysis. 
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The HRP-conjugated secondary antibodies used were: anti-Mouse; DαMo-HRP (Abcam, 
Ab205724), anti-Rabbit; DαRb-HRP (Abcam, ab205722) and anti-Rat; GtαRat-HRP 
(Abcam, ab205720). All cases diluted to 1: 6000. 
 
III. 11. Immunofluorescence staining  
 
The cells were seed to 50–80 % confluence on glass coverslips and after incubation at 37 
ºC for 24 -48 h, cells were fixed for 10 minutes with 2% formaldehyde in PBS and then 
washed with PBS. Successive incubations with primary and fluorophore-conjugated 
secondary antibodies diluted in a PBS solution containing 0.1 % BSA and 0.1 % saponine 
were carried out for 30 minutes. After each incubation period, unbound antibodies were 
removed by washing the coverlips in PBS. Finally, the coverslips were mounted onto glass 
slides on Fluoromont G (Southern Biotechnology Associates, Birmingham, AL) containing 
0.7 g/mL DAPI to stain DNA (nucleus). All procedure was carried out at room temperature. 
All immunostainings were analyzed in a fluorescent microscope (Zeiss Axioverte200). 
 
III.12. Transcript Expression Analysis (qRT-PCR Assay) 
 
Total RNA from cell lines was isolated using the RNeasy Mini Kit (Qiagen, Hilden, 
Germany) as described by the manufacturer's instructions, and quantitative real-time PCR 
(qRT-PCR) was performed in two steps. Single-stranded cDNA was synthesized from 300 
ng of mRNA, treated previously with RNase-free DNase (Qiagen, Hilden, Germany), using 
qScriptTM cDNA SuperMix (Quanta BioSicences, MA, USA). The real-time step was 
carried out with 4.5 μl of 1:18 cDNA dilution for the genes of interest or 4.5 μl of 1:90 
dilution for the reference genes, and SYBR® Select Master Mix (Applied Biosystems, 
Thermo Fisher Scientific, Carlsbad, CA, USA) for 35 cycles (for 15 seconds at 95 °C, and 
60 seconds at 60 °C) on a ViiA7 Thermocycler. The samples were examined twice in 
triplicate for expression of the eight human genes involved in the heme route biosynthesis 
(ALAS1, ALAD, HMBS, UROS, UROD, CPOX, PPOX, and FECH). The specific primers 
were purchased from Sigma Life Science (Sigma-Aldrich, St Louis, MO, USA) and 
sequences are shown in Table 9. The relative level of each transcript was calculated on the 
basis of the ΔΔCt method and normalized to ACTB, TUBB or RPLS14 as reference 
housekeeping human genes. 
 

 
 

Table 9. Primers used for the transcript expression analysis. 
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III.13. Drugs 
 
L1 and L2 molecules or drugs were used in the concentration under indicated conditions. 
Particularly, the following drugs have been the most used in this work:  
 
Ciclopirox (CPX): 6-Cyclohexyl-1-hydroxy-4-methyl-2(1H)-pyridone, C12H17NO2, MW: 
207.27 from Sigma-Aldrich (ref: Y000040). 
 

            
Scheme I. Chemical structure of ciclopirox. 

 
 

Ciclopirox olamine (CPXol): 6-Cyclohexyl-1-hydroxy-4-methyl-2(1H)-pyridone; 2-
aminoethanol, C12H17NO2 · C2H7NO, MW: 268.36 from LKT Labs (ref: C3208). 

  

 
 

Scheme II. Chemical structure of ciclopirox olamine. 
 
 
 

Ciclopirox glucuronated (CPXglu): Ciclopirox beta-D-Glucuronide, 1-[(6-Cyclohexyl-
4-methyl-2-oxo-1(2H)-pyridinyl)oxy]-1-deoxy-b-D-glucopyranuronic Acid, C18H25NO8, 
MW: 383.39, a metabolite of ciclopirox from Santa Crux Biotechnology (ref: 79419-54-8).  
 

 

 
 Scheme III. Chemical structure of ciclopirox glucuronated. 

 
 

MG132: membrane-permeable proteasome inhibitor (Sigma-Aldrich), C26H41N3O5, MW: 
475.62. When indicated, cells were treated for 16 or 18 h in the presence of 5 M of 
MG132. 
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III. 14. Animals 
 
In the development of this doctoral thesis have been used mice of pure genetic background 
and different ages: 
 

- Transgenic (Tg) UrosP248Q/P248Q mice: Congenital Erythropoietic Porphyria 
Urosmut248 knock-in mouse model. These animals had a mixed 129/SV–C57BL/6 
genetic background and expressed the P248Q missense recessive mutation of the 
Uros mouse gene (exon 10) with UrosP248Q/P248Q (Mut/Mut) genotype122. The 
phenotype of Urosmut248 mouse closely mimic the pathophysiology of CEP disease 
in humans. Homozygous mice display erythrodontia, moderate photosensitivity, 
hepatosplenomegaly, and hemolytic anemia. Uroporphyrin type I isomer is 
accumulated in urine, total porphyrins are increased in erythorcytes and feces, while 
UROIIIS enzymatic activity is below 1 % of normal level. The ages studied were 
6-12 weeks.  
 

- Control mice: Tg healthy heterozygous [UrosP248Q/N (Mut/N)] or Tg homozygous 
[UrosN/N (N/N)] mice of the same genetic background as previously, 129/SV–
C57BL/6 as well as the same ages. 

Animals were maintained on a 12 h light/dark cycle, in case of homozygous mice were 
maintained with special protections of light and had free access to food and water in the 
animal facility of CIC bioGUNE, Derio (Spain). All procedures involving animals were in 
accordance with the Spanish Guide for the Care and Use of Laboratory Animals, and with 
International Animal Care and Use Committee Standards. All procedures were approved 
by the CIC bioGUNE ethical review committee (Permit Number: P-CBG-CBBA-0117) 
accredited by AAALAC organizations. 
 
III.14.1. Animal experimentation  
 
 

III.14.1.1. Mice and CPX oral administration by food ingestion. 
 
Mice were treated by CPX oral food ingestion (2 g of CPX per Kg of pellet) for 45 days. 
Assuming mice weights between 20-25 g, CPX intake was estimated at 400 mg per kg per 
day. To analyze the evolution of this study, porphyrins concentrations were measured from 
whole blood. The blood samples were taken by submandibular vein weekly and mice were 
weighted before each extraction.  
 
III.14.1.2. Mice and CPX oral administration by gavage. 
 
Mice were treated by CPX oral administration by gavage in order to evaluate the CPX dose-
efficiency. Mice were organized in different groups of 25 mg/kg or 10mg/Kg or 5 mg/kg 
or 1 mg/Kg CPX or ORA-Sweet® (flavored Syrup Vehicle). CPX was administered every 
24 h for 8 consecutive weeks. Porphyrins concentrations were measured from whole blood. 
The blood samples were taken by submandibular vein weekly and mice were weighted 
before each extraction.  
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III.15. Histology experiments 
 
At the end of animal experiments liver, spleen and kidneys were collected in order to 
analyze the histopathology of these tissues damaged for the disease. The histological 
analyses were carried out by a service of CIC BioGUNE in collaboration with the 
histopathology service of the University of Bordeaux, France. Samples were fixed with 
enough volume of 10 % neutral buffered formalin during 24 h at room temperature. After 
fixation, formalin was replaced with 50 % ethanol until processing. Fixed tissues (liver, 
spleen and kidneys) were processed for paraffin embedding. Samples were incubated in an 
automatic tissue processor in 1h and 30 minutes cycles of 50 %, 70 %, 80 %, 96 % and 100 
% (x 3) ethanol, followed by 45 minutes in Histo-clear and finally in two changes of 2 
hours of paraffin. After processing, samples were embedded in paraffin, metallic molds 
were filled with liquid paraffin until solidification. Formalin fixed and paraffin embedded 
samples were sectioned at 5 microns. Sections were dewaxed in two changes of Histo-clear 
of 10 minutes each and hydrated in distilled water. Once the samples were properly fixed, 
the following protocol stains were carried out for the present study: 
 

- Perls Prussian Blue Staining (PS): samples were incubated in two changes of ten 
minutes each of 4 % hydrochloric acid and 4 % potassium ferrocyanide solution. 
Used to detect the presence of iron in tissues.  

 

 
- Sirius Red Stain (SR): samples were incubated in 0.01 % fast green FCF dye 

solution in saturated picric aqueous solution for 15 minutes followed by 15 minutes 
incubation in 0.04 % fast green FCF/0.1 % Sirius red in saturated picric aqueous 
solution. Dye used principally for collagen to observe fibrosis levels. 
 

 
- F4/80: Endogenous peroxidase was blocked with 3 % H2O2 for 10 minutes and 

washed with PBS. Sections were unmasked 15 minutes with proteinase K, washed 
with PBS and blocked with 5 % normal goat serum for 30 minutes. Samples were 
then incubated overnight at 4 ºC with 1:50 primary antibody (F4/80 ref: Bio-rad 
MCA-497-BB). Samples were washed with PBS and incubated 30 minutes with 
Immpress anti-rat HRP-conjugated secondary antibody (Vector ref: 7404). Colour 
was developed with Vector VIP substrate (ref: SK-4600). Immunostaining used as 
mouse macrophage marker. 
 

 
- Hematoxylin-eosin staining (HE): samples were stained with Harris hematoxylin 

(ref: HHS16) for 5 minutes, washed with running tap water for 5 minutes, stained 
15 minutes with aqueous eosin (ref: HT110216), washed 3 minutes with running 
tap water and dehydrated briefly in 100% alcohol. The gold standard of histology 
staining techniques was used to analyzed porphyrin deposits and steatosis in the 
tissues.  
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III. 16. Porphyrins extraction 
 
The cell lines were growth in complete DMEM medium treated for 16 or 24 h with the 
interest compounds from commercials libraries to analyze and collect for the porphyrins 
extraction.  The blood samples were obtained from the submandibular vein and collected 
in ethylenediaminetetraacetic acid (EDTA) tubes (BD Microtainer®) weekly; the samples 
were aliquoted and stored in a freezer at -80 ºC. Cells and blood samples were treated by 
the same protocol. For the porphyrins extraction 300 L of 6 M HCl were added for the 
cells samples and 200 L for the blood samples, sonicated 3 cycles of 25 seconds each and 
incubated at 37 ºC for 30 minutes in a thermoblock. The samples were then centrifugated 
for 10 minutes at 10000 g. Following this step, the pellets were removed and the 
supernatants were transferred to a fresh centrifuge tube filter cellulose acetate membrane, 
pore size 0.22 μm (Corning® Costar® Spin-X®) and centrifugated for 10 minutes at 4000 
g. The samples were then analyzed by HPLC. The porphyrins standards were obtained from 
Frontier Scientific Europe (Carnforth, UK) included a chromatographic market kit 
containing the number I isomers of 8,7,6,5,4 carboxylate porphyrins and mesoporphyrin 
IX.  All porphyrin standards were reconstituted in 3 M HCl. 
 

 
 

Figure 30. Schematic porphyrins extraction protocol. This figure shown porphyrins extraction for blood and 
cell samples. 
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III. 17. HPLC; Chromatographic Conditions 
 
A high-performance liquid chromatograph (HPLC) (Shimadzu) with an autosampler was 
used for the assessment in order to separate and quantify porphyrins. The analytical column 
was BDS Hypersil C18 (250 x 3mm; 5 μm particle size) purchased from Thermo Scientific. 
The method to separate the porphyrins was facilitated by 60 minutes gradient elution and a 
two-component mobile phase consisting of ammonium acetate (1M, pH 5.16) filtered 
through 0.1 μm as solvent A and 100% acetonitrile as solvent B. Gradient elution 
commenced upon injection at 0 % B, increased to 65 % B for 30 minutes, remained for 5 
minutes, returned to 0 % B in 15 minutes and remained for 10 minutes in order to re-
equilibrate the column at 0 % B before the next injection. The flow rate was 1 mL min-1 
and the sample injection volume was 20 L.  All analyses were performed at 20 ºC and the 
spectra were taken at an excitation wavelength of 405 nm and an emission wavelength of 
610 nm. The concentrations of porphyrins were calculated with five-point calibration curve 
ranging from 0.0 to 100 pmole.  
 
III.18. NMR-based method for the analysis of the active and glucuronated 
forms of CPX in serum and urine 
 
NMR method has been developed by ChassysTM platform (Atlas Molecular Pharma S.L.) 
to determinate the concentration of CPX in biological samples. For the serum samples, 1,3 
mL of Methanol: H2O (2:1) were added in 200 L of serum and incubated for 5-24 h with 
agitation at 4 ºC. The mixtures were then centrifuged at max-speed (~30000 g) for 30 
minutes at 4 ºC.  The supernatants were transferred to fresh eppendorf tubes and frozen 
with liquid N2. Once the samples were frozen, the caps of the eppendorf were changed by 
new perforated caps in order to evaporate the buffer by lyophilization. The powder obtained 
was reconstituted by deuterated DMSO (DMSO-6d). In case of urine samples, first the 
volumes were measured and deuterated water (D2O) were added till 450 L. Finally, to 
analyze the samples by NMR, DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) were 
added to a final concentration of 1.66 μM. This method allows to distinguish between 
glucuronated or active CPX in a concentration limit between 10-15 M. 
 
III.19. Statistical analysis 
 
The experiments were performed in duplicate or triplicate when indicated and, in each case, 
the data are expressed individually as the mean ± standard deviation. The relative units are 
expressed with respect to the control samples. Statistical analyses were carried out with 
Matlab®, Sigmaplot® version 12 software or Excel Microsoft® version 2016. The 
comparison of the data was carried out by paired student t-test or ANOVA analyses. The 
differences were considered significant for a value of p <0.05 (confidence interval of 95 
%). When indicated statistically significant differences are expressed by the symbol * (p 
<0.05).
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“Science is not only a discipline of reason but,  
also, one of romance and passion” 

 
― Stephen Hawking 
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IV. RESULTS. 
 
