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Abstract 

 

 

 

Renalase is a flavoprotein recently discovered in humans, which is 

ubiquitous in vertebrates and conserved in some other phyla. In 2005, it was 

identified within a project aimed to determine novel proteins secreted by the 

kidney, whose defect could explain the high incidence of cardiovascular 

complications in patients with chronic kidney disease (Xu et al., 2005). The 

protein is preferentially expressed in the renal proximal tubules and heart, 

and it’s secreted in blood and urine. 

Genetic, epidemiological, clinical studies and animal experimental models 

have constantly accumulated evidence of the important role played by 

renalase in lowering blood pressure, decreasing the catecholaminergic tone 

and control heart function. A renalase knockout mouse model resulted in 

increased levels of catecholamines in plasma and heart, cardiac ischemia 

and myocardial necrosis more severe than WT littermates (Wu et al., 2011). 

However, the possible molecular mechanism, the nature of the in vivo 

catalyzed reaction and the identity of renalase substrate(s) are still unclear. 

Based on these premises, the main aim of the project was to provide a 

detailed biochemical and structural characterization of renalase in order to 

better elucidate its physiological function. 

We solved the crystallographic structure of recombinant human renalase at 

2.5 Å resolution. The general fold classified it as a member of the p-

hydroxybenzoate hydroxylase family. Renalase contains non-covalently 

bound FAD with redox features suggestive of a oxidase or NAD(P)H-

dependent monooxygenase activity (Milani et al., 2011), in contrast with the 

proposed activity of catecholamine degradation via a superoxide (O2
-
)-

dependent mechanism (Farzaneh-Far et al., 2010). Furthermore, structural 
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evidence indicates that the proposed secretion signal of renalase could not 

be cleaved without disrupting the protein native conformation, suggesting 

that renalase trafficking occurs through an atypical secretory pathway. 

The resolution of renalase crystallographic structure and the biochemical 

data available will hopefully provide the basis towards the understanding of 

the molecular mechanism of renalase physiological action, which is 

expected to favor the development of novel therapeutic tools for the 

treatment of kidney and cardiovascular diseases. 

 

During the PhD program, I was also involved in a side project focused on 

the elucidation of the role of Y258 residue of P. falciparum Ferredoxin-

NADP
+
 reductase (PfFNR) in the control of NADPH specificity. 

PfFNR is a FAD-containing enzyme able to promote the transfer of two 

electrons from NADPH to ferredoxin and represents a promising target of 

novel antimalarial drugs. 

Rapid reactions kinetics, active site titrations with NADP
+
 and anaerobic 

photoreduction experiments allowed us to conclude that the Y258 side chain 

favors the stabilization of the catalytically competent conformation of the 

MNM moiety of NADPH, enhancing the hydride transfer between the 

nicotinamide nucleotide and the FAD prosthetic group. 

The almost complete abolishment of NADPH selectivity has never been 

accomplished before through a single mutation. 

 



3 
 

State of the Art 

 

 

 

Discovery of renalase 

In 2005, the research group of G.V. Desir at the Yale University reported 

the identification of a putative novel flavin adenine dinucleotide-dependent 

amine oxidase (renalase) that was proposed to be secreted into the blood 

by the kidney, to regulate blood pressure and to metabolize in vitro 

catecholamines (Xu et al., 2005). 

Kidney disease is one of the major pathologies that severely threaten 

people’s health. The incidence of chronic kidney disease (CKD) is 

increasing all over the world (Levey et al., 2003), and it’s well 

documented that patients with end-stage renal disease (ESRD) are at 

significantly higher risk for developing cardiovascular complications 

(Park, 2012). 

In addition to maintaining fluid and electrolyte homeostasis, the kidney 

also serves as endocrine organ and is, for example, the main source of 

erythropoietin and renin. 

In order to identify novel proteins secreted by the kidney with important 

biological roles, Desir and coauthors analyzed all the cDNA clones 

published by the Mammalian Gene Collection Project (MGC) (Strausberg 

et al., 1999) screening in silico for proteins predicted to possess the 

following three features: 

1. protein with less than 20% sequence similarity to known proteins 

2. presence of a signal peptide 

3. lack of transmembrane domains 



4 
 

This a priori selection yielded a total of 114 candidate genes derived from 

12,563 distinct open reading frames considered. For each gene, Northern 

blot analysis were then performed to assess its tissue expression pattern 

and one clone was found with robust and preferential expression in human 

kidney (MGC12474; GenBank accession number BC005364) (Figure 1) 

encoding a protein with a calculated molecular mass of 37.8 kDa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Renalase gene 

Human renalase gene (gene symbol: RNLS) resides on chromosome 10 at 

q23.33, encompassed 309,469 base pairs and has 10 exons. There is 

evidence for the existence of at least four alternatively spliced isoforms 

(Desir, 2009). The most highly expressed isoform (renalase1, 

NP_001026879) is 342 aa long, encoded by exons 1-4, 6-7 and 9. The 

second annotated protein isoform (renalase2, NP_060833) is 315 aa long, 

Figure 1. Tissue expression of renalase (Xu et al., 2005). Northern blot analysis of 

human tissues using the MGC12474 clone as a probe. The major band of approximately 

1.5 kb is visible in heart, skeletal muscle, kidney and liver. Two additional weaker bands 

detected in skeletal muscle (ca. 2.4 kb), kidney and liver (ca. 1.2 kb) may represent 

alternatively spliced variants. 
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encoded by exons 1-4, 6-7 and 10, thus differing from renalase1 at the 

extreme carboxy terminus. The other two characterized RNLS transcripts 

(AK296262 and BX648154) encode shorter deduced polypeptides (232 and 

138 aa, respectively). The functional significance of the spliced isoforms is 

still not known. 

The analysis of the renalase1 deduced amino acid sequence revealed the 

presence of a N-terminal signal peptide (SP) for the secretion (1-17 aa) and 

a dinucleotide binding motif (4-35 aa), which are partially overlapped. 

Renalase and flavoprotein-type monoamine oxidases share low degree of 

sequence identity (about 17%) concentrated in their N-terminal regions 

(Figure 2) (Desir, 2009). Renalase1 was detected in plasma, kidney, heart, 

skeletal muscle and liver, and efficiently secreted in the culture medium by 

transfected mammalian cells (Xu et al., 2005). 

 

 

 

 

 

 

 

 

 

 

In 2008, the renalase homologous gene of mouse was cloned and 

characterized. Mouse renalase gene (DQ788834), isolated by RT-PCR from 

mouse kidney, shared 72% identity in amino acid sequence compared with 

the human counterpart (Wang et al., 2008). Sequence analysis of the gene 

suggested that the coding region has an ORF encoding a protein of 342 aa 

with a predicted molecular mass of 37.6 kDa. The deduced protein sequence 

Figure 2. Functional domains of renalase isoforms 1-4 (Desir, 2009). 
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presented a SP, a FAD binding motif and low identity with monoamine 

oxidases as the human renalase. 

The renalase gene and its main protein product are highly conserved in 

vertebrates, with amino acid sequence identity above 60% (Xu et al., 2007; 

Milani et al., 2011) (Figure 3). Renalase-like proteins are present in some 

invertebrates, plants, fungi and prokaryotes. 

Furthermore, renalase revealed less than 14% amino acid identity with 

well-known monoamine oxidase A (Xu et al., 2005). 
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Figure 3. Amino acid sequence of human renalase (Milani et al., 2011). Multiple 

alignment of human renalase with orthologs from different organisms: Mus musculus 

(110671808; 72% identity), Danio rerio (50540280; 60% identity), Acyrthosiphon pisum 

(193575653; 34% identity) and Cyanothece sp. (307154671; 28% identity. Partially 

conserved residues are boxed, with invariant residues highlighted in red. 
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Renalase expression pattern 

In the most comprehensive study on the pattern of RNLS expression 

(Hennebry et al., 2010), the authors investigated by immunoblotting the 

renalase distribution in autoptic human tissues that have earlier been 

shown to express MAO-A and B. In addition to kidney and myocardium 

(Xu et al., 2005), renalase was found in forearm vein and artery, renal vein 

and artery, ureter, hypothalamus, pons, medulla oblongata, cerebellum, 

pituitary gland, cortex and spinal cord. 

Immunolocalization studies, performed with anti-renalase monoclonal 

antibodies, confirmed that renalase is expressed in renal proximal tubules 

(Wang et al., 2012) (Figure 4). 

 

 

 

 

 

 

 

 

 

 

 

 

Renalase was detected in blood plasma and urine of healthy individuals 

(Xu et al., 2005; Li et al., 2008). However, data on the absolute 

concentration of renalase in human blood plasma have been explicity 

reported only recently as determined by ELISA, showing that it’s about 4 

µg/ml (Malyszko et al., 2011). 

Figure 4. Immunofluorescence testing of renalase expression in renal tissue (Wang et al., 

2012). Left: renalase expressed in renal proximal tubules (Anti-renalase monoclonal 

antibody was used as primary antibody) (400X); right: renal proximal tubules negative 

control (PBS was used as control) (400X). 
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The expression gene pattern of renalase homologue from mouse, defined 

by semiquantity RT-PCR, revealed the gene was predominantly expressed 

in kidney and testicle, followed by liver, heart, embryo (12.5 days) and 

very weakly detectable in brain and skeletal muscle (Wang et al., 2008). 

 

 

 

Cardiovascular complications in Chronic Kidney Disease 

Chronic kidney disease is a progressive loss in renal function over a period 

of months or years; frequently clinically silent in the early stages, being 

detected shortly before when the impact of available therapies is markedly 

reduced (O’Seaghdha et al., 2012). The clinical and public health 

importance of CKD is highlighted by several statistical analysis on the 

human population. In 2004, National Kidney Foundation defined the 

general criteria of CKD stages (Figure 5) considering an estimate 

glomerular filtration rate (GFR) below 60 ml/min/1.73 m
2
, or evidence of 

structural kidney damage, such as proteinuria, or the requiring of renal 

replacement therapy (Cockcroft et al., 1976; Levey et al., 2003; Go et al., 

2006). 

Clinical studies indicated that patients with either stage 3 through 5 CKD 

or end-stage renal disease (ESRD, sometimes considered as a subclass of 

CKD stage 5) receiving renal replacement therapy are at significantly 

higher risk for developing cardiovascular diseases (Go et al., 2004; Li et 

al., 2008; Rodriguez et al., 2010). This increased propensity for 

cardiovascular events appeared to correlate with extensive arterial 

calcification, increased oxidative stress (Oberg et al., 2004) and a 

heightened sympathetic tone (Koomans et al., 2004; Joles et al., 2004). 

