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Abstract 

Tyrosine hydroxylase (TH) is important for neuronal function as it is the rate-limiting 

enzyme in the synthesis of dopamine, noradrenaline, and adrenaline. In Parkinson’s 

disease, the levels of TH and dopamine decrease, due to progressive loss of the 

dopaminergic neurons in a part of the midbrain called substantia nigra. Treatment is 

typically with the dopamine precursor, levodopa, but its pharmacological effect wears 

off, and the patients develop serious side effects, so there is a need for better 

treatment options. One alternative could be to replace the lacking TH with an enzyme 

replacement therapy and thereby restore the dopamine levels. The main goal of this 

thesis has been to investigate how TH can be pharmacologically developed into a 

potential biological drug. We have therefore studied different nanoparticle (NP)-

based formulations to stabilize and deliver TH and evaluated the therapeutic potential 

of TH-loaded NPs. 

We started out by using fusion tags in the preparation of TH to obtain a stable 

enzyme of which we determined the full-length solution structure. Then we selected 

porous silicon and maltodextrin NPs as potential carriers of TH. Initial 

characterization revealed that the photoluminescent properties of porous silicon can 

be tuned to correlate with the release of a model protein, which can be useful in 

tracking of drug delivery. Furthermore, we found that TH loading in porous silicon 

NPs occurred through electrostatic interactions, but that it also induced TH 

aggregation. On the other hand, maltodextrin NPs absorbed large amounts of TH 

while preventing or delaying its aggregation. We observed functional delivery of TH 

by these NPs to neuronal cells and tissue, which significantly increased the 

intracellular TH activity.  

All in all, this thesis has given insights into the structural mechanisms and functional 

prerequisites necessary for successful formulations of TH with NPs, which shows the 

therapeutic potential of enzyme replacement therapy with TH-loaded NPs. 
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Sammendrag 

Tyrosine hydroxylase (TH) er et viktig enzym for nervesystemet, fordi det katalyserer 

det første steget i syntesen av dopamin, noradrenalin og adrenalin. Nivået på TH og 

dopamin synker hos Parkinsons pasienter pga. den gradvise celledøden i den 

hjernedelen som heter substantia nigra. Vanlig behandling går ut på å ta levodopa 

som er forløperen til dopamin, men effekten avtar etter hvert, og pasientene får 

alvorlige bivirkninger ved høye doser. Det trengs altså et bedre behandlingstilbud. En 

mulighet kan være å tilføre mer TH vha. en enzymerstatningsterapi som også vil 

gjenopprette dopaminnivået. Hovedformålet med denne avhandlingen er å finne ut 

hvordan TH kan bli brukt som biologisk medisin. Vi har derfor utviklet forskjellige 

nanopartikkel-baserte formuleringer som kan stabilisere og levere TH, og evaluert det 

terapeutiske potensiale til TH-lastede nanopartikler. 

Vi begynte med å produsere TH sammen med forskjellige fusjonspartnere og fikk et 

stabilt enzym som vi målte strukturen av. Så valgte vi porøst silisium og 

maltodekstrin nanopartikler som mulige bærere av TH. De første forsøkene med 

porøst silisium viste at det er en sammenheng mellom fotoluminescensen og 

frigjøringen av et modellprotein som kan være nyttig i sporing av 

legemiddelleveringen i kroppen. Videre fant vi at TH kunne bindes i nanopartikler av 

porøst silisium, men at dette førte til aggregering av TH. Maltodekstrin-nanopartikler 

kunne derimot absorbere store mengder TH samtidig som de forhindret eller forsinket 

TH aggregeringen. Vi observerte at disse nanopartiklene kunne levere TH til 

nerveceller og hjernevev og dermed økte den intracellulære TH aktiviteten.  

Alt i alt har denne avhandlingen gitt et godt innblikk i de strukturelle mekanismene 

og de funksjonelle forutsetningene som trengs for å kunne lage vellykkede 

nanopartikkel-baserte formuleringer av TH. TH-lastede nanopartikler har muligheten 

til å bli videreutviklet til enzymerstatningsterapi for sykdommer hvor det er for lite 

aktivt TH, som f.eks. ved Parkinsons sykdom. 
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1. General introduction 

Proteins are considered to be the machinery of the human body as they are the 

macromolecules with the most diverse and dynamic roles in living organisms. They 

carry out specific tasks such as catalysis (as enzymes), transport of molecules and 

nutrients (as transporters and channels) and can function as structural components, 

signaling molecules and so forth. Proteins are composed of long chains of amino 

acids, with a sequence that is encoded in our genes, which determine the necessary 

protein structure for a specific biological function. The genes also regulate where, 

when and which proteins are produced, establishing a detailed organization of protein 

components in a cell that is dynamic to external responses. This homeostasis, together 

with protein folding into structures of higher levels, is highly complex, and a 

fascinating part of what makes life – as we know it on earth – possible. Many 

proteins are vital for survival and well-being of the hosting organism, and the lack or 

malfunctioning of one protein can distort this state of equilibrium and cause disease. 

One protein in which I am particularly interested in, is tyrosine hydroxylase (TH). TH 

is a protein with complex structure and an important physiological role as enzyme, it 

is implicated in several disorders and therefore a target for potential treatment 

options, as I will describe in the following chapters. 

1.1 Tyrosine hydroxylase – a vital enzyme for neuronal 
function 

In 1964, Nagatsu and coworkers discovered TH (EC: 1.14.16.2), the enzyme that 

catalyzes the conversion of L-tyrosine (L-Tyr) to L-3,4-dihydroxyphenylalanine (L-

DOPA) [1]. This reaction requires ferrous iron (Fe2+), molecular oxygen (O2), and the 

cofactor tetrahydrobiopterin (BH4) [2, 3]. It is the first and rate-limiting step in the 

biosynthesis of the catecholamines: dopamine, noradrenaline (also called 

norepinephrine) and adrenaline (epinephrine) (Fig. 1).  



2 

 

 
Figure 1: Biosynthesis of catecholamines and the enzymes catalyzing each step. The essential 

amino acid L-phenylalanine is hydroxylated by phenylalanine hydroxylase (PAH) into L-tyrosine, 

which can be further hydroxylated into L-3,4-dihydroxyphenylalanine (L-DOPA) by tyrosine 

hydroxylase (TH). L-DOPA is converted into dopamine through decarboxylation by dopa 

decarboxylase (DDC). Subsequent synthesis of noradrenaline is catalyzed by dopamine β-

hydroxylase (DBH) and of adrenaline by phenylethanolamine N-methyltransferase (PNMT). 

Catecholamines are neurotransmitters and hormones with essential roles in motor 

activity, cognition, digestion, and physiological responses to stress. Dopamine is a 

neurotransmitter, acting as a signaling molecule mainly in the central nervous system 

(CNS), controlling movement, behavior and metabolic functions [4]. Noradrenaline is 

primarily present in sympathetic nerve endings where it acts locally as a 

neurotransmitter on smooth muscle tissue involved in bowel movements, regulating 

vascular tone, and heart rate [5]. Adrenaline acts mainly as a hormone on peripheral 

organs after its release from the adrenal gland into the bloodstream, and is connected 

to the reactions such as increased glucose levels in blood and increased heart rate that 

are involved in the fight-or-fight response [6]. Impairment of catecholamine synthesis 

and/or function can have fatal consequences. A deletion of the TH gene leads to mid-

gestational lethality, indicating that TH and catecholamines are also essential for fetal 

development and postnatal survival [7, 8].  

1.1.1 Location and physiological function of TH 

TH is expressed in both the CNS and peripheral nervous system. In the CNS, it is 

found in dopaminergic and noradrenergic neurons, including areas such as the 
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substantia nigra and ventral tegmental area, and to a minor extent in the 

hypothalamus and cortex [9]. TH staining of the brain revealed its location in 

dopaminergic and noradrenergic neurons and enabled recognition of the four major 

dopaminergic pathways connecting these brain areas [9]: the nigrostriatal pathway for 

control of motor function; the mesolimbic pathway constituting the reward system; 

the mesocortical pathway influencing cognitive control and emotional response; and 

the tuberoinfundibular pathway inhibiting the release of the peptide hormone 

prolactin from the pituitary gland. In the peripheral nervous system, TH is expressed 

in the superior cervical ganglia and in high amounts in chromaffin cells of the adrenal 

medulla [9]. TH is also found in intrinsic cardiac adrenergic cells during early fetal 

development [10], in minor amounts in dopaminergic cells of the retina [11] and 

enteric nerve endings in the gut [12]. The abundance of TH in dopaminergic neurons, 

both in cell bodies and axons, is so remarkable that the presence of TH is frequently 

used as an immunofluorescent marker for dopaminergic neurons, although it is also 

expressed in other cell types [13, 14].  

TH is considered a soluble and intracellular protein mainly found in the cytoplasm 

[15], where L-Tyr is readily available for hydroxylation. There are, however, reports 

showing that TH is located in the nucleus [16], attached to the Golgi and synaptic 

vesicles [17] as well as in a particulate form in the nerve endings [18, 19]. Several 

studies have also demonstrated the binding of TH to natural and synthetic 

membranes, an interaction that appears to be modulated by the phosphorylation state 

[17, 20-22]. Nuclear location is thought to be related to proteasomal degradation [23], 

whereas at membranes TH interacts with other proteins, especially those involved in 

the synthesis and transport of catecholamines [24], 14-3-3 proteins [20], or vesicular 

monoamine transporter 2 (VMAT2) and α-synuclein [17, 25]. TH can also bind to 

membranes directly through the flexible N-terminal tail [21, 26], for instance, when 

located at the cytosolic side of synaptic vesicular membranes while bound to VMAT2 

[25]. 

The hydroxylation reaction catalyzed by TH (Fig. 1) occurs in a stepwise manner 

initiated with the binding of molecular oxygen to the FeII atom in the catalytic site of 
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BH4- and L-Tyr-bound TH, proceeding to consecutive radical reactions with 

formation of a FeII-O-O-BH4 bridge structure and a subsequent FeIV=O hydroxylating 

intermediate. In the second step the L-Tyr substrate is hydroxylated followed by the 

protonation of the oxidized cofactor which is subsequently released as 4a-OH-BH4, 

called pterin-4a-carbinolamine [27]. The substrate hydroxylation is coupled to the 

cofactor hydroxylation and under normal conditions no product is released before 

both oxidations have occurred [27]. The cofactor (now pterin-4a-carbinolamine) 

needs to be regenerated to its reduced form (BH4) after each hydroxylation (Fig. 2). 

BH4 is recycled through a regenerative pathway [28] and seems also to be the 

physiological reductant of the iron atom, although many other reductants work as 

well [29]. 

The TH reaction is sensitive to the oxidative environment of the cell, as it influences 

the oxidation state of the iron atom in the active site and the cofactor BH4. TH-

mediated catalysis requires iron in the ferrous (reduced) state, i.e., FeII [2] and BH4 is 

an essential cofactor for the TH reaction and can exist in different forms. TH-

mediated catalysis requires BH4 in the reduced form which it is synthesized through 

the de novo pathway or recycled in the regeneration or salvage pathways (Fig. 2) 

[28]. If tyrosine hydroxylation is uncoupled from the oxidation of BH4, the TH 

reaction generates hydrogen peroxide (H2O2) leading to oxidative stress [30]. 

Catalase and superoxide dismutase (SOD) or mimetics, have a positive effect on TH 

activity by maintaining oxidative conditions low [31].  
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Figure 2: Metabolism of the cofactor BH4. BH4 is synthesized from guanosine triphosphate (GTP) 

through a de novo synthetic pathway involving several steps catalyzed by the enzymes GTP 

cyclohydroxylase I (GTPCH1), 6-pyruvoyltetrahydropterin synthase (PTPS) and sepiapterin 

reductase (SR). BH4 is hydroxylated simultaneously with L-Tyr, mediated by binding to the atomic 

FeII in the active site of TH. Regeneration occurs through the quinoid dihydrobiopterin (q-BH2) by 

pterin 4a-carbinolamine dehydratase (PCD) and dihydropteridine reductase (DHPR). Alternatively, 

q-BH2 can be converted non-enzymatically to dihydrobiopterin (BH2) and rescued through the 

salvage pathway by dihydrofolate reductase (DHFR). Illustration was based on [28, 32, 33]. 

Hydroxylation of L-Tyr into L-DOPA can also be catalyzed by tyrosinase, a copper-

dependent enzyme. Actually, tyrosinase was considered to be the enzyme catalyzing 

the first step of the catecholamine synthesis before the discovery of TH [1] The 

reaction mechanism of tyrosinase is similar, but different from that of TH. Tyrosinase 

requires molecular oxygen and a hydrogen donor, such as its own reaction product L-

DOPA, as cofactor [34]. Tyrosinase, also known as polyphenol oxidase, is expressed 

in bacteria, fungi, plants, and animals including human pigment-producing 

melanocytes in the skin. It is important for the production of melanin as it catalyzes 

both the first and second steps (hydroxylation of L-Tyr and of L-DOPA) in the 

melanin synthesis [35]. TH also has L-DOPA oxidase activity that is 2- to 8-fold 

lower than its TH activity, depending on the isoform and substate concentration [36]. 
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In the presence of thiols such as dithiothreitol, the reaction product of the L-DOPA 

oxidase activity of TH is identical to that of tyrosinase and thought to be a thioether 

derivative of L-DOPA [36]. 

TH expression and activity are tightly regulated to control catecholamine homeostasis 

[37]. Long-term regulation of TH gene expression and protein levels is controlled by 

transcription regulators, alternative splicing and mRNA stability, whereas TH activity 

is short-term regulated by post-translational modifications and catecholamine end-

product feedback inhibition [13, 38]. All catecholamines bind and inhibit TH 

competitively with BH4, and it is suggested that most TH is found in the inhibited 

resting state ready to be activated upon need for catecholamine production [37]. Also, 

TH is phosphorylated at Thr8, Ser19, Ser31 and Ser40 by a range of protein kinases 

[24, 39]. The role of Thr8 phosphorylation has not yet been clarified, whereas the 

phosphorylation at Ser19 is associated with nuclear localization, degradation, binding 

to 14-3-3 proteins and hierarchical phosphorylation [16, 40, 41]. Phosphorylation at 

Ser31 is associated with hierarchical phosphorylation, vesicular transport and 

increased stability [17, 42, 43], and at Ser40 with alleviation of the binding and 

inhibition by catecholamines and increased activity [44]. Another, less-studied post- 

translational modification is nitric oxide-mediated S-nitrosylation, which can both 

enhance and inhibit TH activity depending on which amino acid is nitrosylated [45].  

TH has several protein regulators that affect its expression and enzymatic activity. 

Ser19-phosphorylated TH binds to 14-3-3 proteins, which are regulatory proteins 

abundant in neuronal cells of the brain, and activators of TH activity [46, 47]. All 14-

3-3 protein isoforms bind to the Ser-19 phosphorylated N-terminal of TH, and 

thereby activate TH and prevent dephosphorylation and proteolytic cleavage of this 

flexible tail [48, 49]. NT5DC2, which also is a binding partner of TH, inhibits TH 

activity [50]. DJ-1, a protein regulating oxidative stress, also binds TH and stimulates 

its activity by a direct protein-protein interaction which does not include a post-

translational modification of TH [51]. In addition, DJ-1 up-regulates TH gene 

transcription by histone modification [52] and by activating the positive transcription 

factor nuclear receptor related-1 [53]. α-Synuclein, a protein regulating membrane 
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curvature, associated to synaptic vesicles and largely expressed in presynaptic nerve 

terminals [54], also binds TH and inhibits its activity by reducing phosphorylation 

suggesting that α-synuclein might have a regulatory function [55]. All in all, TH 

expression, location and activity, are thus tightly regulated for a controlled synthesis 

of catecholamines.  

1.1.2 Structure and stability of TH 

Historically, TH was purified for in vitro studies from natural sources, such as bovine 

adrenal glands and cell cultures of PC12 cells, which were originally derived from rat 

pheochromocytoma, a tumor of the adrenal gland. TH was often purified in a 

truncated form containing only the catalytic core [56] or co-purified with 

catecholamines resulting in an inhibited enzyme [57]. Later, through recombinant 

expression in E. coli and subsequent purification using chromatography an apo-

enzyme of TH was prepared [58] and could easily be reconstituted with iron for 

functional studies [59].  

Structurally, TH is a homo-tetramer with a monomeric size of 55.6 kDa and 497 

amino acids for the smallest isoform (Fig. 3). Each identical subunit consists of a N-

terminal regulatory domain (residues 1-156), a catalytic domain (164-456) and a C-

terminal tetramerization domain (457-497). The crystal structure of the catalytic and 

tetramerization domains of rat TH with the active site iron was solved by Goodwill 

and colleagues (PDB ID 1TOH, [60]), and later with additionally bound BH2, a 

cofactor analog (PDB ID 2TOH, [61]). The structure of the same regions for human 

TH has also been solved by Muniz and colleagues (Fig. 3B, PDB ID 2XSN, not 

published). A large part of the regulatory domain (residues 65–159) was solved by 

nuclear magnetic resonance (NMR, PDB ID 2MDA, [62]) and identified as a 

dimerized ACT-domain fold (Fig. 3A), which is a structural motif named after the 

first three proteins found with this domain: aspartate kinase, chorismate mutase, and 

tyrA (prephenate dehydrogenase) [63]. The structural work in this thesis has been 

performed based on these truncated structures, as a full-length structure of tetrameric 

human TH was first published in January 2022 [64].  
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The highly conserved catalytic domain contains the active site with a non-heme iron 

atom, to which the substrate L-Tyr and cofactor BH4 bind prior catalysis. The active 

site is located in a 30 Å deep and 15 Å wide cleft with iron coordinated by three 

conserved residues in a 2-His-1-carboxylate triad 10 Å below the enzyme surface [60, 

65]. BH4 binds to one face of the large active-site cleft interacting with several 

residues and iron [61, 66]. The regulatory domain consists of an unstructured N-

terminal tail important for binding to protein partners and membranes [21] and a the 

more structured ACT-domain [62]. 

Figure 3: Available structures of TH. The NMR-derived structure of the ACT-domain of TH 

showing a dimerized arrangement (PDB ID 2MDA), is shown in green ribbon. The crystal structure 

of the catalytic and tetramerization domains with PDB ID 2XSN, determined by X-ray 

crystallography, shows a butterfly-like arrangement in light blue and red ribbons. The sequence of 

TH with an unresolved flexible tail at the N-terminal with four phosphorylation sites (P), possible 

insertions (+4 amino acids, +27, or +both) for the different isoforms, an ACT-domain motif (green), 

a large catalytic domain in the middle (light blue) and a tetramerization domain (red) at the C-

terminus. Figure adapted from [67]. 

TH is part of an enzyme family called the aromatic amino acid hydroxylases 

(AAAHs) [68], which are similar in sequence, structure and function [32]. The other 
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members are phenylalanine hydroxylase (PAH) and the two tryptophan hydroxylases 

(TPH1 and TPH2), which hydroxylate L-phenylalanine (L-Phe) to L-Tyr and L-

tryptophan (L-Trp) to 5-OH-L-tryptophan, respectively. The substrate specificity is 

not absolute and all AAAHs hydroxylate L-Phe and L-Trp to some extent, in addition 

to several analogs and other amino acids, but only TH hydroxylates L-Tyr [66].  The 

catalytic and oligomerization domains show high amino acid similarity across the 

AAAHs, whereas the largest differences are found in the N-terminal regulatory 

domains. All four enzymes form homo-tetramers, although PAH can also exist as a 

dimer-tetramer in equilibrium. The crystal structure of full-length human PAH with 

BH4 bound was solved and found to be tetrameric with separated (monomeric) ACT-

domains (PDB ID 6HYC, [69]), similar to the structure of the rat enzyme in the 

absence of cofactor (PDB ID 5DEN, [70]). PAH is important for the metabolism of 

L-Phe, whereas the TPHs are essential for the production of serotonin, an important 

neurotransmitter and signal mediator in peripheral tissues. Mutations in PAH and 

TPHs can cause severe diseases such as phenylketonuria (PKU) and neuropsychiatric 

disorders, respectively [71, 72].  

Human TH exists as four isoforms (hTH1-4) [73], whereas non-human primates have 

two isoforms, and only one is present throughout the remaining animal kingdom [74]. 

The human isoforms vary in length of their N-terminal regulatory domains as a result 

of alternative splicing (Fig. 3C) [75]), and their physiological location, with hTH1 

and hTH2 being the most abundant in brain [76, 77]. hTH1 is the shortest isoform 

showing the highest sequence similarity to TH from other species [42] and it is the 

most well-studied isoform. In this work hTH1 was used and is just referred to as TH 

for most instances.  

TH is a complex protein with an intrinsic structural instability, especially at the N-

terminal, and is prone to aggregation [21, 78-81]. TH stability seems to be enhanced 

by the co-chaperone protein DNAJC12, which could play a key role in proper folding 

of TH and the other AAAHs [82] as DNAJC12 variants lead to a reduction in TH 

levels [83]. Also, deletion of the N-terminal region enhances TH stability in PD12D 

cells [81]. The tendency of TH to aggregate, complicated the purification of TH from 
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natural sources [15, 80]. TH seems to be degraded through the ubiquitin-dependent 

proteasome system [84-86] mediated through phosphorylation [23, 87]. 

TH is conformationally stabilized by inhibition of catecholamines and phenols that 

bind to the active site non-competitively towards L-Tyr and competitively towards 

BH4 [88]. A small phenol molecule, levalbuterol, was found to stabilize TH, reduce 

its aggregation and sensitivity to dopamine inhibition without significantly affecting 

TH activity [89]. Other small molecules have been found in the search for 

pharmacological chaperones and show binding and stabilization of TH either with or 

without inhibitory effect [90, 91]. In addition, the cofactor BH4 can have a chaperone-

like stabilization effect on TH at physiological and supra-physiological 

concentrations [92], although an aggregation inducing effect on TH at BH4 

concentrations below its Km in the TH reaction has been reported [78]. 

1.1.3 TH in disease 

TH is involved in several pathological conditions. Although lack of, or deficient TH 

activity is usually not compatible with life [7, 8], mutations in TH occur and result in 

the autosomal recessive disorder TH deficiency (THD) [93]. THD causes symptoms 

ranging from DOPA-responsive dystonia (DRD) and infantile parkinsonism to severe 

encephalopathy [67, 93, 94]. A decrease in TH and DA is also associated with 

Parkinson’s disease (PD) [95], and neuropsychiatric disorders such as schizophrenia 

[96] and depression [97, 98]. How TH is implicated in THD and PD, will be 

elaborated below. 

THD is a rare monogenic disorder with 59 different THD mutations known to date 

[67]. Most mutations are missense point mutations resulting in amino acid 

substitution in regions of the catalytic domain that are well conserved across various 

species, although some are deleterious in one allele or located in the promotor region 

of TH [93, 99]. Patients can be homozygous with the same variant or compound 

heterozygous with two different variants, one for each allele. Genotype-phenotype 

correlations have not been established as there are considerable individual differences 

in symptom severity, even with the same combination of mutations, which indicates a 

demand for more personalized treatment [67]. However, mutant TH shows reduced 
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stability and/or reduced activity and/or substrate specificity shifting most often from 

L-Tyr towards L-Phe or L-DOPA, when studied in vitro [99]. For instance, mutations 

associated with severe THD phenotype have significantly less residual TH activity 

[99]. TH mutant R202H (numeration for hTH1) is the most common mutation for 

severe THD, often unresponsive to L-DOPA treatment (Korner 2015), and patients 

with this mutation need treatment alternatives. 