Previous studies from our laboratory demonstrate that C73R-UROIIIS, a hotspot mutation 
on CEP with deficient catalytic activity, can be rescued by modifying the side chains prone 
to interact with R7361. Particularly, enzyme's activity restoration was achieved with the 
double mutant L43D/C73R-UROIIIS. Based on this proof-of-concept experiment, we 
propose a new therapeutic approach based on the restoration of an appropriate kinetic 
stability of deficient UROIIIS by means of pharmacological chaperones. Specifically, the 
molecules are expected to increase the protein stability by binding the enzyme and 
stabilizing the folded conformation which corresponds to upregulated protein homeostasis 
in cellula and in vivo.   

In the present work, we have combined in silico structural analysis with biophysical 
characterization and functional experiments to identify novel pharmacological chaperones. 
Figure 31 shows the selection strategy for the hit compounds identification than spans from 
molecular docking analysis up to the final validation of the selected compounds by in vivo 
experiments. The complete procedure allowed identifying ciclopirox (CPX) as potential 
pharmacological chaperone to stabilize deficient UROIIIS.  
 

 
Figure 31. Flow chart that represents the hit identification strategy of pharmacological chaperones for 
deficient UROIIIS enzyme. The strategy includes in silico structural analysis and in vivo, in cellula and in 
vivo functional experiments. The complete procedure allowed identifying ciclopirox (CPX). 
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IV.1. Identification and Characterization of Pharmacological Chaperones for 
deficient UROIIIS enzyme. 
 

IV.1.1. Identification of binding drugs sites for UROIIIS by computational 
simulation or in silico docking.  
 
Molecular docking is a remarkable computational method in the design and discover of 
new drugs123. The docking process, by means of algorithms and simulations, allows us to 
study the interactions of a small molecule with a protein at the atomic level as well as to 
characterize the binding site of the protein-ligand complex and to elucidate biochemical 
processes124.  In this context, we can perform in silico screening of chemical libraries based-
fragments125 and predict the ligands configuration in the complex, their relative position 
and orientation within these sites (usually referred to as pose) and the binding affinity126. 
Even the results obtained by virtual interactions are subject to the limitations of the 
computational forcefield, they facilitate the exploration of the chemical space and ease the 
process to find candidates for developing new drugs, constituting today as a powerful tool 
and first key in drug discovery127. 

In a non-canonical approximation, we have used a blind molecular docking approach, 
without any assumption about the binding site, to identify druggable binding sites in 
UROIIIS enzyme. As mentioned in the sections I.5.2 and I.5.3, the human isoform of 
UROIIIS is composed by 265 aa and folded in two domains connected by a flexible linker51. 
The active site of the enzyme is located in the cleft between the two domains, and substrate 
binding involves most of the residues in the hinge region52. In Figure 32 we show the in 
silico docking of up to 25000 molecules from a large virtual chemical diversity library of 
compounds. 

 
 

 
 

Figure 32. Representation of UROIIIS enzyme in silico docking results from virtual libraries. 25000 
compounds tested and clustered in two locations: i) the active centre of the enzyme, docking 57 % (red) and 
ii) an allosteric binding site (denominated C-allosite), docking 18 % (green). The C-allosite is an ideal locus 
to screen drug candidates that may operate as pharmacological chaperones.  
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By analysing the interfaces of the obtained complexes, we conclude that the compounds 
cluster in two locations: i) the active centre of the enzyme, which is the most populated 
site, docking 57 % of the molecules and ii) an allosteric binding site (that we denominate 
C-allosite) located in the C-domain and defined by residues V96-V98 and T114, G116, 
T118, which is the targeted locus for 18 % of all compounds tested.  
 
In 1965 the allostery process was introduced: a binding event at one site of a molecule 
affects the binding activity at another distinct functional site, enabling the regulation of the 
corresponding function128. In here, we define an allosteric site as a location on the surface 
of an enzyme other than the active site. The binding at an allosteric site enables function 
by increasing the overall stability of the biomolecule. The identification of the C-allosite as 
potential target for pharmacological chaperones is advantageous since it does not involve 
any residue hosting a CEP-producing mutation and it becomes an ideal locus to screen drug 
candidates that may operate as pharmacological chaperones, acting over a wide range of 
deleterious mutations. 
 
IV.1.2. Organic molecules screening from the Ro3 chemical library L1 by WT 
UROIIIS thermostability assay. 
 
In the field of drug discovery, at the end of the 90s, Lipinski formulated the called “rule of 
five (Ro5)” to evaluate drug-likeness by experimental and computational approaches, 
estimating the solubility and permeability of compounds to determine which properties 
make them more orally bioavailable for human uptake, basing on pharmacokinetics 
properties of ADME107. Assuming that the drugs are usually small and moderately 
lipophilic molecules, following the Ro5, the physicochemical properties predict that poor 
absorption or permeation is more likely when there are more than 5 hydrogens-bond donors 
(HBD), expressed as the sum of OHs and NHs; 10 hydrogens-bond acceptors (HBA), 
expressed as the sum of Ns and Os; the molecular weight (MW) is greater than 500 Daltons 
(Da); and the calculated Log P (cLogP) is greater than 5, being the algorithm that calculates 
the partition coefficient between n-octanol/water, measuring the hydrophobicity of 
compound. Compound classes that are substrates for biological transporters are exceptions 
to the rule129. More recently, these rules have been enhanced by others authors who 
included more key properties for oral bioavailability, as polar surface area (PSA)130 and the 
number of rotatable bonds (NROT)131. Although these approaches allow identifying high 
value hits, many of them fail to progress into optimization, due to limitations of drug-sized 
compounds because they tend to actually reduce their initial drug likeness and therefore 
reduce the developability of the final optimized compounds132. Fortunately, alternative 
approach referred to as ‘fragment-based’ discovery extended the Ro5 to the rule of three 
(Ro3) (Table 10), with enhanced hit rate and the ability of drug optimization108.  
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Table 10. Rule of three (Ro3) Criteria. Physicochemical properties for reduced chemical complexity which 
achieves high quality compounds. MW=Molecular Weight (Da). cLogP=coefficient between n-octanol/water 
(hydrophilicity). HBA=hydrogen bond acceptors. HBD=hydrogen bond donors. NROT = number of rotatable 
bonds (Flexibility). PSA = polar surface area. 
 
Based on the results from molecular docking, we have selected a library of 2500 chemical 
fragments with such enhanced chemical diversity that we have denominated as library L1, 
composed by fragments of organic molecules with high purity (≥95%) and improved 
properties according to Ro3 compliance, reducing chemical complexity and achieves high 
quality compounds (See Materials & Methods, Section III.1.1.2.). Range and average 
values of set library is shown in Table 11. The set of molecules have been selected to find 
compounds that might bind to the C-allosite domain, stabilize deficient UROIIIS enzyme 
and to identify candidates for further preclinical studies. 
 

 

 
Table 11. Range and average values of 2500 compounds from library L1 fragments upon Ro3 criteria. 
 
In order to look for possible chaperones, in a first mechanistic approximation, we set up an 
in vitro stability assay that consists in the screening of the full library L1 for their capacity 
to enhance the thermodynamic stability of WT UROIIIS, monitoring changes in the mid-
point denaturation temperature of the protein (Tm) which is a gold standard parameter for 
defining thermal stability133. From the technical point of view, the assays were performed 
using a thermal shift assay134 in the multiwall peltier of a RT-PCR machine. An 
environmentally-sensitive fluorescent dye (Protein Thermal ShiftTM Dye) was used to 
monitor changes in the Tm of the protein. Upon thermal unfolding of the protein, the 
hydrophobic core is exposed, then the dye detects this change and binds to the hydrophobic 
parts resulting in a significant increase in fluorescence emission.  
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Assuming a two-state model, the stability of the protein is defined as the thermodynamic 
equilibrium that exists between the concentration of unfolded protein (U) and the folded 
native protein (N), represented in the scheme: 

 

where N is the native conformation and U is the unfolded state. ݇ ே௎  and ݇௎ே  are the kinetic 
rate constant in the reversible equilibrium, being N state more stable than U state. Under 
this model, a ligand or any small molecule that binds specifically to native state should 
affect the unfolding equilibrium by decreasing the concentration of the unfolded state. 
Moreover, the combination of these thermodynamic model with the linear extrapolation 
method135 allows estimating the concentrations of the conformational states of a protein as 
a function of temperature (T): 
 

 
Figure 33. Theorical thermal denaturation curve. Ellipticity (ߠ) or the Fluorescence (F) as a function of 
temperature (T). Different zones (1,2,3) to estimate the concentrations of the conformational states of a 
protein are indicated.  
 
Here, the ellipticity (ߠ) or the Fluorescence (F) is a magnitude that is proportional to the 
folded conformation of a protein, ultimately providing information about its state of 
denaturation. A typical thermal denaturation curve adopts the shape shown in Figure 33, 
where three zones can be clearly discriminated.  Zone 1 can be associated to a state where 
all the concentration of protein is totally folded (N). The temperature dependence of the 
physicochemical property (ellipticity or fluorescence) with temperature is assumed linear 
and determined by the equation: 

ேߠ = ேߠ + ݉ே[ܰ] 
 

where ݉ே is the slope of N variation with T. Equivalently, zone 3 corresponds to 
completely unfolded protein (U) with a temperature dependence determined by: 
 

௎ߠ = ௎ߠ + ݉௎[ܷ] 

 

where ݉௎ is now the slope of U state with T. Zone 2 embraces mixed states where U and 
N states coexist, always fulfilling the mathematical expression: 
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ூߠ = ேΧேߠ + −௎(1ߠ Χே) 
 

where Χே is the fraction of folded protein. Under these premises, the fraction of folded 
protein (FF) at a given temperature can be obtained from135: 
 

ܨܨ = ܨ] − ேܨ) + ݉ேܶ)]/[ܨே + ݉ேܶ] + ௎ܨ] + ݉௎ܶ] 
 

where FF is the fraction of folded protein normalized, F is the experimental fluorescence 
(or ellipticity from a CD experiment), T is the temperature, and ݉ே and ݉௎ (ܨே and ܨ௎ ) 
are the slopes (intercepts) for the linear dependence of the fluorescence values with T, for 
the native and unfolded states respectively, as shown in Figure 34: 
 

 
Figure 34. Representative thermal denaturation profile. FF is the fraction of folded protein normalized as a 
function of temperature (T). Mid-point denaturation temperature of the protein (Tm) is indicated (FF = 0.5). 
 
Tm is then calculated as the T value at which half of the protein molecules are in the 
unfolded state (FF = 0.5). The data obtained can be further analyzed to extract the difference 
in free energy ∆∆ܩ௎ିே଴  between unfolded and native state, using:  
 

௎ିே଴ܩ∆∆  = ; ܭ݈݊ ܴܶ−  ܭ  =
[ܷ]
[ܰ] 

 
where R is the universal gas constant and K is the equilibrium constant defined by the 
concentration of U state divided by the concentration of N conformation. ∆∆ܩ changes in 
the folding free energy are a good descriptor of the stabilization energies. Here, ∆∆ܩ is 
used to quantify the magnitude of the ligand’s effect on stability. These mathematical 
estimations constitute an excellent model to predict the effect of ligand binding on the 
protein's stability. 
 
As previously indicated, fluorescence is able to monitor the loss of tertiary and secondary 
structure of the protein as a function of temperature. First, we set up the melting curves of 
UROIIIS enzyme in the absence of any ligand multiple times to appreciate the robustness 
of the Tm determination (Figure 35A) and to estimate the minimum confidence limits for 
the shifts in the Tm values induced by the potential pharmacological chaperones. 
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Subsequently, ligands that increased the Tm values of UROIIIS in, at least, 2.5 degrees, 
determined in the corresponding control experiments, were selected as, a priori, positive 
candidates to stabilize the protein. Furthermore, each experiment was compared with 
internal and external controls to assure the correct validation of the technical process 
(Figure 35B). Finally, the screening reported a total of 265 compounds (10.6% of the 
library) that significantly increased the Tm of WT UROIIIS which corresponds to a 
statistically significant increment of UROIIIS stability and is equivalent to ∆∆ܩ௎ିே଴  > 1 
kcal·mol-1, where ∆∆ܩ௎ିே଴   is the variation of increment of ∆ܩ௎ିே଴  from the unfolded 
conformation to the native folded state. 
 

 
Figure 35. Outputs representation of melting curve of ligand-protein from inhouse bioinformatic program. 
Representation of melting curve by tetraplicate on the left; FF correspond to the fraction folded protein 
normalized temperature-dependent (in ºC). A) Setting up of negative control. WT UROIIIS (4 M) protein 
without ligand. On the right is shown a graphic of the points distribution of Tm from the replicas, the average 
of Tm is represented as black line, the dashed lines are the range of distribution. B) Example of possible 
positive compound (60 M) output data. On the right upper is shown the distribution of the Tm values; all Tm 
values represented (pink), validated Tm values represented (black). Graphics showed on right lower are the 
comparisons Tm values (black line) with respect to the negative control (blue line), increment of Tm in 
presence of ligand is appreciated; Data validation with external control (Tm/control Ext) and internal control 
(Tm/control INT) is shown.  
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IV.1.3. Generation of cellular models to investigate human UROIIIS 
homeostasis. Transient transfection of UROIIIS-GFP (WT or C73R) in 
mammalian cells. 
 