 



10 
 

 

 

 

 

 

 

 

 

 

 

 

Interestingly, renalase was clearly detected in plasma of healthy 

individuals, but it was undetectable in ESRD patients (Xu et al., 2005) 

(Figure 6). This evidence suggested that the kidney is the main source of 

renalase secreted in the blood. Since the molecular details underlying the 

regulation of renalase secretion are still unknown, low circulating renalase 

levels in ESRD might be due to increased catabolism or to a generalized 

decrease in secretion brought about by the metabolic abnormalities 

associated with severe renal failure. 

Moreover, in rat model of unilateral renal artery stenosis, renalase 

expression and secretion were markedly reduced in the ischemic compared 

with the non-ischemic kidney (Gu et al., 2011), confirming that the kidney 

is primarily responsible for renalase secretion in blood. 

 

 

 

 

 

 

Figure 5. CKD stages classification based on National Kidney Foundation criteria (Go et 

al., 2006). eGFR (estimated glomerula filtration rate). 
a
Criteria must be met for 3 months 

or longer, 
b
eGFR based on abbreviated Modification of Diet in Renal Disease estimating 

equation or Cockcroft-Gault creatinine clearance equation, 
c
Includes proteinuria or other 

evidences of structural kidney damage. 
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Physiological roles of renalase and their impact as possible pathogenic 

mechanisms of cardiovascular diseases 

Despite the possible molecular mechanism of the renalase physiological 

activity, the nature of the catalyzed reaction and the identity of its 

substrate(s) are still very poor, there is quite solid and constantly 

accumulating evidence of the important roles played by renalase in the 

control of blood pressure and heart functions (Baroni et al., 2012). 

The in vivo effects of the protein was first analyzed on Sprague-Dawley 

rats (Xu et al., 2005). The animals received a bolus injection of 0.5 mg of 

recombinant renalase and hemodynamic parameters were measured by a 

pressure/volume combination catheter inserted into the left ventricle. 

Renalase displayed the ability to lower blood pressure by decreasing 

cardiac contractility and mean arterial pressure. Renalase effect was dose-

dependent (Figure 7). 

 

Figure 6. Western blot analysis of human plasma using an anti-renalase antibody (Xu et 

al., 2005). Normal, plasma from individuals with normal renal function; Control protein, 

human recombinant renalase protein; ESRD, plasma from patients with ESRD receiving 

hemodialysis. 
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When injected on anesthetized rats at the dose of 4 mg/kg, recombinant 

human renalase significantly decreased systemic blood pressure (Pandini 

et al., 2010) (Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Renalase dose-response curve (Xu et al., 2005). Left: cardiac contractility. 

Right: mean arterial pressure (MAP). 

Figure 8. Effect of recombinant human renalase on hemodynamic parameters in 

anaesthetized rats (Pandini et al., 2010). Data are expressed as mean ± standard error (n = 

6); ns, not significant. Vehicle (PBS, containing 10% glycerol) and recombinant human 

renalase were given intravenously in a volume of 1 ml/kg body weight. MAP, mean 

arterial pressure; SAP, systolic arterial pressure; DAP, diastolic arterial pressure; LVSP, 

left ventricular systolic pressure; LVEDP, left ventricular end-diastolic pressure; 

LVDevP, left ventricular developed pressure; LVdP/dtmax, maximum positive rate of 

developed left ventricular pressure; LVdP/dtmin, maximum negative rate of developed left 

ventricular pressure; HR, heart rate; PRI, pressure rate index. 
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A single dose of recombinant renalase (0.5 mg/kg subcutaneous dose) 

significantly decreased systemic and diastolic blood pressure for up to 24 h 

in Dahl salt-sensitive rats (a genetic model of hypertension and renal 

disease that exhibits many phenotypic characteristics in common with 

human hypertension) (Desir, 2011) and in 5/6 nephrectomized rats (rats 

subjected to the removal of approximately 85% of kidney tissue) (Desir, 

Wang et al., 2012). Moreover, in the latter animal model recent studies 

showed that four weeks treatment with 0.5 mg/kg body weight daily of 

recombinant renalase resulted in a significant decrease of blood pressure 

and cardiac hypertrophy (Baraka et al., 2012). 

Interestingly, using an isolated heart model of acute coronary syndrome, 

recombinant renalase perfusion was shown to exert a protective effect 

against ischemia, preserving ventricular function and reducing myocardial 

necrosis and infarct size (Desir et al., 2007). 

To gain insight into the link between renalase deficiency, hypertension and 

cardiovascular diseases, RNLS gene has been inactivated in mouse by 

homologous recombination, deleting the promoter region and a large part 

of the coding sequence (Wu et al., 2011). Blood pressure and heart rate 

were higher in anesthetized knockout (KO) mice, while renal function was 

unaffected by renalase absence. KO mice also displayed higher plasma 

dopamine, epinephrine and norepinephrine levels than WT mice (Wu et 

al., 2011). 

A link between renalase and catecholamine metabolism emerged from 

several studies (Desir G.V., 2009; Ghosh et al., 2009). In various rat 

models of chronic kidney and heart failures, lower concentrations of 

renalase in kidney, heart and blood were always accompanied by increased 

levels of epinephrine and norepinephrine in plasma and heart (Ding et al., 

2009; Quelhas-Santos et al., 2010; Gu et al., 2011). 
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Renalase KO mice also poorly tolerated cardiac ischemia and developed 

ischemic myocardial necrosis that was found to be 3-fold more severe than 

WT. Furthermore, reperfusion with recombinant renalase resulted in a 

dramatic reduction in ischemic myocardial damage in renalase KO heart 

(Wu et al., 2011) (Figure 9). 

Renalase deficiency was also associated with a significant decrease in the 

NAD/NADH ratio, indeed plasma NADH oxidase activity was found 

significantly lower in renalase KO mice, suggesting that plasma renalase 

contributes to the regulation of extracellular NAD level (Wu et al., 2011) 

(Figure 20). However, the low turnover of renalase measured in NADH-

dependent reaction in vitro (Km
NADH

 = 15.2 ± 2.2 µM and Vmax = 15.3 ± 

0.8 nmol/min per mg protein) would exclude direct effects on NADH 

and/or NAD
+
 concentrations in vivo. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Cardioprotective effect of renalase (Wu et al., 2011). Left: Cardioprotective 

effect of recombinant renalase. TTZ stains of KO heart exposed to 15 min of global 

ischemia followed by 90 min of reperfusion with or without recombinant renalase; red 

stain indicates viable myocardium. Right: Recombinant renalase cardioprotective effect 

quantified using ImaeJ. *P ˂ 0.04, n = 4. 
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The involvement of renalase in kidney disease and hypertension 

Recent evidence on the impact of kidney and heart transplantation on the 

level of circulating renalase unexpectedly revealed higher serum renalase 

content among recipients than in healthy volunteers and the degree of 

increase correlated with the severity of the kidney failure and the time after 

transplantation (Malyszko et al., 2011; Przybylowski et al., 2011). Indeed, 

in hemodialysis patients the mean serum renalase concentration was found 

ca. 17.5 µg/ml (significantly higher when compared with that reported for 

healthy volunteers, ca. 4 µg/ml) and ca. 8.5 µg/ml in the blood of heart 

transplant recipients. 

These data were questioned by Desir and coauthors (Desir, Wang et al., 

2012) for two main considerations: first, the identity of the antibodies used 

in the ELISA kit, the epitopes they recognized and information on how 

they behaved in native Western blots were not available; second, the 

increase in renalase levels could be a reflection of accumulated renalase 

breakdown products or of cross-reaction with unrelated epitope. 

 

 

 

Epidemiologic data implying renalase gene polymorphisms as disease risk 

factors 

There are many entries of single nucleotide polymorphisms (SNP) for the 

renalase gene in the public NCBI Single Nucleotide Polymorphism 

database (dbSNP) (Zhao et al., 2007). 

Different independent genetic studies found a correlation between 

individual renalase SNPs and pathological conditions (Table 1). 
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To investigate the possible association between renalase genetic variants 

and essential hypertension, in 2007 the first population genetic study was 

reported (Zhao et al., 2007) on 1,317 hypertensive cases (from the 

International Collaborative Study of Cardiovascular Disease in Asia) and 

1,269 normotensive controls in the northern Han Chinese population. 

Eight single nucleotide polymorphisms of the renalase gene were 

genotyped and analyzed. Two of them (rs2576178 located in the 5’ 

flanking region and rs2296545 situated within the deduced FAD binding 

motif) showed significant association with essential hypertension. 

The association between the rs2576178 renalase gene polymorphism and 

hypertension was confirmed by a case-control study on 369 Caucasian 

Table 1. Single nucleotide polymorphisms of the renalase gene characterized for their 

association with pathological conditions (Baroni et al., 2012). 
b
MAF, minor allele 

frequency; 
c
n.s., no significant correlation with the considered pathological conditions. 
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subjects of Polish origin (200 hypertensive cases and 169 controls) 

undergone renal replacement therapy in a form of hemodialysis or 

peritoneal dialysis (Stec et al., 2011). The authors also found a significant 

correlation between the rs10887800 polymorphism and the development of 

hypertension. Moreover, an independent study on 892 type 2 diabetic 

patients and 400 controls revealed a strong association of the rs10887800 

polymorphism with stroke in patients with and without diabetes and a 

correlation between the rs2576178 and type 2 diabetes (Buraczynska et al., 

2011). 

Among the renalase gene SNPs previously considered, rs2296545 is the 

only resulting in variants of the protein which differ for the presence of a 

Glu (G allele) or an Asp (C allele) residue at position 37. The functional 

missense polymorphism Glu37Asp was found to be associated with 

cardiac hypertrophy, ventricular dysfunction, poor exercise capacity and 

inducible ischemia in persons with stable coronary artery disease 

(Farzaneh-Far et al., 2010). 

 

 

 

Purification of endogenous and recombinant renalase forms 

Any proposal about the mechanism of the physiopathological action of a 

newly discovered protein needs to be verified in the context of its 

functional and structural properties. In the case of renalase, the application 

of this general rule had to wait several years until sufficient amounts of 

stable recombinant holoprotein became available for its biochemical and 

structural characterization (Pandini et al., 2010) (Baroni et al., 2012). 