THD is classified as a subgroup of DRD, which is a collective description for 

disorders of malfunctioning dopamine biosynthesis [100]. DRD is defined as 

selective nigrostriatal dopamine deficiency caused by genetic defects without 

neuronal degeneration, and includes mutations in the genes for the enzymes involved 

in the dopamine synthesis, BH4 synthesis and BH4 recycling [101]. Another more 

common subgroup of DRD is called Segawa syndrome after the first descriptor of 

this disorder [102]. It is caused by mutations in GTP cyclohydrolase I, which is the 

rate-limiting enzyme in the de novo synthesis of the cofactor BH4 [103]. Segawa 

syndrome presents many of the same symptoms and can clinically be confused with 

THD.  

It has been speculated that aberrancies in the regulation of TH could play a role in the 

development of PD and TH could therefore be a potential therapeutic target in this 

disease [95]. More details on PD itself are given in the next section, whereas possible 

roles of TH in the etiology or modulation of the disease are described below. 

First of all, PD is a neurodegenerative disease with a gradual loss of dopaminergic 

neurons especially in the brain area called substantia nigra. These cells express large 

amounts of TH and as the cell death progresses TH levels and dopamine production 

drop. The neurodegeneration in PD leads to a selective loss of the TH1 isoform and a 

relative sparing of isoform 2 for some unknown reason [76]. Sympathetic nerve fibers 

in the heart also show a diminution of TH staining in PD compared to healthy 

controls, implying that the loss of TH is not restricted to the brain [104]. This 

indicates a possible correlation between TH and some of the non-motor symptoms 

such as the orthostatic hypotension seen in 40-60% of PD patients [105]. There is 

also evidence that protein levels of TH in different brain areas decrease before the 
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typical motor symptoms of PD occur [106, 107]. TH is expressed in other neurons 

than solely dopaminergic neurons [14] suggesting that dopamine production is not 

completely lost with the death of the dopaminergic neurons in PD. 

Second, TH is found in Lewy bodies and Lewy neurites [108] which are protein 

inclusions and a hallmark of PD used as a final diagnosis post mortem. Similar 

inclusions of insoluble protein aggregates induced by proteasomal dysfunction in a 

rat cell model were found to be especially rich in TH phosphorylated at Ser40 [109]. 

Low levels of dopamine seem to accelerate TH phosphorylation and subsequent 

ubiquitination and degradation [110]. This vicious cycle leading to decline in TH 

levels and dopamine production, has therefore been proposed to lead to the negative 

spiral aggravating the symptoms of PD [86]. Precisely how and why Lewy 

pathologies occur is not known, but it is suggested that TH aggregation induced by 

low levels of BH4, might act as a trigger of the formation of Lewy bodies in PD [78]. 

These results all indicate that accumulation of aggregated TH can have a pathological 

role in the development and progression of PD. 

Third, alterations in the regulation of TH expression and activity are seen in PD and 

contribute to oxidative stress. A compensatory upregulation of nigral TH expression 

upon the release of high-mobility group box 1 (HMGB1) from astrocytes, is seen in a 

toxin-induced parkinsonian mouse model [111]. HMGB1 is an archetypical alarmin, 

an endogenous protein that is released from immune cells in inflammatory response 

to infections and injury to mediate cell proliferation and tissue regeneration [112]. 

This upregulation through HMGB1 release compensates for the reduced TH levels 

and thereby tends to maintain neuronal function of the affected dopaminergic 

pathways [111]. A persistent upregulation of TH activity by increased 

phosphorylation has been seen in the substantia nigra of rats after peritoneal injection 

of lipopolysaccharide to induce inflammation [113]. A reduction in soluble and well-

functioning α-synuclein, through aggregation and subsequent formation of Lewy 

bodies, upregulates TH activity and thereby dopamine synthesis resulting in an 

increase of reactive dopamine metabolites [55]. TH itself can also increase oxidative 

stress as the TH reaction can become uncoupled and generate ROS [29, 30, 66]. In 
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this way, upregulation of both the expression and activity of TH and uncoupling of 

the TH reaction can contribute to increased oxidative stress which in turn might cause 

or accelerate neuronal cell death [95]. 

1.2 Parkinson’s disease and its treatment options 

Parkinson’s disease (PD) was first described by James Parkinson in An Essay on the 

Shaking Palsy in 1817 and is characterized clinically by the typical motor features 

such as resting tremor, rigidity, postural imbalance, and bradykinesia, which are 

frequently accompanied by changes in sleep, mood, cognition and behavior [114]. As 

mentioned above, PD is a progressive neurodegenerative disorder with a gradual loss 

of dopaminergic neurons in the substantia nigra leading to reduced levels of 

dopamine in the striatum, and thus appears with subtle onset and gradual worsening 

of symptoms, occurring mainly in the elderly.  

1.2.1 Pathology and disease progression 

Pathologically, PD is defined by dopaminergic cell death and the presence of Lewy 

bodies in the brain stem [115]. Since various other conditions than PD can lead to the 

same motor symptoms, the collective set of these signs are considered a clinical 

syndrome called parkinsonism [116, 117]. Several of these parkinsonian conditions 

have been called familial forms of PD, such as infantile and juvenile PD and cause 

early-onset and usually have a clear genetic cause of which 70 different genes have 

been identified [118]. Among one of the most common forms is autosomal recessive 

juvenile parkinsonism, which has mutations in the PARK2 gene encoding for parkin – 

a ubiquitin-protein ligase [119]. Lewy bodies are intracellular inclusions of protein 

aggregates where α-synuclein is the main component [120]. Many of the proteins 

associated with genetic forms of PD are also present in Lewy bodies [121]. Lewy 

bodies and associated pathologies are found in both the cell body and neurites and not 

only in dopaminergic neurons of the central nervous system, but also in the enteric 

nervous system indicating the importance of the gut-brain axis in this pathological 

progress [122]. 
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Although formation of Lewy bodies and the spreading of α-synuclein aggregates are 

believed to play a major role in the neurodegenerative process [123], the etiology of 

PD is not known. Both genetic and environmental factors seem to affect the onset and 

progress of neurodegeneration in PD [124, 125]. Typically, monogenetic forms of PD 

occur more often in early-onset (in around 20% of cases <40 years) than in late-onset 

(no more than 3% of cases >40 years) [126].  For idiopathic PD the genetic factors 

are less clear, contain both rare and common variants and are rather considered risk 

factors [127]. Infections, neuroinflammation, oxidative stress, protein malfunction 

and exposure to toxins can induce the lysosomal and mitochondrial dysfunction and 

protein aggregation that lead to neurodegeneration [107, 128-131]. Surrounding non-

dopaminergic neurons compensate for the degeneration of dopaminergic neurons by 

increasing TH expression and dopamine production and thereby delaying symptoms, 

which can mask the disease and lead to late diagnosis [132, 133]. 

PD is a progressive disorder that starts with slight signs aggravating over years and 

decades in both severity and number and ends with debilitation and severe disability 

[134]. The neurodegeneration precedes the clinical phase of PD and the non-motor 

symptoms, typically impaired rapid eye movement sleep, constipation and loss of 

olfactory function commence in this prodromal phase [135]. The dopaminergic 

neurons that degenerate in PD are part of the nigrostriatal pathway with nerve 

terminals in the striatum. Here dopamine would normally act in an inhibitory manner 

on the motor functions exhibited by excitatory GABAergic neurons in the different 

parts of the striatum [136]. Lack of dopamine results in an overactivity of the motor 

neurons in the striatum explaining at least the occurrence of tremor and rigidity which 

are part of the motor features in PD. PD is clinically diagnosed with the onset of 

motor manifestations such as tremor, rigidity, akinesia, postural imbalance, and gait 

impairment. The progressive nature was classified into five stages by Hoehn and 

Yahr, where patients in stage I-III have mild to moderate motor symptoms able to 

live an independent and relatively active life, whereas patients in stage IV-V are 

severely disabled [134]. 
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Figure 4: Alterations in brain function and structure due to neurodegeneration in Parkinson’s 

disease. Motor symptoms such as tremor and rigid posture occur with the loss of dopaminergic 

neurotransmission in the substantia nigra and worsen along the progression of the disease. 

Clinical heterogeneity, such as the variety and rate of progression of symptoms, and 

different age-of-onset between patient populations, have led to classification of 

parkinsonism and PD into subcategories [124]. In general, two major subtypes of 

idiopathic PD exist: a tremor-dominant form seen in younger patients and a postural 

imbalance and gait disorder type in older patients [137]. The former has usually a 

slower disease progression and little cognitive decline; the latter progresses faster and 

is often observed with the occurrence of dementia. This heterogeneity, together with 

the progressive nature and the unknown cause of PD, complicates the treatment of 

PD. 

1.2.2 Treatments in use and under development 

The most remarkable signs of PD can be assigned to the dopamine deficiency in the 

striatum. Treatment has therefore been directed to increase the supply and effect of 

dopamine. The most potent drug is regular oral supplement of the precursor of 

dopamine: L-DOPA also called levodopa, which was the first available treatment of 
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PD after its discovery in the 1960s [138, 139]. Typically, all PD patients will at some 

point be treated with levodopa. Oral supply of levodopa immediately relieves motor 

deficits as it readily crosses the blood-brain barrier (BBB) and is converted into 

dopamine, whereas dopamine itself would be retained in the blood stream. However, 

levodopa treatment has its price: most patients develop serious side effects such as 

dyskinesia and its pharmaceutical effect wears off due to pathological changes [140]. 

Therefore, treatment with levodopa is nowadays postponed for as long as possible.  

Mild symptoms at early stages of PD are treated with other dopaminergic drugs such 

as dopamine receptor agonists and inhibitors of dopamine re-uptake. In addition, 

levodopa is usually given with carbidopa, an inhibitor of dopa decarboxylase (DDC) 

(Fig. 1), that reduces the peripheral conversion of levodopa and increases its 

circulation time and thereby reduces the fluctuations in drug levels, which seem to be 

responsible for the levodopa-induced dyskinesia [140]. Substantial research is done 

on improving the formulation of levodopa such that it can be delivered in a more 

continuous manner and that the plasma concentration is stabilized [141]. Enteral 

delivery of levodopa-carbidopa intestinal gel seems to give promising results 

compared to the usual oral administration, but the intestinal infusion system needs to 

be further improved to avoid mild to moderate adverse effects [142]. Drugs inhibiting 

the enzymes participating in dopamine degradation (such as catechol-O-

methyltransferase and monoamine oxidase aldehyde dehydrogenase B) can also 

enhance the effect from levodopa. All pharmaceutical treatments directed at the 

dopaminergic system, solely offer symptomatic relief of the motor features in PD, 

since none reverses the disease progression.  

Deep brain stimulation (DBS) is a treatment option in advanced stages of PD, where 

many patients experience troublesome levodopa-induced motor fluctuations that can 

no longer be maintained with medication adjustments [143]. This electrical 

stimulation interferes with the motor features that are caused by overactivity of some 

parts of the striatum (subthalamic nucleus and globus pallidus pars interna) that 

would normally be regulated by inhibitory nerve terminals coming from the 

dopaminergic nigrostriatal pathway which are diminished in PD [144]. DBS is done 
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by implanting electrodes unilaterally or bilaterally, into either the subthalamic nuclei 

or globus pallidus pars interna, which are specific parts of the striatum, and 

connecting them to a pulse generator implanted under the skin. The parameters of 

electrical stimulation need to be optimized, and to maximize clinical benefits, the 

physiological response during reprogramming can be monitored using functional 

magnetic resonance [145]. There is an expert consensus that DBS can improve tremor 

and reduce dyskinesia and thereby enhance the quality of life in patients with little or 

no cognitive or psychiatric problems [143]. However, the risk of surgical 

complications needs to be weighed against the prospects of improved quality of life 

for each individual candidate as DBS can have serious adverse effects such as post-

operation infection and fatal intracerebral hemorrhage [143, 146]. 

Throughout all stages of PD, rehabilitative therapies such as physical exercise and 

focused training to improve balance or speech complement pharmacological 

treatment as they reduce the decline in abilities [140]. Especially a reduction in falls 

improves the patients’ quality of life, as falls often lead to hospitalization or 

admittance to nursing homes. Exercise as early intervention [147] and a diet rich in 

antioxidants [136] can have neuroprotective effects. Nutritional interventions can 

improve levodopa uptake and reduce its side effects [148]. Also, the recognition of 

the non-motor signs and symptoms in PD has led to better treatment of these 

comorbidities [140].  

There is currently much research into the development of novel or disease-modifying 

therapies and repurposing of existing drugs, and many treatment options with 

potential neuroprotective effects are in the pipeline [149]. Different treatment 

strategies exist and range from small pharmaceuticals to gene therapy, 

immunotherapy, and cell transplantation.  

The small pharmaceutical agents attempt to address the pathophysiological pathways 

affected in PD: α-syn aggregation, elevated oxidative stress, mitochondrial 

dysfunction and neuroinflammation [149]. Several of these show promising 

neuroprotective effects in preclinical models. Among them are the recent discoveries 

of the anti-epileptic drug perampanel which blocked the cellular uptake of preformed 
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α-syn fibrils [150], and beta-methylphenylalanine which increased mitochondrial 

membrane potential and thereby recovered mitochondrial damage and protected 

against TH depletion [151]. However, none of the earlier so-promising drug 

candidates (nilotinib that inhibits α-syn aggregation through inhibition of autophagy 

and inosine that restores mitochondrial function by increasing urate levels) have 

hitherto been clinically proven to have a disease-modifying effect [152]. Several 

general challenges in the design of clinical trials have been identified including the 

lack of objective biomarkers for disease progression and target engagement, too short 

follow-up time to detect any long-term effects, and insufficient selection of patient 

subpopulation [152]. 

Advanced therapies such as gene delivery and cell replacement have evolved from 

being experimental tools in preclinical research towards becoming treatment options. 

These approaches have rapidly taken a substantial role in clinical research in PD and 

constitute more than a quarter of all new phase I clinical trials [153].  

Gene delivery is mediated through intracerebral injection of non-replicating viral 

vectors containing genes to restore dopamine production, modify the basal ganglia 

network, improve lysosomal function, or enhance production of neurotrophic factors 

[154]. Limited but persistent transgene expression was observed post mortem as late 

as 10 years post-surgery of a gene therapy with neurturin, a neurotrophic factor, but 

unfortunately no reduction of the pathological Lewy bodies was seen [155].  

Cell replacement is a form of tissue transplantation where healthy developing cells 

are placed into the putamen or other striatal parts of PD patients. Substantial efforts 

have led to procedures of inducing the graft cells towards differentiation into 

dopaminergic neurons, so that they integrate into the neuronal networks in the 

striatum to compensate for the lost dopamine innervation [156]. The cells used can be 

fetal mesencephalic cells or pluripotent stem cells, with the latter being either 

allogenic when derived from embryonic stem cells or autologous if induced from the 

patient’s own pluripotent stem cells [149, 153]. Post mortem analysis of the brain of a 

patient that had received cell replacement 24 years earlier showed extensive 

dopaminergic innervation by the engrafted cells giving the patient 18 years of motor 
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improvements post-transplantation, before the graft lost its efficacy probably due to 

widespread α -synuclein pathology in the host brain [157]. 

In fact, many of the investigations into novel treatments of PD aim at targeting TH, 

which is integrated in different treatment strategies [158]. TH is included in several 

gene delivery studies [159-161] and in the development of cell replacement therapies 

[157, 162, 163]. These efforts indicate the importance of a well-functioning TH to 

restore dopamine production and provide symptomatic relief. In this work, we have 

envisioned a hitherto unexplored treatment option: an enzyme replacement therapy 

(ERT) with highly functional TH. With this strategy, we seek to develop a biologic 

that restores local dopamine production in a fashion that imposes few or little side 

effects to the patient.  

1.3 Biologics – an emerging type of therapeutics 

Biologics, also called biological drugs or biopharmaceutics, are manufactured 

through a biological process. This is in contrast to small pharmaceutical compounds, 

also called molecular drugs, which are usually produced by chemical synthesis. 

Biologics can be biochemical macromolecules or mixtures of components derived 

from biological sources, such as blood, cells or tissues, or from biotechnological 

origin. Although the definition of biologics includes vaccines [164], organ 

transplants, blood transfusions and derivatives [165], native proteins and gene 

therapies, most biologics are nowadays proteins produced with recombinant DNA 

technology in a wide range of microorganisms, such as E. coli or yeast [166]. 

Although biologics is a relatively new term, some biologics have been used in 

medical treatment for a long time. Heparin is a mucopolysaccharide isolated from 

animal liver or gut mucosa and used as a blood anti-coagulant for treatment of 

thrombosis since the 1930s [167]. Aprotinin is a peptide inhibitor of several proteases 

including plasmin that is important for fibrinolysis, the disintegration of blood clots. 

It can be isolated from bovine pancreas, and has been used as an antifibrinolytic 

molecule to reduce post-operative bleeding since the 1980s [168]. Insulin is a peptide 

hormone regulating blood sugar levels which can be isolated from the pancreas. 
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Already in 1922, concentrated pancreatic extract from bovine could successfully treat 

diabetes mellitus [169]. After further isolation, this effect was assigned to the peptide 

insulin and animal insulin has been used to treat diabetes until the first synthetic 

insulin entered the market in 1982 [170]. This insulin was produced through 

recombinant expression of the A and B peptide chains in two separate E. coli 

cultures, whereas later production was in one fermentation, and now many refined 

analogs, with either longer or shorter acting properties, are available [171]. Another 

peptide hormone that works opposite to insulin, but can also be isolated from animal 

pancreas, is glucagon. Its medical use is mainly in first aid to raise severely low blood 

sugar levels [172] and it has been used since 1960 [173]. 

Since biologics are much larger and more complex than small molecular drugs, they 

differ from their small pharmaceutical counterparts in several ways: first, by route of 

administration, as biologics are susceptible to degradation in the gut and too large to 

be taken up by the gut epithelium, they can usually not be taken orally but require 

parenteral delivery [166]; second, in pharmacological effects, as biologics are 

typically more specific as they are identical or very similar to the human body’s own 

components and therefore they often have better specificity and biocompatibility with 

regards to toxicity and degradability [174]; third, in production-dependent 

uniqueness, as biologics can vary from batch to batch [175] and are more difficult to 

be prepared as an identical product by a different manufacturer, and off-label 

products of biologics are therefore called biosimilars instead of generic drugs [176]; 

and lastly, in production costs, as the development and manufacturing process is more 

complex and costly. 

Biologics are expensive drugs, but they are used more and more extensively. They 

are highly effective in autoimmune diseases where other cheaper treatments have less 

effect. The societal benefits in terms of patients’ reduced need for care and increased 

possibility to function in daily life and work, often outweighs the high prices. In an 

Italian study of patients with psoriasis, the non-medical and indirect costs were 

reduced by more than 70% upon starting biologics [177]. A German study also 

concluded that the overall costs did not increase despite an increase of directs costs 
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from increased prescription of biologics, since this was accompanied by a decrease in 

indirect costs due to less sick leave and less work disability [178]. In 2018, biologics 

accounted for 8 of the 10 best-selling medicines globally when comparing total 

revenue [179]. Since they are mainly prescribed by specialists and often first used in 

hospitals [176], most of them are not as widely available as small molecular drugs 

that can be taken orally. The use of biosimilars that are cheaper than the original (so-

called reference) product, can be beneficial by increasing the availability of biologics, 

anticipating that the quality, safety, and efficacy of a biosimilar is not compromised 

[180, 181]. This would ensure that more patients could benefit from these modern 

and highly specialized treatments. 

1.3.1 Therapeutic proteins 

Most biologics are therapeutic proteins and these have been classified into those that 

have an enzymatic or regulatory activity (group I), a special targeting ability such as 

antibodies (group II), or that work as vaccines (group III) or diagnostic tools (group 

IV) [174]. Proteins in group I can either replace, augment, or add a function. Group II 

is by far the largest group, as it includes all monoclonal antibodies that are used in 

treatment of autoimmune diseases, cancer, or infections, and work through 

suppression or stimulation of the immune system [179]. Group II, III and IV are 

beyond the scope of this thesis. 

Here, I focus on the therapeutic proteins that are collectively called protein 

replacement therapies and mostly developed to target rare monogenic diseases [174]. 

These includes coagulation factors such as factor VIII and IX to treat their respective 

genetic deficiencies called hemophilia A and B [182, 183], and enzymes such as acid 

α-alglucosidase and idursulfase to treat Pompe disease and Hunter syndrome, 

respectively [184, 185]. (For more details on enzyme replacement therapies, see next 

section). Development of treatments for such rare diseases is expensive, but is 

stimulated by the orphan drug act that came in 1983 in the U.S. and similar 

legislation in 2000 in the E.U. [186]. 

A common challenge with therapeutic proteins is that they often trigger an 

immunogenic response in the patient, which depends on the structure and sequence of 
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the protein [187]. There are several strategies to overcome this in order to better 

tolerate the medication: A strategy that has been developed for therapeutic antibodies 

is the humanization of murine antibodies or the production of fully human antibodies 

using transgenic mice or phage display technology [179]. A second general approach 

is to coat the protein with a hydrophilic polymer typically polyethylene glycol (PEG) 

through a process called PEGylation which masks the protein and also increases its 

hydrodynamic diameter and thereby decreases its renal clearance and prolongs 

circulation time [188]. The first polymer-conjugated biological drug to receive 

approval from the U.S. food and drug administration (FDA) in 1994 was the enzyme 

L-asparaginase coated with PEG for the treatment of acute myeloid leukemia [189]. 

A third way is the use of nanocarriers that prevents macrophage recognition and 

degradation of the therapeutic protein (see next chapter). Which strategy is best 

suited, depends on the type of protein, target site, route of administration, and disease.  

1.3.2 Enzyme replacement therapy  

ERT is the administration of a therapeutic enzyme to substitute a defect or deficient 

enzyme. This type of treatment was first suggested as a visionary idea in the 1960s by 

Christian de Duve, who discovered the lysosome [190] and the process of 

endocytosis [191], and Roscoe Brady, who discovered specific enzyme deficiencies 

for several of the lysosomal storage disorders (LSDs) [192]. Three decades after, β-

glucocerebrosidase derived from human placentas came on the market in 1991 as a 

treatment for Gaucher’s disease [193], which is one of the more common LSDs and 

also a known risk factor for PD [194]. This was the first ERT for a LSD that was 

approved by the US FDA [195] and was later substituted by recombinantly expressed 

enzyme [196]. ERT has expanded as a treatment for other metabolic, 

immunodeficient, and gastrointestinal diseases such as Fabry’s disease [197], 

adenosine deaminase enzyme deficiency [198], and lactose intolerance [199], 

respectively. 

Usually, the mutant enzyme that is malfunctioning or deficient, is replaced by a 

healthy variant of its own. In some diseases, it is also possible to substitute the mutant 

enzyme with a completely different enzyme that can carry out the same or a similar 



23 

 

function. This is for instance the case in PKU, where Patients have mutations in the 

gene for PAH, an AAAH, as TH (see section 1.1.2), which leads to the accumulation 

of L-Phe in blood. Although there have been efforts to use human PAH as an ERT for 

PKU [200], PAH was rather substituted with PEGylated cyanobacterial phenylalanine 

ammonia lyase (PAL), which also degrades L-Phe and is commercially known as 

Pegvaliase (Palynziq®) [201-203]. 

An ERT with TH for PD and related disorders would require delivery of TH in a 

functional form to the brain. It is generally regarded as challenging to deliver large 

macromolecular drugs as they are especially susceptible to degradation [204]. In 

addition, it is even more challenging for drugs to reach the brain [205] as it is well-

protected by biological barriers that need to be overcome [206]. One approach would 

be to load TH into a nanoparticle (NP) to protect from degradation, maintain 

enzymatic activity, and for precise delivery to the target cells, the dopaminergic 

neurons of the substantia nigra and ventral tegmental area and compensating cells in 

the surroundings. 