In an orthogonal approach, based on a functional assay, we also performed experiments in 
cellula, targeting the same chemical library (L1) to assess their ability to raise the cytosolic 
enzyme concentration. The assay is based on the fact that UROIIIS when carrying the 
hotspot C73R mutation becomes highly unstable by misfolding and triggers a degradation 
mechanism via the proteasome. Consistently, the intracellular protein levels of C73R-
UROIIIS-GFP (where GFP accounts for the green fluorescent protein) fall below detection 
limit, whereas WT-UROIIIS-GFP can be easily detected. Remarkably, the mutant protein 
levels can be restored upon cell treatment with the proteasome inhibitor MG13262 or 
Bortezomib, a commercially proteasome inhibitor105, through a mechanism by which the 
compound blocks the degradation proteasome pathway, abrogating the main pathway for 
this enzyme degradation and resulting in the accumulation of C73R-UROIIIS-GFP, which 
now can be monitored by its neat fluorescence emission.  

To be able to perform the functional assay, several mammalian cell lines (MLP29, K562, 
M1 cell lines) were transiently transfected using the plasmids coding for WT- or C73R-
UROIIIS-GFP to monitor the turnover of overexpressed proteins. All the constructs were 
verified by DNA sequencing and the resulting stable cell lines were characterized by 
fluorescence microscopy, cytometry and/or western blot. After cell transfection and under 
antibiotic selective conditions, resistant cells outgrow the non-resistant ones, resulting in a 
polyclonal population of stably-expressing cells. To obtain 100% clonal purity, the 
selection technique requires to pick, grow and dilute clones several times.  The outcome is 
a mixed population of stably-transfected cell lines with undefined and genetically mixture, 
yet they are suitable for a wide range of applications such as drug discovery assays or the 
production of recombinant proteins136. 
 
IV.1.3.1. Characterization of stably transfected cellular models.  
 

The biosynthetic heme pathway occurs in all mammalian cells but their expression levels 
vary significantly depending on the cell type and the tissue where they belong. Principally, 
hepatic and erythroid cells are the highest producers of heme due to high requirements as 
prostatic group of cytochrome P450 and hemoglobin, respectively137. As hepatic cell 
model, we use MLP29 cell line from progenitor epithelial cells of mouse liver. K562 is a 
human erythrocyte cell line, while M1 human fibroblast cell line were used as an 
experimental mimetic human skin. 

To characterize the stably transfected cell lines, we proceeded to the identification of GFP-
tagged version of UROIIIS WT or C73R mutant of the obtained clones by different 
fluorescence detection techniques. First, we analyzed the clones by flow cytometry to 
monitor the fluorescence emitted from the GFP protein tag (509 nm)138. The expression 
levels were quantified by western blotting, a technique that is able to ascertain the integrity 
of the UROIIIS-GFP expression. Finally, fluorescence microscopy was suitable to pinpoint 
the subcellular localization of the expressed protein. In all cases, the threshold was 
established according to the fluorescence measured in unmodified and/or transfected cells 
treated with MG132. 
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Stably transfected MLP29 cell lines were already available in our laboratory62. Following 
the characterization above described, we certified that the stable line remains fit and 
functional for the investigation. Figures 36A shows the fluorescence emitted by WT- and 
C73R-UROIIIS-GFP. First, by flow cytometry we observe the fluorescence at the GFP 
emission frequency, indicating proper transfection. As expected, WT and C73R mutant 
proteins increase the number of GFP-positive cells in the presence of MG132 compound 
(14,7 % and 9,15 %, respectively) after blocking the proteasome, the principal degradation 
pathway for UROIIIS. On the other hand, Figure 36B shows, by western blotting, the 
presence of GFP tagged proteins with specific antibodies against UROIIIS or GFP, clearly 
showing a band above at 50 kDa indicating the correct overexpression of the interested 
proteins (theoretical MW = 55 kDa). MG132 treatment is required to detect the C73R-
UROIIIS-GFP, which shows a drastic change in intensity as a function of the MG132 
treatment. 
 

 
 
 

Figure 36. Characterization of stably MLP29 WT- or C73R-UROIIIS GFP. A) GFP fluorescence (FITC-A 
signal) of stably MLP29 WT or C73R UROIIIS GFP-tagged cell lines untreated or treated with MG132 at 5 
M analyzed by flow cytometry. Percentage and median fluorescence intensity of GFP-positive cells are 
indicated. B) Western blotting analysis of unmodified cell line (control) and cells stably expressing versions 
of WT- or C73R-UROIIIS protein GFP-tagged untreated or treated with MG132 (5 M) in MLP29 cell line. 
Specific antibodies against UROIIIS and GFP were used to detect proteins from transfected vectors. Annexin 
V serve as protein loading control. 
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Human M1 fibroblast cell line is an immortalized non-tumoral line, rather convenient to 
avoid the problems derived from high metabolic activity and morphological and functional 
modifications that occur in the neoplastic cell lines139. Furthermore, since they derive from 
human skin they become a realistic model for the investigation of the pathological skin 
alterations in CEP patients. The stably transfected M1 versions of WT- or C73R-UROIIIS-
GFP cell lines were obtained following the steps described previously (See Materials & 
Methods, Section III. 6.3.) for transient transfection and characterized by the same analysis 
as used with the MLP29 stably clones and described above. First, the clones were analyzed 
by flow cytometry (Figure 37A); the GFP expression observed after MG132 treatment 
indicates the correct cells transfection. The expression of WT- or C73R-UROIIIS-GFP at 
55 kDa was confirmed by western blotting (Figure 37B). 

 

 
 

Figure 37. Characterization of stably M1 WT- or C73R-UROIIIS GFP. A) GFP fluorescence (FITC-A signal) 
of stably M1 WT or C73R UROIIIS GFP-tagged cell lines untreated or treated with MG132 at 5 M analyzed 
by flow cytometry. Percentage and median fluorescence intensity of GFP-positive cells are indicated. B) 
Western blotting analysis of unmodified cell line (control) and cells stably expressing versions of WT- or 
C73R-UROIIIS protein GFP-tagged untreated or treated with MG132 (5 M) in M1 cell line. Specific 
antibodies against UROIIIS and GFP were used to detect proteins from transfected vectors in both cell lines. 
GAPDH and Annexin V serve as protein loading controls. 

Images obtained by fluorescence microscopy (Figure 38) reinforce the flow cytometry 
results, corroborating the presence of GFP fluorescence by conjugated Cy3 secondary 
antibody, emitting red fluorescence at 570/615 nm wavelength. MG132 treatment 
determine the accumulation of UROIIIS, increasing the number of positive cells observed. 
The immunofluorescence technique allows the localization of the protein that, in this case, 
accumulates in the cell cytoplasm. The distribution of the WT-UROIIIS-GFP protein is 
largely homogeneous for stably M1 cell lines (Figure 38, below), while C73R-UROIIIS-
GFP showing a granular protein distribution in MLP29 (Figure 38, upper). 
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Figure 38. Fluorescence Microscopy (Zeiss Axioverte200), immersion oil objective 63X. Immuno- 
fluorescence of MLP29 (upper) and M1 (below) stably versions of WT- or C73R-UROIIIS-GFP protein. 
DAPI (blue) stain showing the presence of cells and location of nucleic acids. Expression of GFP is 
determined by primary GFP antibody conjugated by Cy3 dye secondary antibody (red). MG132 (5M) 
treatment for 16 hours. Co-localization of nucleus and cytoplasm GFP expression in cells is shown. Scale 
bar, 20 m. 

Flow cytometry certified the stability of K562 cell lines. These cell lines were obtained at 
the University of Bordeaux, France (See Materials and Methods, Section III.6.1.). Figure 
39 shows the results obtained when GFP is inserted at the C- or N-terminus of WT-, C73R- 
or P248Q- UROIIIS-GFP. P248Q is the second most frequently found mutation in CEP 
patients (See Introduction, Section I.5.3). C73R- and P248Q-UROIIIS show similar 
percentage of expression but in the case of GFP, when placed at the N-terminus, the 
transfection percentage is slightly higher: 8 % for C73R- and 11 % for P248Q-UROIIIS. 
The threshold was established at the fluorescence for unmodified K562 for control. Stably 
K562 WT UROIIIS cell lines in both cases are characterized by high GFP expression: 16 
% for GFP C-terminal and 27 % for GFP N-terminal. 

 
Figure 39. Percentage of GFP-positive cells (EGFP-A signal) of stably K562 WT-, C73R- or P248Q- 
UROIIIS GFP-tagged in N-terminal (dark green) or C-terminal (light green) cell lines in the absence or 
presence of MG132 at 5M analyzed by flow cytometry. The threshold was established at the fluorescence 
observed for unmodified K562 cell line control. N=3. 
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IV.1.4. Functional assay in cellula. Screening of the L1 library in C73R-
UROIIIS-GFP stably transfected human M1 cells to identify pharmacological 
chaperones. 
 
The functional assay was performed on the library L1, using stably human M1 fibroblast 
C73R UROIIIS-GFP as cellular model. The stably cell line characterization, previously 
described, demonstrate that a GFP-tag fused to the mutant protein is suitable to monitor 
intracellular UROIIIS homeostasis and how it can vary in the presence of compounds. 
Based on this property and on previous studies from our laboratory61,62, a GFP fluorescence 
monitoring system was designed by HC automated fluorescent microscope (See Materials 
& Methods, section III.7.). As shown in Figure 40, untreated cells do not show GFP 
intrinsic background, whereas MG132 treated cells show high GFP intensity.  
 

 
 

Figure 40. Setting up of functional assay. A) Fluorescence microscopy images. Setting up of GFP 
fluorescence of stably M1 C73R mutant UROIIIS-GFP. Untreated cells as negative control (low GFP 
background) and MG132 (5M) treated cells for 16 h as positive control (high GFP intensity observed). N=2, 
cells were formaldehyde fixed. Scale bar, 50 m. B) Percentage of intensity GFP-positive M1 stably C73R 
UROIIIS-GFP cells analyzed by HC automated fluorescence microscope. Untreated cells as negative control 
shown 0.4 % of intensity and 34,8 % for MG132 (5 M) treated cells for 16 h as positive control. N=8, data 
record analyzed by MetaExpress software. 
 
The intensity differences between untreated and MG132-treated cells were used to establish 
the GFP intensity threshold to analyze L1 molecules. After calibrating the fluorescence 
microscope parameters, we established a valid working system in order to check the 
interaction between C73R-UROIIIS-GFP and the putative ligand, where all the neat 
fluorescence was directly reporting on a neat increase in the intracellular protein 
concentration induced by the compound. In this context, 2500 organic molecules from the 
L1 library were tested at 500 M during 16 hours, formaldehyde fixed and analyzed by HC 
automated fluorescence microscope (Figure 41). From the entire set, 85 compounds (3.4 % 
of the library) significantly increased the GFP fluorescence in the functional assay.  
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Figure 41. Fluorescence microscopy images of library L1 functional assay; negative (N=8) and selected 
positive (N=8) compounds at 500 M for 16 hours. Cells were formaldehyde fixed. Scale bar, 50 m. 
 
IV.1.5. Library L1 hit compounds identification; cross-validated analysis, 
biochemical and structural characterization. 
 
The results obtained from the orthogonal stability and functional assays were cross-
validated to yield a reduced list of 25 selected compounds (Table 12). After in-depth 
analysis and assuming that the increasing GFP fluorescence is associated to a protein-ligand 
interaction in the cytosolic environment, the best performing compounds from the short list 
were characterized biochemically by flow cytometry and western blot (Figure 42).  
 

 
Figure 42. Biochemical characterization of library L1 selected compounds. Stably MLP29 C73R-UROIIIS-
GFP library L1 treatments at 500 M or 250 M (depicted in red). A) Percentage of library L1 GFP intensity 
tested by flow cytometry. B) Western blot of library L1 treatments. Specific antibody against GFP was used 
to detect intracellular mutant protein at 55 kDa. Hsp70 serve as protein loading control. 
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The molecules were tested in the hepatic murine stably cell line MLP29 C73R-UROIIIS-
GFP at a range of compound concentrations adjusted to avoid toxicity (between 500 M 
and 250 M). The level of mutant protein accumulated or restored is determined by western 
blot (Figure 42B), where the band at 55 kDa reflects the protein expression level. These 
results were used to select the compounds that most powerfully increase the intracellular 
levels of the protein.  
 

 
Table 12. Selected hit list of compounds after the stability and functional assays on the library L1. Cross-
validated data from independent stability (Scr.1) and functional (Scr.2) assays. FC = Fluorescent Cells / n.a. 
= not available / n. e. = number experiments / NFC = number fluorescent cells / n. s. = no stabilization / NTC 
= total cell number / Scr. = screening.  

After the biochemical characterization, the 10 best hits are further investigated using NMR 
spectroscopy to characterize their interaction site within the protein. NMR is a high 
resolution spectroscopic technique suitable for the elucidation of the tridimensional 
structure and flexibility of proteins140, to study their segmental reorientations and the 
catalytic mechanism of enzymes141. The experiments obtained by NMR allow studying the 
biomolecular dynamics at a large number of time scales. There are examples described in 
the literature which, using NMR, the link between the conformational flexibility and the 
biological function of the protein is unraveled142. A characteristic feature of NMR is that 
the observed nuclear resonance frequencies (chemical shifts, ) depend on the local 
environments of the individual nuclei, which can be measured with great precision and, 
therefore, are sensitive to minimal changes in the chemical environment. Chemical shift is 
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normally represented in parts per million, or ppm, which are determined through the 
following equation: 

݉݌݌ = (௏௢ି௏௥௘௙)௫ଵ଴ల

௏௥௘௙
 , 

where o is the frequency of the nucleus to be observed and ref is the frequency of the 
reference nucleus.  

Here, for the NMR experiments to study the complex protein-selected compound (library 
L1), the method used was the Chemical Shift Perturbation (CSP) using the 1H,15N-HSQC 
spectrum as a reporter, which is reasonably sensitive and the mapping of interaction site is 
generally well resolved. So, analysing the CSPs in the spectra (with and without the 
compound), we can pinpoint the residues of the protein that are in contact with the 
compound, determine the location of the binding site, the ligand affinity for the biomolecule 
and, eventually, the structure of the complex. As a result of the analysis, it was determined 
that 9 molecules bind UROIIIS, five of them in a non-specific mode or in multiple modes, 
two of them (L1.27.G5 and L1.29.D6) at the catalytic enzyme site and two of them 
(L1.17.G5 and L1.26.E3) specifically targeting the C-allosite (Figure 43).  
 