The research group of Desir was the only who successfully isolated 

endogenous renalase from human urine of healthy volunteers (Xu et al., 
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2005). After ammonium sulfate precipitation, renalase was purified by 

affinity chromatography using an anti-renalase antibody. Essentially, no 

biochemical characterization was performed on the purified material, 

except for electrophoretic analysis (Figure 10) and catalytic activity assay, 

not allowing definitive conclusions about the presence or absence of the 

signal peptide after post-translational processing. In addition to the band of 

the expected size (approximately 37 kDa), another doublet was also 

detected, possibly representing the product of either dimerization or 

aggregation of the protein. 

 

 

 

 

 

 

 

 

 

The production of recombinant mammalian renalase in different hosts 

using various expression strategies was described by many independent 

groups. Desir’s team expressed and purified two recombinant forms of 

human renalase in E. coli: an N-terminal fusion protein with glutathione S-

transferase (GST) was purified in soluble form using Glutathione 

Sepharose (Xu et al., 2005), then an untagged variant was synthesized in 

soluble form, purified from inclusion bodies and in vitro refolded by 

dilution and gradual acidification in the presence of FAD (Wu et al., 

2011). 

In order to obtain the monoclonal antibody against the recombinant 

renalase, Wang and coauthors produced a fusion protein containing the 

Figure 10. Affinity purification of human renalase. (Xu et al., 2005). The anti-renalase 

polyclonal antibody was used to isolate protein from human urine. Lane 1: renalase from 

human urine. Lane 2: control with secondary antibody alone. 
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pelB leader sequence (for cell periplasm localization) at the N-terminal and 

a C-terminal His-tag (Wang et al., 2009). 

Very recently, to improve the renalase protein production facilitating the 

expression in E. coli, Desir’s group designed a synthetic renalase gene in 

which ≈ 30% of nucleotides were substituted to optimize codon usage and 

to remove putative translational pause signals while preserving the native 

amino acid sequence (Desir, Tang et al., 2012). This resulted in a 200-fold 

protein expression increase and yielded about 20 mg/l E. coli culture in 

vitro refolded untagged protein, stable for several months at 4 °C. 

Renalase homologue from mouse was obtained in E. coli by Zhang’s 

group as an N-terminal fusion protein with GST, but no purification 

protocol has been reported (Wang et al., 2008). 

Although its isolation has never been reported, recombinant mouse 

renalase was also produced in eukaryotic cells (modified human 

embryonic kidney 293T cells) as a C-terminal EGFP-(enhanced green 

fluorescent protein) fusion protein (Wang et al., 2008). Transfected cells 

displayed weaker cellular fluorescence than the EGFP control cells, but a 

brighter signal in the culture medium suggesting mouse renalase-EGFP 

was secreted out of the cells, although a proportion of the protein remained 

within the cells as well. 

Even if many details of the cloning procedure were missing and no 

explanation was given of the very large apparent molecular mass of the 

purification product (85 kDa), the expression of human renalase in insect 

cells by a baculovirus-based system was described (Wang et al., 2010). 

Moreover, the same authors also reported the production of human 

renalase in embryonic kidney cells (Wang et al., 2011). 

Recombinant renalase synthesis in the yeast Pichia pastoris was also 

reported in a patent by Desir (Desir et al., 2008). 
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Despite the ability of renalase to incorporate a flavin nucleotide being a 

prerequisite for the enzymatic action, the presence of FAD or FMN in the 

recombinant renalase forms previously described was not reported. 

Only in the first published paper, Desir and coauthors observed that the 

addition of 0.1 µM FAD in the bacterial culturing medium was required to 

isolate a recombinant protein functionally active (Xu et al., 2005), even 

it’s well known that FAD or FMN biosynthesis by E. coli is not a limiting 

factor in flavoprotein production (Kitamura et al., 1998; Aliverti et al., 

2004). Based on these considerations, Medveded and coauthors clearly 

stated that a conclusive proof that renalase contained FAD was still 

lacking (Medveded et al., 2010). 

This proof was obtained in the same year. In our lab, two different 

protocols were set for the heterologous expression of human renalase and 

the purification of the resulting recombinant products in a holoprotein 

form (Pandini et al.,2010). Two plasmids were used to direct the synthesis 

of the protein in E. coli: one fused to a N-terminal polyHis extension and 

the other where a polyHis-tag, a small ubiquitin-like modifier (SUMO) 

unit and renalase were connected from N- to C-terminal. 

Although yielding only 1.5 mg pure recombinant renalase spontaneously 

folded in vivo per liter culture, both purification protocols were very 

reproducible and easily scaled up, since they are based on small-volume 

affinity chromatographic columns. The identity of the final product as 

polyHis-renalase was confirmed by MALDI-TOF mass spectrometry 

which yielded a molecular mass of 39,496 Da in good agreement with the 

theoretical value of 39,626 Da. 

A detailed spectroscopic characterization of polyHis-renalase and renalase 

was carried out in order to exclude their possible misfolding. Both proteins 

displayed identical absorption, fluorescence and circular dichroism 

spectra. The absorption spectra of renalase in the visible region is that 
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typical of a flavoprotein (Figure 11), with absorption maxima at 385 and 

458 nm. This spectrum significantly differs from those of MAO-A and B 

(Hynson et al., 2004). The flavin fluorescence of renalase was found 

almost completely quenched. Heating at 90 °C resulted in the formation of 

a colorless precipitate, while the liquid phase revealed to contain a flavin 

nucleotide on the basis of its absorption spectrum and to display a 

fluorescence spectrum matching that of a corresponding concentration of 

FAD. Moreover, an extinction coefficient of 11.3 mM
-1

 cm
-1

 at 458 nm 

was calculated for native renalase. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Absorption spectra of renalase (Pandini et al., 2010). Spectrum of ca. 19 µM 

renalase in PBS, before (solid line) and after the addition of 0.2% SDS (dotted line), 

which resulted in FAD release from the apoprotein. The molar absorbance is reported. 
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Catalytic properties of renalase 

To date, only two groups published data on the biochemical in vitro 

properties of renalase. In 2005, the research group of Desir found that both 

the recombinant GST-tagged renalase and the endogenous protein isolated 

from urine specifically metabolized catecholamines, with dopamine as 

preferred substrate, followed by epinephrine and norepinephrine (Xu et al., 

2005) whereas its activity towards other biogenic amines was negligible 

(Figure 12). The ability of renalase to oxidase biogenic amines was 

assessed using an Amplex Red Monoamine Oxidase Assay Kit, detecting 

H2O2 in a HRP-coupled reaction using 10-acetyl-3,7-dihydroxy-

phenoxazine (Amplex Red reagent, Invitrogen Corp.) (Figure 13). 

Curiously, the authors observed that this activity was present only if the 

growth medium was supplemented with 0.1 µM FAD, suggesting the 

flavin cofactor is essential for the catalytic activity. 

Furthermore, renalase enzymatic activity was not affected by known 

inhibitors of MAO-A and B, clorgyline and pargylilne. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. Renalase metabolizes catecholamines (Xu et al., 2005). Ten micrograms of 

GST-renalase fusion protein was used for each assay; amine oxidase activity is expressed 

as H2O2 production (nmol/mg/min). 
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After careful analysis of the data reported by Desir and coauthors, some 

authors (Boomsma et al., 2007) concluded that the rate of H2O2 generation 

was too low to be ascribed to enzymatic conversion of catecholamines by 

renalase. They also noticed that plasma of many species contains the 

enzyme semicarbazide-sensitive amine oxidase which catalyzes the 

oxidative deamination of primary amines to form the corresponding 

aldehydes plus H2O2 and ammonia (Boomsma et al., 2003). Moreover, the 

supposed activity of purified renalase, measured only as H2O2 production, 

might be due to catecholamine autoxidation, which is known to be relevant 

at pH values above neutrality, or to the oxidation of contaminant(s) that 

are common in commercial catecholamines. Finally, they argued that, even 

if renalase were able to degrade biogenic amines, its turnover number is so 

slow that it would hardly affect blood catecholamine concentration. 

One year later, by comparison of the activities measured on both plasma 

and urine renalase, Desir and coauthors hypothesized that the circulating 

renalase would exist as inactive form (prorenalase) which needs 

catecholamine-triggered signals to be activated (Li et al., 2008). 

Figure 13. Amplex Red Monoamine Oxidase Assay. The Amplex Red reagent reacts with 

H2O2 in a 1:1 stoichiometry and the resulting fluorescence signal is directly proportional 

to H2O2 production and hence amine oxidase enzymatic activity. 
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Amine oxidase activity was undetectable in rat plasma under basal 

conditions, but a 2 min infusion with exogenous epinephrine or dopamine 

significantly increased renalase activity (measured as H2O2 production 

inhibited by anti-renalase antibody) 10-fold within 30 s and remained high 

long after the catecholamines infusion (Figure 14), suggesting the 

possibility that the activating signal may be represented by an increase in 

plasma catecholamine levels. Since renalase plasma concentration didn’t 

follow the same time course, the authors concluded that the rapid increase 

of amine oxidation activity was due to the conversion of an inactive 

prorenalase form to the functional enzyme. 

 

 

 

 

 

 

 

 

 

 

 

 

As previously reported, in 2011 Desir and coauthors observed that renalase 

deficiency affected the cellular NAD/NADH ratio and found a markedly 

decreased NADH oxidase activity in renalase KO animals, supporting the 

hypothesis that renalase would possess a NADH oxidase activity (Wu et 

al., 2011). They also reported that in vitro refolded recombinant human 

renalase displayed NADH oxidase activity, with a Km
NADH

 of 15 µM and a 

kcat of 0.4 min
-1

. The enzyme was inactive towards NADPH. 

Figure 14. Catecholamines regulate renalase activity in rat plasma (Li et al., 2008). 

Renalase activity in response to epinephrine (Epi; left) or dopamine (Dopa; right) infusion 

lasting 2 minutes. Renalase-specific amine oxidase activity is determined with an anti-

renalase antibody that inhibits function. 
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Moreover, when epinephrine was included in the reaction mixture, it was 

degraded at a rate 18-fold faster than in the absence of NADH with a 

Km
epinephrine

 of 17 µM and a kcat of 0.6 min
-1

 (Desir, Wang et al., 2010). 

Based on these observations, renalase was proposed as a new NADH-

dependent catecholamine degrading enzyme. 

These conclusions were questioned by Eikelis and coauthors, who pointed 

out the observed renalase catecholamine-degrading rate was extremely low 

to be ascribed to a real enzyme activity (Eikelis et al., 2011). 