1.4 Nanoparticles for drug delivery 

NPs and their therapeutic applications in drug delivery are a central part of research 

in the field of nano science and technology, as well as in pharmaceutical research. 

This area of interest emerged after the famous talk by Richard Feynman in 1959, who 

said that “there is plenty of room at the bottom” for groundbreaking discoveries at 

small size scale [207]. Feynman anticipated the large impact that improved 

knowledge of the microscopic scale, and manipulation thereof, would have on the 

synthesis of new material and their macroscopic properties. A short history of the 

field is given before a more detailed description of NPs, their classification, 

characteristics, and potential to revolutionize medical treatment.  

1.4.1 History of nanotechnology  

The development of modern microscopy techniques, such as the electron microscope 

by Ruska in the 1930s [208] and scanning tunneling microscopy by Binnig and 
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Rohrer in the 1980s [209, 210] revealed processes and structures at a scale much 

smaller than had previously been possible to observe: the nanoscale. The nanoscale is 

usually defined as a size range from one to some hundred nanometers, with one 

nanometer being a millionth millimeter (1 nm = 10-6 mm = 10-9 m). Fascinating 

observations at the nanoscale include resolving protein structures at atomic resolution 

through further development of electron microscopy by freezing samples to cryogenic 

temperatures (cryo-EM) and subsequent single particle analysis [211, 212]. The use 

of scanning tunneling microscopy not only allowed Eigler and Schweizer to image, 

but also to manipulate individual atoms [213] and, in a similar way, allowed Severin 

and coworkers to write using double stranded DNA with atomic force microscopy 

(AFM) [214]. Advances in super-resolution and live-imaging have revealed the nano-

architecture of the cytoskeleton in neuronal axons [215]. These are all wonderful 

examples of observable biological features at the nanoscale, also called 

nanostructures. 

A    B  
Figure 5: Organic nanostructures visualized with advanced microscopy. A) cryo-EM image 

including single particle analysis of the protein GABAA receptor [212]. B) AFM image of double 

stranded DNA formed into letters [214].  

In a broad perspective, one can say that the living world is organized in 

nanostructures. Although vital processes are based on chemical reactions and 

physical interactions at sub-nanoscale, most of them depend on the structural 

organization at the nanoscale. Examples are assemblies of large protein complexes 

such as ribosomes [216], formation of tunneling nanotubes for cell-to-cell 

communication [217] and transmission of signals at neuronal interfaces [218]. In fact, 

the nanostructural components of cells and tissue often account for the macroscopic 
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properties of the organism. For instance, the mechanical elasticity of adipose tissue 

[219], the strength of bone tissue [220-222] and diffusion rates in the extracellular 

space of the brain [223] all depend on the nanoscale organization which is often 

altered in disease states. 

Unique nanostructures can differ greatly in their properties compared to the same 

material in bulk. This remarkable difference has led to the field of nanotechnology 

with a whole range of applications. Material with specifically designed 

nanostructures can be found in industrial processes (as catalysts or construction 

material), in many common everyday products such as clothes, electronics, sun lotion 

and painting [224], but only those in medicine (as drug carriers and diagnostic tools) 

will be described in this thesis. 

Nanomaterials can be broadly defined as materials that have features at the nanoscale. 

According to the European Union’s legislative definition of nanomaterial, this would 

mean material containing particles, either unbound or in aggregates/agglomerates, 

where 50% or more of the particles have at least one dimension in the size range of 1-

100 nm [225]. Examples of nanomaterials are nanolayers (one-dimension) such as 

graphene, nanotubes (two dimensions) such as carbontubes, or NPs (three 

dimensions). Material with a certain structures at the nanoscale (nanostructures) that 

gives it features that distinguishes it from its bulk counterpart, such as porous 

materials with pore dimensions in the size range of 1-100 nm such as metal-organic 

frameworks, has also been considered for inclusion in the definition of nanomaterials 

[225]. 

Several nanomaterials have been used in medicine as diagnostic tools and for 

therapeutic applications since the 1990s. Contrast medium for enhancing imaging 

techniques often contains colloidal suspensions, which are ensembles of nanoparticles 

in solution. For instance, iron oxide NPs are used for magnetic resonance imaging 

[226] and gold NPs for X-ray imaging and computer tomography [227, 228]. In 

addition, liposomes which are nanosized vesicles with a lipid bilayer and an aqueous 

interior compartment, have been used for anti-cancer drug delivery to reduce harmful 
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off-target effects from the drugs [229, 230]. NPs designed for drug delivery, also 

called therapeutic NPs or nanocarriers are a focus of this thesis.  

1.4.2 Therapeutic nanoparticles 

The development of therapeutic NPs came with the need for improving drug 

formulation. Low stability or solubility, large susceptibility to degradation, or high 

systemic toxicity of small molecular drugs led to redefining the concept of drugs 

being “magic bullets” by dividing drug properties into those related to its delivery 

and those to its therapeutic action [231]. This separation led to the investigation of 

NPs as delivery systems of pharmaceutical compounds and opened new possibilities 

for drug design. A successful nanocarrier would stabilize, solubilize, and protect its 

loaded drug (magic bullet design) while crossing biological barriers to the site of 

action (magic bullet flies) and where it releases its load (magic bullet explodes) 

without affecting healthy cells and tissue. As a result of this development, most of the 

current NPs used in the clinic or in clinical trials, are in fact liposomes containing 

small molecular drugs for treatment of cancer or various infections [232, 233]. The 

liposomal formulation improves the pharmacokinetic properties of the payload drug 

and increases delivery to the target site in this “magical” way, such that both toxicity 

and required dose for therapeutic effect, are reduced [232, 233].  

NPs are usually classified by the type of material they are made of, and often divided 

into three major classes: inorganic, lipid-based, and polymeric types [230], although 

hybrid materials also exist. Inorganic nanoparticles are usually metallic, metal oxides 

or of semiconductor material. They can be made of elements such as iron (Fe), gold 

(Au), silver (Ag), copper (Cu), carbon (C), silicon (Si) or a combination of them, and 

include both solid and porous forms [234, 235]. Those that are approved for clinical 

use are mainly various types of polymer-coated iron NPs for iron replacement 

therapies [232]. Lipid-based nanocarriers [236] such as liposomes and solid lipid 

nanoparticles have so far had the most success. Doxil®, which is liposome-

encapsulated doxorubicin was the first to get approval from the FDA in 1995 for 

cancer treatment [237] and many other liposomal formulations of chemotherapeutic 

cancer drugs have followed [232, 233]. In 2018, FDA approved the first lipid NPs 
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with RNA as payload [238]: patisiran, a short interfering RNA in lipid complex for 

knocking out the gene that causes pathogenic levels of transthyretin entered the 

market as treatment for transthyretin-mediated amyloidosis [239]. Two of the 

vaccines against the ongoing COVID-19 pandemic developed by Moderna and 

Pfizer-BioNTech, are also lipid NPs, carrying the mRNA of the viral spike protein 

[238]. Polymeric nanoparticles are made of synthetic or naturally derived polymers 

such as poly(lactic-co-glycolic acid) (PLGA), alginate or chitosan [240, 241]. 

Moreover, viral particles, extracellular vesicles [242], proteins (typically albumin) 

and certain protein aggregates [243] can also be regarded as nanocarriers of organic 

origin, of which some are FDA-approved for use in the clinic [232]. One of these 

latter types, Abraxane®, is a 130 nm protein cluster of human serum albumin 

approved for the delivery of the water-insoluble chemotherapeutic paclitaxel which 

has greater efficacy and fewer adverse effects than earlier formulations like 

Cremophor EL [243, 244]. 

The physicochemical properties of therapeutic NPs determine how they will fulfil 

their role as drug delivery devices (Fig. 6). The size influences the drug loading 

capacity and biodistribution. Circulating NPs smaller than 6 nm, such as zwitterionic 

quantum dots and cyclodextrins, will be removed from the bloodstream by renal 

clearance [245-247], whereas the upper size limit of NPs depends on which 

biological barriers the NPs need to cross. The overall shape of NPs affects 

bioadhesion and cellular uptake. Rod- and disc-shaped NPs attach stronger to cell 

surfaces than their spherical counterparts, which leads to more specific accumulation 

and better cell internalization [248, 249]. Elasticity is also an important factor that 

influences the biodistribution of the NPs, where soft NPs have longer circulation time 

and less cellular uptake than hard NPs [250]. Porosity and pore size are other 

characteristics of NP materials that have large effects on the process and capacity of 

drug loading. Larger pores can contain larger drug molecules, and a highly porous 

matrix can absorb larger amounts of drugs than a NP with low or no porosity. The 

inner structure of the NPs, whether it is a dense core or a compartment where the 

drug can be easily dissolved, also influences the drug loading capacity. For instance, 

hollow mesoporous silica NPs have higher loading capacity than their non-hollow 
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counterparts [251]. Some NPs, due to the porous structure or material they are made 

of, have optical properties that can be used for imaging purposes and as diagnostic 

tools [252, 253].  

The surface properties determine the interactions with both drugs and the biological 

environment (Fig. 6). Surface charge plays a role in cell surface adhesion and 

subsequent cellular uptake. Highly charged, both positively and negatively, NPs are 

quickly opsonized and taken up by macrophages, whereas slightly negatively charged 

NPs have been demonstrated to best avoid this type of clearance and thereby had the 

longest circulation time [254]. Chemical groups exposed on the surface of the NPs 

and along the eventual pore walls, affect the binding affinity of drugs and 

biomolecules. For instance, many NPs are composed of organic or silicon-based 

material due to the versatile chemistry of carbon and silicon that allows modification 

reactions and conjugation of various biomolecules [255, 256]. The surface chemistry 

influences the hydrophobicity of the surface of the NPs, and hydrophobic surfaces 

absorb blood proteins such as opsonins and albumins, in the bloodstream [257]. This 

formation of a protein corona, also called opsonization, is the first step in the 

clearance of foreign intruders by the mononuclear phagocytic system (MPS; earlier 

called the reticular endothelial system), which must be by-passed or delayed to 

prevent rapid clearance of the therapeutic NPs [258]. By masking hydrophobic NPs 

with a coating of hydrophilic polymers, less opsonization occurs and circulation time 

increases [259]. Other modifications can be used to promote binding to certain 

receptors or markers to ensure targeted delivery to a specific tissue, cell type or 

intracellular location. These surface decorations can range from small ligands to 

peptides and antibodies (Fig. 6). For instance, cell-penetrating peptides are small 

sequences of positively charged amino acids similar to those protein domains that 

ensure membrane translocation, which can be attached to the surface of NPs for 

intracellular drug delivery [260]. Since the BBB expresses transferrin receptors to 

ensure sufficient iron transport into the brain, NPs with anti-transferrin antibodies on 

their surface bind to the BBB and thereby enhance uptake of the payload drug in the 

brain [261]. 
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Figure 6: Illustration of a nanoparticle with different physiochemical properties. It is the 

combination of the material composition and physical properties together with the surface chemistry 

and modifications thereof that make the nanoparticle suitable for drug delivery. Figure inspired by 

[262]. 

Therapeutic NPs need to be of biocompatible and biodegradable material to avoid 

toxic effects and for easy removal or degradation by the clearance systems of the 

human body. The fate of NPs in vivo depends on both their material composition, 

structural features, surface properties and possible modifications thereof. All these 

properties are intertangled and their sum influences the suitability of the NPs for drug 

delivery purposes (Fig. 6). By tuning or selecting these properties, the NPs can be 

tailored for specific needs. 

The success of drug delivery by therapeutic NPs depends on the ability to cross the 

biological barriers they encounter. Almost all approved therapeutic NPs are 

administered through intravenous injection [232]. Alternative routes, such as oral, 

pulmonary and topical administration, are under extensive investigations in 

preclinical research [263-265]. Recently, Hensify, which are hafnium oxide NPs for 
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enhancement of radiation therapy in cancer, was approved for intratumoral injection 

[233], and the COVID-19 vaccines are administered by intramuscular injection [238]. 

The main advantage of Intravenous administration is that it ensures quick and easy 

systemic delivery through blood circulation. However, hemorheological limitations, 

with regards to how fluid dynamics influences the adhesion to the vascular 

endothelium, can hinder necessary cellular uptake [258]. Next, for the drug to reach 

the site of interest, subsequent barriers are disease- and organ-specific. Intratumoral 

pressure and multidrug resistance are challenges in cancer treatment [258]. Diseases 

of the CNS are especially challenging to treat as the brain is a well-protected organ, 

such that intravenously injected NPs need to deliver the drug across the BBB, a 

cellular barrier consisting of endothelial cells with tight junctions and astrocyte end 

feet and highly restrictive transport pathways [205, 266]. NPs can use these pathways 

for transcytosis into the brain or by-pass this barrier through temporary disruption of 

the BBB, with for instance microbubbles and focussed ultrasound waves [267]. Many 

drugs also need intracellular location for being effective. Cellular uptake of NPs is 

mainly mediated through endocytosis, which entraps NPs in acidic compartments 

[268]. Extensive research is done in the design and development of NPs that escape 

these endosomal/lysosomal pathways through disruption of the vesicular membrane 

for release into the cytosol [268]. In addition, gene therapies also need to access the 

nucleus. 

The advantages of using therapeutic NPs as drug carriers are many, especially for 

biologics where there are challenges with regards to formulation and administration, 

because of their intrinsic instability and limited permeability across biological 

barriers [262]. Biologics could also be administered by competing delivery 

technologies, such as pumps and depots, or through direct modification of the 

biological drug [204], but NPs are small enough for injection. In addition, NPs 

provide a structural environment that conserves the conformation of a protein drug 

enhancing its stability with regards to temperature, pH, agitation etc., protection 

against proteolytic degradation and immunological clearance, alter the 

biodistribution, and thereby reduce or prevent adverse effects and toxicity [262]. In 

this way, the NPs protect the sensitive cargo and delivers it to the site of action. 
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Many of the NPs described above may be suitable for TH delivery, since it is known 

that TH binds a variety of tissue components and large macromolecules. TH interacts 

with polyanions such as the mucopolysaccharide heparin [269]; poly acrylic acid 

(synthetic) and poly glutamic acid (biological) [270] and nucleic acids [271]; melanin 

[272]; and other biological anions such as phospholipids [273, 274]. The binding of 

TH to these molecules seems to occur through electrostatic interactions as binding 

can be prevented by high salt concentration [275]. The tendency of TH to bind these 

polyanionic macromolecules has been applied in research, as heparin-sepharose has 

long been used as column material in affinity chromatography in the purification of 

TH [276], and can also be exploited to ensure binding of TH to nanomaterials without 

compromising its enzymatic activity.  

In this work, the focus has been on two types of NPs, which are very different from 

each other: the hard, inorganic and luminescent porous silicon NPs (pSiNPs) and the 

flexible, polymeric and stealth maltodextrin NPs with lipid core (MDNPs). These 

NPs were selected because they both showed promising abilities for protein drug 

delivery despite their remarkable difference with regards to material and structure. 

pSiNPs protect protein payload from harsh conditions [277] and are suitable for in 

vivo drug delivery [278]. MDNPs absorb large amount of protein and behave as 

stealth NPs [279].  Both selected NPs have advantageous properties with regards to 

loading capacity, biocompatibility, potential targeting and protein delivery as I will 

describe in detail below.  

1.4.3 Porous silicon nanoparticles 

Porous silicon is an exceptional material with a range of applications. It has a 

mechanically durable structure, versatile surface chemistry, and optical properties, 

which makes it a suitable substrate for cell culture [280] or an appropriate sensor 

component for the detection of chemical compounds [281] or biomolecular 

interactions [282].  

Porous silicon is made through electrochemical etching of a silicon wafer using 

hydrofluoric acid in ethanol as electrolyte [283]. It can either remain as a porous layer 

on bulk silicon, be lifted-off into a free-standing film or fractured into particles [284]. 
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The pore size, classified into micropores < 2 nm, mesopores 2-50 nm or macropores 

> 50 nm, and the degree of porosity can vary depending on many electronic and 

chemical factors, such as the presence of dopants in the silicon wafer, the 

concentration of hydrofluoric acid in the electrolyte and the current density used in 

the etch [285]. By applying high-current density pulses at regular intervals during the 

etching process, a multilayer of alternating porosity is obtained. Ultrasonic fracture 

cleaves the porous silicon predominantly at these high-porosity perforations, giving 

pSiNPs of controlled size and narrow size distribution [286]. In this way, pSiNPs are 

synthesized in a top-down fashion. 

Surface modifications can improve in vitro and in vivo stability of freshly etched 

pSiNPs, enhance drug loading and facilitate targeted delivery [256]. Modifications 

specific to silicon include surface treatments such as oxidation, carbonization, and 

silanization to introduce covalent bonds between the silicon atoms and oxygen and 

carbon atoms and organic compounds, respectively [287]. Precipitation of a mineral, 

such as calcium which forms an insoluble calcium silicate shell, encloses the porous 

silicon structure, and thereby entraps the payload drug [288]. Chemical conjugation 

of targeting moieties and coating of polymers such as PEG, can be obtained after 

oxidation and a subsequent hydrolytic condensation reaction with silanol reagents 

that contain a thiol or amide group available for coupling chemistry [289]. 

Silicon oxidizes spontaneously in air or water, and the silicon oxide layer, which is 

mainly silicon dioxide (SiO2) although nonstoichiometric and hydrated forms also 

exist, protects silicon from further corrosion [285]. However, SiO2 dissolves in 

aqueous solutions above pH 7 into silicic acid, which is a family of chemical 

compounds of silicon, hydrogen and oxygen, where ortho-silicic acid, Si(OH)4, is the 

predominant bioavailable form [290].  

Silicon is regarded as a dietary trace element consumed mainly through cereal-based 

food at 25-30 mg/day, resulting in an average serum concentration of 8 µmol/l [291]. 

It is important for connective tissues, such as bone and cartilage [292], both during 

growth and development [293], and in adults to achieve a sufficiently high bone 

marrow density to avoid osteoporosis [294]. Hence, silicon-based biomaterials 
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including pSiNPs, are regarded as biodegradable and beneficial silicon sources [295]. 

Intravenously injected pSiNPs show good in vivo compatibility and decompose into 

silicic acid within a few days [278]. Excess silicic acid is excreted in urine through 

renal clearance [296]. 

Protein loading into pSiNPs can be obtained through physical adsorption, 

immobilization, or entrapment. Physical adsorption depends on several factors, such 

as the chemical groups at the porous silicon surface, pore size, pH and ionic strength 

of the loading solution, protein charge etc. Adsorption to hydrogen-terminated 

surface of non-oxidized porous silicon occurs via hydrophobic interactions and thus 

results in structural rearrangement of the protein with subsequent loss of native 

structure and bioactivity, whereas oxidized porous silicon interacts with proteins 

through electrostatic interactions preserving protein structure and retaining bioactivity 

[297]. Proteins penetrate far into the pores of porous silicon (> 60 µm) [298] if the 

pores are larger than the protein itself [299]. Maximal adsorption of protein was 

found to be when the pH of the loading solution was at the isoelectric point (pI) of the 

protein, since this minimizes both the repulsion from negatively charged surface of 

oxidized silicon (if pH>pI, the protein is also negatively charged) and the protein-

protein repulsion (if pH<pI, the protein is positively charged) [300]. 

pSiNPs are suitable carriers for protein drugs because of their advantageous 

properties. The adjustable, but well-defined pore size of silicon-based NPs allows for 

the loading of proteins of various sizes [301]. The rigid framework of the silicon 

matrix provides protection for protein drugs in harsh environments such as the acidic 

condition in gastric fluid [302] or against denaturation and subsequent loss of activity 

[303]. Surface modifications and loading approach also allow for controlled release 

of the protein, whether this is rapid, triggered or by sustained release [255, 304, 305]. 

Finally, the intrinsic photoluminescence of porous silicon has been shown to be a 

major advantage for imaging applications [278]. The luminescent features originate 

from quantum confinement in the nanometer thick pore walls consisting of crystalline 

silicon, which arise as free-standing wires orthogonal to the etched face of the silicon 

wafer when porosity is sufficiently high [306], and is preserved throughout particle 
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synthesis [307]. Oxidation creates a silicon oxide shell around the silicon skeleton 

which reduces the pore wall thickness and thereby increases the quantum yield of the 

photoluminescence [308]. The luminescence can be used to track the accumulation 

and degradation of pSiNPs in vivo [278], and it has a long emission lifetime which 

allows for complete elimination of the shorter lived autofluorescence when imaging 

with a time-gated set-up [309]. In this way, pSiNPs can be regarded as non-toxic and 

biodegradable quantum dots that show great potential to combine drug delivery with 

imaging and tracking. 

1.4.4 Maltodextrin nanoparticles 

Maltodextrins are small polysaccharides derived from partial hydrolysis of starch and 

are used as additives in many food products. They consist of 3 to 17 glucose 

molecules mainly linked through the linear α-1,4 glycosidic bond and to some extent 

through the branched α-1,6 glycosidic bond [310]. The physicochemical properties of 

maltodextrins such as sweetness and viscosity, vary with the length of the oligomer 

and the degree of branching, and are also related to the content of reducing end-

sugars [310]. 

MDNPs can be synthesized in a bottom-up fashion by different methods. The long-

established synthesis through polymerization is obtained by crosslinking and was 

patented in the 1990s by Biovector Therapeutics [311, 312]. Crosslinking results in a 

gel that is subsequently sheared under high pressure in a homogenizer and 

ultrafiltrated to obtain MDNPs [311]. Other methods to synthesize MDNPs have 

recently appeared in the literature and include anti-solvent nanoprecipitation [313], 

the double emulsion method [314] and nanoencapsulation [315]. 

Many properties of the MDNPs can be modified at different stages of their synthesis. 

Modification of the maltodextrin oligomer can be done at the reactive hydroxyl 

groups that is present on each glucose monomer and facilitates both crosslinking and 

chemical derivatization [316]. Fluorescent dyes and H2O2-activatable molecules can 

be attached to the hydroxyl groups before synthesis of therapeutic and diagnostic 

MDNPs [314, 317]. The most used crosslinker for starch-based polymers is 

epichlorohydrin, which is also employed in the preparation of Sephadex. It produces 
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a neutral polymeric matrix of maltodextrin that can be acetylated with POCl3 and 

NaOH for further functionalization such as the incorporation of ionic compounds 

[316]. The number of points of crosslinking and polymer length define the mesh size 

[318]. Charge can also be introduced directly into the polymeric matrix of MDNPs 

during synthesis by changing the type of crosslinker to for instance the cationic 

glycidyltrimethylammonium chloride or the anionic phosphoryl chloride [311]. Post-

synthesis, the MDNPs can be modified in many ways, such as through the 

incorporation of lipids which gives the NPs amphiphilic properties that allow for the 

loading of both hydrophilic and hydrophobic drugs and improved cellular uptake 

[312, 319]. 

MDNPs seem good drug delivery devices as they have high biocompatibility. 

Maltodextrins are biodegradable polysaccharides and a nutritious source of 

carbohydrates, and depending on the type of crosslinker used, the MDNPs can be 

disassembled by enzymatic hydrolysis of the crosslinking bonds [316]. MDNPs have 

an extremely good stability during storage (> 12 months) [320] and can be sterilized 

by filtration through a 0.22 µm filter [316]. Cationic MDNPs with lipids incorporated 

into their core behave as stealth NPs that do not induce complement activation in an 

in vitro test of the hemolytic activity of human serum [279]. The same MDNPs were 

shown to have no cytotoxicity or ROS induction in vitro and good in vivo tolerability, 

since no genotoxicity was seen in rats after nasal administration, even at 1000 fold 

the expected human dose [321]. These NPs have been shown to enter airway 

epithelial cells by clathrin-dependent endocytosis and are exocytosed in a cholesterol-

dependent manner [322]. Both neutral and cationic MDNPs were shown to 

transcytose across a cellular model of the BBB and could thus deliver drugs to the 

brain after intravenous injection [323]. 