 
 

Figure 43. Chemical shift perturbation of library L1 hits selected compounds. CSP versus the residue number 
of UROIIIS for the top four compounds of the L1 library. The compounds L1.27.G5 and L1.29.D6 associate 
at the catalytic centre, whilst L1.17.G5 and L1.26.E3 specifically recognize the C-allosite. 
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On the other side, CSPs analyses also reveals that affinities are low (50-150 M), consistent 
with the small sizes of the tested fragments but, once more, this is not in detriment of 
activity since western blot analysis confirms that the four molecules are functional and they 
are able to increase the intracellular levels of protein (Figure 44).  

 
Figure 44. Library L1 hits selected compounds. A) Chemical structures of hits selected compounds, small 
fragments of organic molecules from the library L1. B) Analysis by Western Blot of library L1 selected 
compounds at 500 μM and 250 μM (compounds represented in red) by MLP29 C73R-UROIIIS-GFP cell 
line. Specific antibody GFP was used to detect the mutant protein associated to GFP at 55 kDa. Hsp70 and 
Tubulin (Tub) serve as protein loading controls. 
 
The secondary structure of a protein, its folding thermodynamics and kinetics can be 
effectively investigated by measuring the chiral absorption of the circularly polarized light 
(circular dichroism, CD). Particularly, we were interested in how the protein's 
thermostability changes on the interaction with the selected compounds (library L1) as well 
as their kinetic stability. According to the current belief in protein folding theory, kinetic 
stability is related to a high free-energy barrier between the folded state from the non-
functional forms (unfolded states, irreversibly-denatured protein). Such barrier may 
guarantee that the bioactive conformation of the protein is maintained, at least during a 
physiologically relevant time-scale, even if the native state is not thermodynamically stable 
as compared to non-functional forms143. In this context, previous studies in our laboratory 
show that the loss of UROIIIS catalytic activity parallels the exponential decay of the 
ellipticity, indicating that enzyme missfunction over time is due to protein unfolding. 
Specifically, at physiological temperature and in vitro, WT-UROIIIS has a half-life time of 
61.1 h, a long time for the enzyme to exert its function in the cell, but the mutations 
accelerate the process of protein denaturation preventing them from exercising their 
function 16.  
 
Through CD analysis we demonstrate that the molecules targeting the C-allosite of WT 
protein or a deleterious variant of UROIIIS (C73N-UROIIIS) are able to improve the 
thermostability (Tm) and also their kinetic stability as compared to the spontaneous and 
progressive degradation observed for the protein alone (Figure 45), therefore, improving 
the half-life of the protein which would allow it to exert its function. 
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Figure 45. CD analyses of L1.26.E3 selected compound. Left) Representative curve protein mid-point 
denaturation temperature (Tm). Monitorization of WT-UROIIIS Tm shifts by interaction protein-ligand. Tm of 
WT-UROIIIS in the absence (circles) and in the presence of 5 equivalents (squares) and 10 equivalents (x 
symbols) of coded compound L1.26.E3. Ellipticity monitors the loss of secondary structure of the protein, 
shifts to the right of X axis (ºC) means a significant stabilization of WT protein version. Right) C73N-
UROIIIS deleterious version is kinetically stabilized in the presence of L1.26.E3 (15 equivalents, purple 
squares), as compared to C73N-UROIIIS in buffer (blue circles). 
 

Finally, with all the results together, we selected the best candidates from L1 compounds 
(L1.27.G5; L1.29.D6; L1.17.G5 and L1.26.E3), confirming that the screening strategy 
succeeded in finding organic molecules that act as pharmacological chaperones of UROIIIS 
in vitro and in cellula.  
 

IV.1.6. Data integration and Drug repurposing analysis from FDA-approved 
(Food and Drugs Administration) compound Library. 
 
The Food and Drug Administration (FDA) is an agency from Unites States responsible for 
protecting the public health by assuring the safety, efficacy, and security of human and 
veterinary drugs, biological products, medical devices, food supply, cosmetics, and 
products that emit radiation, so all the drugs approved by the FDA have passed rigorous 
safety measures for human consumption. This constitutes a key advantage when looking 
for chaperones since in minimizes preclinical studies and ensures reduced toxicity after 
human intake. Although most of them have indications for specific diseases, they can be 
used for different targets not yet described (drug repurposing). The two validated fragments 
(L1.17.G5; L1.26.E3) targeting the C-allosite, identified and characterized previously as 
potentially pharmacological chaperones, were used as templates for a structural comparison 
against an FDA approved library of 1800 drugs (library L2) (See Materials & Methods, 
Section III.1.1.2.). 
 
The in silico analysis was carried out through a service offer by the ChassysTM platform 
from the company Atlas Molecular Pharma S.L. (Basque Country, Spain). The comparison 
of the libraries was performed based on the similar properties of the chemical compounds, 
and a close skeleton topology and it was normalized by the molecular weight to avoid 
biases, resulting in a score from which the most qualified compounds were selected. The 
top 15 FDA-approved molecular entities with higher score (Table 13) were further 
evaluated for their chaperone activity in UROIIIS with different techniques. 
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Table 13. FDA selected compounds as positive pharmacological chaperone. 15 FDA selected compounds 
from library L2 repurposing drugs. 
 
The goal now is to validate the computationally repurposed compounds. First, the selected 
repurposing compounds were tested in cellula, monitoring the fluorescence of stably M1 
UROIIIS-C73R-GFP cell line by fluorescence microscope, following the same 
methodology as when screening the L1 library, thus performing a second functional assay. 
In this case, the concentration of treatment was 100 M for 16 hours. A total of 5 FDA 
approved entities (ciclopirox, phenylephrine, procyclidine, atomoxetine and 
dydrogesterone) were selected by their successful increase in the intracellular fluorescence, 
as it can be observed in the pictures taken from the microscope: 
 

 
 

Figure 46. Fluorescence microscopy images of library L2 functional assay; negative control and selected 
positive FDA drugs at 100 M for 16 hours. Cells were formaldehyde fixed. Scale bar, 50 m. 
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Despite the obvious green fluorescence radiation, other non-UROIIIS specific mechanisms 
may activate the intracellular fluorescence of the GFP, thus producing false positives. 
Hence, we analyzed the GFP fluorescence emitted by the cells after treatments by flow 
cytometry (Figure 47A) and we performed western blot to distinguish GFP protein with a 
specific antibody (Figure 47B). These experiments are suitable to validate whether the 
compounds are able or not to accumulate the deficient protein associated to GFP after the 
treatment. As shown in Figure 47B, only ciclopirox shows a band at 55 kDa corresponding 
to UROIIIS-C73R-GFP, accumulating the protein above the detection level by western blot 
corroborated by flow cytometry where is the only drug that shows high GFP fluorescence 
(7,2 %). In all cases, the treatment by the proteasome inhibitor MG132 is the positive 
control by the accumulation deficient protein known effect blocking the degradation protein 
pathway.  
 

 
 

Figure 47. Biochemical characterization of library L2 drugs selected. A) Flow cytometry analysis of stably 
MLP29 C73R-UROIIIS-GFP L2 library treatments at 100 M for 16 hours. MG132 proteasome inhibitor 
was used as positive control treated at 5 M. B) Western Blot of L2 library treatments at 100 μM by MLP29 
C73R-UROIIIS-GFP cell line. Specific antibody GFP was used to detect the mutant protein associated to 
GFP at 55 kDa. Hsp70 serve as protein loading control. MG132 proteasome inhibitor was used as positive 
control treated at 5 M.  
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In parallel to the biochemical characterization, to study in detail the interaction site of the 
complex protein-drug, we analyzed by NMR spectroscopy the selected L2 compounds, 
focus on the C-allosite domain monitoring in vitro the changes in the catalytic efficiency 
of the protein. The NMR results analysing the chemical shifts perturbation (CSPs) of 
1H,15N-HSQC spectra were used to determine the drug binding pocket and the key residues 
involved in the binding phenomena. This information was implemented in the docking 
simulation by restraining the searching space centred in the binding site and providing 
flexibility to the side-chains of the key residues. Flexible-docking results were analyzed 
using in-house software and revealed that only ciclopirox (6-cyclohexyl-1-hydroxy-4-
methyl-2(1H)-pyridone, CPX) specifically binds at the C-allosite, the structural model for 
the association is shown in Figure 48. The N-hydroxy-pyridone moiety actively interacts 
with the protein pocket through interactions with Asp113, Ser95 and Tyr97, while the 
ciclohexyl group fits in a hydrophobic pocket conformed by Tyr128. 

 
 

Figure 48. Structural model for the interaction of CPX (in green) to the C-allosite of UROIIIS, highlighting 
the involved amino acids. Residues with chemical shift perturbation upon CPX addition are shown in red. 
The hydrogen bond interactions are depicted by black dashed lines.  
 

IV.1.7. CPX is the best candidate to stabilize deficient UROIIIS. Validation of 
CPX with a CRISPR/Cas9 generated CEP cellular model (UROIIIS-C73R+/+). 
 

IV.1.7.1. Cross-validation of L1 and L2 hits as potential pharmacological 
chaperones.  
 

According to the data obtained so far, a set of compounds from the L1 and L2 libraries are 
already hits that stabilize deficient UROIIIS. For this set, Table 14 compares their chemical 
structures, analysing the interaction site, the accumulation of fluorescence GFP and the 
amount of protein detected intracellularly. All the results indicate that the strategy is 
capable to find putative pharmacological chaperones that rescue the deficient protein. 

Based on the previous screenings whose results are reflected in Table 14, we selected four 
organic molecules from the library L1 (L1.17.G5; L1.26.E3; L1.29.D6; L1.27.G5) and one 
from the repurposed library L2 (CPX). Despite of the obvious advantage to associate to the 
C-allosite, we also selected two hits that bind in the active site (and compete with the 
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substrate), because the active site is evolutionary designed to host small organic molecules 
and some of these hits may show extraordinary potency. 

 
 

Table 14. Summary of the biochemical and biophysical characterization of the L1 and L2 libraries selected 
compounds. Tm = the variation of half thermal denaturation of protein/ FC/% = percentage of fluorescent 
cells / n.a. = not available / GFP_int = GFP fluorescent intensity / WB/%= percentage of Western Blot 
analysis / CSP = chemical shifts perturbation. 
 
The molecules, shown in Figure 49, display very similar chemical structures, demonstrating 
by western blot once more their capacity to accumulate the deleterious protein in the 
cytosol.   
 

 
Figure 49. Western blot of putative selected compounds. MLP29 cells stably expressing UROIIIS-C73R-
GFP protein cultured in the presence of DMSO (control), or pharmacological chaperones, analyzed by 
Western blotting. Tubulin is included as a housekeeping protein. 
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The molecule L1.29.D6 seems the most active compound as compared to the other hits 
(Figure 48) but it was excluded from the study due to the high toxicity showed in the MTT 
assay, which is used to analyze cell viability at half maximum inhibitory concentration 
(IC50) (Figure 50). This quantitative measurement indicates how much of a particular drug 
or compound is needed to reduce the cell viability by half and the values are reported in 
molar concentration. Despite the inclusion of the Ro3 criteria of the L1 library of 
compounds, it is clear that they are not certified for human or animal consumption and their 
toxicity is not known. The above mentioned viability test shows that L1.29.D6 is potentially 
toxic (IC50 = 60 M), while the IC50 values for L1.26.E3 and L1.17.G5 are around 1 mM, 
way above the bioactive concentration range.  
 
 

 
 
Figure 50. Cell viability assay for different compounds: the chemicals L1.26.E3, L1.17.G5 and L1.29.D6. 
The IC50 has been determined in human fibroblast M1 cell line. Absorbance at 550 nm is due to the 
tetrazolium reaction in the mitochondria and is a reporter of cell viability. N=3. 

To complete the characterization of the hits, we analyzed their kinetic stability by circular 
dichroism, by monitoring the kinetic profile of the deficient C73N-UROIIIS. Specifically, 
the loss of secondary structure is monitored versus time, at physiological temperature. 
L1.26.E3 and CPX are able to stall protein's aggregation in vitro (Figure 51), which 
reinforce the idea that these molecules have chaperonin activity in UROIIIS.  
 

 
 

Figure 51. Comparison of kinetic stability of L1.26.E3 and CPX.  UROIIIS-C73N is kinetically stabilized in 
the presence of L1.26.E3 (10 equivalents, red circles) or CPX (10 equivalents, purple circles), as compared 
to UROIIIS-C73N in buffer, which losses secondary structure over time (blue circles). 
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IV.1.7.2. Rescue of catalytic activity of mutated enzyme by the hit compounds 
 
One essential issue is to ascertain whether the increase in the protein's stability is also 
translated into a gain in functionality. To that end, we need to evaluate the catalytic activity 
of the enzyme in the presence of the stabilizing compounds. In this context, we take CPX 
as a case study. According to the biosynthetic group heme pathway, the substrate catalysed 
by UROIIIS is hydroxymethylbilane (HMB), a highly unstable tetrapyrrole48. Therefore, to 
perform the enzymatic assay it is necessary to start at the previous step of the route, using 
porphobilinogen (PBG) as substrate. The assay is divided in two parts; the first reaction is 
carried out by incubation of the PGB substrate at different concentrations (from 0.1 to 4 
mM) catalysed by the enzyme porphobilinogen deaminase (PBGD), followed by a second 
incubation by the enzyme WT or C73N-UROIIIS. 
   