Recent data also reported the administration of human renalase in KO 

mice decreased plasma epinephrine, L-DOPA and dopamine by 82%, 63% 

and 31% respectively without significant increase in the urinary excretion 

of the deaminated, methylated and deaminated plus methylated 

metabolites, suggesting that renalase action on catecholamines differs 

significantly from that of catechol-O-methyl transferase (COMT) and 

MAOs (Desir, Tang, et al., 2012; Desir, Wang, et al., 2012; Quelhas-

Santos et al., 2012). 

To further test if the NADH-dependent enzymatic activity of renalase was 

correlated with its hypotensive effect, 4 cysteine-to-alanine mutants were 

generated. The catalytic efficiency of C47A, C54A, C220A and C327A 

renalase variants was reduced by 20%, 95%, 95% and 94%, respectively, 

with a strong correlation to the capacity of decreasing blood pressure in 

renalase KO mice (Desir, Tang et al., 2012). 

Another aspect of renalase function is the role played by the residue 37 

side-chain in catalysis. As previously mentioned, the renalase gene SNP 

rs2296545 was found to be associated to cardiovascular pathologies. The 

diaphorase activity of both Asp37 and Glu37 renalase isoforms revealed 

the Glu37Asp replacement determined an increase in Km
NADH

 from 34 ± 4 

to 820 ± 115 µM and a decrease in Vmax from 58 ± 1 to 25 ± 2 

nmol/min/mg (Farzaneh-Far et al., 2010) (Figure 15). 
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Recently, we confirmed that recombinant human renalase slowly reacts 

with nicotinamide dinucleotides and weakly binds the corresponding 

oxidize forms (Milani et al., 2011). We clearly showed that the FAD 

cofactor is involved in these reactions, since its reduction rates are 

compatible with the catalysis. Differently from the data published by Desir 

and coauthors, we demonstrated that the recombinant in vivo folded FAD-

containing human renalase is not strictly specific for NADH and found 

completely lacking of any amine oxidase activity. 

 

Figure 15. Calculated kinetics parameters (Farzaneh-Far et al., 2010). The NADH/FAD 

dependent enzymatic activity was assessed by measuring the rate of reduction of 2-(4-

iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H tetrazolium monosodium salt 

(WST-1). Reduction of WST-1 resulted in the formation of a yellow, water-soluble 

product, quantified by measuring absorbance at 450 nm. 
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Flavoenzymes 

Flavoenzymes have the unique ability to catalyze a wide range of 

biochemical reactions (Fraaije et al., 2000). They are involved in the 

dehydrogenation of a variety of metabolites, in one- and two-electron 

transfer from and to redox centers, in light emission, in the activation of 

oxygen for oxidation and hydroxylation reactions (Massey, 1995). 

Moreover, they catalyze other types of reactions involved in a wide array 

of biological processes including protein folding, DNA repair and 

apoptosis. At present, the Protein Data Bank (PDB) contains hundreds 

entries for FAD- and FMN-dependent proteins. Flavoenzymes (Massey, 

2000; Joosten et al., 2007) are colorful oxidoreductases that contain a 

flavin (flavin mononucleotide, FMN or flavin adenine dinucleotide, FAD) 

as cofactor, non-covalently or covalently bound to the apoprotein. 

Topologically similar flavoenzymes can catalyze different reactions, 

whereas proteins performing similar functions can have dissimilar folding 

architectures (Fraaije et al., 2000). 

The spectroscopic properties of the flavin cofactor make it a natural 

reporter for changes occurring within the active site, a feature which 

makes flavoproteins one of the most studied enzyme family. 

Well-studied classes of flavoenzymes are flavoprotein oxidases and 

monooxygenases. 

Flavoproteins oxidases, such as D-amino acid oxidase, glucose oxidase, 

glycolate oxidase, catalyze the oxidation of a specific substrate involving 

molecular oxygen (O2) as electron acceptor, which is reduced to H2O2. The 

stabilization of the anionic flavin semiquinone and the formation of a 

flavin-sulfite adduct at the N-5 position are typical of flavin-dependent 

oxidases. However, there are many exceptions, as in the case of 
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monoamine oxidases, which are not able to react with sulfite ion (Li et al., 

2002). 

Flavoprotein monooxygenases introduce a single atom of molecular 

oxygen into the substrate, while the other oxygen atom is reduced to water. 

The reaction needs NADH or NADPH cosubstrates as electron donor. 

Activation of molecular oxygen in these enzymes is achieved by the 

generation of a (hydro)peroxyflavin, which in the presence of the substrate 

transfers an oxygen atom to the substrate and subsequently returns to its 

resting state by losing a molecule of water. 

 

 

 

P-hydroxybenzoate hydroxylase protein superfamily 

Enzymes belonging to the p-hydroxybenzoate hydroxylase (PHBH) 

structural family catalyze highly diverse reactions and include both 

oxidases and non-oxidases. In particular, the enzymes catalyzing the 

oxidation of amines belong to one of the two possible structural groups: 

the MAO family and the D-amino acid oxidase family (Fitzpatrick et al., 

2010). 

 

 

Monoamine oxidases 

Monoamine oxidases (Edmonson et al., 2007; Edmonson et al., 2009) are 

mitochondrial outer membrane-bound flavoproteins that catalyze the 

oxidative deamination of neurotransmitters and biogenic amines using O2 

as electron acceptor. Two distinct forms of MAOs, named MAO-A and 

MAO-B sharing about 70% identity in amino acid composition, are 

known. It’s currently thought that the gene encoding MAO-A and B 
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evolved from a single ancestral gene by a duplication event, since lower 

animals were found to contain only a single MAO gene (Setini et al., 

2005). 

The flavin cofactor is covalently bound to the enzyme via a Cys residue, 

forming an 8α-S-cysteinyl-FAD in both MAO-A (Cys406) and B (Cys397) 

(Edmonson et al., 2004). 

The catalytic pathway of MAOs implies the formation of the enzyme-

substrate complex resulting in the reduction of FAD and the formation of 

an imine intermediate. During this phase, oxygen reacts with reduced FAD 

to regenerate the oxidized flavin and H2O2. Released imine undergoes non 

catalyzed hydrolysis to form NH4
+
 and the corresponding aldehyde 

(Edmonson et al., 2009). 

The crystal structure of human and rat MAO-A (De Colibus et al., 2005; 

Son et al., 2008) and human MAO-B (Binda et al., 2002) have been 

determined (Figure 16). Both MAO-A and B showed a C-terminal 

protruding transmembrane region, folded as an α-helix. The position of the 

FAD cofactor is highly conserved between the two forms. 

Human MAO-B crystallized as a dimer. The structure revealed an 

“entrance” and a “substrate cavity” at the end of which the FAD cofactor 

is located. Ile199 side chain serves as a “gate” between the two 

hydrophobic cavities and can exist in “open” or “close” conformation. 

Human MAO-A crystallized as a monomer, while the rat homologue as a 

dimer. It displayed a single substrate hydrophobic cavity with protein 

loops at the entrance. 

The presence of different residues in the active site in the two enzymes is 

at the base of their distinctive substrate and inhibitor specificities. Indeed 

MAO-A specifically deaminates serotonin and epinephrine and is inhibited 

by clorgyline, whereas MAO-B is specific for phenylethylamine and 

benzylamine and inhibited by pargylilne and selegine. 
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Figure 16. Ribbon diagram showing the three-dimensional structures of human MAO-A, 

human MAO-B and rat MAO-A (Edmonson et al., 2009). All structures are oriented with 

the C-terminal transmembrane helices pointing downwards. The FAD cofactor is in 

yellow ball-and-stick representation. Active site cavity in each enzyme molecule is drawn 

as a gray surface. The cavity-shaping loop is highlighted in cyan. The loop lining the 

entrance cavity in human MAO-B is featured in blue. The corresponding residues in rat 

and human MAO-A adopt the same conformation. 
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p-hydroxybenzoate hydroxylase 

Another important class of flavoproteins is the monooxygenase family, 

which uses NAD(P)H and O2 as co-substrates and inserts one atom of 

oxygen into the substrate. They are involved in a wide variety of biological 

processes including drug detoxification, biodegradation of aromatic 

compounds, biosynthesis of antibiotics and many others (Ballou et al., 

2005). 

P-hydroxybenzoate hydroxylase is one of the most thoroughly studied 

enzymes. It displays significant protein and flavin dynamics during 

catalysis (Ballou et al., 2005). There is an open conformation that gives 

access of substrate and product to solvent, and a in conformation for the 

reaction with oxygen and the hydroxylation to occur. This in form prevents 

solvent from destabilizing the intermediate. Finally, there is an out 

conformation achieved by movement of the isoalloxazine towards the 

solvent allowing the access of NADPH which transfers an hydride to the 

N-5 of the flavin (Figure 17). 

The catalytic process starts while the enzyme is in a dynamic equilibrium 

between the open and in conformations. In the open conformation the 

enzyme can bind p-hydroxybenzoate and the formation of the ES complex 

shifts the equilibrium to the in position. The presence of the substrate 

increases the rate of reduction of the flavin by NADPH by > 10
5
-fold. On 

the contrary in the absence of the substrate, flavin reduction is quite 

ineffective, preventing the wasteful use of NAD(P)H which would produce 

unwanted reactive oxygen species (such as H2O2). When the substrate is in 

the place, the transition to the out conformation is triggered by NADPH 

binding with the subsequent reduction of the flavin. After NADP
+
 release 

the anionic isoalloxazine moves back to the in position, where it can react 

efficiently with O2 to form C4a-hydroperoxy-FAD, with the consequent 
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electrophilic attack of the hydroperoxide on the phenolate, resulting in the 

hydroxylation of phenolate to yield the dienone form of the product and 

the C4a-flavin alkoxide. The final product is achieved by rearomatization 

of the dienone. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 17. Conformations of PHBH important for catalysis (Ballou 2005). Left top, open; 

left bottom, in ; right, out conformation. 
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Uunconventional protein secretion 

The vast majority of extracellular proteins are secreted by the classical 

endoplasmic reticulum (ER)/Golgi-dependent pathway, however numerous 

exceptions have been identified (Nickel, 2010). “Unconventional protein 

secretion” has become a generally used term to collectively describe 

several kinds of unusual trafficking pathways that lead to the exposure of 

proteins on cell surface or to their release into the extracellular space 

(Nickel et al., 2009). Unconventional secretion is not characterized by a 

common mechanism, but rather represents a collection of at least four 

distinct transport pathways. They can be classified into non-vesicular and 

vesicular mechanisms. 