The potential of MDNPs to deliver therapeutic proteins has been demonstrated in 

several preclinical studies. First of all, MDNPs behave as sponges and can absorb 

large amount of protein without drastic changes in their physicochemical properties 

[279]. Just by gently mixing the MDNPs with the protein of interest, a high yield of 

loading is obtained post-synthesis [320]. MDNPs loaded with ovalbumin, a model 
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protein drug, are taken up by different types of mucosal cells, to at least twice the 

extent of uptake compared to PLGA NPs or liposomes [324]. Also, more complex 

mixtures of proteins, such as heterogenous antigens from a parasite, have been loaded 

in MDNPs and delivered to a bronchial epithelial cell line [325]. This MDNPs-

mediated delivery of parasitic antigens shows promising effect as vaccine against the 

infection in a mouse model [325]. MDNPs loaded with interleukin-2, an 

immunostimulating protein with therapeutic potential in cancer, infections, and 

immunodeficiency, have been shown to stabilize and enhance the proliferative 

activity of interleukin-2 and facilitate its uptake by B-cells [326].  
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2. Aims 

The overall aim of this work was to improve the treatment of diseases where TH 

function is lacking or impaired. TH itself is a potential therapeutic protein in ERT for 

TH deficiencies, but its intrinsic instability makes its study and pharmacological 

development difficult. The main goal of this work has therefore been to investigate 

how NPs can stabilize and eventually deliver TH intracellularly. For this, it was 

necessary to identify key factors that determine the stabilization of TH and how these 

can be improved for technological and therapeutic applications. The work was 

divided in subprojects with the following specific objectives: 

1. Obtain a recombinantly expressed and purified human TH that is stable and 

functional, and find structure-stability determinants of TH. 

 

2. Develop catalytic NPs showing high TH activity, low proteolytic 

susceptibility, and low toxicity, by investigating NPs for TH binding, 

stabilization, and functional delivery.  

 

3. In vitro, in cellulo and in vivo evaluation of the potential of catalytic 

nanoparticles for ERT, with therapeutic potential in disorders associated with a 

reduction of TH activity, such as THD and PD.  
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3. Summary of results 

3.1 Optimization and structural characterization of TH 
preparation (Paper I) 

Prior to this work, our lab had expressed recombinant TH in E. coli and purified it by 

affinity chromatography on Heparin Sepharose for decades, where little had changed 

in the protocol. There had been some reports on the use of fusion tags in the 

preparation of TH, which resulted in unspecific cleavage within the N-terminal [327] 

and low activity [328], which prevented us from transitioning to those expression and 

purification approaches. We needed a preparation procedure that ensured a large yield 

of high-quality protein: a homogeneous sample of highly active and conformationally 

stable TH.  

We searched for the best fusion tags and found that the His-tagged ZZ fusion partner 

improved the stability of TH by increasing the melting temperature with 3 °C. The 

resulting cobalt-bound and partially inhibited TH gave a protein sample with high 

conformational stability and an integral N-terminus, which allowed good data 

acquisition by small angle X-ray scattering (SAXS). Together with molecular 

dynamics simulations, a SAXS-based modeled solution structure of TH was obtained, 

which was a fascinating discovery: (i) it showed a twisted out-of-plane orientation of 

the four catalytic domains in the quaternary structure, (ii) confirmed the proposed 

dimerization of the regulatory ACT domains, and (iii) revealed an elongated shape 

positioning one dimer of ACT domains on each side of the equatorial plane, with N-

terminal tails protruding from the global core. TH obtained from the fusion protein 

with His-tagged ZZ, was thus well-suited for structural analysis but unfortunately, it 

lacked a proper function as it contained Co2+ in the active site instead of Fe2+. 

For functional studies, we required a TH that was not only homogenous and stable, 

but also had all the physiologically relevant features, including standard catalytic 

activity and feed-back inhibition and stabilization by dopamine. We found that the 

His-tagged maltose binding protein (MBP) fusion partner preserved the greatest 

catalytic activity, still maintaining a conformational stability rather close to the His-
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tagged ZZ-derived Co2+-bound TH and resulted in a well-functioning enzyme: a 

protein which could be activated by Fe2+ and stabilized by regulatory dopamine. We 

therefore chose the His-tagged MBP-derived TH for all proceeding work.  

3.2 Characterization of photoluminescent porous silicon 
(Paper II) 

In Paper II, we have explored the intrinsic photoluminescent properties of porous 

silicon microparticles in relation to the release of a model protein payload, i.e., 

bovine serum albumin (BSA). We varied factors such as oxidation time, loading 

method and release conditions, to find how this influenced the correlation between 

the luminescence wavelength and intensity, and protein release. We searched for 

correlations that would be useful with regards to self-reporting of drug delivery, 

which correlated with release of the payload either linearly, or by a rapid change 

when most of the payload was released.  

Oxidation creates a silicon oxide shell on the pore walls of the silicon matrix delaying 

the dissolution of the silicon core that is responsible for the luminescence. Besides 

altering the initial characteristics of the luminescent properties (quantum yield, 

maximum wavelength, and visual appearance), we also found that oxidation delayed 

the changes in luminescence that occur during BSA release. The longer the oxidation, 

the thicker the silicon oxide shell, the more the blue shift and intensity decline was 

delayed. This result was independent of the loading method and indicates that 

oxidation time can be used to tune the diminishing of photoluminescent features 

during release. 

How BSA was loaded, influenced how the protein was attached in the pores and 

therefore also how it was released. The trapping of BSA by local precipitation of 

magnesium silicate gave the highest mass loading and prevented the burst release that 

was seen when BSA was loaded through electrostatic adsorption. Since BSA was 

trapped in the precipitated magnesium silicate, its release was also more closely tied 

to silicon dissolution and the subsequent decline of photoluminescence. The 
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magnesium silicate coating delayed not only the BSA release, but also the 

degradation of the pure silicon matrix and the silicon oxide shell.  

When release was studied under accelerated conditions, silicon dissolution was 

constant throughout release and was not affected by loading method or oxidation time 

indicating that the silicon oxide shell protects the silicon matrix from degradation by 

dissolving first. The long-term release study with physiological conditions confirmed 

this for those samples where BSA was adsorbed electrostatically. However, it also 

revealed that the magnesium silicate-trapped samples with a thin oxide shell were less 

stable than those with thicker oxide shells; they dissolved more rapidly and released 

BSA faster. 

For clinical applications, it is necessary that the changes in photoluminescence are 

easy to check. Therefore, we tested if the loss of photoluminescent intensity could 

also be captured by a low-cost camera. We demonstrated this and the measurements 

show the same tendency of decrease as with more precise detection.  

We also described how the near-infrared photoluminescence could be tuned by 

oxidation time and that the preferred loading method is magnesium silicate trapping. 

Longer oxidations show that the photoluminescence intensity scales with the payload 

release, resulting in the ability to report a predetermined level. Short oxidation (or 

adsorption loading) makes the photoluminescence change rapidly indicating the 

ability to report the end of the functional life of the nanocarrier. We also showed how 

these changes can be monitored in a clinical setting. Consequently, Paper II shows a 

proof-of-concept on the use of porous silicon photoluminescent properties to self-

report on drug delivery. 

3.3 Electrostatic interaction of TH with pSiNPs (Paper III) 

With the acquired knowledge on the usefulness of the photoluminescent properties of 

porous silicon and the numerous reports on protein binding and release from this 

material, we wanted to investigate the ability of pSiNPs to load and stabilize TH. We 
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varied the pH to see how this affected loading, the propensity of TH to aggregate, and 

the catalytic activity of TH. 

pH determines the surface charge of proteins as they contain many functional groups 

that can take up an H+ ion. Proteins are neutral at their pI and porous silicon is known 

to adsorb large amounts of protein in the pores when pH is at the pI of the protein that 

is to be loaded [300]. However, aggregation can happen more easily at a protein pI-

value because the lack of charge brings the protein molecules in close proximity, 

which can induce the formation of intermolecular interactions. At pH 6, which is 

close to the pI of TH, the size of the pSiNPs coincided with that of the aggregated 

form of TH and thus prevented us from evaluating if TH was loaded by DLS, which 

is a customary method in NP loading characterization. On the other hand, at pH 7, 

where TH is most active, we could observe a size increase in the pSiNPs, indicating 

that TH binds on the outer surface of the pSiNPs. To evaluate the extend of TH 

loading in the pores we took TEM images, but also here aggregation posed a 

challenge for taking good images at pH 6. Thioflavin-T fluorescence, which monitors 

the extend of cross-β interactions that occur during aggregation, confirmed the larger 

tendency of TH to aggregate at pH 6 and showed that the pSiNPs accelerated 

aggregation at both pH 6 and 7.  

For ERT it is important that the enzyme retains its catalytic function upon loading 

into a nanocarrier. We found that TH activity was not significantly decreased by 

binding to pSiNPs. We also performed calculations of the electrostatic surface 

potential that revealed a large positive patch in the N-terminal regulatory domains, 

mainly formed by residues Arg89 to Lys102, that could bind to negatively charged 

surfaces such as in pSiNPs.  

Thus, in this paper we described that TH could be loaded in pSiNPs through 

electrostatic adsorption. Our results also support that the interaction occurs through 

the regulatory domain, thereby avoiding structural changes to the catalytic site, as TH 

activity was not altered significantly by the interaction with pSiNPs. However, as TH 

propensity to aggregate was increased through the interaction with pSiNPs, additional 

experiments are necessary to choose the characteristics of the pSiNPs and the 
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conditions for loading active TH, and realize the potential of these promising and 

superior NPs with respect to imaging and tracking of cargo release for their use in 

ERT for TH deficiencies and PD. 

3.4 Stabilization of TH in maltodextrin NPs (Paper IV) 

In search for a nanocarrier that could both stabilize and deliver TH, we tested a type 

of polymeric NPs made of cross-linked maltodextrin with and without a lipidic core. 

The first results were promising, as these NPs could absorb large amount of TH into 

the porous structure. Preliminary titrations of NPs with increasing TH concentration 

showed no size increase of the lipid-core maltodextrin NPs while loading TH up to a 

2:1 (w/w) ratio indicating that TH absorbed into the flexible porous matrix in a 

sponge-like fashion. The smaller non-lipid-filled maltodextrin NPs were saturated at 

lower TH concentration and thus we proceeded with the lipid-core maltodextrin NPs. 

The maltodextrin NPs seemed to have several positive effects on the stability of TH. 

They prevented thermal-induced aggregation, preserved TH activity at 4 °C and kept 

TH functional with regards to enzymatic activity and amenability to phosphorylation 

after intracellular delivery to neuroblastoma cells. These favorable results encouraged 

us to assess the delivery more closely.  

The intracellular location of TH after delivery by these NPs was imaged in relation to 

the plasma membrane, early endosomes, and lysosomes in cellulo. Co-localization 

studies revealed that although not all TH crossed the plasma membrane and some 

ended up in lysosomes after endosomal uptake, a substantial amount of TH could be 

found in the cytosol. We also showed that this TH was able to increase the level of L-

DOPA produced in the cytosol significantly, which was measured by fluorescent 

detection through the conversion to dopachrome after cell lysis.  

Assessment of in vivo delivery to neuronal tissue was done through intracranial 

injection into mouse brains. We did not observe any direct adverse effects on the 

mice after the procedure, indicating that the injection of TH-loaded NPs was well 

tolerated. After sacrifice, the brains were either sliced for imaging or homogenized 
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for activity assays. We mapped the biodistribution in the whole brain by fluorescent 

imaging and reported on the diffusion into the neuronal tissue around the injection 

site with more detailed confocal imaging. We measured the remaining catalytic 

activity of TH in the mouse brains after in vivo delivery and found significantly 

higher TH activity in brain lysates after injection of TH-loaded NPs. We were 

surprised to find that also delivery of empty NPs seemed to stimulate TH activity. 

All in all, lipid-core maltodextrin NPs seem to be a good choice for maintaining TH 

stability and delivery of functional TH with the potential therapeutic goal of an ERT 

for diseases with TH and dopamine deficiency. Consequently, paper IV is a proof-of-

concept of how catalytically active TH can be delivered to neuronal cells and tissue 

by NPs for ERT.  
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4. General discussion 

To investigate if TH-functionalized NPs could have the potential to be developed into 

an ERT for diseases where dopamine supplement is needed, such as in PD, requires 

an interdisciplinary approach. Knowledge of the optimal conditions for reproducible 

production of both stable and active TH and low-cost, scalable, and suitable NPs, as 

well as the optimization of methods to evaluate the loading and delivery of active TH 

to the target site, is required. In this PhD project, I have tried to address most aspects 

of this endeavour and the techniques used spanning from protein chemistry and NP 

synthesis to biochemical assays, cell biology and animal experiments.  

4.1 Conformational and functional stability of TH 

Protein aggregation can be disastrous as it prevents not only the proper functioning of 

the affected protein, but also the viability of the cells containing such aggregates. In 

some diseases, such as Alzheimer’s disease and PD, protein misfolding and 

aggregation are the hallmarks of pathophysiology. Signs and symptoms of misfolding 

diseases are often classified into those mainly related to the loss-of-function, where 

the reduction of correctly folded, functional protein is the cause of the disease, or to 

the gain-of-function, when the aggregated proteins induce negative effects on other 

biomolecules and compromise cell viability [329].  

For PD, it is still discussed if the formation of inclusion bodies containing large 

fibrils of protein aggregates is a pathological feature or a cell-protective measure by 

removing the most damaging smaller oligomeric aggregates [121]. It is of uttermost 

importance that the enzyme delivered in ERT is conformationally and functionally 

stable, as in the case of TH, as supplementation with unstable or even misfolded TH, 

may enhance toxic intracellular protein aggregation [330]. As for any other biologics 

in the medicinal market, maintaining structural stability of the protein has a large 

impact on the biotechnological value of such therapeutical products. TH needs to fold 

correctly during expression and stay in a stable and active conformation during 
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purification, NP loading, storage, and subsequent delivery. Thus, the recombinant 

expression and purification of TH were optimized during this PhD project (Paper I). 

Recombinant proteins can be fused with a partner protein to improve solubility and 

yield during expression and purification by cloning both proteins into the same 

expression vector [331]. Some fusion partners also called tags, are specially designed 

(ZZ) or used (MBP) to promote folding of the target protein [332, 333], and we 

therefore selected these partners for TH expression and purification in Paper I. We 

positioned the fusion tag at the N-terminal of TH, instead of the C-terminal, as it has 

several advantages: (i) the fusion tag is translated before the TH fusion partner, and 

thereby promotes folding from the moment TH gets expressed; (ii) it prevents 

proteolytic degradation of the flexible N-terminal of TH, and (iii) ensures a location 

at the outer surface of the homo-tetramer of TH, without interfering with the 

tetramerization domain at the C-terminus (Fig. 3). The cleavage site determines 

which protease can remove the fusion tag and we selected the tobacco etch virus 

(TEV) protease cleavage site (Paper I) to minimize unspecific cleavage that can occur 

at the disordered N-terminal of TH [327], to ensure a pure sample of full-length 

protein.  

The optimized purification of TH was of great importance as the structure of the full-

length enzyme has been a long-awaited milestone in the field, and the improved 

homogeneity and stability of purified TH allowed us to determine the solution 

structure of TH by SAXS (Paper I), which is a powerful method in structural biology.  

SAXS does not give the exact position of each amino acid, which is provided by X-

ray crystallography or NMR, but is a low-resolution method providing the size and 

shape of the protein. However, in combination with modelling techniques [334], it 

can be used to obtain reliable and useful structural models [335]. For instance, the TH 

model presented in Paper I has guided the predicted orientation of membrane-bound 

TH [79]. Earlier investigations of TH binding to lipid bilayers [26] did not have such 

a model available and had to rely on proteolyzed structures, predictive methods and 

circular dichroism to give the extent of α-helices and β-sheets in the secondary 

structure and identify interaction regions in TH. Another approach to deal with the 
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lacking full-length structure, is to work with the N-terminal peptide of TH [21], 

which provides information on interactions between specific amino acids of the 

flexible tail of TH and the lipid surface, but not in relation to the other protein 

domains. The full-length structure of TH obtained by SAXS complemented by 

molecular modeling (Paper I), also allowed the prediction of the residues on the outer 

surface of TH that attached to the surface of porous silicon characterized in Paper II, 

locating them to a positively charged patch of the regulatory domain (Paper III). 

The position of the regulatory ACT domains in our SAXS-derived TH structure from 

Paper I, stands in contrast with the crystal structure of full-length human PAH which 

was found to have monomeric ACT domains [69]. A monomeric positioning of these 

domains was proposed in a later solution structure also derived by SAXS [336]. 

However, recent cryo-EM studies performed in collaboration with José Maria 

Valpuesta in Madrid have unequivocally confirmed the dimerization of the ACT 

regulatory domains in TH, both without and with dopamine bound, and the elongated 

form of tetrameric TH (Fig. 7) [64].  

Enzymatic activity depends on the structural conformation of the enzyme, the influx 

of substrates and cofactors, and outflux of products from the active site. Upon 

binding to NPs, the active site can be altered or sterically hidden, resulting in a 

reduced enzyme activity compared to that of the free enzyme in solution, especially if 

the enzyme is loaded inside the NPs [337] or if the orientation is not specifically 

modulated [338]. However, NP-loading can also have advantageous effects on 

enzyme activity as such immobilization can increase enzyme reusability and improve 

thermal and storage stability [339, 340].  
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Figure 7: Structure of full-length TH in complex with dopamine. A) Ribbon representation of the 

structure of TH (colored by monomer with iron atom in red and dopamine in light grey and Ser429-

Ser434 in dark blue) derived by cryo-EM with PDB ID 6ZVP [64]. B) Surface electrostatic potential 

of TH (PDB ID 6ZVP) calculated with the APBS Electrostatics plugin in PyMOL (Schrödinger LLC, 

version 2.3.4). 

We have therefore monitored TH activity in different stages of this PhD project, 

which required the use of several L-DOPA measurement methods according to the 

type of sample. For in vitro assays of purified protein (Paper I, III and IV), activity 

measurements were based on quantification of L-DOPA by HPLC and fluorometric 

detection, a non-hazardous method based on the native fluorescence of L-DOPA 
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[341]. TH-binding to both pSiNPs and MDNPs did not significantly reduce the 

enzymatic activity of TH (Paper III and IV). HPLC-detection requires rather clean 

samples to prevent clogging in the chromatography column and is therefore not well 

suited for cell and tissue extracts. TH activity in neuronal cell lysates and crude 

extracts of mouse brain homogenates (Paper IV) was measured with a radioactive 

assay using tritium-labelled L-Tyr as substrate, where tritium, upon the conversion of 

L-Tyr to L-DOPA, is left in the water as a by-product of the reaction [342]. This 

method allowed precise detection in the picomolar range by a scintillator, showing a 

significant increase in TH activity in neuronal cell lysates and in brain homogenates 

upon treatments with TH-loaded MDNPs (Paper IV). Furthermore, the determination 

of intracellular accumulation of L-Dopa requires the inhibition of DDC, by 

benserazide and 3-hydroxybenzylhydrazine, and the measurement of intracellular TH 

activity by quantification of L-DOPA through oxidization to the chromophore 

dopachrome, which can be measured by fluorescence detection [343]. In this way, we 

were able to show significantly higher TH activity in cells treated with TH-loaded 

MDNPs compared to untreated cells (Paper IV).  

4.2 TH in a pharmaceutical perspective 

One could ask why we in the vision of developing an ERT, chose to use the human 

isoform 1 of TH, which is such a large, unstable protein with complex regulation 

instead of e.g., truncated forms just including the catalytic domain. In fact, isoform 1 

is the most extensively studied isoform since it is homologous to TH from other 

mammals, such as rat, mouse and bovine, which express only one isoform [74]. It is 

also one of the most abundant isoforms in the brain [77] and the isoform that 

undergoes major loss in PD [76] and therefore is in the largest need of therapeutic 

replacement in PD. In addition, our lab has a well-established production of 

recombinant hTH1 and long-standing experience with its characterization and 

stabilization [59, 90-92, 344]. The use of full-length TH for ERT will prevent 

unregulated production of dopamine as a complete regulatory domain ensures 

feedback inhibition to avoid its over-production [64]. This is of uttermost importance 
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as an excess of dopamine in the cytoplasm, especially when not transported into 

vesicles, will lead to an increase of oxidative metabolites in the cytoplasm, which has 

been found to be one of the factors contributing to the neuronal cell death seen in PD 

[345]. 

Moreover, other enzymes with tyrosine hydroxylation abilities do exist: tyrosinases 

from a range of organisms that differ greatly in structure [346-348], and bacterial 

mono-oxygenases [349] can hydroxylate L-Tyr to form L-DOPA. The diverse class 

of tyrosinases also includes certain cytochrome P450 enzymes which are involved in 

the synthesis of betalain pigments in beets and other vegetative species [350]. The 

bacterial mono-oxygenases have a natural substrate selectivity for 

hydroxyphenylacetate [351], but can be genetically engineered in E. coli for L-DOPA 

production [352-355]. These enzymes are definitive worth considering as an 

alternative to TH, as many of them show better stability and activity than any human 

isoform of TH in its native form. However, they differ greatly from TH in both 

structure and catalytic mechanism, which implies that they work in different 

environments, with different cofactors, and that their activity is not regulated by the 

same mechanisms as for TH. Both tyrosinases and bacterial mono-oxygenases can 

hydroxylate a range of substrates, which increases the likelihood for off-target 

effects. In addition, substituting the lack of TH with a completely different enzyme, 

poses new challenges. For instance, biologics from microbial, plant or animal sources 

can give undesired immunological responses, as observed with pegvaliase 

(Palynziq®) for PKU [356].   

There are many strategies for improved performance of TH to obtain high catalytic 

activity and stability, which might be a better option than investigating other 

enzymes. The search for pharmacological chaperones has shown that certain small 

molecules have a stabilizing effect on TH upon binding [90, 91]. The work done to 

establish a whole-cell lysate catalyst for tyrosine hydroxylation using mouse TH and 

an endogenous E. coli co-factor for bioproduction of the antioxidant hydroxytyrosol, 

shows the potential of switching cofactor [357]. Other possible strategies to find more 

stable and/or active mutants include structure-based redesign and directed evolution. 
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Structure-based redesign of a flavin-dependent mono-oxygenase where amino acids 

close to the active site were mutated, has shown to successfully enhance the substrate 

specificity for L-Tyr [355]. Directed evolution of the TEV protease was done by 

applying random mutagenesis to its gene with error-prone PCR, and subsequent 

screening of the mutants resulted in a top performing protease [358]. These strategies 

can be applied to hTH1 to find an optimized tyrosine-hydroxylating catalyst for the 

development of an ERT. 

The aim of an ERT with a TH enzyme is ambitious, since it is not sufficient to 

metabolize L-Tyr, but also necessary to synthesize L-DOPA and/or dopamine. In the 

metabolic disorders where enzyme therapies exist, such as LSDs and PKU, the 

supplemented enzymes remove the accumulated metabolites [196, 197, 359], whereas 

for PD and THD, this would not be sufficient, as it is the lack of L-DOPA and 

subsequent low levels of dopamine which cause the symptoms. Although there are 

attempts of protein therapy reported for PD [360-362], this current PhD project is to 

our knowledge, the first investigation on the initial steps to develop an ERT with TH 

for PD and other related disorders with dopamine deficiency. 