Figure 52 shows how the enzyme activity is increased in presence of CPX, manifesting the 
partial restoration of the reduced apparent catalytic activity of a mutated enzyme compared 
to the assay in absence of the drug, raising levels of activity to similar values than the WT 
enzyme. This study is an irrefutable proof of the direct CPX association on the deficient 
enzyme, reinforcing its role as pharmacological chaperone. Equivalent results have been 
obtained with other compounds from the L1 library. 
 

 
 

Figure 52. Substrate versus enzymatic rate plot for WT UROIIIS (purple), C73N-UROIIIS (green) and 
C73N-UROIIIS plus 15 equivalents of CPX (blue). Due to the instability of the substrate, it is generated in 
situ enzymatically from porphobilinogen (PBG) in a tandem assay.  The lines correspond to the best fittings 
to the Michaelis-Menten equation. 
 
IV.1.7.3. CRISPR/Cas9 cellular models of CEP (UROIIIS-C73R+/+ and 
UROIIIS-P248Q+/+). 
 

The revolutionary genetic technology known as CRISPR/Cas9 (Clustered Regularly 
Interspaced Short Palindromic Repeats and CRISPR-associated protein 9) allow us to 
modify the cellular DNA, adding genetic material, removing, or altering at particular 
locations in the genome. It constitutes a powerful tool in molecular biology since it is faster, 
cheaper, more accurate, and more efficient than other existing genome editing methods144. 
In collaboration with the University of Bordeaux (France), we have employed CRISPR/ 
Cas9 technology (See Materials and Methods, Section III. 6.4) to transform human 
embryonic kidney 293 (HEK 293 or HEK) cells into human cellular models of CEP by 
modified the endogenous UROIIIS WT version by enzymes carrying either C73R or P248Q 
mutations, the two most frequent deleterious inborn errors in CEP.  
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HEK cell line was chosen due to is reported propensity to transfection (99 %) and efficient 
expression of proteins transfected 145, being a useful human cellular system. Consistently, 
the mutated replacing protein mimicks the disease, driving the toxic accumulation of  
porphyrins (URO I and COPRO I). HEK WT and mutant HEK UROIIIS-C73R+/+ cells or 
HEK UROIIIS-P248Q+/+ were characterised for their heme group biosynthesising 
properties by measuring the accumulation (or not) of toxic porphyrins in the cytosol. 
Porphyrins have a characteristic pattern of fluorescence, emission wavelength from 600 to 
730 nm146, therefore flow cytometry analysis at APC channel (Ex-Max 650 nm / Em-Max 
660 nm) is able to distinguish between the non-fluorescent WT HEK cells and the 
fluorescent porphyrin-filled cytosol of the UROIIIS-mutated CEP cells, as shown in Figure 
53.  

 
 

Figure 53. Characterization of HEK cell lines modified by CRISPR/Cas9. Fluorescence activated cell sorting 
(FACS) analysis. A) HEK WT cells (left), HEK cells with the UROIIIS-C73R endogenously introduced by 
CRISPR/Cas9 (HEK C73R+/+, right). B) HEK WT cells (left), HEK cells with the UROIIIS-C73R 
endogenously introduced by CRISPR/Cas9 (HEK P248Q+/+, right). The accumulation of porphyrins generates 
an intrinsic fluorescent phenotype of the cellular CEP models (fluorocytes). Emission wavelength from 600 
to 730 nm. 
 
We used HEK UROIIIS-C73R+/+ cells to determine which selected molecules are the best 
candidates as pharmacological chaperones. Because HEK C73R+/+ are a bona fide cellular 
model of CEP, it is possible to monitor the accumulation of porphyrins into the cells 
similarly to the experiments with knock-in CEP mouse models. This is an essential pre-
clinical tool that beautifully mimics what happens at the patient level. Thus, instead of 
overexpressing the UROIIIS protein variants, in CRISPR/Cas9 CEP model we monitor the 
intrinsic fluorescence of the porphyrins themselves.  For the experiments, the cell line was 
treated for 16 hours with two compounds (120 M): L1.26.E3 and CPX and the 
experiments analyzed the total porphyrin fluorescence emitted by the cells by flow 
cytometry. Remarkably, CPX decreases the concentration of intracellular porphyrins in an 
89,5 % as compared to the less than a 1% of reduction when using L1.26.E3 (Figure 54). 
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Figure 54. Intracellular porphyrins accumulation (percentage of fluorocytes). Flow cytometry analysis of 
HEK C73R +/+ cell line of L1.26.E3 and CPX treatment at 120 M for 16 hours. 
  
Despite the great expectations of L1.26.E3, raised by previous experiments, the CPX 
performance with HEK UROIIIS-C73R+/+ positions the repurposed drug as a really 
promising candidate for CEP treatment, acting as pharmacological chaperone, so all the 
efforts are focused in further characterizing CPX. 
 
IV.2. Characterization of CPX as pharmacological chaperone against CEP. 
 

IV.2.1. Analysis of the modulation of deficient UROIIIS homeostasis by CPX in 
multiple cellular models.  
 
CPX was selected as potential pharmacological chaperone against CEP after the results 
showed in the previous sections, revealing its association to the C-allosite domain of 
UROIIIS, the accumulation of the deficient protein after the treatment in two different 
stably transfected cell lines monitored by GFP fluorescence, corresponding to fibroblast 
M1 and MLP29 hepatic cell lines, and finally the reduction of porphyrins in a CEP model 
genetically modified, all together evidencing its possible role as pharmacological 
chaperone. In addition, CPX is a repositioned drug which means that it is suitable for human 
consumption approved by FDA association, being of obvious advantage for future study in 
animals and subsequent clinical studies. To confirm the modulation of deficient UROIIIS 
homeostasis by CPX as a pharmacological chaperone, we funnelled our efforts towards a 
thorough analysis of the effect of CEP in different cellular models, also expanding the study 
by adding a second mutation (UROIIIS-P248Q, the second most common CEP-causing 
mutation). First, we tested CPX over a plethora of mammalian cell lines transfected with 
C73R- or P248Q-UROIIIS-GFP. The cell set includes: human fibroblast M1 cells, murine 
hepatocytes MPL29 cells, human immortalised myelogenous leukemia (K562) cells and 
human embryonic kidney (HEK). Fluorescence emitted by cells was measured by flow 
cytometry following the same protocol for the libraries screening, where the untreated cells 
does not show GFP fluorescence whereas the CPX-treated cells ought to increase the 
fluorescence if there is an increment in the intracellular protein concentration induced by 
the compound. As shown in Figure 55, this is actually the case and a large increase in 
fluorescence is induced by CPX treatment over C73R- or P248Q-UROIIIS-GFP transfected 
cells: 
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Figure 55. A dose of 60 M CPX increases the number of GFP expressing cells (blue bars, left y-axis) and 
also the average fluorescence (green bars, right y-axis) by flow cytometry, for a set of eukaryotic cell lines.  

HEK is a cell type with high metabolic rate and have been transiently transfected without 
subsequent selection of clones, so basal GFP fluorescence is expected. Yet, a significant 
raise in the fluorescence is observed when the cells are treated with CPX and identical 
results are obtained when the cells are transfected with the C73R- or P248Q-UROIIIS. The 
effect of CPX on both mutations indicates that it is not limited to the C73R mutation alone, 
opening possibilities that it could serve for an amplitude of mutations and even paving the 
way for its use in other types of Porphyria. Moreover, the positive result on the P248Q 
mutation validates the use of CPX with the available murine CEP model (Tg UrosP248Q/P248Q 
mice). Finally, the results obtained for the human erythrocytes K562 cell line reproduce an 
improvement in the protein's homeostasis in a cellular line that is a good producer of heme 
group.  
 
As previously reported, the proteasome inhibitor MG132 is able to restore deficient protein 
levels by blocking its main degradation pathway. This compound is also cytotoxic, 
activating apoptosis. Using specific markers of polyubiquitination (UQ antibody) and cell 
death as the protein PAR-Polymerase (PARP antibody), we verify that the accumulation of 
the deficient protein on CPX treatment is not produced by an inhibition of the proteasome. 
Specifically, poly-ubiquitinated proteins are not more overexpressed than the control nor 
the integrity of the PARP is affected, as shown by western blot in Figure 56A-B. PARP 
antibody detects the PARP1 protein involved in cell viability, presenting a full length at 
116 kDa as well as the large fragment (89 kDa) of PARP1 resulting from caspase cleavage 
facilitates cellular disassembly undergoing apoptosis147. Moreover, further protein markers 
were analyzed to demonstrate that CPX is not modulating other cell systems pathways. 
Early endosome antigen 1 (Eea1) is localized exclusively in early endosomes, and 
lysosome-associated membrane glycoprotein 1 (Lamp1), a highly-glycosylated 
glycoprotein associated to later endosomes, are not significantly altered (Figure 56A-B), 
which means that the glycosylation processes, closely associated to ER, and the endosomal 
trafficking are not apparently affected, reinforcing the idea that CPX is not modulating the 
endoplasmic reticulum pathways. Two different cell lines, human M1 and murine MLP29, 
confirm the same CPX effect on the stably overproduction of deficient protein UROIIIS at 
60 M, small concentrations of CPX around 6 M are not effective doses as shown in 
Figure 56A.  
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Figure 56. Western blot analysis of the CPX- of MG132 (5M)-induced accumulation of UROIIIS-C73R-
GFP in M1 human cells (A) and in MLP29 mouse cells (B). In all cases, the proteins were detected by using 
specific antibodies. Lam1 reports on post-translational modifications (glycosylation) in the endoplasmic 
reticulum; UQ displays the polyubiquitinylated proteins and is related to proteasomal degradation while Eea1 
is a reporter for the endosomal vesicular trafficking. PARP is involved in the cell viability; cleaved PARP 
indicates cellular disassembly undergoing apoptosis. Actin, GAPDH, annexin V and tubulin serve as a protein 
loading controls. 

Interestingly, CPX also presents the same effect on the WT version of human UROIIIS 
since it is able to accumulate UROIIIS-WT-GFP overexpressed protein not induce 
apoptosis confirmed by the absence of cleaved PARP (Figure 57). The fact that CPX 
treatment modulates the homeostasis of both WT and deficient UROIIIS version proteins 
equally supports a direct stability effect without apparently and significantly altering other 
cellular systems, acting as pharmacological chaperone.  

 

 
 
 

 

 
 

 
 

Figure 57. Western blot analysis of the CPX-
induced accumulation of UROIIIS-WT-GFP in 
stably MLP29 mouse cells and non-stably 
MLP29 cells. The proteins were detected by 
using UROIIIS and GFP specific antibodies. 
PARP is involved in the cell viability; cleaved 
PARP indicates cellular disassembly undergoing 
apoptosis. Actin and annexin V serve as a protein 
loading controls 
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IV.2.2. Analysis of the CPX effect in heme metabolism. 
 

IV.2.2.1. CPX reverts the CEP metabolic phenotype in cellular models.  
 

To gain further insight in the CPX effect on UROIIIS and following the same procedure as 
in section IV.1.7.1, we tested different concentrations of CPX from 500 M to 6 M during 
24 hours and monitored the accumulation of porphyrins by measuring the fluorescence in 
a flow cytometry experiment. Figure 58 shows a drastic decrease in the fluorescence at all 
concentrations tested and compared to the untreated negative control, reflecting an evident 
shift of the cellular population towards a cell pool that resemble native HEK cells. At 120 
M of CPX occurs the maximum fluorescence reduction, as detected by cytometry (14,5% 
vs 98% of untreated control). Yet, an equivalent effect can be observed at lower doses up 
to 30 M with a gradual apparent increase of fluorescence.  
 

 
Figure 58. Analysis by flow cytometry of HEK UROIIIS-C73R+/+ in the presence of CPX treatments at 
different concentrations from 500M to 6 M for 24 hours. The accumulation of porphyrins generates an 
intrinsic fluorescent phenotype of the CEP cellular model (fluorocytes). Intracellular porphyrins 
accumulation (percentage of fluorocytes). 
 

On the other hand, we compared the CPX treatment with the inhibition of the proteasome, 
proposed in previous studies 105, CPX shows an effect 6-fold greater than MG132 (Figure 
59). 



  RESULTS                                                                            

93 
 

 
Figure 59. Analysis by flow cytometry of HEK UROIIIS-C73R+/+ in the presence of 5 M of MG132, a 
proteasomal inhibitor.  
 
Figure 60 shows the analysis by flow cytometry of HEK UROIIIS-P248Q+/+ cell line where 
we observe the shift of the cellular population to a similar WT profile (non-fluorescence 
cells). Concentrations from 3 to 120 M of CPX were used to demonstrate that in both 
cellular models we obtain the same effect on the accumulation of porphyrins and their 
phenotypes. The maximum effect is also observed between 30 and 120 M of CPX. 
 

 
Figure 60. Analysis by flow cytometry of HEK UROIIIS-P248Q+/+ in the presence of increasing amounts of 
CPX, as indicated. The accumulation of porphyrins generates an intrinsic fluorescent phenotype of the CEP 
cellular model (fluorocytes, right part of the histogram), whilst CPX reverts it towards normal phenotype. 
Part of the fluorescent phenotype is also due to the heme group production. 
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We conclude that the observations of the population shift in both lines by flow cytometry 
are associated with the decrease in fluorescence, which is due to the decrease in the 
accumulation of porphyrins induced by the CPX effect. The evident change from 
fluorescence to non-fluorescence cells, showing a similar WT profile, indicates the 
reversion of CEP phenotype to the WT one, as a result of the potential of CPX as a therapy 
against CEP.  
 

IV.2.2.2. CPX effect on the decrease of porphyrins accumulation by separation 
and quantification of porphyrins. Study on cellular models and CEP-patient 
derived cell lines. 
 