Non-vesicular mechanisms are based on direct translocation of 

cytoplasmic proteins across the plasma membrane, followed by deposition 

on cell surfaces or by release into the extracellular space. Fibroblast 

growth factor 2 is a key example (Schäfer et al., 2004; Nickel et al., 

2009).Vesicular mechanisms depend on intracellular membrane bound 

intermediates that need to fuse with plasma membrane to release cargo 

into the extracellular space. Such mechanisms have been described to 

involve either secretory lysosomes, exosomes derived from multi-vesicular 

bodies or microvesicles shedding from cell surface. The export involving 

intracellular transport intermediates has been shown for acyl-CoA binding 

protein (Pfeffer, 2010). 

The amino terminus of renalase contains a putative signal peptide for the 

secretion through the classical pathway. However, structural evidences 

suggest that the SP could not be cleaved without the loss of the protein 

native conformation (Milani et al., 2011). 
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Aim of the Project 

 

 

 

Renalase is an intriguing protein, which has been proposed to represent a 

novel player in the regulation of blood pressure and cardiac function (Xu et 

al., 2005). Despite its potential medical relevance, a deep biochemical 

characterization of this protein is still lacking. 

The general aim of this work has been to assess the molecular mechanism of 

renalase action thorough the structural and functional characterization of the 

recombinant protein isolated in purified form. 

Since only very small amounts of renalase were produced using previously 

developed expression systems, strongly limiting its biochemical study 

(Desir, Wang et al., 2012), this project was initially focused on developing 

new strategies to increase the yield of recombinant renalase. Attempts to 

produce human renalase and its mouse homolog using various fusion 

strategies, as well as to express the human protein in the eukaryotic host 

Saccharomyces cerevisiae, have been carried out. 

The solution of the three-dimensional structure of the protein by X-ray 

crystallography has been another important aim of the project, since such 

achievement was expected to open the way to the understanding of the 

catalytic mechanism of the enzyme. After many efforts, in collaboration 

with Dr. Bolognesi, I finally obtained the crystal structure of human 

renalase (Milani et al., 2011). 

Its general fold classified it as a member of the p-hydroxybenzoate 

hydroxylase protein superfamily, which includes both NAD(P)H-dependent 

enzymes, as the aromatic monooxygenases, and O2-dependent ones, 

catalyzing either monooxygenase or oxidase reactions. For this reason, 

specific aims of the project were the detailed analysis of the interaction of 
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renalase with nicotinamide dinucleotides and the study of its reactivity 

towards O2, by means of equilibrium, steady-state and rapid reaction kinetic 

approaches, in order to define the general features of the possible catalytic 

activity of the protein. 

The allelic form of human renalase whose crystal structure was obtained 

within this project, represents its Asp37 variant. Since a recent study 

reported that an alternate form, carrying Glu at the same position, had a 

higher catalytic activity (Farzaneh-Far et al., 2010), I decided to produce the 

latter isoform by site-directed mutagenesis in order to assess its in vitro 

properties. Indeed, should the supposed functional difference between the 

allelic variants be confirmed, this would represent an important step towards 

the localization of renalase NADH binding site, which was not obvious 

from structural data. 

Furthermore, an additional specific aim of the project was to compare the 

catalytic properties of the spontaneously in vivo folded renalase produced in 

my laboratory with those of the in vitro refolded, FAD-reconstituted protein 

produced by Desir’s group, in order to ascertain the source of the reported 

differences between them, the latter being much more active as a NADH-

oxidase. 

Finally, during the third year of the PhD program, I started a formal 

collaboration with Dr. Desir at the Yale School of Medicine, in order to 

elucidate the subcellular localization of endogenous renalase by 

immunofluorescence microscopy and cell fractionation approaches. 

Renalase presents a signal peptide which could mediate the secretion 

through the classical pathway, but I provided structural evidence suggesting 

that could not be removed without disrupting protein’s native conformation, 

implying that renalase secretion would occur via atypical secretory pathway. 
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Main Results 

 

 

 

The major aim of the project was to provide a detailed functional and 

structural characterization of renalase, in order to collect new precious 

details on the biochemical properties of this protein and to obtain a general 

firm framework for assessing its possible molecular mechanism of action. 

The lab where I carried out this work, had previously succeeded in 

producing recombinant human renalase in E. coli as a soluble, correctly 

folded protein containing an equimolar amount of FAD, thus showing for 

the first time that renalase is actually a flavoprotein (Pandini et al., 2010). 

Two recombinant renalase forms were purified to homogeneity exploiting 

their N-terminal tags (polyHis and polyHis-SUMO tags), obtaining about 

1.5 mg of pure protein per liter culture. 

With the aim to increase the yield of the recombinant flavoprotein, I first 

expressed human renalase in Saccharomices cerevisiae, since the eukaryotic 

host could provide a more appropriate environment for the correct folding of 

the protein. Unfortunately, the amount of soluble renalase produced in yeast 

was very low and only recovered in apoprotein form. Then, to test the 

possibility that previously used N-terminal extensions could hamper the 

correct folding of the recombinant renalase, I produced the protein in E. coli 

as a fusion with a C-terminal polyHis-tag. The new expression/purification 

system yielded about the same amount of soluble renalase as the previous 

ones, suggesting the low expression level of the soluble fraction in the 

heterologous hosts could be an intrinsic property of the protein. Thus, 

despite representing no improvement in terms of amount of protein obtained 

(Table 2), the new expression strategies allowed us to demonstrate that the 

biochemical properties of recombinant human renalase are not affected by 
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the position of the tag added to facilitate its purification. Moreover, in order 

to extend our studies to homologs of the human protein, N-terminally GST-

fused murine renalase (whose plasmid was kindly provided by Dr. Zhang, 

Tsinghua University of Beijing) was produced in E. coli. Unfortunately, the 

in vivo folding behavior of this protein was similar to that of the human one: 

the amount of soluble product was very low and the purified protein was 

found to lack bound FAD. 

Interestingly, in contrast with the data reported in literature (Xu et al., 

2005), we didn’t observe any monoamine oxidase activity associated to any 

of the purified recombinant renalase. 
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Though very low, the amount of purified renalase was enough for its 

structural characterization. In collaboration with Dr. Bolognesi, the three-

dimensional structure of recombinant human renalase has been determined 

by X-ray crystallography (Milani et al., 2011) (Figure 18). Diffraction data 

were interpreted by the molecular replacement method using the structure 

of an oxidoreductase from Pseudomonas siringae as the starting model. 

The renalase molecule is monomeric and adopts a compact conformation. 

It presents two main domains: the FAD binding domain and the putative 

substrate binding domain. The two domains are bent, forming a wide and 

Table 2. Purification yields of different renalase variants expressed in E. coli. 

renalase-His 

His-renalase 

GSTm-renalase 

renalase 

culture volume (l) cell yield (g/l) purified renalase (mg/l) 
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deep cleft at the center of the protein. The FAD cofactor is buried within 

the protein, except for part of the isoalloxazine ring and it’s firmly, but not 

covalently, bound to the protein through several H-bonds and other 

contacts. The active site cavity can be roughly divided into two 

hemispheres: one composed of aromatic amino acids and the other of polar 

residues, centered on the isoalloxazine ring (Figure 18). The general fold 

of renalase classifies it as a member of the p-hydroxybenzoate hydroxylase 

superfamily, more similar to MAO- than to D-amino acid oxidase-like 

enzymes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Since renalase was reported to catalyze O2 reduction in the presence of 

NADH, suggesting the possibility that it could be either a dehydrogenase or 

a monooxygenase, we studied in detail its reactivity towards the 

nicotinamide dinucleotides. Both the NADH- and NADPH-dependent 

diaphorase activities of renalase using a tetrazolium salt 

Figure 18. Renalase three-dimensional structure and active site cavity (Milani et al., 

2011). Left: The FAD binding domain is shown in red, the substrate binding domain in 

blue and the 62-108 subdomain in green. Right: the FAD prosthetic group and the amino 

acid residues lining the active-site cavity are shown. 
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(iodonitrotetrazolium, INT) as artificial electron acceptor were tested to 

verify the hypothesis that renalase could be a NADH-dependent enzyme. 

Renalase displayed a low but measurable catalytic activity versus INT and 

the steady-state kinetic parameters showed a slight preference for NADH 

over NADPH (Table 3). 

 

 

 

 

 

 

 

The poor reactivity of renalase towards nicotinamide dinucleotides was 

confirmed by studying under anaerobic conditions the pre-steady state 

reactions with either NADH or NADPH. Both nucleotides were able to 

transfer reducing equivalents to the renalase flavin cofactor, with very low 

apparent first-order constant (Figure 19). 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. Kinetic parameters of renalase for the NADH- and NADPH-dependent INT 

reductase reactions (Milani et al., 2011). 

Figure 19. Time course of anaerobic reduction of renalase FAD cofactor by NADH (open 

circles) and NADPH (filled circles), control data obtained in the absence of reductant are 

shown as filled squares (Baroni, Milani et al., 2012). 
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In order to further investigate the interaction of the protein with 

nicotinamide dinucleotides, spectrophotometric titrations of the renalase 

active site with both NAD
+
 and NADP

+
 were performed. Renalase clearly 

interacted with both the oxidized forms of the dinucleotides, forming 

complexes whose difference absorption spectra were very similar. Both 

titrations followed the theoretical curve expected for a 1:1 stoichiometry 

yielded Kd values for the enzyme-ligand complexes in the millimolar range. 

The absence of a recognizable NADP binding site in the protein structure 

and its poor affinity for, and poor reactivity towards, NADH and NADPH 

suggest that these are not physiological ligands of renalase. 

With the aim of identifying possible renalase substrates, I screened a small 

library of compounds (Prestwick Chemical Library). More than one 

thousand small molecules were tested as possible electron donors to the 

enzyme, using INT as chromogenic electron acceptor. Unfortunately, this 

preliminary screening identified no renalase substrate. 

Since the general fold of renalase classifies it as a member of the 

flavoprotein superfamily sharing the p-hydroxybenzoate hydroxylase fold 

topology, which includes both oxidases and monooxigenases, the study of 

the reactivity of the reduced flavin cofactor (FADH2) of renalase with O2 

was performed in order to provide precious information about the nature of 

the reaction catalyzed by the flavoenzyme (more details in ‘Supplemental 

Results’). After anaerobic stepwise photoreduction in order to completely 

reduce the bound flavin, renalase was reacted with O2 by mixing it with 

different air-equilibrated buffers prepared at diverse pH. The reactions 

proceeded monotonically in all the conditions tested and no evidence of 

transient semiquinone and/or peroxide intermediate of flavin was observed. 