4.3 Enzyme replacement therapy for Parkinson’s disease 

It is difficult to find a curative therapy for PD without a complete understanding of its 

etiology. Most current treatments are symptomatic and focus on the dopaminergic 

system, but some of the treatments in the pipeline aim at halting or reversing the 

neurodegeneration in PD. A potential ERT for PD adds to the list of symptomatic 

treatments, although hopefully it works in a more sustainable manner. I will discuss 

the advantages and disadvantages of ERT in comparison with some of the other 

treatment options below.  

The most effective drug against PD is levodopa – an oral supplement of L-DOPA that 

can enter the human brain where it is converted into dopamine. However, debilitating 

complications, such as levodopa-induced-dyskinesia, are experienced by almost all 

patients on long-term levodopa treatment [363]. They are, at least partly, caused by 

disturbance of the natural variation of dopamine concentration in the brain, which 
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come from fluctuations in blood level of L-DOPA due to oral dosage. ERT with TH 

can bypass this problem by providing more stable plasma L-DOPA levels, as L-

DOPA can be produced continuously by TH, as long as TH is active and L-Tyr 

available. TH could be administered by intravenous injection, which is done weekly 

or biweekly for most existing ERTs [364]. However, it is more beneficial to replace 

TH at its target site: the nerve terminals of the nigrostriatal neurons since this will 

ensure local supply of L-DOPA to restore dopamine levels in the brain. TH 

replacement in the brain also avoids the side effects associated with the peripheral 

degradation of L-DOPA, which also occur with oral levodopa therapy and is related 

to the fact that only a small fraction (<5%) of levodopa enters the brain through the 

BBB [365]. 

ERT to the brain requires a formulation of TH suited for transport into neuronal tissue 

and a route of administration that ensures brain location, which is why we have 

studied different NPs as carriers of TH in Paper III and IV (see next section for 

detailed comparison). Regular intravenous injections are also a larger burden for the 

patient and society than oral treatment, such as with levodopa therapy. Direct 

administration of ERT to the brain by intraparenchymal, intraventricular, 

intracisternal or intrathecal injection, is being investigated for delivery to the CNS 

[364]. A formulation of idursulfase that has been injected through an intrathecal 

catheter in monkeys for distribution through the cerebrospinal fluid and potential 

treatment of Hunter syndrome, showed good clinical effect in CNS tissues [366]. We 

performed a preliminary characterization of the biodistribution of TH in neuronal 

cells and tissue after direct administration by an injection that can be classified as 

intraparenchymal (Paper IV). Direct administration to the brain poses more risks and 

a higher treatment burden than intravenous injections, but not as high as other 

advanced treatments that require surgery to the brain, such as DBS and cell 

transplantation. If direct administration is necessary, reducing the number of 

injections would be beneficial for both risk minimization and treatment burden, 

which is why we suggest that a further improvement of ERT could include brain-

implantable biodegradable hydrogels containing NPs with TH (Paper III and IV) and 

consider intraparenchymal injections a research tool for the initial proof-of-concept.  
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Several gene therapies are being developed for the treatment of PD, which address 

different aspects of the disease. Some include the TH gene [159-161], whereas others 

include genes important for α-syn clearance or neuroprotection [367, 368] [154]. 

Initial studies on a rat model of PD showed that the TH gene delivered by targeted 

liposomes after intravenous injection, normalized striatal TH activity [159, 369]. TH 

is included in two viral vectors that aim to replace dopamine levels locally with one 

single intervention [160, 161]. Delivery of TH and the gene for GTPCH1, GCH1, by 

an adeno-associated viral vector, reversed motor impairments in a preclinical primate 

model of PD [160]. Injection of ProSavin, a lentiviral vector containing TH, GCH1 

and DDC, resulted in improvement in motor behavior in early clinical trials with 15 

PD patients [161]. Gene therapy and ERT will both have the best therapeutic effect 

with direct administration to the brain and benefit from technological advances in 

intracerebral drug delivery, such as the improvements in convection-enhanced 

infusion cannulas [370, 371]. Gene therapy and ERT vary in the required amount of 

therapeutical material that needs to be delivered. Only small amounts of gene 

delivered to cells for gene expression, will result in sufficient dopamine production, 

whereas delivery of TH protein by ERT requires larger amounts and might need 

multiple administrations. On the other hand, TH protein is ready for catalysis and can 

produce L-DOPA on site, also without cellular uptake, whereas gene therapy requires 

delivery to the nucleus of the host cells and depending on the type of vector, also 

subsequent integration of TH into the host genome [372], before TH is expressed and 

active.  

Both vector-mediated gene therapy and ERT address only the loss-of-function, but 

often there is also a certain toxic gain-of-function due to aggregation of mutant 

protein. In PKU, the R261Q mutant of PAH has been found in amyloid-like 

aggregates in hepatic tissue in a knock-in mouse model showing traits such as altered 

lipid metabolism and oxidative stress, which provides a possible explanation of 

comorbid conditions that are not related to hyperphenylalaninemia [373]. Ideally, 

gene therapy should not only provide the non-mutated gene, but rather correct the 

mutated gene and disease phenotype, which has actually been achieved in a mouse 
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model of PKU with genome editing tools [374]. This seems a potential strategy to 

correct monogenetic disorders such as THD, but not for PD. 

TH also plays a central role in attempts of cell transplantation that aim to restore the 

degenerated dopaminergic neurons in PD. TH is integrated in the development of cell 

replacement therapies through differentiation of embryonic cells into dopaminergic 

neurons that express TH or through transfection of the TH gene in cells prior to 

implantation into rat models of PD [157, 162, 163]. Cell transplantation requires 

surgical implantation of grafts with a large enough number of viable cells. Post 

mortem analysis of a patient brain 24 years after transplantation of embryonic cells 

shows that the grafted cells have continued to stain positive for TH and ensured an 

extensive reinnervation of the striatum [157]. In contrast to ERT, it is challenging to 

obtain sufficient therapeutic material. For instance, 87 out of 128 planned surgeries in 

a recent clinical trial with fetal dopamine cells, were canceled due to tissue supply 

[375]. At least three fetuses are needed for one unilateral surgery, and these cannot be 

stored longer than four days after dissection [375]. These practical challenges, 

together with the variability between samples, the large percentage of grafted cells 

that are not dopaminergic cells, and ethical concerns, militate for the use of stem cells 

in cell replacement [156]. Improvements in stem cell technology that allows 

induction of pluripotency in human fibroblasts [376], have led to the first 

implantation of patient-derived stem cells without the need for immunosuppression 

[377]. However, new challenges arise, as implanted stem cells should not be 

tumorigenic [156]. Cell transplantation poses also larger risks than ERT, as the 

grafting surgery must not lead to an infection, nor should the implanted cells be 

rejected. Although grafted cells can successfully integrate into the nigrostriatal 

circuit, degeneration continues to proceed, Lewy bodies eventually spread to the 

grafted cells and the dopaminergic graft loses its efficacy [157]. In that regard, cell 

replacement therapies are not a real cure for PD, but can, just like ERT, provide long-

lasting symptomatic relief. 
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4.4 TH-loaded NPs as biovectors in ERT 

For NPs to work as vectors for the delivery of TH as ERT for PD as envisioned in 

this thesis, the NPs need to be biocompatible, show good loading, preserve high 

catalytic activity, and efficiently deliver TH so that L-DOPA production in the 

dopaminergic nerve terminals of the striatum is enhanced. Delivery would in many 

therapeutic settings include both the administration, transport, and release of a drug. 

However, the concept for this thesis is that the TH-loaded NPs work as small L-

DOPA factories, also called nanoreactors, which provide continued protection and 

stabilization of TH at the target site and thereby increase the functional lifetime of TH 

In the following paragraphs, I will compare the pSiNPs and MDNPs to each other 

and to other NPs with regards to TH loading, delivery and catalytic activity, as well 

as further modifications to reach their potential in ERT. 

The loading of TH into pSiNPs and MDNPs was done post-synthesis by gentle 

mixing and incubation in a buffered solution containing TH and NPs. Loading 

occurred as physical adsorption dominated by electrostatic interaction in both pSiNPs 

and MDNPs. The interactions were predominantly between the positively charged 

patch in the regulatory domain of TH and the negatively charged surface of the 

pSiNPs (Paper III), whereas it is the overall negative charge of TH that ensures the 

adsorption of TH into the internal mesh of positively charged crosslinked polymer 

until a point of saturation, after which TH coated the surface and increased the 

hydrodynamic diameter of the MDNPs (Paper IV). The differences in loading can be 

partly explained by the properties and porous structure of the NPs material. The 

MDNPs are composed of flexible polymeric chains crosslinked into a mesh of 

unknown and probably dynamic pore sizes into which TH can diffuse freely and 

penetrate deep, whereas the pSiNPs are rigid with pores of average diameter of 12 nm 

[286], where it not clear if and how far TH can penetrate. Porous silicon 

microparticles can easily have pores of 60 nm [302] or 100 nm for porous silicon 

films [282]. pSiNPs can also be synthesized with larger pore size by increasing 

current density during the etch, but larger pores increase the overall porosity, which 

makes the pSiNPs more fragile resulting in a broadening of the size distribution [286] 
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which again might alter the biodistribution. In microparticles, the loading efficiency 

of BSA was much larger (20% instead of 3%) when the pore size was 20 nm instead 

of 10 nm (Paper II), but TH is about twice the size of dimeric BSA. To determine 

how large the pores need to be for good penetration of TH, the optical thickness of a 

porous silicon film can be monitored to see the extent of loading into the porous layer 

as has been done for the monoclonal antibody Bevacizumab (Avastin®) [305], BSA 

[300] and lysozyme during the initial characterization of porous silicon in this 

doctoral work (not published).  

The oriented binding of TH onto pSiNPs preserved TH activity but unfortunately also 

promoted aggregation (Paper III). Similar aggregation of TH was seen after binding 

to negatively charged lipid bilayers and was proposed to be mediated through a motif 

included in a surface-exposed β-strand in the catalytic domain containing the residues 

Ser429 to Ser434 (Fig. 7A) [79]. In MDNPs, the TH orientation was not studied, and 

it may probably be random. The MDNPs prevented or delayed TH aggregation and 

significantly increased the TH activity after cellular uptake (Paper IV). Although the 

TH-loaded MDNPs were not tested for remaining activity for as long as for instance 

tyrosinase in chitosan NPs that retained 75% of its activity after 70 days [378], a 5-

day storage at 4 °C did not significantly decrease the TH activity of TH-loaded 

MDNPs in vitro (Paper IV). We found this sufficient to proceed with testing of 

delivery in a biological setting. 

There exist several animal models of PD where the symptomatic features of the 

disease are induced by the neurotoxin MPTP or by transgenic overexpression of α-

synuclein [379]. However, such models deserve treatment options that are 

approaching clinical investigations. This project is at a more preliminary stage and 

the mice were used to evaluate the local distribution of the loaded NPs and confirm 

functional delivery. The mice were therefore wild-type black-6 mice. As an initial 

proof-of-concept of delivery into living neurons, we injected the TH-loaded MDNPs 

intraparenchymal. This allowed us to evaluate the physiological response and the 

biodistribution of TH delivered to neuronal tissue. TH-loaded MDNPs locally 

injected into mouse brains diffused into the surrounding neuronal tissue and 
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maintained TH activity when measured in lysates afterwards (Paper IV). Local 

injection of enzyme-loaded NPs is exploited as initial proof-of-concept in preclinical 

work on other enzyme deficiencies, such as proven for instance for the intra-articular 

administration of uricase-encapsulated NPs for the removal of uric acid in ankle 

joints in a murine gout model [380]. Other studies use intraperitoneal [381] or 

intravenous [382] injections of enzyme-loaded NPs and evaluate therapeutic efficacy 

in mouse models of diseases where the enzyme needs to reach the brain through the 

BBB. Although NPs are extensively explored for the delivery of biologics, only the 

so-called “single enzyme NPs” which are enzymes conjugated to a polymer or 

targeting moiety, are ERTs that have been FDA-approved [383], so there is not yet 

any ERT to learn from, that targets the brain and is in clinical use. 

Several routes of administration in ERT have been discussed above (section 4.3), but 

the use of NPs as drug carriers opens for consideration of other routes as well, among 

which the direct nose-brain pathway is a promising one. Intranasal application of L-

DOPA [384] or dopamine [385] alleviate symptoms in rat models of PD. 

Neuromelanin-inspired polymeric NPs efficiently delivered dopamine to the striatum 

after nasal administration and attenuated motor alterations in a rat model of PD [386]. 

The MDNPs have already been given intranasally to mice for delivery of influenza or 

toxoplasmosis antigens for vaccine development [387, 388]. It would therefore be 

interesting to test if the MDNPs could deliver TH through the nose-brain pathway 

after intranasal administration.  

The concept of considering TH-loaded NPs as nanoreactors is not unique to this 

project. Similarly, uricase is encapsulated in a membrane-coated metal-organic 

framework [380] and thymidine phosphorylase in triblock polymeric NPs [337] 

which are both investigated for enzyme therapy without intended release of the 

enzyme. This approach requires that substrates and products diffuse freely through 

the porous material of the NPs. Since L-Tyr and L-DOPA are much smaller than TH, 

it can be assumed that they can diffuse freely in the porous matrix of pSiNPs and 

MDNPs. However, further functionalization might include a coating around the TH-

loaded NPs, thus L-Tyr and L-DOPA must also penetrate such a coating. 
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Permeabilization of a coating can also be achieved through incorporation of a 

biological pore, as has been done with a nucleotide porin in the triblock polymer that 

forms a spherical bilayer around thymidine phosphorylase [337]. A major advantage 

of a coating is that it provides a barrier against proteases, as shown by a 2 h 

incubation with trypsin that did degrade free uricase but not the membrane-coated 

encapsulated uricase [380].  

Altogether, TH loading into NPs was easier in MDNPs than in pSiNPs, which is why 

the pSiNPs have not been tested in any biological system yet. Further optimization of 

the loading in pSiNPs is needed to ensure infiltration of TH into the pores and avoid 

aggregation of TH. The intrinsic photoluminescence of porous silicon is however an 

advantage for visualization experiments in cells and animals. The functional delivery 

of TH by MDNPs was demonstrated in neuronal cells and tissue and serves as a 

proof-of-concept for ERT which is worth exploiting further.  
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5. Conclusions 

In this thesis, we have investigated how TH could be pharmacologically developed 

into a potential biological drug. We have developed two different types of catalytic 

NPs and tested their stability, catalytic activity, and delivery of TH to cell and mouse 

brain, to evaluate their therapeutic potential as ERT for diseases where TH is 

deficient.  

The inherent unstable nature of TH inquired detailed analysis of the structure-stability 

determinants. We tested various fusion tags in the purification of TH, which resulted 

in a stable enzyme preparation that allowed the determination of the full-length 

solution structure, aiding further investigations of TH stability and molecular 

interactions with NPs.  

 The first type of NPs was made of porous silicon, which has an intrinsic 

photoluminescence that allows tracking and imaging simultaneous to drug delivery. 

We found that this photoluminescence can be tuned to correlate with the release of a 

model protein and thereby work as a self-reporting drug delivery device. 

Furthermore, loading of TH into these inorganic pSiNPs occurred through 

electrostatic interactions orienting TH with its regulatory domain onto the oxidized 

silicon surface and preserving TH activity. However, the interactions with these NPs 

also promoted TH aggregation, preventing further studies. 

The second type of NPs, the polymeric MDNPs absorbed large amounts of TH while 

preserving its activity and preventing or delaying its aggregation. These NPs 

delivered functional TH to neuronal cells and tissue and thereby significantly 

increased the intracellular TH activity. The TH-loaded MDNPs are ready to be 

functionalized with targeting molecules and tested with different routes of 

administration in relevant mouse models to evaluate their therapeutic effect as ERT 

for TH deficiencies.  

Overall, this thesis has shown that recombinantly expressed and purified TH can be 

loaded into NPs and delivered functionally to neuronal cells and tissue. Detailed 
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analysis of its structure and stability has given insights into the mechanisms necessary 

to obtain and improve loading in NPs for therapeutic applications. 
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6. Future perspectives 

All aspects of the envisioned ERT with TH-loaded NPs could benefit from 

improvements. First, further optimization by structure-based redesign, or directed 

evolution to find mutants of TH with higher stability and activity, may improve the 

formulation of therapeutic TH. Second, the stability of TH may also be increased by 

supplementation with pharmacological chaperones. Lastly, the efficacy of an ERT 

with TH-loaded NPs highly depends on the drug delivery properties of the NPs and 

the route of administration. Both can be improved and tailored to the needs of TH and 

the patients intended to treat. 

When it comes to the pSiNPs, it is foremost that the loading must be further 

optimized. A first step would be to find out which pore size is necessary to improve 

the loading of TH by monitoring the optical thickness of porous silicon films to 

determine the infiltration. Subsequently, we could test if pSiNPs with such larger 

pore sizes can be synthesized or if they become too fragile with increased porosity. 

With optimized pore size, the pSiNPs can be tested for TH loading including an 

evaluation of its aggregation. 

The MDNPs could be functionalized for delivery across the BBB after intravenous 

injection or through the nasal pathway. Both directions are worth exploring as they 

open for two non-invasive routes of administering TH-bound NPs. To enhance 

crossing of the BBB, the NPs can be decorated on their surface with various 

molecules targeting receptors that are highly expressed at the BBB, such as the 

transferrin or the insulin receptor, to increase the receptor-mediated transcytosis 

[389]. Although the MDNPs have been tested without further functionalization for 

nasal delivery [387], it would be necessary to test in animal models if they can get 

transported along the olfactory nerves to the brain as can dopamine-loaded chitosan 

NPs [390]. Alternatively, the MDNPs could be functionalized for delivery through 

the cerebrospinal fluid after intrathecal administration, which is a very effective, but 

more invasive route. If adequate TH-bound NPs are obtained, the functionalization 

and route of administration can be evaluated by testing TH delivery with these 
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functionalized MDNPs in a disease-relevant mouse model. This can be done in the 

knock-in mouse of THD with the mutation Th-R203H, associated with a severe THD 

phenotype in humans [94], or in the mouse model of PD induced by the neurotoxin 1-

methyl-4-phenyl-1,2,3,6-tetrahydropyridine [391].  

Other NPs both inorganic, lipid-based, polymeric and hybrid types, may be tested for 

suitability to deliver large biologics such as TH. Among the promising candidates are 

for instance the inorganic cerium oxide NPs that have shown to have antioxidant and 

antiapoptotic effects by themselves in a rat model of PD [392] and the nanostructured 

lipid carriers that have delivered a growth factor to the brain after intranasal 

administration [393]. There are also many promising polymeric NPs, such as the 

hyaluronate NPs that have been shown to cross the BBB with a neuroprotective 

protein after intravenous injection in rats [394], and the poly(lactic-co-glycolic acid) 

NPs conjugated with PEG and a lectin, that enhanced brain uptake of a therapeutic 

peptide after intranasal delivery [395]. At last, improvements in the encapsulation in 

metal organic frameworks by gentler methods that are better suited for biologics, 

indicate the potential of this hybrid material for protein drug delivery to the brain 

[396]. 

Finally, the increased knowledge of the determinants for the structural stability of TH 

obtained through the work of this PhD thesis provides the possibility to study the 

interaction between TH and NP surfaces by molecular dynamics simulations and 

docking. These virtual methods could provide further insight into the factors 

modulating the catalytic and structural stability of TH and guide the development of a 

more stable form of highly active TH, as well as the optimal NPs for TH loading and 

delivery. 
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Paper I 
Stable Preparations of Tyrosine Hydroxylase Provide the 
Solution Structure of the Full-Length Enzyme 

Maria T. Bezem, Anne Baumann, Lars Skjærven, Romain Meyer, Petri Kursula, Aurora Martinez 
and Marte I. Flydal 

Scientific Reports, 6(1), 1-14, 2016.

Tyrosine hydroxylase (TH) catalyzes the rate-limiting step in the biosynthesis of 

catecholamine neurotransmitters. TH is a highly complex enzyme at mechanistic, 

structural, and regulatory levels, and the preparation of kinetically and 

conformationally stable enzyme for structural characterization has been challenging. 

Here, we report on improved protocols for purification of recombinant human TH 

isoform 1 (TH1), which provide large amounts of pure, stable, active TH1 with an 

intact N-terminus. TH1 purified through fusion with a His-tagged maltose-binding 

protein on amylose resin was representative of the iron-bound functional enzyme, 

showing high activity and stabilization by the natural feedback inhibitor dopamine. 

TH1 purified through fusion with a His-tagged ZZ domain on TALON is remarkably 

stable, as it was partially inhibited by resin-derived cobalt. This more stable enzyme 

preparation provided high-quality small-angle X-ray scattering (SAXS) data and 

reliable structural models of fulllength tetrameric TH1. The SAXS-derived model 

reveals an elongated conformation (Dmax = 20 nm) for TH1, different arrangement 

of the catalytic domains compared with the crystal structure of truncated forms, and 

an N-terminal region with an unstructured tail that hosts the phosphorylation sites and 

a separated Ala-rich helical motif that may have a role in regulation of TH by 

interacting with binding partners.    
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Stable preparations of tyrosine 
hydroxylase provide the solution 
structure of the full-length enzyme
Maria T. Bezem1,*, Anne Baumann1,2,3,*, Lars Skjærven1, Romain Meyer4, Petri Kursula1, 
Aurora Martinez1,2 & Marte I. Flydal1,5

Tyrosine hydroxylase (TH) catalyzes the rate-limiting step in the biosynthesis of catecholamine 
neurotransmitters. TH is a highly complex enzyme at mechanistic, structural, and regulatory levels, 
and the preparation of kinetically and conformationally stable enzyme for structural characterization 
has been challenging. Here, we report on improved protocols for purification of recombinant human TH 
isoform 1 (TH1), which provide large amounts of pure, stable, active TH1 with an intact N-terminus. TH1 
purified through fusion with a His-tagged maltose-binding protein on amylose resin was representative 
of the iron-bound functional enzyme, showing high activity and stabilization by the natural feedback 
inhibitor dopamine. TH1 purified through fusion with a His-tagged ZZ domain on TALON is remarkably 
stable, as it was partially inhibited by resin-derived cobalt. This more stable enzyme preparation 
provided high-quality small-angle X-ray scattering (SAXS) data and reliable structural models of full-
length tetrameric TH1. The SAXS-derived model reveals an elongated conformation (Dmax = 20 nm) for 
TH1, different arrangement of the catalytic domains compared with the crystal structure of truncated 
forms, and an N-terminal region with an unstructured tail that hosts the phosphorylation sites and a 
separated Ala-rich helical motif that may have a role in regulation of TH by interacting with binding 
partners.

Tyrosine hydroxylase (TH, 1.14.16.2)  cata lyzes  the conversion of  L-tyrosine (L-Tyr)  to 
L-3,4-dihydroxyphenylalanine (L-DOPA), which is the rate-limiting step in the synthesis of the catecho-
lamine neurotransmitters and hormones dopamine (DA), noradrenaline, and adrenaline1. TH requires an 
enzyme-bound non-heme ferrous iron (Fe2+), 6R-tetrahydrobiopterin (BH4) as cofactor, and molecular oxygen 
(O2) as additional substrate for catalysis1. Mutations in TH lead to the disease tyrosine hydroxylase deficiency, 
and TH is also a marker for the dopaminergic neurons that degenerate in Parkinson’s disease2. Thus, TH is of 
considerable scientific interest and a focus of intense research.