As shown in previous results, we postulate that the effect induced by CPX is associated to 
the recovery of deficient UROIIIS stability for both mutations (C73R or P248Q). To verify 
this fact, porphyrins were separated and quantified by HPLC analysis. HPLC is a 
chromatographic technique that, under high pressure, it enables separation and 
quantification or organic substances, depending on their retention time. The retention time 
reflects the partition equilibrium between the mobile phase (buffer) and the stationary phase 
(the matrix of the column) and reflects the distinctive chemical properties of the analyte. 
The HPLC characteristic profile of porphyrin analysis of a blood or urine sample of a CEP 
patient is dominated by the excess of the isomers URO I and COPRO I64,148. As shown in 
Figure 61 and compared to the porphyrin standards (Figure 61A), the CRISPR/Cas9 
derived cellular models of CEP (Figure 61C) differ from WT cells (Figure 61B) and match 
the HPLC profile observed in patient samples, showing a large accumulation of URO I 
followed by a much smaller (yet very large) accumulation of COPRO I.  
 
As expected, HPLC analysis confirmed that the decrease in fluorescence observed in the 
flow cytometry experiments is due to a reduction in the porphyrin concentration (Figure 
60E, F), which drops up to an 80-90% of the value in absence of CPX. The drug-induced 
porphyrin reduction is noticeable already at low concentrations (between 1 and 6 M of 
CPX) and the effect is maintained up to doses of at least 250 M (Figure 61H). Remarkably, 
at the higher doses, URO I reduction is also accompanied by uroporphyrin III (URO III) 
accumulation (Figure 61G), confirming the effect of CPX on the deficient UROIIIS protein 
and supporting the idea of acting as a pharmacological chaperone. 
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Figure 61. HPLC profile of porphyrins and CPX treatments. Porphyrin standards (A). Porphyrin separation 
of HEK WT mimic a normal profile (B); HEK UROIIIS-C73R+/+ cells (C) or HEK UROIIIS-P248Q +/+ cells 
(D) in absence of CPX; HEK UROIIIS-C73R+/+ (E) or P248Q+/+ cells (F) in presence of 60 M CPX and 
HEK UROIIIS-C73R+/+ cells in presence of 250 M CPX (G). CPX dose dependent URO I reduction for 
HEK UROIIIS-C73R+/+ (purple) and P248Q+/+ cells (blue) (H). [1] Uroporphyrin I, [2] Uroporphyrin III 
(URO III), [3] Heptaporphyrin I, [4] Hexaporphyrin I, [5] Pentaporphyrin I, [6] Coproporphyrin I [7] 
Meso/Protoporphyrin IX.  
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The reduction of porphyrin accumulation was further corroborated by the analysis of CEP 
patient human primary cell line. Lymphocytes from a patient suffering from CEP (4-10% 
of WT’s UROIIIS activity) responded to treatment with 60 and 250 µM CPX (Figure 62) 
and reduced the abnormal levels of the toxic porphyrin URO I by 2-fold, as compared to 
the untreated lymphocytes. No significant effect was observed in human lymphocytes from 
an apparently healthy individual. These preliminary results constitute promising effects as 
alternative therapy for CEP in humans. 
 

 
Figure 62. Effect of CPX in human lymphocytes from a 24-years-old CEP patient (blue) and an apparently 
healthy individual (purple). Treatment for 24 hours. N = 3, * p <0.05. 
 

IV.2.2.3. CPX effect on the genetic regulation of heme biosynthesis pathway. 
Implications of CPX as a putative iron chelator. 
 
The response induced by CPX on cellular models clearly indicates that improves the 
intracellular homeostasis of the deficient protein UROIIIS. Yet, one possibility is that the 
compound is acting at the transcription level so we studied the expression of the heme 
group pathway genes after treatment. Moreover, CPX has also been reported to be an iron 
chelator149 and the heme pathway is intimately coupled to the iron cycle so we also 
investigated the effect of iron in the CPX-induced UROIIIS intracellular stabilization.   
 
The expression of the eight genes involved in the heme biosynthesis pathway (ALAS1, 
ALAD, HMBS, UROS, UROD, CPOX, PPOX and FECH) were studied by RT qPCR in 
CEP cellular models HEK-C73R+/+ and HEK-P248Q+/+ with HEK WT cells used as 
control. The expression of each gene was normalized with the equivalent value in the 
untreated gene of WT HEK cells. The analysis revealed that there are no significant 
differences in any gene expression of the pathway after CPX treatment in the cell models 
and WT (Figure 63), thereby, the effect induced by CPX on the porphyrin levels depletion 
is not produced by changes in the pathway regulation. According to the literature, the 
biosynthesis of the heme in non-erythropoietic cells is mainly controlled by ALAS1 whose 
synthesis is regulated with negative feedback mechanism by a "free" heme group reserve 
to maintain appropriate intracellular heme level44. As expected, Figure 62 shows how the 
cellular CEP models upregulate the ALAS gene as compared to WT cells due to heme-
deficiency cause by the unstable UROIIIS enzyme, whilst CPX exerts a negligible effect 
on the regulation of the pathway.  



  RESULTS                                                                            

97 
 

 
Figure 63. RT qPCR analysis of HEK cells (WT, UROIIIS-C73R+/+ and UROIIIS-P248Q+/+ as indicated) for 
the different human genes of the heme biosynthetic pathway in the absence (brown) and in the presence (blue) 
of 120 M CPX. The main difference observed is the upregulation of the ALAS gene for the cellular models 
of disease, as previously reported. 

Another interesting aspect to study is the consideration of CPX as an iron chelator, this 
property may constitute an alternative mechanism to modulate the heme group 
metabolism150, a pathway tightly regulated by iron. This fact was studied testing two 
different concentrations of iron chloride (6 and 60 M) in absence or presence of CPX at 
30 or 60 M incubated for 24 hours in HEK UROIIIS-C73R+/+ cells. Under normal 
condition, the heme biosynthesis is dependent on iron uptake by the cells regulating mainly 
the expression of FECH, which is an iron-sulfur cluster protein44. The results shown that 
the incorporation of iron increases the amount of URO I in the cellular model due to 
upregulation of the pathway, however we conclude that CPX capability to reduce URO I 
levels is independent of iron chloride (Figure 64).  
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Figure 64. Effect of Iron chloride in the accumulation of URO I by HEK C73R+/+ cells and its ulterior 
reduction induced by CPX. All bars have been normalized to the no iron, no CPX control group (100%). * p 
<0.05. 

On the other hand, to investigate whether the CPX iron chelant properties could ultimately 
compete with iron of the heme group, we carried out studies about affinity by NMR. 
Actually, as compared to other drugs that act through the chelation mechanism like 
deferoxamine151, we demonstrate that CPX weakly coordinates iron but it is unable to 
compete for the metal in the heme group nor in any of the main iron-containing prosthetic 
groups (Figure 65). Thus, as shown in Figure 64, CPX is not able to compete with the iron 
of heme but it seems to coordinate to it, stabilizing it to ultimately regulate the excess of 
iron that increases the accumulation of URO I in CEP cells. 
 

 
Figure 65. The signal intensity change in the 1D 1H-NMR (6.2 ppm) can be used to determine the affinity 
constant of the complex. The best fitting to the experimental data provides a value of 380 M. 
 
IV.2.3. Affinity and cytotoxicity; the common formulation as CPX olamine 
(CPXol).  
 
Once the beneficial effects of CPX have been characterized and demonstrated, pre-clinical 
studies in model animal of CEP disease becomes the next step. To ensure safety, a 
preliminary toxicity study of CPX in different cell lines was performed (Figure 66), 
concluding that its IC50 is around 120 M for human cells (HuH7 and M1) and 64 M for 
mouse cells (MLP29), concentrations that are above the effective optimum values 
characterized previously. 
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Figure 66. MTT cell viability assay for the approved drug CPX. The IC50 has been determined in three 
different cell lines: MLP29 (blue), M1 (green) and HuH7 (red). Due to the tetrazolium reaction in the 
mitochondria absorbance at 550nm is measured and is reporter as cell viability (%). 
 
Observations on the HEK WT or UROIIIS-C73R+/+ version cell lines by optical microscopy 
corroborate that there are no obvious serious alterations in the cellular phenotype, therefore 
not revealing signs of high toxicity (Figure 67). The only observation is the apparent 
decelerate of cell growth compared to untreated controls, perhaps due to the anti-tumor 
activity of CPX described by inhibiting the proliferation arrests in G1 phase of the cell 
cycle in mammalian cells152 , which may induce the cells to present a larger aspect 
occupying the free space by the decrease of cellular growth. 
 

 
 
Figure 67. Optical microscopy images. HEK WT or UROIII-C73R+/+ cell lines untreated or CPX treated (6 
or 60 M). CPX treatments not show obvious signs of major serious alterations compared to untreated control. 
Scale bar, 50 m. 
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Finally, one of the problems commonly found with the compound is the solubility of CPX 
which may preclude an eventual oral administration of the drug at the desired 
concentrations. In this context, we also tested the activity for the most common formulation 
of CPX, CPX olamine (CPXol), which is sufficiently lipophilic with approximately neutral 
pKa, being suitable for buccal administration153. As we could check in cell studies analyzed 
by HPLC, CPXol produce identical results in the reduction of toxic metabolites, 
underlining the fact that the active principle is the CPX entity (Figure 68). 
  

 
 

Figure 68. URO I reduction induced by 60 M CPX (brown), 60 M ciclopirox olamine (CPXol, purple). 
All bars have been normalized to the no CPX control group (blue, 100%). * p <0.05. 
 
IV.3. Study of CPX effect in a mouse animal model of CEP disease. 
 

The extensive dataset compiled on the effect of CPX in the heme metabolism, justifies an 
in vivo test of CPX with an animal model of CEP, a significant step forward in the pre-
clinical dossier and a prerequisite to perform assays in humans. In this section, we present 
the results with the murine CEP model, highlighting the effects on pathology and 
symptomatology as well as the pharmacokinetic properties of the drug. 
 
IV.3.1. Ciclopirox improves the phenotype of a mouse model of CEP.  
 
We evaluated the activity of CPXol in a murine model of CEP (Tg UrosP248Q/P248Q knock-
in mouse model). The CEP mouse model is a bona fide model of human CEP since it shows 
the metabolic defect, reflected in the isomer I porphyrin accumulation in blood as well as 
skin lesion defects upon irradiation with UV light122. A total of 16 animals (mouse model 
of CEP) were used to evaluate the effect of CPXol administered in the food pellets; 7 
animals were fed with CPXol while 9 animals had food with regular pellets. The isomer I 
porphyrin levels were monitored in the blood weekly and the porphyrin were obtained by 
the porphyrin extraction protocol (See Materials & Methods, Section III.16.). 
 
After a basal (pre-treatment) sample (day 0), treatment was started on day 2 and the first 
post-treatment sample was obtained on day 3, followed by weekly monitoring by HPLC. 
Isomer I porphyrins URO I (Figure 69A) and COPRO I (Figure 69B) in the blood were 
significantly reduced in the group treated with CPXol when compared with the control 
group.  
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Figure 69. Change in porphyrin levels in red blood cells (RBCs). URO I (A) and COPRO I (B) porphyrin 
concentration in RBCs as determined by HPLC analysis for the mouse group treated with CPX (N=7, blue) 
and the control group (N=9, purple). Graphs on the right represent the same porphyrin levels but are compared 
to their respective values at day 0 for the mice treated with CPX (blue) and the untreated mice (purple). The 
reduction of porphyrins between the two groups is shown in green (in percentage). 
 
The reduction in porphyrins in RBCs appeared to be greatest in the first 20 days following 
treatment, after which there was a slow-to-steady reduction until the last evaluation (day 
45). Similar results were observed for the hepta-, hexa-, and penta-isomer I porphyrins 
(Figure 70). Preliminary data suggests that CPXol would continue reducing the porphyrin 
levels after 45 days (if administration is continued). Upon treatment disruption, the 
porphyrin levels are slowly restored (Figure 70D). 

 
Figure 70. Levels of Hepta (A) Hexa (B) and Penta (C) porphyrin I. D) Increase of porphyrin levels upon 
interruption of CPX treatment. 
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Remarkably, CPXol is able to increase the concentration of protoporphyrin IX, an 
important precursor of the heme group downstream of UROIIIS activity, thus 
demonstrating the pharmacological chaperone activity in the mouse metabolism (Figure 
71).  

 
Figure 71. Variation in the protoporphyrin IX concentration over time in the mouse group treated with CPX 
(blue) and the control group (purple). 
 
Additionally, porphyrins from the liver of the animals were measured after 45 days of 
treatment. The porphyrin was obtained by the extraction protocol with one modification, 
homogenizing the tissue previously to the extraction. The results showed that CPXol 
reduced the porphyrin levels in liver tissue by 40 % (Figure 72A for URO I). On the other 
hand, splenomegaly is clearly reduced (Figure 72B), a strong evidence of reduced 
hemolysis and decreased porphyrin deposition. Consistently, there was a significant weight 
reduction in the spleen in the CPX group (mean 410 ± 86 mg, Figure 72B bottom row) 
compared to the untreated group (mean 985 ± 204 mg, Figure 72B top row).  
 

 

 
Figure 72. A) Change in URO I levels in the liver at day 45 of treatment (weight normalized). B) CPX 
reduced splenomegaly after 45 days of treatment since the spleen volume in the untreated mice (top row) was 
greater than that in the CPX-treated mice (bottom row). Scale bar 1 cm. 
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Liver, spleen and kidney histology was also performed. To that end, the tissues were fixed 
in parafilm and marked by different stains that allowed the study of iron deposits (Perls 
staining, PS), porphyrin deposits and steatosis (hematoxylin-eosin staining, HE), 
inflammation (F4/80 marker) and fibrosis (Sirius red, SR). The results obtained for the liver 
histology (Figure 73) shows reduced steatosis (white arrowheads in HE staining), a 
reduction in the cluster of erythroid cells in the sinusoids (circles in HE staining) and a 
reduction in the porphyrin deposits (pigment accumulation observed as dark spots, black 
arrow in HE staining). PS staining identified iron deposits (black arrows, blue staining), 
which become attenuated upon CPXol treatment both in liver and kidney (Figure 73). 