The second-order constant value range from 4.56 · 10
3
 M

-1
s

-1
 to 10.2 · 10

3
 

M
-1

s
-1

, 20/40-fold higher compared to the free FAD (250 M
-1

s
-1

), but lower 

than typical flavin oxidases (10
5
-10

6
 M

-1
s

-1
). These results suggested that 
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renalase might be an oxidase, assuming the presence of not yet known 

substrate(s) could increase the rate of the reaction to typical oxidases values. 

The recombinant form of human renalase crystallized and biochemical 

characterized corresponds to its Asp37 allelic variant. Recently, Farzaneh-

Far and coauthors reported that the allelic variant of the protein carrying a 

Glu residue at position 37 possessed a much higher NADH-dependent 

activity than the Asp variant. Since this observation, when confirmed, would 

contribute to assign a catalytic activity to the protein and help in localizing 

its NAD binding site, I introduced the Asp37Glu replacement in the 

recombinant protein by site-directed mutagenesis. The steady-state kinetic 

parameters for both NADH- and NADPH-dependent diaphorase activity 

versus INT were found not significantly different from those of the Asp 

variant (Table 4). 

 

 

 

 

 

Furthermore, the study of the reductive half-reactions and the NAD(P)
+
 

binding properties of the Glu37 enzyme form confirmed that the two 

 
k

cat

NADH (min
-1

) K
m

NADH (µM) k
cat

/K
m

NADH (min
-1

 µM
-1

) 

 0.14 ± 4 x 10
-3

 18 ± 3 7.8 x 10
-3

 ± 1.2 x 10
-3

 

 

0.19 ± 8 x 10
-2

 46 ± 10 4.1 x 10
-3

 ± 0.8 x 10
-3

 

 
k

cat

NADPH (min
-1

) K
m

NADPH (µM) k
cat

/K
m

NADPH (min
-1

 µM
-1

) 

 0.26 ± 6 x 10
-3

 175 ± 20 1.5 x 10
-3

 ± 1.4 x 10
-4

 

 

0.34 ± 2.6 x 10
-2

 172 ± 44 1.9 x 10
-3

 ± 6 x 10
-4

 

Glu37 

Asp37 

Table 4. Kinetic parameters of Asp and Glu renalase for the NADH- and NADPH-

dependent INT reductase reactions. 

Glu37 

Asp37 
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variants of renalase have indistinguishable features in vitro. These data are 

consistent with the localization of the residue 37 within a surface loop at the 

interface between the two domains, far from the active site. 

In order to ascertain the differences in the catalytic features, I compared the 

properties of the spontaneously in vivo folded recombinant holo-renalase 

produced in our lab with those of the in vitro refolded, FAD-reconstituted 

protein prepared by Dr. Desir (more details in ‘Supplemental Results’). The 

protein preparation provided by Dr. Desir was found to bound FAD very 

loosely and lack of the NADH-oxidase activity in the absence of the flavin 

cofactor added to the assay mixture. A preliminary evaluation of the enzyme 

specificity, assayed with all possible combinations of NADH or NADPH as 

the reducing substrate, and FAD, flavin mononucleotide or riboflavin as the 

electron acceptor, suggested that the flavin compounds behave as substrates 

of the enzyme rather than prosthetic groups. Interestingly, such catalytic 

features resulted very similar to those of the E. coli flavin reductase (FRE). 

In collaboration with Dr. Tedeschi, tandem mass spectrometry analysis of 

the renalase preparation was performed, which confirmed the actual 

presence of FRE as a major contaminant of the protein solution, strongly 

suggesting this protein as the responsible of the observed NADH-dependent 

flavin reductase activity of the in vitro refolded renalase sample. 

The last part of the project was focused on the subcellular localization of 

mammalian endogenous renalase through a collaboration with Dr. Desir, at 

the Yale School of Medicine (more details in ‘Supplemental Results’). 

Indeed, structural evidence has indicated that the proposed secretion signal 

peptide could not be cleaved without the loss of the protein native 

conformation, suggesting that renalase trafficking would occur through an 

atypical secretory pathway. The presence of endogenous renalase was 

studied by immunofluorescence microscopy in human immortalized HK-2 

cells, pig and mouse kidney tissues. Renalase was clearly detected in all the 
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samples, preferentially localized in the cytoplasm of the cells, where it 

showed a punctate distribution suggestive of an organelle association. Co-

localization approaches with E-cadherin (distal tubule marker) and megalin 

(proximal tubule marker), performed in pig kidney, demonstrated that 

renalase is exclusively expressed in proximal tubule (Figure 20). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell fractionation approach was also used to further investigate the 

localization of renalase. The protein was found in all the fractions obtained 

by differential sedimentation, but these preliminary experiments need to be 

repeated in more stringent conditions because a significant extent of cross-

contamination. Moreover, in order to disrupt the possible non-specific 

binding of renalase to membranes, additional washing step with 

NaCarbonate on NaCl revealed a possible interaction with integral 

membrane proteins. 

Figure 20. Renalase co-localizes with proximal tubules (Lee et al., 2012 submitted). Pig 

kidney sections were co-stained with renalase antibody (green) and either with megalin 

(top) or E-cadherin (bottom). Nuclear staining in blue. 
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Conclusions and Future Prospects 

 

 

 

The important role that renalase seems to play in the control of 

cardiovascular functions, confirmed by many evidences, has led to a 

growing interest on this newly discovered protein. However, several 

questions still remain unanswered, in particular about its catalytic activity. 

The major aim of this project was to provide a detailed biochemical and 

structural characterization of renalase, in order to elucidate the possible 

reaction it catalyzes and, thus, to better understand the mechanism of its 

physiological action. 

The solution of the crystal structure of recombinant human renalase 

classifies it as a member of p-hydroxybenzoate hydroxylase superfamily 

(Milani et al., 2011), sharing its general fold with MAO-like enzymes. The 

functional characterization of the protein, mainly focused on the analysis of 

its interaction with nicotinamide dinucleotides, confirmed that renalase 

catalyzes both NADH- and NADPH-dependent diaphorase reactions, as 

previously reported (Farzaneh-Far et al., 2010). In addition, we provided 

evidence of direct hydride transfer (HT) from both NADH and NADPH to 

the enzyme FAD cofactor and of formation of a 1:1 complex with the 

oxidized forms of the nicotinamide dinucleotides. However, the exceedingly 

low kcat and kcat/Km values observed in the steady-state reactions, confirmed 

by the very slow HT in the reductive half-reaction and the millimolar 

affinity of the enzyme for both NAD
+
 and NADP

+
, strongly suggest that 

nicotinamide dinucleotides are not actual renalase physiological substrates. 

Such conclusion is in line with the absence of an evident NAD(P) binding 

site in the three-dimensional structure of the protein. 
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The rapid reaction study of the oxidation of the renalase reduced flavin 

cofactor by O2 at different pH values revealed that the reaction proceeded 

monotonically with no evidence of transient semiquinone and/or peroxide 

flavin intermediates, thus excluding the transfer of single electrons to O2. 

The value of the second-order constant of the process, 20/40-fold higher 

than that involving free FAD (250 M
-1

s
-1

) but some order-of-magnitude 

lower than that observed in typical flavin oxidases, suggested that renalase 

might be either a lowly efficient oxidase or an aromatic hydroxylase. The 

latter hypothesis was excluded on the basis of a structural comparison 

between renalase and flavin monooxygenases belonging to the p-

hydroxybenzoate hydroxylase superfamily. 

Moreover, consistently with structural evidences that show that residue 37 is 

located in a surface loop far from the active site, we found no difference 

between the NAD(P)H-dependent diaphorase activities of the Asp and Glu 

variants of renalase, in contrast with previously reported data (Farzaneh-Far 

et al., 2010). 

We were also able to clarify the origin of the apparent differences in the 

catalytic properties between the spontaneously in vivo folded recombinant 

holo-renalase produced in our lab and the in vitro refolded, FAD-

reconstituted protein prepared by Dr. Desir. The biochemical and structural 

characterization of the latter renalase preparation indicated that the refolded 

protein, although soluble, is unable to bind FAD with high affinity and, 

more importantly, that its supposed enzymatic activity was due to the 

presence in the preparation of significant amount of E coli flavin reductase 

as a contaminant. 

Finally, immunofluorescence colocalization studies with E-cadherin and 

megaline in pig kidney clearly showed that renalase is exclusively localized 

in the proximal tubule epithelial cells. Furthermore, its subcellular 

localization, as determined by differential sedimentation, and its 
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cytoplasmic punctate distribution, observed by immunofluorescence in pig 

kidney tissue samples, strongly suggested that renalase associates to 

membrane organelles, which is suggestive of processing through an 

unconventional secretory pathway. 

In conclusion, the detailed biochemical characterization of recombinant 

human renalase here reported is expected to represent a solid framework on 

whose basis novel working hypotheses about renalase molecular mechanism 

could be devised and future new experimental observations could be 

interpreted. Furthermore, the structural and functional data collected within 

this project converge in suggesting that renalase could most probably 

represent a flavin-dependent oxidase acting on a bulk substrate, different 

from a catecholamine and which has still to be identified. We are confident 

that with the current exponentially increasing number of research articles 

published by different research groups on this topic (22 out of the total 51 

entries retrieved from PubMed with the keyword “renalase” have 2012 as 

publication year) the molecular mechanism of renalase will be elucidated 

soon. The structural information we have obtained, together with the in vitro 

approaches to the functional study of the renalase active site developed 

within this project, will then be invaluable to exploit renalase and/or the 

pathway to which it belongs as a target for novel drugs active on the 

cardiovascular system. 
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Supplementary Results 

 

 

 

Rapid reaction study of renalase flavin cofactor reactivity with O2 

The general fold of renalase classifies it as a member of the flavoprotein 

superfamily sharing the p-hydroxybenzoate hydroxylase fold topology, 

which includes oxidases and monooxigenases. Both subgroups of enzymes 

use O2 as oxidant in their physiological reactions, but while the former 

produces H2O2 without transient formation of flavin intermediates, the latter 

generates H2O through the formation of a transient peroxide form of FAD. 

For this reason, the study of the reaction between reduced flavin cofactor 

(FADH2) of renalase and O2 could provide precious information about the 

nature of the reaction catalyzed by this flavoenzyme. 