TH belongs to the BH4-dependent aromatic amino acid hydroxylases (AAAH), a family of enzymes that 
catalyze physiologically and medically important reactions. Phenylalanine hydroxylase (PAH) and tryptophan 
hydroxylase 1 and 2 (TPH1 and TPH2) are the rate-limiting enzymes in the degradation of excess L-phenylalanine 
and the production of serotonin, respectively3. The three enzymes are homotetramers, with each subunit consist-
ing of a regulatory ACT domain with an unstructured N-terminal tail of different length, a catalytic domain 
including the iron coordinated to a 2-His-1-carboxylate facial triad motif4, and an oligomerization domain3,5. For 
PAH, structures of the full-length tetramer from rat were recently solved6,7 but for TH, only truncated forms are 
available. These have provided the crystal structure of the catalytic and oligomerization domains (PDB IDs 1TOH 
and 2XSN)4 and the NMR structure of the regulatory ACT domain (PDB ID 2MDA)8 and enabled construction 
of structural models for full-length TH3,5,8, which await experimental validation.

A complete understanding of the complex structure, catalytic mechanism, and regulatory properties of TH 
and other AAAHs requires protein preparations of high homogeneity. The first studies on isolated TH used 
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native enzyme isolated from neuroendocrine tissues, purified as a partially inhibited catecholamine–enzyme 
complex9,10, and later strategies have provided recombinant human TH in large quantities as a pure, uninhibited 
enzyme with high enzymatic activity11,12. However, structural investigations of full-length TH have so far been 
unsuccessful. TH manifests inherent kinetic and conformational instability, which is partly counteracted by the 
binding of regulatory catecholamines13,14.

Recombinant proteins often aggregate either during expression and purification, or upon storage and handling 
at high concentrations. A common strategy to reduce aggregation is to fuse the target protein to a more stable 
protein, which is removed by specific proteases in the last step of the purification. In this respect, not only the 
yield and purity, but also properties such as solubility, conformation, and toxicity of the protein of interest may be 
dependent on the chosen fusion partner15. Nakashima et al. expressed TH with maltose-binding protein (MBP) as 
an N-terminal fusion partner already in 199116. However, they discovered that Factor Xa, the protease required to 
separate fusion partners in the pMAL system, also cuts within the N-terminus of TH. Higgins et al. circumvented 
this problem by using a tobacco etch virus (TEV) protease-cleavable MBP-TH variant17. However, compared to 
other published data on recombinant TH11,18, they obtained an enzyme with low activity.

Since Nagatsu et al. first isolated TH, it has been known that the addition of Fe2+ stimulates TH activity1. Native 
TH has been reported to contain significant amounts of iron (0.66 mol/mol TH subunit) and zinc (0.13 mol/mol 
TH subunit) when isolated from bovine adrenal medulla10, or up to 1 mol iron/mol TH subunit when isolated 
from rat pheochromocytoma (PC12) cells19. The use of buffers containing 1 mM ethylenediaminetetra-acetic 
acid (EDTA) provided recombinant TH largely as an apoenzyme, with a metal content reported to be as low as 
0.04 mol iron and 0.02 mol zinc per mol of TH11. The requirement of TH for Fe2+ for catalytic activity, associated 
to the formation of the reactive Fe(IV) = O hydroxylating intermediate20, appears absolute, and TH activity is 
inhibited by other divalent metals, such as Zn2+, Co2+ and Ni2+ 11. The absolute requirement for iron also applies 
to the important regulatory function of DA. DA, produced by DOPA decarboxylase from L-DOPA, and the 
other downstream catecholamines noradrenaline and adrenaline act as feedback inhibitors of TH by coordinating 
directly to the iron and inhibiting catalysis. Recently, the importance of the concomitant stabilizing effect of DA 
has also been shown to be crucial for the correct localization of TH in the brain18.

In the current study, we aimed to produce stable, homogeneous preparations of recombinant human TH 
isoform 1 (TH1) for structural investigations. Of the four human TH isoforms, originated by alternative splicing 
(TH1-TH4), TH1, which is very abundant in brain and aligns well with rodent TH, is the one customarily used 
in in vitro investigations21. We present strategies that resulted in two preparations of TH1, expressed from pET-1a 
vectors, with improved stability and homogeneity. These are thus more suitable for both functional and structural 
studies compared to TH1 expressed without a fusion partner22. Interestingly, the most stable preparation was 
a partly inhibited enzyme that contains cobalt in the active site. These purification strategies resulted in TH1 
samples that provided high-quality small-angle X-ray scattering (SAXS) data and allowed the construction of 
structural models for the full-length enzyme.

Results
Cloning, expression, and purification of TH1 with different partners.  We tested and compared 
recombinant human TH1 expressed without fusion partner and purified on Heparin Sepharose (TH1(Ctrl); 
Fig. 1a)11 with TH1 expressed as fusion proteins. The original TH1(Ctrl) preparations, with a flexible, unprotected 
N-terminal tail during expression, often show heterogeneity in the N-terminus and variable stability between dif-
ferent purifications. We therefore designed constructs for expressing TH1 fused via a TEV protease site to either 
His6-ZZ – with ZZ being a synthetic IgG-binding domain – or to His6-MBP. These were purified on TALON metal 
affinity resin via their His6-tags and, in the case of His6-MBP-TH1, also on amylose resin. The yield from TALON 
was higher for His6-ZZ-TH1 than for His6-MBP-TH1 so we preferred the former for purifications on TALON 
and the latter for purification on amylose resin (Fig. 1). Cleaved fusion proteins were centrifuged to remove insol-
uble aggregates and subjected to gel filtration to separate tetrameric TH1 from soluble aggregates and cleavage 
products (fusion partner and TEV protease). We observed a markedly higher proportion of soluble aggregates for 
TH1(MBP) than for TH1(ZZ) (Fig. 1b). Edman analysis confirmed that both TH1 proteins have an identical and 
complete N-terminus (Fig. 1a). Although not as good as for TH1(Ctrl), the yield of TH1(MBP) and TH1(ZZ) was 
still sufficiently high (4–6 mg/L culture, when using autoinduction medium).

TH activity and time-dependent inactivation of TH1.  In order to determine if the activity of TH1 is 
affected by the used purification strategies, we measured the specific activity of the preparations using a standard 
reaction mixture both with and without 10 μM Fe2+. Addition of Fe2+ is customarily used in TH activity assays to 
ensure that maximal activity is reached11. As expected, the activity was higher upon addition of iron, notably for 
TH1(Ctrl) and TH1(MBP). Under the standard activity assay conditions, with Fe2+ added, TH1(MBP) showed 
the largest activity, followed by TH1(Ctrl) and TH1(ZZ) (Fig. 2a). However, when time-dependent loss of activity 
was measured upon incubation of the enzyme at 37 °C, both TH1(Ctrl) and TH1(MBP) lost >50% of their initial 
activity after 5 h and ≥80% after 24 h. Surprisingly, TH1(ZZ) maintained >50% of its activity up to 24 h (Fig. 2b).

Thermal stability of TH1.  The conformation and thermal stability of TH1(ZZ) and TH1(MBP) were inves-
tigated by circular dichroism (CD) spectroscopy. The far-UV spectra (Fig. 3a, inset) showed local minima at 208 
and 222 nm, characteristic of a well-folded helical structure. The estimated α-helical content ranged between 35% 
and 41% and correlated well with reported values for TH1(Ctrl) (Table 1)23. Thermal unfolding experiments pro-
vided the midpoint melting temperature (Tm) after normalization and fitting of the profiles to a two-state model 
(Fig. 3a, Table 1). The results revealed that both TH1(ZZ) and TH1(MBP) were more stable than the control TH1, 
but surprisingly, the Tm of TH1(ZZ) was almost 3 °C higher than that of TH1(MBP) (Table 1).



www.nature.com/scientificreports/

3SCiENTifiC RePorTS | 6:30390 | DOI: 10.1038/srep30390

Aggregation propensity of TH1(ZZ) and TH1(MBP).  As a further characterization of the improved 
recombinant TH1 forms, we applied dynamic light scattering (DLS) to investigate how the hydrodynamic diam-
eter of TH1(ZZ) and TH1(MBP) changed as a function of temperature. The intensity size distribution in DLS 
showed two populations at 5 °C for both TH1 preparations (Fig. 3b, inset), a large population of TH1 with a 
diameter of ∼15 nm, and a smaller one of ∼105 nm. The former value corresponds well to the expected diameter 
of TH in tetrameric structural models3, whereas the population with a larger diameter points to soluble oligo-
meric aggregates. On the other hand, the volume size distribution obtained from the DLS scans at 5 °C revealed 
single populations with an apparent hydrodynamic diameter of 11.9 ± 1.2 nm and 13.2 ± 1.4 nm for TH1(ZZ) 
and TH1(MBP), respectively (Fig. 3b). This result indicates that the highly scattering aggregates detected in the 
size distribution profiles are only present in tiny amounts. DLS thermal scans showed a lower aggregation pro-
pensity for TH1(ZZ) than for TH1(MBP) (Fig. 3c), supporting the results from gel filtration chromatography of 

Figure 1.  The three TH1 preparations. (a) Simplified illustration of vector constructs used in this study, 
leading to the following TH1 forms: TH1(ZZ) purified on TALON resin as His6-ZZ-TH1 and cleaved by TEV 
protease (green), TH1(MBP) purified on amylose resin as His6-MBP-TH1 and cleaved by TEV protease (red) 
and TH1(Ctrl) purified on Heparin Sepharose (blue). Open reading frames for ampicillin (Amp) or kanamycin 
(Kan) resistance genes and TH1 fusion proteins are shown as arrows, and cleavage sites for proteases are 
indicated. Amino acids of the N-termini revealed by Edman analysis are highlighted in orange. (b) Analytical 
gel filtration chromatogram of TH1(ZZ) (green) and TH1(MBP) (red) on a Superdex 200 Increase 10/300 
column. The elution profile illustrates the separation of aggregates, tetrameric TH1 and the other cleavage 
products (fusion partner and TEV protease). Insets: SDS-PAGE of 2 μg purified protein. Lane 1: prestained 
protein ladder; lane 2: fusion protein; lane 3: cut fusion protein; lane 4: purified TH1.
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cleaved fusion proteins (Fig. 1b) and the higher thermal stability for TH1(ZZ) measured by thermal scanning CD 
(Fig. 3a).

Metal content in TH1 preparations.  As a part of the characterization of the physicochemical properties 
of TH1(ZZ) and TH1(MBP), we investigated their metal content. Both TH1 forms are expressed from similar 
pET-1a vectors, with the only difference being the fusion partner and the type of affinity resin used during puri-
fication, i.e. TALON for the purification of TH1(ZZ) and amylose resin for the purification of TH1(MBP). TH1 
shows an absolute requirement for iron for catalysis, while other metals have been reported to bind and inhibit 
TH1, leading to an inability to catalyze L-DOPA formation from L-Tyr11,24. As measured by inductively coupled 
plasma mass spectrometry (ICP-MS), TH1(ZZ) contained almost no iron (0.06 ± 0.07 mol/mol TH1 subunit) 
compared to TH1(MBP) (0.25 ± 0.18 mol/mol TH1 subunit). The specific activity of TH1(ZZ) was lowest, regard-
less of added Fe2+ (Fig. 2a), and resembles the activity of TH1(Ctrl) without added Fe2+, which is largely purified 
as an apoenzyme. We thus hypothesized that the active site might be occupied by another metal than iron, most 
probably cobalt, the metal that coordinates to the His tag on the TALON resin. We performed further metal 
quantifications and did, indeed, observe high amounts of cobalt in TH1(ZZ) (0.70 ± 0.25 mol/mol TH1 subunit), 
while no cobalt was detected in TH1(MBP).

The origin of the higher stability of TH1(ZZ).  In order to investigate whether the unique high stabil-
ity of TH1(ZZ) (high Tm and low aggregation propensity) is intrinsically associated to the cobalt in the active 
site, or to its fusion with the ZZ partner during expression and initial purification, we purified His6-ZZ-TH1 on 
Heparin Sepharose, following the purification protocol for TH1(Ctrl). This TH1, obtained after cleavage with 
TEV protease, had thus not been in contact with the cobalt-containing TALON resin during purification and 
was – as TH1(MBP) – found to be devoid of cobalt. CD-monitored thermal denaturation provided a Tm-value of 
50.1 ± 0.6 °C for TH1(ZZ)Heparin Sepharose (Fig. 4a), 3 °C higher than the Tm for TH1(Ctrl) but ∼5 °C lower than for 
TH1(ZZ)TALON (Table 1). This shows that the substantial increase in stability of TH1(ZZ) is conferred not by the 
protein construct itself, but by the purification on TALON metal affinity resin, which most likely releases cobalt 
to the enzyme preparation.

Figure 2.  The activity of the TH1 preparations. (a) Specific TH1 activity of TH1(Ctrl) (blue), TH1(ZZ) 
(green) and TH1(MBP) (red), with (closed bars) and without (hatched bars) addition of 10 μM Fe2+ in the assay. 
The data represent the mean ± combined SD of at least four independent measurements each performed in 
triplicates. (b) Remaining TH1 activity (% of initial activity) as a function of pre-incubation time. The activity 
of TH1(Ctrl) (blue), TH1(ZZ) (green), and TH1(MBP) (red) was measured with 50 μM L-Tyr and 200 μM BH4 
after 5 min, 1 h, 5 h and 24 h pre-incubation at 37 °C, pH 7.0. The data represent the mean ± combined SD of 
two independent measurements where each data set was performed in triplicates and normalized to the initial 
activity (5 min pre-incubation).
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Figure 3.  Stability of the TH1 forms. (a) CD-monitored (at 222 nm) thermal denaturation of TH1(ZZ) 
(green) and TH1(MBP) (red). TH1 (4 μM subunit) was in 10 mM Na-HEPES pH 7.0, 100 mM NaCl. The 
fraction unfolded TH1 data are the mean of six replicates. Inset: Far-UV CD spectra of 4 μM TH1(ZZ) (green) 
and TH1(MBP) (red) at 5 °C in 10 mM Na-HEPES pH 7.0, 100 mM NaCl. The data represent the mean of six 
replicates. Tm values and estimated α-helical content are summarized in Table 1. (b) DLS size distribution of 
TH1. Volume size distribution of TH1(ZZ) and TH1(MBP) at 5 °C in 10 mM Na-HEPES pH 7.0, 100 mM NaCl. 
Inset: Intensity size distribution at 5 °C. The DLS data represent the mean of three replicates. (c) DLS thermal 
stability of TH1(ZZ) and TH1(MBP). DLS thermal scans of TH1(ZZ) (green) and TH1(MBP) (red), both with 
18 μM subunit in 10 mM Na-HEPES pH 7.0, 100 mM NaCl.

Circular dichroism

α-helix content (%) Tm (°C)

TH1(Ctrl) 42 ± 223 4723

TH1(ZZ)TALON 39.8 ± 9.1 55.1 ± 0.6

TH1(MBP) 34.9 ± 4.8 52.5 ± 0.3

TH1(ZZ)Heparin Sepharose 40.7 ± 13.8 50.5 ± 0.3

Table 1.   Alpha-helical content and thermal stability of the different TH1 constructs. In all cases, n = 6.
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Dopamine binding.  An important regulatory mechanism for TH is the binding of DA to the iron in the 
active site that both inhibits and stabilizes TH9,13,14. Although TH1(ZZ) has desirable properties with regards 
to stability, TH1 used for functional studies must be properly regulated. Therefore, we tested whether our 
improved TH1 proteins can bind and be stabilized by DA using CD-monitored thermal denaturation. The Tm 
for TH1(MBP), as also recently shown by Korner et al. using differential scanning fluorimetry18, increased by 
approximately 3 °C upon the addition of 8 μM DA, i.e. a saturating concentration based on the IC50 of 1.9 μM for 
DA25. The Tm of DA-bound TH1(MBP) is similar to that of purified Co-bound TH1(ZZ), which was only slightly 
stabilized by DA (≤1 °C) under similar conditions (Fig. 4b).

The SAXS solution structure of full-length TH1.  Based on the good conformational properties of 
TH1(MBP) and TH1(ZZ), we expected that these enzyme forms would be amenable to structural characteri-
zation and proceeded to perform synchrotron SAXS measurements. Due to its higher stability, we argued that 
TH1(ZZ) was the most promising candidate for further structural studies. Indeed, several preparations of this 
sample were tested that presented little aggregation or radiation damage. While both TH1(MBP) and TH1(ZZ) 
provided similar scattering curves, notably TH1(MBP) presented some aggregation (see Supplementary Fig. S1). 
SAXS data collection and parameters obtained for TH1(ZZ) are shown in Table 2. These data were used for mod-
elling of the full-length solution structure of TH1. The MW based on forward scattering confirmed the presence 
of a tetramer, with an experimental radius of gyration Rg = 4.74 ± 0.33 nm and a maximum interatomic distance 
Dmax = 20 nm, indicating an elongated shape. This conformation is supported by both the distance distribution 
function (Fig. 5a) and ab initio modelling. The chain-like ab initio shape, built using the expected P222 symmetry, 
shows approximate dimensions of 17 × 9 × 9 nm, with a dense equatorial core, corresponding to the catalytic and 
oligomerization domains, and two smaller densities on each side of the core, extending out into the solvent (see 
Supplementary Fig. S2).

To obtain a more detailed structure of the complex we employed a multiscale modelling protocol using  
(1) components determined previously from crystallography and NMR, (2) homology modelling, and (3) pro-
tein structure folding through molecular simulations. These components were combined through SAXS-based 
simulated annealing protocols (see Methods). The 70-amino-acid N-terminal sequence was divided into three 
segments: (1) residues 1–35, (2) residues 36–44, and (3) residues 45–70. Residues 1–35 were modelled ab initio 

Figure 4.  Effect of purification on metal affinity resin on TH1 stability. CD-monitored (at 222 nm) thermal 
denaturation of TH1 (4 μM subunit) in 10 mM Na-HEPES pH 7.0, 100 mM NaCl. (a) TH1 purified as a His6-ZZ 
fusion, either on TALON (TH1(ZZ)TALON, green) or on Heparin Sepharose (TH1(ZZ)Heparin Sepharose, orange). 
The denaturation profile for control TH1 purified without fusion partner is also shown (TH1(Ctrl), blue). The 
data represent the mean of six replicates. (b) TH1(ZZ) purified on TALON and TH1(MBP), both in the absence 
(solid line) and presence (dotted line) of twice the stoichiometric amounts of DA (8 μM). The data represent the 
mean of four replicates.
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during the simulated annealing protocol of the full complex using BUNCH26. Residues 36–44 contain a motif that 
aligns well with the corresponding residues in PAH (see Supplementary Fig. S3). Since these residues are resolved 
in the PAH crystal structure27, we used homology modelling to obtain coordinates for this segment in TH. 
Residues 45–70 contain an Ala-rich segment, which we suspected could obtain a folded structure due to the abil-
ity of poly-Ala peptides to form α-helices. This Ala-rich N-terminal segment (Ala45-Ala70) was issued to exten-
sive replica exchange molecular dynamics (REMD) simulations to explore a likely three-dimensional structure 
(see Methods). Cluster analysis based on pairwise structural deviations grouped the 10,000 conformations into 
five distinct clusters. 9,572 of the 10,000 conformations were grouped into one major cluster (cluster 1) dominated 
by members with high α-helix propensity and a compact structure with a mean Rg of 0.88 nm (SD = 0.06 nm). 
A majority of the cluster members showed an α-helix at residues Lys47-Ala56 (see Supplementary Fig. S4). In 
contrast, the remaining 428 conformations (clusters 2–5) showed a more elongated configuration with a mean Rg 
of 1.44 nm (SD = 0.21 nm), also showing several members with an α-helix in the same region as for cluster 1. The 
cluster representative from cluster 1 contains an α-helix from Lys47 to Ala58 and a random coil from Val60 to 
Ala70. This configuration is in agreement with secondary structure predictions using PSIPRED28, which suggest 
Arg46-Ala59 to be an α-helix. This fragment of the N-terminal segment was connected to the ACT domains for 
SAXS-based rigid body modelling.

SAXS-based rigid body modelling was performed with BUNCH using P222 symmetry with the subunit chain 
built up from residues 1–35 (unstructured); residues 36–44 covering over the active site of the catalytic domains 
modelled through homology with equivalent residues from PAH6; residues 45–70 folded through REMD sim-
ulations described above; ACT domains obtained from the NMR structure8; the catalytic and oligomerization 
domains derived from crystallography4. The ACT, catalytic domains, and tetramerization domains were con-
nected with flexible linkers allowing these domains to move relative to each other during simulated annealing. 
The simulations yielded a model with an overall very good fit to the raw SAXS data with χ2 of 1.55 (Fig. 5b). The 
model shows a tetramer, in which the catalytic domains orient in a similar way as in the crystal structure (PDB 
ID 2XSN), but with a tilt between the two dimers, making an out-of-plane tetramer (see Supplementary Fig. S5 
for comparison with in-plane configuration in the crystal structure). The ACT domains are oriented above the 
tetramerization helix bundle, with the N-terminus of each ACT domain pointing towards the corresponding 
catalytic domain active site.

The importance of the disordered N-terminal tails of the model on the fit to the SAXS data is apparent; remov-
ing residues Met1-Ile35 provides a worse fit to the SAXS curves with a χ2 of 2.0. This supports the notion that the 
flexible N-terminal tails extend into bulk solvent from the protein core. Furthermore, modelling of TH based on 

SAXS analyses

Data-collection parameters

  Instrument P12 beam line (PETRA-III, DESY)

  Wavelength (nm) 0.124

  s range (nm−1) 0.02–4.8

  Exposure time (s) 0.045

  Concentration range (mg/mL) 0.5–2.0

  Temperature (°C) 20

Structural parameters

  I(0) (relative) [from p(r)]* 63,360.0

  Rg (nm) [from p(r)] 4.93

  I(0) (relative) [from Guinier]* 62,494.4 ± 124.65

  Rg (nm) [from Guinier] 4.74 ± 0.33

  Dmax (nm) 20.0

  Porod volume estimate (nm3) 519.79

  Dry volume of a monomer calculated from sequence (nm3) 67.56

Molecular mass determination

  Molecular mass Mr (kDa) [from I(0) using p(r)] 287.8

  Molecular mass Mr (kDa) [from I(0) using Guinier] 283.8

  Calculated monomeric Mr from sequence 55.8

Software employed

  Primary data reduction PRIMUS

  Data processing PRIMUS

  Ab initio analysis GASBOR

  Validation and averaging PRIMUS

  Rigid-body modelling BUNCH

  Computation of model intensities CRYSOL

  Three-dimensional graphics representation PyMOL

Table 2.   SAXS data-collection and scattering-derived parameters. *After normalization to a concentration 
of 1 mg/mL.
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the tetrameric organization of the catalytic and tetramerization domains (as seen in the crystal structures, PDB ID 
2XSN and 1TOH) combined with the NMR structures of the dimerized ACT domains (PDB ID 2MDA) without 
rigid body movements of the catalytic domains and without the N-terminal residues (1–35) gives a suboptimal 
fit with a χ2 of 10.5 (Fig. 6a). Including the N-terminal residues improves the agreement with the SAXS data (χ2  
of 5.8; Fig. 6b), but the fit is much worse than for the model with the catalytic domains adjusted (out-of-plane 
as shown in Fig. 5). Fitting was also inadequate when the dimerized ACT domains were substituted by sepa-
rated ACT domains, as encountered in the recently solved crystal structure of inactivated PAH (PDB ID 5DEN)6 
(Fig. 6c). Also in this case a large increase in χ2 is observed (to 7.83), supporting our SAXS-derived model.

SAXS measurements were also carried out with TH1(MBP) in order to analyze the structural effects of DA 
binding. The results in the absence and presence of DA indicate that DA binding does not induce large confor-
mational changes in TH1 (see Supplementary Fig. S1), in agreement with H/D exchange studies showing that DA 
binding mainly affects the N-terminus and some residues close to the active site29.