 

 
Figure 73. Histology of liver and kidney from mice as indicated. Stains: hematoxylin-eosin (HE) and perls 
(PS). Liver and kidney HE: steatosis (white arrowheads), clusters of erythroid cells in the sinusoids (dotted 
circles), pigment accumulation due to porphyrin deposits (black arrowheads). Liver and kidney SP: iron 
deposits (black arrows, blue staining). Scale bar, 100 m (HE) or 200m (PS).  
 

We have also analyzed inflammation in spleen and liver tissues by inmunohistochemistry 
using F4/80 antibody, which recognizes a macrophage-specific glycoprotein in mice 
connective tissues. The recognition of these macrophages (F4/80, white arrow) allows their 
visualization as well as their quantification. In both, liver (Figure 74A-B) and spleen 
(Figure 74A-C) there is a decrease inflammation after CPX treatment, also related to the 
volume decrease observed previously. Furthermore, quantification of fibrosis by collagen 
estimation (SR, white arrow) indicates a CPX-driven tendency to reduce fibrosis in the liver 
after the treatment of the drug (Figure 74B). 
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Figure 74. A) Histology of liver from mice as indicated. Stainings: F4/80 inmunohistochemistry (F4/80) and 
Sirius red (SR). Liver and spleen F4/80 is indicated by a white arrow. Liver SR: collagen fibrils (white arrow). 
B, C) Quantification of the fibrosis as measured by the collagen content and the inflammation as determined 
by F4/80 inmunohistochemistry, in the spleen (B) and liver (C) as indicated. 
 
In general, there is a reduction of porphyrin and iron deposits in the tissues, alleviating the 
fisiopathology of the tissues which should have an effect on the symptomatology, being the 
histological analysis consistent with the hematological results. All together, these studies 
are quite determinant and promising for a possible clinic assay in human CEP patients. 
 
IV.3.2. Preliminary pharmacokinetics and dose-response studies.  
 
Once observed the effect of the medicine on the organism, in this section we now 
investigated how the organism affects the drug, specifically the study of the time course of 
drug absorption, distribution, metabolism, and excretion (pharmacokinetics). According to 
the literature, pharmacokinetic experiments showed that CPX's lifetime in the organism is 
short, with strong affinity for serum albumin and fast catabolism mediated by a 
glucuronation reaction154,155.  
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Glucuronation occurs at the hydroxyl moiety and glucuronated CPX (CPXglu) inactivating 
it. This reaction inactivates CPX to reduce the porphyrins levels, verified by HPLC on the 
CEP cellular model HEK UROIIIS-C73R+/+, where there is no significant effect with 
respect to the untreated control (Figure 75). 
 

 
 

Figure 75. Effect of Glucuronated ciclopirox on URO I levels. No significant reduction induced by 60 M 
glucuronated ciclopirox (CPXglu). The bars have been normalized to the no CPX control group (NO, 100%).  
 

In the previous study of the CPX effect in CEP animals, the drug was administered in the 
food pellets, so its concentration was unknown depending on the intake of each animal. 
Hence, to quantify the effective concentration of CPX administered within the pellets, we 
have developed an NMR-based method for the analysis of the active and glucuronated 
forms of CPX in serum and urine (See Materials and Methods, Section III.17.). The average 
concentration of active CPX in serum was CPX = 2.79  0.6 M, CPXglu = 12  1.2 M, 
which is equivalent to an intake (gavage) of 100 mg/Kg and on the toxicity limit for the 
drug156. Consistently, a small fraction of the animals showed bowel inflammation, a clinical 
sign also observed in a clinical trial with humans at equivalent doses.  
 
In a second independent experiment by gavage administration with wild type Tg mice (N 
= 8), tested CPX doses in the range of 1 to 100 mg/Kg (N = 2 for each dose) and CPXglu 
was determined by NMR spectroscopy. This species always peaks concentration (Cmax) at 
1h after administration (with Cmax concentrations ranging between 1 and 15 M); with a 30 
% of remaining substance in serum after 6h of administration (t1/2). Glucuronation of the 
drug increases its solubility, favouring its excretion: a peak of CPXglu in the mM 
concentration range was observed in urine within the first 24 h after administration. Finally, 
the ratio CPXglu/CPX was much higher in WT mice (with 94 % of glucuronated species) 
than in CEP mice (with 84 % of glucuronated species), as determined from serum analysis 
by NMR spectroscopy. 
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IV.3.2.1. CPX minimum effective dose (MED) and the maximum tolerated dose 
(MTD). 
 
To try to determine what dose would be appropriate, we studied the minimum effective 
dose (MED) and the maximum tolerated dose (MTD) through a third experiment 
administered CPX to 30 CEP mice using oral administration by gavage during 35 days 
(control, 1, 5, 10 and 25 mg/Kg, N = 6 per dose). The isomer URO I porphyrin levels were 
monitored in the blood weekly and the porphyrin were obtained by the porphyrin extraction 
protocol.  
 
The results are presented in the Figure 76, while 1 mg/Kg showed no effect as compared to 
the control, the MED is < 5 mg/Kg since, at this dose, a 22 % reduction in the URO I 
content is observed. A similar effect was observed at the higher dose (25 mg/Kg, 28 % 
reduction) so it can be concluded that 25 mg/Kg < MTD < 100 mg/Kg. Thus, CPX acts as 
a pharmacological chaperone in CEP mice in a concentration range below the toxicity limit 
of the drug.  
 

 
 

Figure 76. URO I variation in RBCs in mouse after 35 days of treatment of CPX at the indicated doses. 

 

To conclude the results section, we confirm that the search strategy of pharmacological 
chaperones presented at the beginning, is well planned and has been successfully tested. 
All the results point in the direction of a promising therapy against the pathology suffered 
by this devastating disease, being closer to a clinical study in human patients. 
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“La ciencia es todo aquello sobre lo cual siempre cabe discusión” 

 

― José Ortega y Gasset 
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V. DISCUSSION 
 
The use of pharmacological chaperones in misfolding diseases represents, from the 
pharmaceutical and clinical points of view, a promising therapeutic strategy in terms of 
cost, efficacy, and patient’s compliance to therapy. From the clinical point of view, the use 
of pharmacological chaperones promises to be a more efficient and safe alternative therapy 
than other therapies proposed to date. For instance, enzymatic replacement by intravenous 
application or genetic therapy entail high cost, safety and delivery issues157,158 or do not 
adequately address the underlying mechanistic pathogenesis of the disease. Yet, the 
intrinsic complications of the drug discovery process and the specific features of the protein 
intracellular homeostasis has precluded its complete and final validation and, to date, no 
pharmacological chaperones are in the market yet (even though there are several in Phase 
III stage). 
 
CEP disease is caused by loss-of-function inherited mutations, a feature that could be 
reverted by the use of chemical entities that stabilize the protein. The landmark of CEP 
pathophysiology is the abnormal and high toxic levels of porphyrins that accumulate 
throughout the body and impact in many organs, particularly in the skin. CEP is potentially 
devastating and can be life-threatening. Currently there are no curative treatments available, 
with the only management for CEP consisting in visible-light photoprotection. In summary, 
this severe disease is in high-demand of effective and accessible pharmacological 
treatments at the curative level. This work is focused on the search and development of 
pharmacological chaperones for congenital erythropoietic porphyria. 
 
The results obtained in the present work are grounded on a comprehensive strategy of drug 
screening that integrates computational and structural approaches, said NMR, in 
combination with functional in cellula and in vivo experiments. This strategy yielded 
different hit compounds that can potentially act as pharmacological chaperones, stabilizing 
the UROIIIS protein upon binding. In this work, we have demonstrated that the repurposing 
drug ciclopirox acts as an allosteric pharmacological chaperone capable to reduce the levels 
of porphyrins, improving the homeostasis of UROIIIS as well as the phenotype of a bona 
fide murine CEP model. The versatility of our strategy is already being demonstrated by 
the adaptation of the platform for other rare missfolding-disease such as type I tyrosinemia, 
with ongoing research currently carried out in our laboratory to target human fumaryl 
acetoacetatehydrolase and that it already has provided some promising preliminary results. 
 
Mechanistically, CPX acts as allosteric pharmacological chaperone in CEP. In the 
development of this thesis the screening platform used for the search of pharmacological 
chaperones for CEP has been validated. All the compounds have been analyzed in detail 
employing a wide range of methodologies, which has allowed to categorize compounds 
according to their thermodynamic properties and to simplify the choice of the lead 
molecules acting as allosteric pharmacological chaperones. In this context, the data 
obtained from CPX confirm that the mode of action in relation to CEP is by binding to 
UROIIIS at the C-allosite location and stabilises its folded conformation, increasing 
UROIIIS activity, modulating its proteostasis and reducing the subsequent toxic levels of 
porhyrins. 
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The in vivo studies in this work show how the treatment of CPX improves the clinical 
manifestations in CEP animals. The analyses show a reduction in the toxic levels of 
porphyrins in blood, directly related to the impact on the tissues and organs, being 
especially relevant the improvement in the pathology of liver and spleen, mainly related to 
the regulation of the heme group. Due to the importance of the spleen as the main blood 
filter, the clear reduction of splenomegaly strongly supports that, upon treatment, there is a 
reduction in hemolytic anemia which indicates an improvement in the biosynthetic 
production of the heme group. In turn, this is endorsed by an increase of the heme precursor 
PROTO IX in RBCs reinforcing a restoration of homeostasis of the heme pathway. This 
supports the observed reduction of porphyrin deposits in liver that can explain the reduction 
of steatosis and fibrosis as well as inflammation. Furthermore, due to the water-solubility 
properties of the porphyrins accumulated in CEP, the main elimination route is excretion, 
mainly by urine. Contrary to expectations, there is no greater accumulation of porphyrins 
in the kidneys in order to their elimination. The decrease of porphyrin deposits in the kidney 
suggests a relief in the production of porphyrins in the body supported by the previous 
results in liver and spleen. On the other hand, the data provided from the treatment of CPX 
in a lymphocyte hematopoietic cell line from a patient with CEP indicates that CPX would 
be able to act on the main heme producer of the body, the bone marrow. Thus, all the results 
obtained point that there is an improvement of the homeostasis of heme synthesis pathway 
in vivo that improves the erythropoiesis in both bone marrow and liver, so the treatment 
would cover 100 % of the body's heme production cells, which suggests reduction of 
hemolysis and ultimately the regulation of homeostasis of the heme group in the body, 
which translates into a significant therapeutic effect on the damaged tissues.  
 
It is also expected that CPX may act positively on the skin lessions produced by CEP. Even 
though we do not have sufficient data of an improvement in photosensitivity, the data 
provided by in vivo experiments with Bortezomid have remitted skin problems105. 
Bortezomid acts as an indirect unspecific chemical modulator for UROIIIS by inhibiting 
its main degradation pathway, whereas CPX is a specific modulator, in comparison it is 
expected that there will be a remission of photosensitivity upon CPX treatment in CEP. 
 
CPX is effective in two different mutations C73R or P248Q with practically identical 
results so it is expected that CPX may be applicable to the majority of pathogenic missense 
mutations causing CEP. On the other hand, an allosteric modulation is highly advantageous 
since it does not affect the catalytic site, minimizing its effect on the enzymatic activity. 
This is in contrast to the more canonical strategies to discover pharmacological chaperones 
which are directed against to the active site or at a given mutation site, often facilitated by 
focus on molecules with structural similarity to the substrate in the transition state of the 
complex with the enzyme, as it has been proven successful in Fabry, Tay-Sachs or Gaucher 
diseases159 but at the expense of conflicting with the intrinsic catalytic activity. This 
differential impact of the search of allosteric pharmacological chaperones on misfolding 
diseases is also supported by recent studies following a similar screening strategy in which 
a molecule has been identified to regulate and stabilize lysosomal alpha-galactosidase in 
vitro in Fabry disease by allosteric binding160. Thus, the recognition of the potential of 
allosteric pharmacological chaperones open novel perspectives in the screening approaches 
and therapy of misfolding diseases.  
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CPX in the context of other treatments. Our results contrast with another therapeutic 
intervention based on bone marrow transplantation, although this therapy tries to solve the 
underlying mechanistic cause of CEP, it is used for the most severe cases and is rarely 
justifiable due its high safe risk35. On the other side, theoretically, the bone marrow 
transplant would only solve part of the problem, the accumulation of porphyrins in the liver 
would remain unresolved, which lead to a mosaicism of CEP. Our proposed therapeutic 
alternative through CPX would not generate this type of mosaicism since it may act in all 
the cells of the body as mentioned above, besides it does not entail security risks nor does 
require operations and has already passed safe administration tests. Together, all these data 
strongly support a further clinical trial of this drug in CEP patients. 
 
Afamelanotide, an -melanocyte stimulating hormone (α-MSH) analogue161 is an approved 
treatment for EPP in Europe based on a drug with phototherapeutic properties and it could 
potentially be used on CEP patients. Yet, in contrast to CPX, afamelanotide just acts on 
melanocytes causing tanning skin, moreover its very long-term safety is not yet known, the 
studies of its benefits are diffuse and the most importantly, does not address the underlying 
cause of the disease. Actually, the possible use of afamelanotide on other cutaneous 
porphyrias is quite doubtful and debatable, whereas CPX in principle, as we have discussed 
above, could be an alternative therapy with good prognosis from the biochemical, 
pharmaceutical and clinical point of view.  
 