The FAD prosthetic group of recombinant human renalase was reduced 

through anaerobic stepwise photoreduction performed using the light/EDTA 

system. In particular, renalase reduction was achieved by one- electron 

donation from 5-carba-5-deazariboflavin semiquinone produced by light 

irradiation, with EDTA serving as the final electron source. Renalase was 

subjected to successive short periods of illumination until full reduction of 

the flavin was reached. Absorption spectra were recorded before and after 

each irradiation. 

Reduced renalase was then reacted with O2 at 25 °C by mixing the 

anaerobic protein solution with air-equilibrated 100 mM NaPi, 100 mM 

Na4P2O7 buffers adjusted at diverse pH values (in the 5.5-10.5 range). The 

actual pH final values obtained after mixing, were experimentally 

determined (Table 5). Renalase and O2 final concentrations in the reaction 

mixture were 14 µM and 125 µM, respectively. 
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nominal pH 5.5 6.5 7.5 8.5 9.5 10.5 

actual pH 5.8 6.7 7.7 8.6 9.5 10.3 

 

 

 

The rate of flavin oxidation was measured by monitoring the increase in 

absorbance at 454 nm (Figure 21). Absorbance values were fitted to the 

following exponential decay equation: 

 

 

to obtain rate the constants (Figure 22). 

 

 

 

 

 

 

 

 

 

 

 

 

 

The reaction proceeded monotonically in all tested conditions with no 

evidence of transient flavin semiquinone and/or flavin peroxide formation, 

thus excluding single-electron transfer to O2. Pseudo-first order constants, 

determined at different pH, are reported in Table 6 (Figure 23). As shown, 

Table 5. pH values of the reaction mixtures determined before and after the mixing. 

Figure 21. Absorption spectra recorded during the oxidation of the renalase flavin cofactor 

by O2 at 25 °C in 100 mM NaPi, 100 mM Na4P2O7, pH 10.3. 
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the rate of the process slightly decreases at basic pH values, with a 

maximum at pH 6.7. 

 

 

 

 

 

 

 

 

 

 

 

 

pH 5.8 6.7 7.7 8.6 9.5 10.3 

kapp (s
-1

) 1.25 1.28 1.02 0.83 0.69 0.57 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Absorbance traces at 454 nm recorded during the FADH2 oxidation with O2 by 

stopped-flow spectrophotometry. 

Figure 23. pH dependence of FADH2 oxidation by O2. Plot of the values of the rate 

constant of the flavin oxidation as a function of pH (after mixing). 

Table 6. Pseudo-first order constants of FADH2 oxidation at different pH values. 



50 
 

Assuming that the process is bimolecular and considering the oxygen 

concentration in the reaction mixture, a second order constant value range 

from 4.56 · 10
3
 M

-1
s

-1
 to 10.2 · 10

3
 M

-1
s

-1
 was determined. Such rates are 

20/40-fold higher than that reported for free FAD (250 M
-1

s
-1

), although 

they are lower than those of typical flavin oxidases (10
5
-10

6
 M

-1
s

-1
) (Gadda, 

2012; Chaiyen et al., 2012). 

Taking into consideration that the binding of the not yet known substrate(s) 

of renalase could increase the rate of its reaction with O2, these results 

suggest that renalase might be an oxidase converting O2 in H2O2 and not a 

O2
-
-producing enzyme, as reported in literature (Farzaneh-Far et al., 2010). 
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Characterization of recombinant human renalase produced in Desir’s lab 

Since the catalytic properties of the spontaneously in vivo folded renalase 

produced in our lab markedly differed from those of the in vitro refolded, 

FAD-reconstituted protein produced in Desir’s lab (Farzaneh-Far et al., 

2010), we received a sample of the latter protein for a detailed biochemical 

characterization. 

The absorption spectrum of the refolded renalase sample revealed the 

presence of a large amount of free FAD, exceeding the protein molar 

concentration by a factor of ten. 

To remove the FAD excess from the protein solution, the preparation was 

subjected to gel filtration (Figure 24). In the high molecular weight fraction, 

containing renalase, FAD was not detectable by spectrophotometry. This 

result suggested that the FAD cofactor was not steady bound to renalase, 

and was readily released by the protein during chromatography. 

 

 

 

 

 

 

 

 

 

 

 

 

 

renalase 

free FAD 

Figure 24. Gel filtration of recombinant human renalase prepared by Dr. Desir. 
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Furthermore, the protein fraction was found devoid of any NADH-oxidase 

activity. The activity was almost fully recovered when FAD was included in 

the assay mixture. 

Since the protein preparation was found to be significantly contaminated by 

several other proteins, in order to improve its purification it was subjected to 

a chromatographic separation on a column of Ni Sepharose, in which the 

weak affinity of the protein for the resin was exploited to separate it from 

the contaminants (Pandini et al., 2010). The spectral and SDS-PAGE 

analyses of the fractions of the chromatogram revealed the presence of free 

FAD and contaminants, but very low amount of renalase in the void volume 

(Figure 25). On the other hand, the fraction containing renalase, eluted at the 

expected volume, lacked any NADH-oxidase activity. Interestingly, this 

activity was found associated to the fraction containing free FAD and 

contaminants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

renalase 

free FAD and 

contaminants 

Figure 25. Purification of the renalase produced by Dr. Desir on Ni Sepharose. 
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To investigate the nature of the FAD-dependent NADH-oxidase activity 

observed in the renalase preparation produced by Dr. Desir, a preliminary 

determination of the enzyme specificity was performed with all possible 

combinations of NADH or NADPH as the reducing substrate, and FAD, 

flavin mononucleotide (FMN) or riboflavin (Rf) as the electron acceptor. 

Quite surprisingly, renalase was found able to catalyze the transfer of 

electrons from either NADH or NADPH to Rf, FMN and FAD (Table 7). 

 

 

 

 

 

 

 

 

 

 

The relatively high values of Km for the flavin derivatives indicated that they 

behave as substrates rather than prosthetic groups in the observed reaction, 

suggesting the enzyme catalyzing it could be a NAD(P)H-dependent flavin 

reductase. Moreover, the observed catalytic properties were surprisingly 

similar to those of the well-known E. coli flavin reductase (FRE) (Fontecave 

et al., 1987). 

In order to test the hypothesis that a contamination by FRE could be 

responsible of the NADH-dependent activity observed in the renalase 

preparation produced by Dr. Desir, in collaboration with Dr. Tedeschi the 

sample was analyzed by tandem mass spectrometry. The material was first 

subjected to SDS-PAGE to separate its protein components (Figure 26), 

then four bands in the molecular mass range expected for FRE were cut and 

Electron donor 

substrate 

Electron acceptor 

substrate 
Km (M) Vmax 

(ΔA340/min) 

NADH Rf 0.40 72 × 10
-3

 

NADH FMN 0.43 41 × 10
-3

 

NADH FAD 0.17 14 × 10
-3

 

NADPH Rf 2.7 120 × 10
-3

 

NADPH FMN 1.4 21 × 10
-3

 

NADPH FAD n.d. 3 × 10
-3

 

Table 7. Apparent steady-state kinetic parameters of FAD-stripped Desir’s recombinant 

protein preparation. 
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analyzed by mass spectrometry, after trypsin digestion. Interestingly, the 

amino acid sequences of the peptides analyzed confirmed the presence of 

FRE as a major component of bands A and B (Figure 27), while bands C 

and D contained renalase fragments, possible due to its partial degradation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. SDS-PAGE analysis of renalase sample prepared by Dr. Desir. Lanes 1-2-3-4, 

renalase samples after trichloroacetic acid (TCA) precipitation. Control, recombinant 

human renalase produced in our lab. Red arrows A-B-C-D represent the bands analyzed by 

peptide mass fingerprinting. 

Figure 27. Spectra of the bands A (left) and B (right) obtained by tandem mass 

spectrometry. The amino acid sequences of the peptides are ascribable to FRE. 

marker                 1         2         3          4               control 

renalase 
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Our biochemical and structural characterization indicated that the in vitro 

refolded renalase produced by Dr. Desir doesn’t stably bind the FAD 

cofactor and lacks NADH-dependent oxidase activity. Moreover, our data 

demonstrated that the NADH-dependent activity of the preparation is 

attributable to FRE, which was present as a major contaminant. 
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Tissue and subcellular localization of endogenous mammalian renalase 

Renalase has been proposed to be secreted by kidney into the bloodstream 

and urine in response to stress conditions like hypertension, but the 

molecular mechanism regulating its basal or stimulated secretion is still 

unknown (Milani et al., 2011). Structural evidences indicate the proposed 

secretion signal peptide could not be cleaved without the loss of the protein 

native conformation, suggesting that renalase trafficking would occur 

through an atypical secretory pathway. 

The localization of endogenous renalase was initially studied by 

immunofluorescence microscopy in human immortalized HK-2 cells 

(human kidney 2 is a proximal tubular cell line derived from normal 

kidney). Monoclonal antibody 28-4, raised in rabbit, was used in 

combination with Alexa488-goat anti-rabbit secondary antibody. Renalase 

was clearly detected in the cells and seemed to be preferentially localized in 

the cytoplasm, where it showed a punctate distribution suggestive of an 

organelle association (Figure 28). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Renalase localization in HK-2 cells. Samples were imaged with a fluorescent 

microscope and photographed using a SPOT camera software. Left: phase; Right: 

immunofluorescence. HK-2 cells were stained with a renalase antibody (green). Nuclear 

staining in blue. Images were magnified 100X. 
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Similar studies were then performed in pig kidney tissue samples. Two 

monoclonal antibodies, 28-4 and 37-10 (both raised in rabbit), were used. 

Renalase localized to renal tubule epithelium, displaying the same punctate 

distribution observed in HK-2 cells (Figure 29). 

 

 

 

 

 

 

 

 

 

 

 

 

Moreover, preliminary experiments carried in the absence of detergent 

suggested that a fraction of renalase could be associated to extracellular 

surface of plasma membrane (Figure 30). 

 

 

 

 

 

 

 

 

 

 

Figure 29. Renalase localization in pig kidney. Pig kidney sections were fixed, 

permeabilized and incubated with anti-renalase 28-4. Secondary antibody Alexa488-goat 

anti-rabbit (green) was then applied. Nuclear staining in blue. Left: 40X; Right: 100X. 