Figure 5.  Small-angle X-ray scattering of TH1(ZZ). (a) Distance distribution function. (b) Raw X-ray 
scattering data (blue dots) and the fit of the model (red line). (c) Model of TH obtained by hybrid modelling 
shown in three orientations. Coloring depicts the various structural elements and domains of TH1: N-terminal 
tails (Met1-Asp44); Ala-rich region of N-terminal region (Ala45-Ala70); ACT domain (Val71-Arg156); catalytic 
domains (Ser157-Asp470); and tetramerization helices (Ser471-Gly497); numbering corresponds to human 
TH1. (d) Model in surface representation with colors representing the four subunits in the complex.
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Discussion
Improved TH1 purifications.  The preparations of TH1 characterized in this work show differences in TH1 
activity and thermal stability depending on the choice of fusion partner and/or type of affinity chromatography 
resin. Compared to the control TH1, which has no fusion partner and is purified on Heparin Sepharose, our new 
preparations have higher thermal stability and are less prone to aggregation, most likely due to a more homo-
geneous N-terminal region. The N-terminal tail of TH1 is very flexible, and residues 1-43 were shown to have a 

Figure 6.  Evaluation of models. The models were evaluated using the tetrameric organization of catalytic 
domains (CD) as seen in the crystal structures (shown for human TH, PDB ID 2XSN) combined with 
dimerized ACT domains without (a) and with (b) N-terminal residues (1–35). These models without adjusting 
the positions of the CD provide χ2 values of 10.5 and 5.8, respectively. The model with ACT domains separated 
(c) shows a clear difference in the SAXS profile.
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disordered conformation by solution NMR8, CD, and molecular dynamics simulations30, rendering it vulnerable 
to proteolytic degradation. To overcome this problem, we designed several fusion proteins of TH1, all containing 
the fusion partner at the N-terminal end of TH1. In addition to facilitating purification, the fusion partner MBP 
can enhance solubility and promote folding by acting as a general molecular chaperone. The latter is thought 
to be due to MBP binding the protein of interest via its exposed hydrophobic residues and by MBP recruiting 
chaperones, like GroEL, present in the E. coli host cell31. Differently to the case with fusion proteins of MBP with 
a Factor Xa cleavage site16, we obtained full-length TH1(MBP) preparations with an intact N-terminus and a high 
activity from the His6-MBP-TH1 fusion protein cleaved by TEV protease. This protease is also used with TH1 
from pET-ZZ-1a that produces TH1 with His6-ZZ, a smaller fusion tag of 17 kDa (Fig. 1a). The ZZ fusion may 
pose less of a metabolic burden on the host cell than the larger fusion partner MBP, and the ZZ domain has also 
been used to solubilize proteins that tend to aggregate during expression32, probably explaining the higher yield 
of TH1 obtained from His6-ZZ-TH1 than from His6-MBP-TH1 purified on TALON.

Cobalt-bound TH1(ZZ) is remarkably stable.  Although it is generally not recommended to purify 
metal-containing proteins on metal affinity resins, we have previously successfully purified several bacterial forms 
of PAH as His6-tagged fusion proteins on TALON columns33,34. One of these was, indeed, purified almost solely 
as an apoenzyme, but it displayed very high activity upon reconstitution with iron33. This was, however, not 
the case for TH1. The increase in enzymatic activity of TH1(ZZ) purified on TALON upon addition of iron in 
the assay was not significant and much lower than that observed for both TH1(Ctrl) and TH1(MBP) (Fig. 2a). 
However, the activity and conformation of TH1(ZZ) show increased thermostability. As measured by ICP-MS, 
TH1(ZZ) contains cobalt in substantial amounts, and we assumed that the cobalt – originating from the purifi-
cation resin – is the inhibiting and stabilizing element24. The enzyme purified from the same His6-ZZ-TH1 con-
struct, but on Heparin Sepharose instead of TALON, did not exhibit this increase in stability (Fig. 4a). Indeed, it 
has also been shown for other metalloenzymes that their cobalt-bound state is more stable than the iron-bound 
form35,36. Although we acknowledge the fact that a cobalt-containing TH1(ZZ) is not suited for specific functional 
and regulatory studies, its improved stability makes it a promising candidate protein for structural studies of 
full-length TH1 — a long awaited milestone in the study of this enzyme. For functional studies, we may prefer to 
use TH1(MBP), an enzyme that presents high specific activity, a homogeneous N-terminus, and stabilization by 
the natural end-product inhibitor DA.

The SAXS-derived structure of full-length TH1.  We obtained the first experimental three-dimensional 
structure of full-length tetrameric TH1 by SAXS using TH1(ZZ) preparations. The SAXS structure resembles that 
of structural models of TH1 prepared recently based on combinations of crystal and NMR structures of the dif-
ferent domains3,8. Nevertheless, whereas the crystal structure of tetrameric catalytic and oligomerization domains 
presents all four catalytic domains in-plane4, the SAXS data fit best to a model in which the catalytic domains are 
out-of-plane (see Supplementary Fig. S5). Structural differences between solution and crystalline states have been 
reported for several proteins6,7,37. For instance, the recent solution structure of PAH7 revealed a V-shaped asym-
metry in the tetramer that adds to the asymmetry in the dispositions of the domains that is already encountered 
in the crystal structures of tetrameric PAH6,38 and that has been interpreted to be related to the flexible nature of 
an allosteric tetramer that shows positive cooperativity for its substrate7. Despite devoid of the positive cooper-
ativity for its substrate, characteristic of PAH3,5, allosteric effects of the natural BH4 cofactor on TH activity have 
been described, including both positive cooperativity that is counteracted by DA neurotoxin39, as well as negative 
cooperativity40, which might also been related to allosteric and/or regulatory conformational changes in TH.

Even though TH and PAH have a very similar geometry and size with respect to the core ACT, catalytic and 
regulatory domains, the dimensions of TH1 and PAH are rather different. TH1 adopts a more elongated shape 
(Rg = 4.74 ± 0.33 nm, Dmax = 20 nm) than full-length PAH (Rg = 4.05 nm, Dmax = 11.7 nm)6, which is only 10% 
smaller in MW than TH1, revealing the large impact of the unstructured N-terminal region on the shape of TH1 
(Fig. 5). Our SAXS-based structure contributes to the structural and functional understanding of TH and comple-
ments previous models by including the modelled N-terminal region (residues 1–70; see Supplementary Fig. S3).  
Previous conformational studies using the isolated 1-43 residues from the N-terminal tail have shown that it 
presents intrinsic disorder, but that it has a tendency to adopt α-helical secondary structure, e.g. upon interaction 
with membranes30. This mobile and unstructured tail is the part of TH1 that contains the phosphorylation sites 
Thr8, Ser19, Ser31, and Ser40 that regulate activity and interactions with partners21,41. Interestingly, the modelled 
structure maintains Ser40 close to the entrance of the active site, at a suitable distance to interact with DA and 
other catecholamines, and to contribute to the high-affinity binding of these feedback inhibitors, an interaction 
that is released upon Ser40 phosphorylation by cAMP dependent protein kinase42. Furthermore, the SAXS model 
reveals an arrangement of the N-terminal tail pointing out from the globular domains, which is in agreement 
with the site of binding of the 14-3-3γ protein in the phosphoSer19-TH:14-3-3γ complex, as observed by EM43. 
Actually, the Ala-rich motif also appears as a well-located docking interface for partner protein interactions that 
may modulate the localization, function and stability of TH. Recently, affinity capture-MS data on the human 
interactome has revealed a large number of protein-protein interactions of TH, as expected for a tightly regulated 
enzyme44 and the present structural model of the N-terminal region of TH certainly shows features compatible 
with a multi-partner protein. Finally, the SAXS data and derived model validate a dimeric disposition of the ACT 
domains (Fig. 6c). A recent study has also shown that the ACT domains of TPH1 form a structural homodimer, 
indicating that a dimeric arrangement of adjacent domains may also be a feature in the full-length TPH45. This is 
similar to the arrangement found for PAH only when it is activated by its substrate L-Phe. In the inactivated PAH 
the ACT domains do not interact with one another and transition to dimeric state is associated to activation by 
L-Phe6,7. Neither TH nor the TPHs are activated by their substrates and thus such a monomer-dimer exchange 
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may not take place in these hydroxylases. Importantly, a dimerized configuration of the regulatory domains seems 
to provide increased stability45.

In conclusion, we present the preparation of highly pure, stable forms of full-length TH1. TH1(MBP) shows 
a high activity level, is activated by Fe2+, and is stabilized by regulatory DA, but it is less stable than TH1(ZZ). On 
the other hand, TH1(ZZ) is stabilized by cobalt, which largely inhibits its activity but protects the enzyme from 
denaturation and aggregation. This preparation allowed the characterization of the structural organization of 
full-length TH by SAXS, which has until now been hindered, most likely by the low stability and large heteroge-
neity in earlier TH preparations. The SAXS-derived structure presents full-length TH with dimeric ACT domains 
and an elongated conformation due to a large influence of the unstructured N-terminal region compared with 
PAH. This long N-terminal region (residues 1–70) is important for regulation of TH by phosphorylation and for 
interaction with partners.

Methods
Cloning strategies.  The pET-TH expression vector, generated by Le Bourdellès et al.22 by cloning the TH1 
cDNA into pET-3a, was used as a basis for constructing other expression vectors. Insertion of TH1 into both pET-
ZZ-1a and pET-MBP-1a was performed by PCR using the primers 5′- GCTTCCATGGGACCCACCCCCGA-3′ 
and 5′-GCTTGGTACCCAGTGCAGGACCA-3′ and the restriction enzymes NcoI and Acc65I, resulting in an 
extra glycine residue in position 2 and the residues glycine and alanine in front of the starting methionine after 
removal of the fusion partner. Correct sequences were verified by sequencing.

Expression and purification of recombinant TH1 proteins.  TH1 protein variants were overexpressed 
in E. coli BL21-CodonPlus(DE3)RIL. Briefly, cells were grown at 28 °C and 200 rpm in LB medium with 1 mM iso-
propyl β-D-thiogalactoside added for induction at an OD600nm of 0.6 for 6 h, or in autoinduction medium for 24 h, 
supplemented with 0.2–1 mM Fe2+ (as ferrous ammonium sulfate) and the appropriate antibiotic (Fig. 1a). Fusion 
proteins were purified at 4 °C using the appropriate affinity chromatography resin (Fig. 1a). The equilibration 
and wash buffers used were 20 mM Na-HEPES pH 7.0, 200 mM NaCl for amylose resin, 20 mM Na-phosphate 
pH 7.0, 300 mM NaCl, 15 mM imidazole for TALON® Superflow™ Metal Affinity Resin, and 20 mM Tris-HCl 
pH 7.5, 1 mM EDTA, 1 mM dithiothreitol (DTT), 5% sucrose (w/v) with Heparin Sepharose. Bacterial cells were 
disrupted by sonication (3 × 45 s pulses at 20% power) or French press in buffers with 1 mM phenylmethanesul-
fonyl fluoride, 10 mM benzamidine and cOmplete™ EDTA-free Protease Inhibitor Cocktail. The clarified extract 
was applied to the resin at 1–2 mL/min. After washing, bound proteins were eluted using wash buffers with either 
15 mM maltose (amylose resin), 135–250 mM imidazole (TALON Superflow resin), or 0.5 M NaCl (Heparin 
Sepharose). Imidazole was removed from eluted fractions by buffer exchange.

The fusion protein, incubated with TEV protease46 at 4 °C for 1–3 h, was loaded into a HiLoadTM SuperdexTM 
200 prep grade column (1.6 cm × 60 cm) to purify soluble tetrameric TH1 or into a Superdex 200 Increase GL 
column (1.0 cm × 30 cm) for analytical purposes. Protein concentration was measured at 280 nm, using the theo-
retical molar extinction coefficient of 40,715 M−1 cm−1.

N-terminal sequencing.  N-terminal sequencing was performed by the Proteome Factory AG (Berlin, 
Germany), using Edman analysis. Samples were prepared according to standard protocols for semidry blotting on 
a polyvinylidene difluoride membrane. TH1(Ctrl), TH1(ZZ), and TH1(MBP) samples (Fig. 1a) were sequenced 
with 5 steps to determine a 5-amino-acid sequence.

TH activity assay.  TH activity was measured as described11 with minor modifications. Briefly, TH1 (0.1 mg/mL,  
1.8 μM subunit) was pre-incubated with 1% BSA (w/v) in 20 mM Na-HEPES pH 7.0, 200 mM NaCl on ice. 5 μL 
aliquots were incubated for 1 min in a standard reaction mixture containing 50 μM L-Tyr, 0.1 mg/mL catalase, 
and 10 μM Fe2+ in 40 mM Na-HEPES pH 7.0, or in this mix without Fe2+. The reaction was started by adding 
200 μM BH4 in 2 mM DTT, stopped after 5 min with 2% acetic acid in ethanol (v/v), frozen at -20 °C for at least 
30 min, and centrifuged for 15 min at 4 °C and 18,000 × g. The amount of L-DOPA was measured in the superna-
tants by high-performance liquid chromatography analysis with fluorescence detection, as described47. For the 
time-dependent TH activity assay, the pre-incubation was at 37 °C and included 1 μM Fe2+, and aliquots were 
taken out after 5 min, 1 h, 5 h, and 24 h and measured in the standard reaction mix.

Circular dichroism spectroscopy.  CD measurements were performed on a Jasco J-810 spectropolarimeter 
equipped with a CDF-426S Peltier element for temperature control. Far-UV CD spectra between 180–260 nm 
were acquired at 5 °C by using 0.2 nm data pitch, 2 nm band width, 20 nm/min scan speed, and accumulation 
of 4 spectra. CD spectra of TH1 (4 μM subunit) in a 1 mm quartz cell were acquired in 10 mM Na-HEPES pH 
7.0, 100 mM NaCl. Baseline buffer spectra were subtracted. Thermal denaturation of TH1 (4 μM subunit) was 
recorded from 5 to 80 °C at 222 nm with a scan rate of 2 °C/min and 0.2 °C data pitch. DA binding to TH1(ZZ) 
and TH1(MBP) was tested by adding twice the stoichiometric amount of DA. All thermal scans were normalized, 
fitted to a two-state unfolding model48, and further converted to fraction of unfolded protein as described49. 
CDNN50 was used to estimate secondary structure content.

Dynamic light scattering.  DLS was performed on a Malvern Zetasizer Nano ZS instrument, using a HeNe 
laser at 633 nm and a fixed scattering angle of 173° (back scatter). Temperature scans were recorded from 5 to 
80 °C, with a temperature interval of 5 °C. TH1 preparations were diluted to 1 mg/mL (18 μM subunit) in 10 mM 
Na-HEPES pH 7.0, 100 mM NaCl. Data analysis was performed on intensity and volume size distribution curves 
and the Z-average size using the Malvern DTS software.
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Metal measurements.  Iron and cobalt content of the TH1 preparations was measured by ICP-MS with 
a microwave digestion method. Briefly, TH1 (3 mg/mL, 54 μM subunit) was mixed with ultrapure nitric acid 
(HNO3, 60%) and hydrogen peroxide (H2O2, 30%) in a 5:5:2 v/v/v ratio. Using the Milestone 1200 MEGA 
(Sorisole, Italy), complete TH1 digestion was achieved by a six-stage program and a maximum microwave power 
of 600 W. 20 mM Na-HEPES pH 7.0, 200 mM NaCl and SeronormTM Trace Elements Serum L-1 (SERO) prepared 
in the same way were used as blank and quality control of the digestion method, respectively. The digested sam-
ples (n = 3 for each TH1 form) were transferred to metal-free tubes and quantitatively further diluted by a factor 
of 32.6 with Milli-Q water. Sample introduction into the ICP-MS was performed by the SC-FAST (Elemental 
Scientific) fully automated sample introduction system, in combination with an online internal standard addi-
tion of 1 μg/L indium solution to monitor and correct for instrumental fluctuations. Calibration standard solu-
tions were prepared from certified single-element standard solutions (Spectrapure Standards AS). Analysis was 
done with the Thermo Finnigan Element 2 high-resolution magnetic sector field ICP-MS. The ICP-MS measur-
ing accuracy and calibration curves were monitored by the standard reference material SPS-SW2 (Spectrapure 
Standards AS).

SAXS measurements.  SAXS measurements were carried out on the EMBL P12 synchrotron BioSAXS 
beamline51 at PETRA III/DESY, Hamburg, Germany on TH1(ZZ) and TH1(MBP) in 20 mM Na-HEPES pH 7.0, 
200 mM NaCl (0.5–2.0 mg/mL, 9–36 μM subunit). DA in stoichiometric amounts compared to an enzyme subunit 
was added, when indicated. Data were collected at 20 °C using an X-ray wavelength of 0.124 nm and an exposure 
time of 45 ms/frame. 20 consecutive frames were collected for each sample; the sample was flowing through the 
capillary during the measurement. Frames were controlled for radiation damage and averaged. The data were 
recorded using a PILATUS 2M detector (Dectris, Baden, Switzerland) at a sample-detector distance of 3.0 m, 
covering a momentum transfer range, s (4πsinθ/λ) of 0.02–4.8 nm−1, where 2θ is the scattering angle and λ the 
wavelength and s is in units of nm−1.

Data processing and analysis were carried out using the ATSAS package52. Solvent scattering was identically 
measured from the corresponding buffer before and after each sample, and the average background scattering was 
subtracted with PRIMUS53. Rg was determined using Guinier analysis. The maximum particle dimension Dmax 
and the distance distribution function p(r) were calculated using GNOM54. Molecular weights were estimated 
based on forward scattering I(0) from the sample, compared to standard samples of either glucose isomerase or 
BSA.

Structural modelling.  To obtain unbiased shape information for full-length TH1, chain-like models were 
built ab initio using GASBOR55. P222 symmetry, as seen in crystal structures of tetrameric species of truncated 
TH and homologues, was used during modelling.

BUNCH was used for SAXS-based rigid body modelling of TH1, using existing crystal and NMR structures as 
rigid body subunits interconnected by flexible loops. We divided the TH1 subunit chain into 3 rigid bodies inter-
connected by flexible loops: (1) the tetramerization helix (coordinates from PDB ID 1TOH4); (2) catalytic domain 
(coordinates from PDB ID 1TOH); (3) ACT domain (atomic coordinates obtained from PDB ID 2MDA8). To 
maintain known interfaces (from the crystal and NMR structures) between domains in the simulated annealing 
protocol we employed distance restraints between (1) two adjacent ACT domains, (2) two adjacent catalytic 
domains, and (3) the tetramerization bundle. CRYSOL56 was subsequently used to calculate the final fit to the 
experimental SAXS data. P222 symmetry and default values for the simulated annealing protocols in BUNCH 
were used, with 100 temperature steps and a maximum of 24,850 iterations at each temperature.

The Ala-rich N-terminal segment Ala45-Ala70 upstream from the ACT domain in TH was issued to extensive 
replica exchange molecular dynamics simulations57 to obtain a representative three-dimensional structure of this 
fragment. A linear all-atom model of the fragment was generated using AmberTools, employing the Amber99SB 
force field58 and implicit solvent model using generalized born59. The replica exchange simulations were run 
over 20 temperatures spanning from 270 to 509 K. Each replica was heated to its respective starting temperature 
during 200 ps. The replica exchange simulations consisted of 10,000 exchanges, each of 4 ps (2 × 107 steps for 
each replica). The simulations were carried out using multisander in the Amber package. The resulting con-
formations at 300 K were extracted and clustered using cpptraj60. The representative structures from the most 
frequently populated cluster were extracted and included adjacent to the ACT domains in the model prior to 
the SAXS-based rigid body simulation. Independent of the replica exchange simulation, PSIPRED was used to 
predict the secondary structure elements in this fragment. The N-terminal residues Gly36-Asp44 of TH1 align 
well with the equivalent residues of PAH (see Supplementary Fig. S3), with high sequence identity, including the 
motif [SXIED]. Based on this alignment, the residues Gly36-Ala45 were modelled in TH1 corresponding to the 
PAH structure (PDB ID 5DEN)6.

References
1.	 Nagatsu, T., Levitt, M. & Udenfriend, S. Tyrosine Hydroxylase. The Initial Step In Norepinephrine Biosynthesis. J. Biol. Chem. 239, 

2910–2917 (1964).
2.	 Dauer, W. & Przedborski, S. Parkinson’s disease: mechanisms and models. Neuron 39, 889–909, doi: 10.1016/S0896-6273(03)00568-

3 (2003).
3.	 Skjærven, L., Teigen, K. & Martinez, A. Structure-Function Relationships in the Aromatic Amino Acid Hydroxylases Enzyme 

Family: Evolutionary Insights. eLS. doi: 10.1002/9780470015902.a0025581 (2014).
4.	 Goodwill, K. E. et al. Crystal structure of tyrosine hydroxylase at 2.3 A and its implications for inherited neurodegenerative diseases. 

Nat. Struct. Biol. 4, 578–585, doi: 10.1038/nsb0797-578 (1997).
5.	 Fitzpatrick, P. F. Structural insights into the regulation of aromatic amino acid hydroxylation. Curr. Opin. Struct. Biol. 35, 1–6,  

doi: 10.1016/j.sbi.2015.07.004 (2015).



www.nature.com/scientificreports/

13SCiENTifiC RePorTS | 6:30390 | DOI: 10.1038/srep30390

6.	 Arturo, E. C. et al. First structure of full-length mammalian phenylalanine hydroxylase reveals the architecture of an autoinhibited 
tetramer. Proc Natl Acad Sci USA 113, 2394–2399, doi: 10.1073/pnas.1516967113 (2016).

7.	 Meisburger, S. P. et al. Domain Movements upon Activation of Phenylalanine Hydroxylase Characterized by Crystallography and 
Chromatography-Coupled Small-Angle X-ray Scattering. Journal of the American Chemical Society 138, 6506–6516, doi: 10.1021/
jacs.6b01563 (2016).

8.	 Zhang, S., Huang, T., Ilangovan, U., Hinck, A. P. & Fitzpatrick, P. F. The solution structure of the regulatory domain of tyrosine 
hydroxylase. Journal of molecular biology 426, 1483–1497, doi: 10.1016/j.jmb.2013.12.015 (2014).

9.	 Andersson, K. K., Cox, D. D., Que, L. Jr., Flatmark, T. & Haavik, J. Resonance Raman studies on the blue-green-colored bovine 
adrenal tyrosine 3-monooxygenase (tyrosine hydroxylase). Evidence that the feedback inhibitors adrenaline and noradrenaline are 
coordinated to iron. The Journal of biological chemistry 263, 18621–18626 (1988).

10.	 Haavik, J., Andersson, K. K., Petersson, L. & Flatmark, T. Soluble tyrosine hydroxylase (tyrosine 3-monooxygenase) from bovine 
adrenal medulla: large-scale purification and physicochemical properties. Biochimica et biophysica acta 953, 142–156,  
doi: 10.1016/0167-4838(88)90019-2 (1988).

11.	 Haavik, J., Le Bourdelles, B., Martinez, A., Flatmark, T. & Mallet, J. Recombinant human tyrosine hydroxylase isozymes. 
Reconstitution with iron and inhibitory effect of other metal ions. Eur. J. Biochem. 199, 371–378 (1991).

12.	 Nasrin, S., Ichinose, H., Hidaka, H. & Nagatsu, T. Recombinant human tyrosine hydroxylase types 1–4 show regulatory kinetic 
properties for the natural (6R)-tetrahydrobiopterin cofactor. Journal of biochemistry 116, 393–398 (1994).