Alternative therapeutic molecular mechanisms of CPX. CPX and often in the form of its 
olamine salt, is a repurposing drug off-patent fungicide with already proven efficiency for 
the treatment of cutaneous fungal infections, vaginal candidiasis, seborrheic dermatitis and 
onychomycosis162. Several studies have demonstrated that CPX also possesses anti-
proliferative activity in tumor cells152,163–166. This anticancer activity of CPX has been 
attributed to intracellular iron chelation which, in turn, disrupts iron-dependent pathways 
and inhibit of iron-containing enzymes, such as ribonucleotide reductase and ultimately 
suppresses expression of the antiapoptotic gene surviving to induce cell death163. Iron also 
regulates the heme pathway and strong iron chelators like deferoxamine have been 
investigated for their potential use as drugs against porphyrias150. Yet, our experimental 
evidence suggests that CPX does not affect the regulation of the heme group: the mRNA 
levels of the pathway remain unaltered in the presence of CPX and most importantly, the 
CPX-induced URO I reduction observed in cellular experiments remains unaltered in the 
presence of a large excess of iron III chloride. This is likely the case because CPX is only 
a weak binder of iron and it does stabilize the heme group instead of competing with it for 
the metal chelation. 
 
Interestingly, there are several studies that support an anti-inflammatory effect of CPX. 
Small clinical studies demonstrated that a 1 % ciclopirox cream suppresses the erythema 
response following UV irradiation in healthy volunteers and improves the inflammation 
associated with infective disorders, mainly caused by the release of ROS167,168. Indeed, 
using electron paramagnetic resonance, it has been demonstrated that CPX has a potent 
capacity to directly scavenge hydroxyl radicals169. This is supported by studies in mouse 
inflammatory cells170 as well as antidiabetic studies where has been observed that CPX 
reduced the levels of ROS during culture high glucose171. In this sense, the release of ROS 



DISCUSSION 

112 
 

in CEP is closely related to the accumulation of porphyrins, since toxic levels of porphyrins 
are likely determinants of ROS generation. The data provided demonstrate that the restored 
UROIIIS homeostasis by CPX-induction decrease dramatically the toxic levels of 
porphyrins which suggest that the production of ROS will also be reduced. This is 
supported by the significant reduction of the inflammation in the liver and the spleen 
observed in our in vivo experiments. Yet, the evidences on the anti-inflammatory effect of 
CPX could suggest that CPX act in synergy by scavenging of ROS and as a 
pharmacological chaperone of UROIIIS strengthened the therapeutic effect in CEP. 
 
CPX ADME, pharmacokinetics and pharmacodynamics. The dosage at which the drug is 
administered could also be a potential obstacle; ciclopirox needs to preserve a good efficacy 
and show some activity at low concentration without compromise the safety of the patient. 
In this respect, several studies have addressed the potential toxicology of CPX at the 
regulatory level. For instance, three-month repeat-dose toxicity studies have been 
performed in rat and dog with the no-observed adverse effect level being determined at 10 
mg/kg/day in both species, demonstrating no toxic effects or changes in 
electrocardiography154. Furthermore, numerous assays in animals have been performed to 
determine the carcinogenic, mutagenic and dysmorphogenic effects of topical, oral and 
subcutaneous administration of CPX. In all studies, there was no potential in drug-related 
for any of the above effects and no teratogenicity and embryotoxicity effect was also 
reported172–174. Additionally, a Phase I study used CPX administered orally in patients with 
advanced hematological malignancies. The data presented showed that the oral dosing of 
40 mg/m2 was well tolerated in patients with no dose-limiting toxicities, and it exhibited a 
sustained pharmacodynamic effect (on levels of survivin mRNA) and resulted in 
hematological improvement and/or disease stabilisation in 2 out of 3 patients156. In this 
context, we have demonstrated that CPX is active against CEP at sub-toxic concentrations. 
 
From the pharmacokinetic point of view, CPX has a short lifetime in the organism, highly 
affected by circulating serum albumin and with an efficient and simple catabolic pathway 
constituted by a glucuronation reaction followed by urine excretion156. The glucuronation 
reaction occurs in the liver and it is more efficient in WT than in CEP mice, probably due 
to liver ill-functioning in porphyria patients. Such catabolic dependence on the liver sets a 
frame for the exploration of alternative pharmacological formulations to defer the 
glucuronation reaction, optimizing the effect of the active compound. 
 
Potential use of CPX in other porphyrias. Presently, none of the therapeutic approaches for 
other porphyrias have proven suitable or totally safe. In this work, we have demonstrated 
how CPX has efficacy and safety in the experiments in vitro as well as in vivo for CEP. 
Yet, the mechanistic rationale of the therapeutic intervention suggests that CPX could 
extend its therapeutic value to be used in other porphyrias. The accumulation of by-
products heme precursors is not exclusive of CEP, inherited or acquired defects in other 
enzymes in the porphyrin-heme biosynthetic pathway also produce toxic accumulation of 
porphyrins, even though the accumulated porphyrins are not the same or in the same 
proportions as in CEP (Figure 77). For instance, all the porphyrias except acute intermittent 
porphyria and the exceptionally rare aminolevulinic acid dehydratase deficiency porphyria 
(Doss porphyria) will affect the skin, classified as cutaneous porphyrias. Porphyrias with 
dermatologic implications include (Table 15): porphyria cutanea tarda (PCT), 
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hepatoerythropoietic porphyria (HEP), erythropoietic protoporphyria (EPP), hereditary 
coproporphyria (HCP), Harderoporphyria and variegate porphyria (VP). For all these 
cutaneous porphyrias the management mainly consists of visible-light photoprotection and 
as occurs in case of CEP, a treatment that reduces porphyrin levels would be therapeutically 
beneficial.  
 

 
 

Figure 77. Profile of heme precursor excretion for different types of porphyria expected to extend the 
therapeutic value of CPX. The pathway of heme synthesis is represented by arrows. Profile of heme 
precursors in urine and/or stool (vertical dashed lines) is characteristic of the specific type of porphyria. The 
vertical bars depict the relative change in each metabolite, not the absolute amount. Adapted from175 . 
 
The heme group biosynthetic pathway is upregulated by ALA and iron and feedback 
downregulated by heme. Since all the porphyrias are characterized by hemolitic anemia, a 
common feature is the overstimulation of the biochemical pathway (erythropoiesis) due to 
the lack of heme. Erythropoiesis is responsible for most associated symptoms and is the 
central landmark in an attack of an acute porphyria. In this context, we hypothesize that an 
increase in the heme production may ultimately increase the heme production (by action-
mass law), ultimately resulting beneficial to restore the normal metabolite homeostasis. 
Specifically, UROIIIS is located in the Y-junction of the metabolic pathway and an 
overexpression of the enzyme may avoid the accumulation of the type I isomers, thus 
optimizing the chemical efficiency of the pathway. In this context, our results show that 
CPX also is able to improve the homeostasis on WT version of human UROIIIS protein 
(See Figure 57 in Results, Section IV.2.1.), reinforcing the idea that CPX could act 
ultimately as a modulator of the heme pathway for other porphyrias. This approach may be 
particularly suitable in PCT, produced by a reduction in the activity of UROD, which is the 
next enzyme to UROIIIS in the heme pathway resulting in an accumulation of URO I and 
COPRO I (as well as URO III and COPRO III) and representing the closest metabolic 
scenario to CEP. 
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Table 15. Cutaneous porphyrias and potential symptoms that CPX may address.  
 
The porphyrias HCP as well as its variant Harderoporphyria and VP could also be 
beneficiaries of the effect of the CPX, although the affected enzymes are further away from 
UROIIIS in the heme pathway. It is expected for CPX to benefit such phenotypes through 
homeostasis regulation of the heme pathway, ultimately producing a partial decrease in 
porphyrins (or a favourable redistribution of their composition). Therefore, it is also 
expected that the modulation effect of CPX on heme explained above will be able to remit 
the phototoxicity in the mentioned cutaneous porphyrias. This is unlikely the case for EPP, 
where the accumulation of the precursor PROTO IX is due to reduced ferrochelatase 
activity. In there, the effect of CPX could not regulate the homeostasis of the route by 
production of heme and the reabsorption of the metabolites could increase PROTO IX, 
being counterproductive. Furthermore, in the case of other non-cutaneous porphyrias such 
as AIP the toxic accumulated metabolites are porphyrin precursors (ALA and PBG) and 
not porphyrins so no beneficial effect of CPX is expected.  
 
In summary, ciclopirox is a broad-spectrum antifungal agent that also exhibits anti-
inflammatory activity. We have shown that this synthetic drug is able to stabilize UROIIIS 
by binding the enzyme in an allosteric site, constituting a novel class of pharmacological 
chaperone. Our results clearly demonstrate that the drug is able to improve the pathogenic 
phenotype of a bona fide mouse model of the disease at sub-toxic concentrations, 
establishing a novel therapeutic intervention line against congenital erythropoietic 
porphyria, applicable to the majority of pathogenic missense mutations causing CEP. Its 
preclinical efficacy coupled with its prior safety and toxicity record support a further 
clinical trial of this drug in CEP patients. Finally, future research will be directed toward to 
the application of CPX to treat in principle, the skin photosensitivity in other cutaneous 
porphyrias. 
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“The most incomprehensible thing about the world  

is that it is at all comprehensible.” 
 

― Albert Einstein 
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 CONCLUSIONES 
 

• Hemos establecido un sistema de trabajo de válido mediante la creación de una 
plataforma de detección de chaperonas farmacológicas para la porfiria 
eritropoyética congénita, aplicable a otras enfermedades relacionadas con el mal 
plegamiento proteico, tales como la tirosinemia tipo 1.  
 

• El fármaco repositorio ciclopirox ha sido identificado como una chaperona 
farmacológica alostérica activa frente a CEP. Demostramos que el tratamiento con 
ciclopirox a diferentes dosis puede modular la homeostasis tanto de la proteína 
UROIIIS WT como las versiones deficientes C73R o P248Q sin que aparentemente 
se vean afectados otros sistemas celulares. El tratamiento podría ser aplicable a la 
mayoría de las mutaciones nonsense que causan CEP. Además, nuestros resultados 
apoyan que el ciclopirox es capaz de mejorar el fenotipo patogénico in vivo en un 
modelo murino de CEP a concentraciones sub-tóxicas.  

 
• Todos los resultados obtenidos apoyan firmemente un estudio clínico de ciclopirox 

en pacientes con CEP.  
 

• Valor terapéutico de ciclopirox en otras porfirias cutáneas. La regulación de la 
homeostasis del hemo por inducción de CPX sobre la homeostasis de la proteína 
UROIIIS WT, podría tener un efecto terapéutico sobre la acumulación de porfirinas 
en otras porfirias cutáneas reflejado en la mejora de la fotosensibilidad. 
 

• Nuestros resultados indican que las chaperonas farmacológicas se pueden 
utilizar de manera efectiva como una novedosa línea de intervención 
terapéutica contra enfermedades raras, cuando éstas derivan del mal 
plegamiento de proteínas. 
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CONCLUDING REMARKS 
 

• We have established a valid working system; screening platform to seek for 
pharmacological chaperones for Congenital Erythropoietic Porphyria, also 
applicable to other diseases produced by misfolding mutations, such as type I 
tyrosinemia.  
 

• The drug repurposing ciclopirox has been identified as an allosteric 
pharmacological chaperone, active against CEP. We demonstrate that the 
treatment with ciclopirox at given concentrations can modulate the homeostasis 
of WT and deficient version C73R or P248Q of UROIIIS without apparently and 
significantly altering other cellular systems. Such treatment may be applicable to 
the majority of pathogenic missense mutations causing CEP. Our results support 
that ciclopirox is able to improve the pathogenic phenotype in vivo mouse model 
of the CEP at sub-toxic concentrations. 
 

• All the data strongly support a further clinical trial of ciclopirox in CEP patients. 
 

• Therapeutic value of ciclopirox in other cutaneous porphyrias. The regulation of 
heme homeostasis by induction of CPX on the homeostasis of the UROIIIS WT 
protein could have a therapeutic effect on the accumulation of porphyrins in other 
cutaneous porphyrias reflected in the improvement of photosensitivity. 
 

• Our results indicate that pharmacological chaperones can be effectively used 
as a novel therapeutic intervention line against rare diseases, when derived 
from protein misfolding. 
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“The very essence of instinct is that  
it's followed independently of reason” 
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NO                 Nitric Oxide 
NROT             Rotatable bonds 
NTC               Total cell number 
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PN                 Proteostasis network  
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PPOX              Protoporphyrinogen oxidase  
PROTOgen IX      Protoporphyrinogen IX  
PS                 Perls Prussian Blue Staining  
PSA               Polar surface area  
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qPCR              Quantitative polymerase chain reaction 
RBC               Reb Blood Cells  
R-CPL             Right-handed circularly polarised light  
RNA               Ribonucleic acid 
Ro3                Rule of 3  
Ro5                Rule of 5 
ROS               Reactive Oxygen Species  
RPMI              Roswell Park Memorial Institute medium 
RQC               Ribosome quality control machinery 
rRNA              Ribosomal Ribonucleic acid 
RT-PCR           Real-time polymerase chain reaction 
sgRNA             Single guide RNA  
SLC               Solute carrier 
SLC25A38          Solute carrier family 25-member 38 membrane transporter 
SOFAST            Sensitive fast-pulsing spectroscopy  
SR                 Sirius Red Stain  
ssODN             Single-stranded oligonucleotide donor  
Tg                 Transgenic  
Tris                Tris(hidroximetil)aminometano 
tRNA              Transfer Ribonucleic acid 
TROSY            Transverse relaxation optimized spectroscopy 
TS                 Transition state 
UPR               Unfolded protein response  
UPS               Ubiquitin proteasome system  
UQ                Ubiquitin 
URO I             Uroporphyrin I 
URO III            Uroporphyrin III 
UROD             Uroporphyrinogen decarboxylase  
UROgen I          Uroporphyrinogen I 
UROgen III         Uroporphyringen III 
UROIIIS           Uroporphyringen III synthase 
UV                Long-wave ultraviolet   
VP                 Variegate porphyria  
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