Figure 30. Renalase localization in pig kidney. Left: absence of detergent, 100X. Right: 

treatment with 0.1% triton X100, 100X. Endogenous renalase in green, nuclear staining in 

blue. 
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The same renalase cytoplasmic distribution was observed in mouse renal 

tubules. Moreover, as expected, no renalase was detected in renalase KO 

mouse kidney tissue (Figure 31). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In pig kidney, a cell fractionation approach was also used to investigate the 

localization of endogenous renalase. The centrifugation protocol yielded the 

following subcellular fractions: 

 

 

Figure 31. Renalase localization in mouse kidney. Monoclonal 28-4 anti-renalase was used 

in combination with Alexa488-goat anti-rabbit secondary antibody (green). Left and Right 

top: endogenous renalase in mouse kidney samples 40X and 100X, respectively. Central 

bottom: no protein was detected in renalase KO mouse kidney, 100X. Nuclear staining in 

blue. 
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PNS P3 P15 P180 P300 CYT 

50 kDa 

37 kDa 

25 kDa 

 

 

 

 

 

 

 

 

 

Initial experiments, carried out by Western blot analysis, revealed the 

presence of renalase in all the fractions obtained by differential 

sedimentation (Figure 32). However the analysis of the distribution of 

several subcellular markers, i.e. calnexin (ER), TGN-38 (Golgi), lamin 

(nucleus), LC3 (autophagosomes), Lamp2B (lysosomes), Sec31 (ER to 

Golgi, COPII Coat), Rab7 (late endosomes) and Rab11 (recycling 

endosomes, mitochondria) revealed a significant extent of cross-

contamination. Thus, further fractionation experiments needed to be 

performed under more stringent conditions. 

 

 

 

 

 

 

 

 

In order to disrupt the possible non-specific binding of renalase to 

membranes, an additional washing step with Na2CO3 or NaCl was included. 

Interestingly, renalase was still present in the P3 fraction after 1 M Na2CO 

PNS              500xg      10 min 

P3       3,000xg     10 min 

P15     15,000xg     10 min 

P180   180,000xg       1 hr 

P300   300,000xg       1 hr 

PNS = heavy membranes, pieces of tissue and cells not disrupted 

    P3 = heavy lysosomes and mitochondria 

  P15 = lysosomes and peroxisomes 

P180 = microsomes, ER and Golgi 

P300 = small vesicles 

Figure 32. Western blot analysis of pig kidney fractions obtained after different 

centrifugation steps. Monoclonal 28-4 anti-renalase in combination with HRP-goat anti-

rabbit secondary antibody was used to detect endogenous renalase. 
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P15 P3 P15 P180 P3 P300 P180 P300 

50 kDa 

37 kDa 

supernatant pellet 

treatment (Figure 33), but not after incubation with 2.5 M NaCl, implying a 

possible specific interaction with integral membrane proteins. 

 

 

 

 

 

 

 

 

 

 

The subcellular localization of renalase and its cytoplasmic punctate 

distribution, strongly suggest that the protein could be associated to 

membranous organelles. 

 

Figure 33. Western blot analysis of pig kidney fractions after 1 M Na2CO3 treatment. 

Monoclonal 28-4 anti-renalase in combination with HRP-goat anti-rabbit secondary 

antibody was used to detect endogenous renalase. 



61 
 

Appendix 2 

State of the Art 

 

During the PhD program, I was also involved in a side project focused on 

the elucidation of the role of the Y258 residue of Plasmodium falciparum 

ferredoxin-NADP
+
 reductase (PfFNR) in the control of NADPH specificity. 

P. falciparum (Figure 34) belongs to the phylum Apicomplexa, which 

consists of unicellular, obligate intracellular parasites and is responsible for 

the most deadly form of malaria in humans (Seeber et al., 2008). Besides 

the nucleus, mitochondrion and endoplasmic reticulum, Apicomplexa 

exhibit a distinctive ‘apical complex’ (after which the phylum is named) that 

has been shown to be required for pathogen survival and represents a known 

site of action of antimalarial compounds. 

 

 

 

 

 

 

 

 

 

 

 

 

In the apicoplast (an organelle of the apical complex) of P. falciparum a 

ferredoxin-NADP
+
 reductase has been identified. This protein is directly 

involved in the apicoplast metabolism, since it was demonstrated that the 

ferredoxin/ferredoxin-NADP
+
 reductase redox system of P. falciparum 

Figure 34. Plasmodium falciparum cell structure (Bannister et al., 2003). 
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serves as the physiological electron donor for LytB, the enzyme that 

catalyzes the last step of the DOXP pathway of isoprenoids biosynthesis in 

apicoplast (Rorich et al., 2005). 

PfFNR is an enzyme belonging to dehydrogenase electron-transferases class 

of flavoproteins that contains flavin adenine dinucleotide (FAD) as 

prosthetic group, which is responsible for the catalytic properties of the 

holoenzyme. PfFNR is able to catalyze the exchange of reducing 

equivalents between the NADP
+
/NADPH and the 

ferredoxin(Fe
3+

)/ferredoxin (Fe
2+

) redox couples, in particular it promotes 

the transfer of two electrons from one molecule of NADPH to two 

molecules of ferredoxin: 

 

 

 

Compared to the typical plastidic FNRs, PfFNR exhibits most of their basic 

features except for a lower turnover number and a weaker ability to 

discriminate between NADH and NADPH (Balconi et al., 2009). These 

functional differences result from critical details about how the plasmodial 

enzyme binds NADPH 2’-phosphate group (Figure 35). 

 

 

 

 

 

 

 

 

 

 

2 Fd(Fe
3+

) + NADPH    2 Fd(Fe
2+

) + NADP
+
 + H

+
 

Figure 35. Three-dimensional 

structure of the PfFNR active 

site. Part of the cleft between 

the FAD and NADP binding 

domains is shown. FAD, the 

substrate analogue adenosine 

2’,5’-diphosphate (2’-PAMP), 

S247, Y258 and H286 are 

represented as ball-and-stick 

models. 
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Aim of the Project 

 

The project was mainly focused on the role of two PfFNR residues that 

interact with the 2’-phosphate and the pyrophosphate groups of NADPH, 

Y258 and H286 respectively, in the modulation of the coenzyme specificity 

of this enzyme. In particular, Y258 provides the second aromatic ring (in 

addition to H286) to sandwich the adenine moiety of the coenzyme and also 

donates a H-bond to the 2’-phosphate group of NADPH (Figure 35). For 

this reason, the replacement of Y258 with a phenylalanine is expected to 

only disrupt the latter interaction leaving aromatic stacking unaffected. 

 

 

Main Results 

 

The study of the role of Y258 and H286 in catalysis was carried out by site-

directed mutagenesis, generating two PfFNR variants carrying either the 

single Y258F and the double Y258F/H286Q replacement. 

The effect of the mutations on the steady-state kinetic parameters of the 

PfFNR variants for the NAD(P)H-dependent activity was largely 

independent from the presence of histidine or glutamine at position 286 

(Table 8). In particular, the Y258F replacement abolished the difference 

between the kcat
NADPH

 and kcat
NADH

 of the single and double mutant. 

Furthermore, the Y258F mutation had opposite effects on Km
NADPH

 and 

Km
NADH

, increasing the former and lowering the latter. The combination of 

these effects led to a 50-fold decrease in the PfFNR specificity ratio and, 

interestingly, the effect of the two replacements displayed no additivity. 

Since kcat is related to the rate of hydride transfer (HT) between the 

nicotinamide dinucleotide and the FAD prosthetic group in the enzyme-
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cofactor complex, these data suggested that the Y258 hydroxyl could have 

an important role in optimizing the HT from NADPH to FAD. 

 

 

 

 

 

 

 

The reductive half reaction of the enzyme variants was studied in detail by 

stopped-flow spectrophotometry, using either NADPH or NADH as 

reductant. The reaction of PfFNR with the nicotinamide dinucleotides led to 

the formation of a charge-transfer complex (CT) between NAD(P)H and 

FAD, observed as an increase in the absorption above 550 nm. The Y258F 

mutation lowered the kHT for NADPH and abolished the accumulation of 

CT, without hampering HT from NADH to FAD. The PfFNR-

Y258F/H286Q double mutant displayed the same kinetic properties of 

PfFNR-Y258F, confirming that the effects of the Y258F replacement 

completely overshadow those of the H286Q one. The kHT values determined 

by rapid reaction kinetic (Table 9) matched very well the kcat of both 

NADPH- and NADH-dependent reactions. 

 

 

 

 

 

 

 

 

Table 8. Steady-state kinetic parameters of the PfFNR variants for the NADPH- and 

NADH-K3Fe(CN)6 reductase reaction (Baroni, Pandini et al., 2012). 

Table 9. Rate constants of hydride transfer from NADPH and NADH to FAD in PfFNR 

variants as determined by stopped-flow spectrophotometry (Baroni, Pandini et al., 2012). 
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In order to verify the hypothesis that the decrease in the HT determined by 

Y258 hydroxyl deletion when NADPH, but not NADH, is the hydride donor 

might be the result of a destabilization of the catalytically competent 

conformation of bound NADPH (which in the wild-type enzyme is 

associated with the transient formation of the CT), both PfFNR variants 

were subjected to anaerobic photoreductions in the absence and presence of 

NADP
+
. Compared to the wild-type, where a long-wavelength absorbing 

species representing CT was observed, no CT species were detected during 

the reduction of PfFNR-Y258F or PfFNR-Y258F/H286Q in the presence of 

NADP
+
. 

The contribution of Y258 to substrate recognition was further investigated 

by differential spectrometry, since it’s well known that the binding of 

NADP
+
 by FNRs perturbs the visible absorption spectrum of bound FAD 

cofactor (Deng et al., 1999). Both PfFNR variants displayed lower affinity 

for NADP
+
 in comparison to that of the wild-type form, with higher Kd 

values of enzyme-NADP
+
 complexes (Table 10). More importantly, the 

difference spectra and the values of the differential extinction coefficient at 

508 nm revealed that the removal of the Y258 hydroxyl group highly 

destabilized the nicotinamide-flavin interaction. 

 

 

 

 

 

 

 

 

 

 

Table 10. Dissociation constants of the complex between the PfFNR variants and NADP
+
, 

and intensities of the ligand-induced spectral perturbation of bound FAD (Baroni, Pandini et 

al., 2012). 
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Conclusions and Future Prospects 

 

These data allowed us to conclude that the Y258 side chain favors the 

adoption of the catalytically competent conformation of the nicotinamide 

moiety of NADPH, enhancing the hydride transfer and, therefore, enzyme 

turnover. Moreover, the hydroxyl of this residue contributes to make the 

enzyme able to discriminate against NADH by keeping its Km
NADH

 high. 

Although P. falciparum FNR is less strictly NADPH-dependent than its 

homologues, the almost complete abolishment of coenzyme selectivity 

reported in this study had never been accomplished before through a single 

mutation. 
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