13.	 Martinez, A., Haavik, J., Flatmark, T., Arrondo, J. L. & Muga, A. Conformational properties and stability of tyrosine hydroxylase 
studied by infrared spectroscopy. Effect of iron/catecholamine binding and phosphorylation. J. Biol. Chem. 271, 19737–19742,  
doi: 10.1074/jbc.271.33.19737 (1996).

14.	 Okuno, S. & Fujisawa, H. Conversion of tyrosine hydroxylase to stable and inactive form by the end products. J Neurochem 57, 
53–60, doi: 10.1111/j.1471-4159.1991.tb02098.x (1991).

15.	 Bogomolovas, J., Simon, B., Sattler, M. & Stier, G. Screening of fusion partners for high yield expression and purification of bioactive 
viscotoxins. Protein expression and purification 64, 16–23, doi: 10.1016/j.pep.2008.10.003 (2009).

16.	 Nakashima, A., Mori, K., Nagatsu, T. & Ota, A. Expression of human tyrosine hydroxylase type I in Escherichia coli as a protease-
cleavable fusion protein. Short communication. J Neural Transm 106, 819–824, doi: 10.1007/s007020050202 (1999).

17.	 Higgins, C. A., Vermeer, L. M., Doorn, J. A. & Roman, D. L. Expression and purification of recombinant human tyrosine hydroxylase 
as a fusion protein in Escherichia coli. Protein expression and purification 84, 219–223, doi: 10.1016/j.pep.2012.05.007 (2012).

18.	 Korner, G. et al. Brain catecholamine depletion and motor impairment in a Th knock-in mouse with type B tyrosine hydroxylase 
deficiency. Brain 138, 2948–2963, doi: 10.1093/brain/awv224 (2015).

19.	 Dix, T. A., Kuhn, D. M. & Benkovic, S. J. Mechanism of oxygen activation by tyrosine hydroxylase. Biochemistry 26, 3354–3361,  
doi: 10.1021/bi00386a016 (1987).

20.	 Eser, B. E. et al. Direct spectroscopic evidence for a high-spin Fe(IV) intermediate in tyrosine hydroxylase. Journal of the American 
Chemical Society 129, 11334–11335, doi: 10.1021/ja074446s (2007).

21.	 Daubner, S. C., Le, T. & Wang, S. Tyrosine hydroxylase and regulation of dopamine synthesis. Archives of biochemistry and biophysics 
508, 1–12, doi: 10.1016/j.abb.2010.12.017 (2011).

22.	 Le Bourdelles, B. et al. Phosphorylation of human recombinant tyrosine hydroxylase isoforms 1 and 2: an additional phosphorylated 
residue in isoform 2, generated through alternative splicing. The Journal of biological chemistry 266, 17124–17130 (1991).

23.	 Thorolfsson, M., Doskeland, A. P., Muga, A. & Martinez, A. The binding of tyrosine hydroxylase to negatively charged lipid bilayers 
involves the N-terminal region of the enzyme. FEBS letters 519, 221–226, doi: 10.1016/S0014-5793(02)02745-X (2002).

24.	 Ogawa, S. & Ichinose, H. Effect of metals and phenylalanine on the activity of human tryptophan hydroxylase-2: comparison with 
that on tyrosine hydroxylase activity. Neuroscience letters 401, 261–265, doi: 10.1016/j.neulet.2006.03.031 (2006).

25.	 Almas, B., Le Bourdelles, B., Flatmark, T., Mallet, J. & Haavik, J. Regulation of recombinant human tyrosine hydroxylase isozymes 
by catecholamine binding and phosphorylation. Structure/activity studies and mechanistic implications. Eur. J. Biochem. 209, 
249–255, doi: 10.1111/j.1432-1033.1992.tb17283.x (1992).

26.	 Petoukhov, M. V. & Svergun, D. I. Global rigid body modeling of macromolecular complexes against small-angle scattering data. 
Biophysical journal 89, 1237–1250, doi: 10.1529/biophysj.105.064154 (2005).

27.	 Kobe, B. et al. Structural basis of autoregulation of phenylalanine hydroxylase. Nat Struct Biol 6, 442–448, doi: 10.1038/8247 (1999).
28.	 Buchan, D. W., Minneci, F., Nugent, T. C., Bryson, K. & Jones, D. T. Scalable web services for the PSIPRED Protein Analysis 

Workbench. Nucleic acids research 41, W349–357, doi: 10.1093/nar/gkt381 (2013).
29.	 Wang, S., Sura, G. R., Dangott, L. J. & Fitzpatrick, P. F. Identification by hydrogen/deuterium exchange of structural changes in 

tyrosine hydroxylase associated with regulation. Biochemistry 48, 4972–4979, doi: 10.1021/bi9004254 (2009).
30.	 Skjevik, A. A. et al. The N-terminal sequence of tyrosine hydroxylase is a conformationally versatile motif that binds 14-3-3 proteins 

and membranes. J. Mol. Biol. 426, 150–168, doi: 10.1016/j.jmb.2013.09.012 (2014).
31.	 Costa, S., Almeida, A., Castro, A. & Domingues, L. Fusion tags for protein solubility, purification and immunogenicity in Escherichia 

coli: the novel Fh8 system. Front. Microbiol. 5, 63, doi: 10.3389/fmicb.2014.00063 (2014).
32.	 Inouye, S. & Sahara, Y. Soluble protein expression in E. coli cells using IgG-binding domain of protein A as a solubilizing partner in 

the cold induced system. Biochem. Biophys. Res. Commun. 376, 448–453, doi: 10.1016/j.bbrc.2008.08.149 (2008).
33.	 Flydal, M. I. et al. Phenylalanine hydroxylase from Legionella pneumophila is a thermostable enzyme with a major functional role 

in pyomelanin synthesis. PLoS One 7, e46209, doi: 10.1371/journal.pone.0046209 (2012).
34.	 Leiros, H. K. et al. Structure of phenylalanine hydroxylase from Colwellia psychrerythraea 34H, a monomeric cold active enzyme 

with local flexibility around the active site and high overall stability. J. Neurochem. 282, 21973–21986, doi: 10.1074/jbc.M610174200 
(2007).

35.	 Kovacs, J. A. Synthetic analogues of cysteinate-ligated non-heme iron and non-corrinoid cobalt enzymes. Chemical reviews 104, 
825–848, doi: 10.1021/cr020619e (2004).

36.	 Strand, K. R., Karlsen, S. & Andersson, K. K. Cobalt substitution of mouse R2 ribonucleotide reductase as a model for the reactive 
diferrous state: spectroscopic and structural evidence for a ferromagnetically coupled dinuclear cobalt cluster. The Journal of 
biological chemistry 277, 34229–34238, doi: 10.1074/jbc.M203358200 (2002).

37.	 Ferreira-da-Silva, F. et al. The crystal and solution structures of glyceraldehyde-3-phosphate dehydrogenase reveal different 
quaternary structures. The Journal of biological chemistry 281, 33433–33440, doi: 10.1074/jbc.M605267200 (2006).

38.	 Fusetti, F., Erlandsen, H., Flatmark, T. & Stevens, R. C. Structure of tetrameric human phenylalanine hydroxylase and its implications 
for phenylketonuria. The Journal of biological chemistry 273, 16962–16967 (1998).

39.	 Maruyama, W. & Naoi, M. Inhibition of tyrosine hydroxylase by a dopamine neurotoxin, 1-methyl-4-phenylpyridinium ion: 
depletion of allostery to the biopterin cofactor. Life sciences 55, 207–212 (1994).

40.	 Flatmark, T. et al. Tyrosine hydroxylase binds tetrahydrobiopterin cofactor with negative cooperativity, as shown by kinetic analyses 
and surface plasmon resonance detection. Eur J Biochem 262, 840–849 (1999).

41.	 Dunkley, P. R., Bobrovskaya, L., Graham, M. E., von Nagy-Felsobuki, E. I. & Dickson, P. W. Tyrosine hydroxylase phosphorylation: 
regulation and consequences. J Neurochem 91, 1025–1043, doi: 10.1111/j.1471-4159.2004.02797.x (2004).

42.	 Wang, S., Lasagna, M., Daubner, S. C., Reinhart, G. D. & Fitzpatrick, P. F. Fluorescence spectroscopy as a probe of the effect of 
phosphorylation at serine 40 of tyrosine hydroxylase on the conformation of its regulatory domain. Biochemistry 50, 2364–2370,  
doi: 10.1021/bi101844p (2011).



www.nature.com/scientificreports/

1 4SCiENTifiC RePorTS | 6:30390 | DOI: 10.1038/srep30390

43.	 Kleppe, R. et al. Phosphorylation dependence and stoichiometry of the complex formed by tyrosine hydroxylase and 14-3-3gamma. 
Molecular & cellular proteomics: MCP 13, 2017–2030, doi: 10.1074/mcp.M113.035709 (2014).

44.	 Huttlin, E. L. et al. The BioPlex Network: A Systematic Exploration of the Human Interactome. Cell 162, 425–440, doi: 10.1016/j.
cell.2015.06.043 (2015).

45.	 Patel, D., Kopec, J., Fitzpatrick, F., McCorvie, T. J. & Yue, W. W. Structural basis for ligand-dependent dimerization of phenylalanine 
hydroxylase regulatory domain. Scientific reports 6, 23748, doi: 10.1038/srep23748 (2016).

46.	 van den Berg, S., Lofdahl, P. A., Hard, T. & Berglund, H. Improved solubility of TEV protease by directed evolution. Journal of 
biotechnology 121, 291–298, doi: 10.1016/j.jbiotec.2005.08.006 (2006).

47.	 Haavik, J. & Flatmark, T. Rapid and sensitive assay of tyrosine 3-monooxygenase activity by high-performance liquid 
chromatography using the native fluorescence of DOPA. Journal of chromatography 198, 511–515, doi: 10.1016/S0021-
9673(00)80522-1 (1980).

48.	 Swint, L. & Robertson, A. D. Thermodynamics of unfolding for turkey ovomucoid third domain: thermal and chemical 
denaturation. Protein science: a publication of the Protein Society 2, 2037–2049, doi: 10.1002/pro.5560021205 (1993).

49.	 Agashe, V. R. & Udgaonkar, J. B. Thermodynamics of denaturation of barstar: evidence for cold denaturation and evaluation of the 
interaction with guanidine hydrochloride. Biochemistry 34, 3286–3299, doi: 10.1021/bi00010a019 (1995).

50.	 Bohm, G., Muhr, R. & Jaenicke, R. Quantitative analysis of protein far UV circular dichroism spectra by neural networks. Protein 
Eng 5, 191–195, doi: 10.1093/protein/5.3.191 (1992).

51.	 Blanchet, C. E. et al. Versatile sample environments and automation for biological solution X-ray scattering experiments at the P12 
beamline (PETRA III, DESY). J. Appl. Cryst. 48, 431–443, doi: 10.1107/S160057671500254X (2015).

52.	 Petoukhov, M. V. et al. New developments in the program package for small-angle scattering data analysis. J. Appl. Cryst. 45, 
342–350, doi: 10.1107/S0021889812007662 (2012).

53.	 Konarev, P. V., Volkov, V. V., Sokolova, A. V., Koch, M. H. J. & Svergun, D. I. PRIMUS: a Windows PC-based system for small-angle 
scattering data analysis. J. Appl. Cryst. 36, 1277–1282, doi: 10.1107/s0021889803012779 (2003).

54.	 Svergun, D. Determination of the regularization parameter in indirect-transform methods using perceptual criteria. J. Appl. Cryst. 
25, 495–503, doi: 10.1107/S0021889892001663 (1992).

55.	 Svergun, D. I., Petoukhov, M. V. & Koch, M. H. Determination of domain structure of proteins from X-ray solution scattering. 
Biophysical journal 80, 2946–2953, doi: 10.1016/S0006-3495(01)76260-1 (2001).

56.	 Svergun, D., Barberato, C. & Koch, M. H. J. CRYSOL - a Program to Evaluate X-ray Solution Scattering of Biological Macromolecules 
from Atomic Coordinates. J. Appl. Cryst. 28, 768–773, doi: 10.1107/S0021889895007047 (1995).

57.	 Sugita, Y. & Okamoto, Y. Replica-exchange molecular dynamics method for protein folding. Chem. Phys. Lett. 314, 141–151,  
doi: 10.1016/S0009-2614(99)01123-9 (1999).

58.	 Hornak, V. et al. Comparison of multiple Amber force fields and development of improved protein backbone parameters. Proteins 
65, 712–725, doi: 10.1002/prot.21123 (2006).

59.	 Onufriev, A., Bashford, D. & Case, D. A. Exploring protein native states and large-scale conformational changes with a modified 
generalized born model. Proteins 55, 383–394, doi: 10.1002/prot.20033 (2004).

60.	 Roe, D. R. & Cheatham, T. E. 3rd. PTRAJ and CPPTRAJ: Software for Processing and Analysis of Molecular Dynamics Trajectory 
Data. Journal of chemical theory and computation 9, 3084–3095, doi: 10.1021/ct400341p (2013).

Acknowledgements
The pET-ZZ-1a and pET-MBP-1a were gifts from Gunter Stier (EMBL, Heidelberg, Germany) and the pTH24 
vector encoding TEV protease from Jeffrey McKinney. We thank Ali Javier Sepulveda and Khanh Kim Dao for 
technical assistance and Dr. Paul Johan Høl for expert assistance with sample preparation for metal measurements. 
We also wish to acknowledge the beamtime and excellent support at the EMBL/DESY P12 beamline. This work 
was supported by the Research Council of Norway (to AM, project number 214012 and to PK and AM through 
Synknøyt program), the K. G. Jebsen Foundation and the Western Norway Regional Health Authority (to MIF, 
project number 911959).

Author Contributions
M.T.B., A.B., A.M. and M.I.F. designed research. M.T.B. and M.I.F. made the plasmid constructs. M.T.B., A.B. 
and M.I.F. purified TH. A.B. prepared samples for Edman analysis and ICP-MS and performed CD and iron-
measurements. M.T.B. performed activity assays and DLS. A.B. and R.M. performed ICP-MS. P.K. designed 
SAXS experiments, A.B., M.I.F. and P.K. performed SAXS. A.B., L.S. P.K. and A.M. analysed SAXS data. L.S. did 
the structure modelling and MD-simulations. M.T.B., A.B., L.S., A.M. and M.I.F. wrote the paper. All authors 
reviewed and approved the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Bezem, M. T. et al. Stable preparations of tyrosine hydroxylase provide the solution 
structure of the full-length enzyme. Sci. Rep. 6, 30390; doi: 10.1038/srep30390 (2016).

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016



Supplementary Information 

Stable preparations of tyrosine hydroxylase provide the solution 

structure of the full-length enzyme 

 

Maria T. Bezem+, Anne Baumann+, Lars Skjærven, Romain Meyer, Petri Kursula, Aurora 

Martinez, Marte I. Flydal 

 

 

Supplementary Figure S1: Small-angle X-ray scattering. (a) SAXS curves of TH1(ZZ) 

(green) and TH1(MBP) (red). (b) SAXS curves of TH1(MBP) (red) and TH1(MBP) in the 

presence (cyan) of stoichiometric amounts of DA.



 

Supplementary Figure S2: Comparison of (a) ab initio model, and (b) hybrid model 

of TH1(ZZ). Dimensions of the ab initio model are ~17x9x9 nm and the model yields a fit 

to the experimental scattering data with a χ2  value of 0.74. Dimensions of hybrid model 

are 15x12x10 (with a χ2 of 1.55). Coloring represent the various structural elements and 

domains of TH1 used in the rigid body modeling protocol.   



Supplementary Figure S3: The N-terminal region of TH1. (a) The N-terminal region of 

TH1 includes residues 1-70, for which the structure is unknown. The N-terminal tail is 

shown in gray and the Ala-rich segment in red (preceding the ACT-domain). (b) 

Sequence alignment of TH1 and human phenylalanine hydroxylase (PAH) at positions 

Gly36-Ala52 (for TH1), and Gly19-Ile35 (for PAH) (see main text for details).  



Supplementary Figure S4: Replica exchange molecular dynamics (REMD) simulations 

summary. (a) Schematic representation of the α-helix propensity for each of the 

resulting conformers in cluster 1 obtained from REMD simulations. Red colors depict 

presence of α-helix while white color depicts no secondary structure element. (b) 

Histogram of the radius of gyration for conformers in cluster 1 (blue bars) and clusters 

2-5 (red bars). For comparison probability densities (so that the histogram has a total 

area of one) are plotted instead of frequencies. (c) Example conformers from cluster 1 

(first row) and clusters 2-5 (second row).  



Supplementary Figure S5: Comparison of the configuration of catalytic domains in (a) 

the SAXS-derived hybrid model of TH1(ZZ) and (b) crystal structure of rat TH (PDB ID 

1TOH). Only the catalytic domains are shown for illustration of the out-of-plane (SAXS) 

and in-plane (crystal) configurations.  
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thioflavin-T fluorescence, TH aggregated at this more acidic pH. TH activity was 

unaffected by the binding to pSiNPs most probably because the active site stays 
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ABSTRACT: Tyrosine hydroxylase (TH) is the enzyme catalyzing the rate-
limiting step in the synthesis of dopamine in the brain. Developing enzyme
replacement therapies using TH could therefore be beneficial to patient
groups with dopamine deficiency, and the use of nanocarriers that cross the
blood−brain barrier seems advantageous for this purpose. Nanocarriers may
also help to maintain the structure and function of TH, which is complex
and unstable. Understanding how TH may interact with a nanocarrier is
therefore crucial for the investigation of such therapeutic applications. This
work describes the interaction of TH with porous silicon nanoparticles
(pSiNPs), chosen since they have been shown to deliver other macro-
molecular therapeutics successfully to the brain. Size distributions obtained
by dynamic light scattering show a size increase of pSiNPs upon addition of TH and the changes observed at the surface of pSiNPs
by transmission electron microscopy also indicated TH binding at pH 7. As pSiNPs are negatively charged, we also investigated the
binding at pH 6, which makes TH less negatively charged than at pH 7. However, as seen by thioflavin-T fluorescence, TH
aggregated at this more acidic pH. TH activity was unaffected by the binding to pSiNPs most probably because the active site stays
available for catalysis, in agreement with calculations of the surface electrostatic potential pointing to the most positively charged
regulatory domains in the tetramer as the interacting regions. These results reveal pSiNPs as a promising delivery device of
enzymatically active TH to increase local dopamine synthesis.

KEYWORDS: protein aggregation, catalytic activity, enzyme replacement therapy, drug delivery, surface charge distribution

■ INTRODUCTION

Tyrosine hydroxylase (TH) is a tetrameric enzyme that
belongs to the family of the tetrahydrobiopterin (BH4)-
dependent aromatic amino acid hydroxylases.1 TH catalyzes
the hydroxylation of L-Tyrosine (L-Tyr) to L-3,4-dihydrox-
yphenylalanine (L-DOPA or levodopa), which is the rate-
limiting step in the synthesis of dopamine and other
catecholamine neurotransmitters.2 Dysfunctional TH activity
is associated with diseases such as TH deficiency,3 Parkinson’s
disease (PD),4 and neuropsychiatric disorders.5,6 The tradi-
tional treatment of PD, e.g., the oral administration of
levodopa, has been linked to undesirable side effects, such as
dyskinesia. Other treatments include invasive surgeries like
deep brain stimulation, which is often effective but includes a
high risk of fatal complications of the surgery.7 A gentler and
more controlled approach to induce production of L-DOPA in
situ in the brain is enzyme replacement therapy (ERT), for
example, the delivery of TH across the blood−brain barrier
(BBB) using an appropriate nanoparticle (NP) carrier.8

One of the main challenges for the preparation of ERT
therapeutics, however, is the need to stabilize the enzyme,
which is especially relevant in the case of TH, as this enzyme

tends to aggregate and lose activity at 37 °C.9 Upon interaction
with phospholipid monolayers and bilayers, TH aggregates in
an amyloid-like manner, causing in turn disruption of cell
membranes and compromising cell viability.10 In previous
work,11 we have shown that nanoparticles (NPs) consisting of
maltodextrin with a lipid core could be used to absorb
functional TH, contributing to stabilization of the enzyme and
enhancing its uptake by SH-SY5Y neuroblastoma cells and
brain tissue. Although these NPs cross a model of the BBB,12 it
would also be interesting to investigate interactions of TH in a
more readily modifiable and biodegradable NP.
Porous silicon nanoparticles (pSiNPs) are versatile nano-

carriers with several advantages; their properties are highly
tunable as they are synthesized using electrochemical
perforation etching where the pore size, porosity, and particle
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size can be controlled by the parameters of the etching
procedure.13 pSiNPs can be modified post synthesis using
different surface modifications including oxidation, chemical
grafting, etc.14 These pSiNPs degrade into silicic acid, which is
the biological form of silicon and an element naturally present
in human tissues that has been implicated in the maintenance
of bone mineral density.15−17 Since the development of porous
silicon as a biosensor in 1997,18 the internalization of proteins
into porous silicon films19−23 or microparticles24−26 and their
various applications have been developed and investigated.
Furthermore, in vivo biodistribution of pSiNPs, studied after
intravenous injection, into mice showed some silicon content
in the brain, suggesting that these pSiNPs enter the brain.27

pSiNPs have successfully delivered siRNA to the injured brain
of mice after they had been modified to improve the
targeting.28 Recently, proteins such as lysozyme29,30 and the
antibody FGK4531 have been loaded into pSiNPs; thus, these
NPs are valuable candidates as nanocarriers of proteins with
the potential to be used in drug delivery. Learning more about
how proteins, in general, and TH, in particular, can interact
with these potential nanocarriers is therefore important.
TH is a homo-tetramer with each subunit consisting of a

catalytic, regulatory, and tetramerization domain. The structure
of full-length TH is not available yet, probably due to the large
number of intrinsically disordered and flexible regions, but the
crystal structure of the catalytic and tetramerization domains
and the NMR structure of the regulatory domain are
known,32,33 which has provided a small-angle X-ray scattering
(SAXS)-based full-length solution structure.9 The isoelectric
point (pI) of purified recombinant TH has been measured to
be around 5.5−5.8,34 rather similar to the theoretically
calculated by the web-based software ExPASy ProtParam (pI
5.75). Thus, the net surface charge of TH is expected to be
negative at neutral pH and it is therefore easily loaded onto
positively charged NPs such as maltodextrin nanoparticles.11

As pSiNPs are negatively charged, protein loading can best be
achieved under or around the isoelectric point of the protein,
where the protein is positively charged or neutral.35 TH has,
nevertheless, been shown to bind to negatively charged
membranes at both pH 6 and 7 through its N-terminal
regulatory domain, a binding that has been associated with the
interaction with exposed positively charged residues.36−38

In this study, we investigated the interaction between the
complex, unstable, and flexible TH protein with the inorganic,
rigid pSiNPs, an interaction that is expected to be mainly
directed by electrostatics. We investigated the effect of pH on
the binding of TH to pSiNPs, as well as the effect of
incorporation of TH onto NPs on the conformation,
aggregation, and enzymatic activity of TH.

■ METHODS

Expression and Purification of Recombinant TH.
Human TH, isoform TH1, was expressed and purified as
described.9 Briefly, TH was expressed in Escherichia coli and
purified as a fusion protein with a his-tagged maltose-binding
protein (MBP) using TALON Superflow Metal Affinity Resin,
then cleaved with tobacco etch virus (TEV) protease, and
tetrameric TH was isolated by size exclusion chromatography
and stored in liquid nitrogen. Before all experiments, a TH
aliquot was thawed, diluted to ca. 2 mg/mL, and centrifuged
15 min at 4 °C and 20 000g to remove aggregates formed
during storage or freezing/thawing. The concentration of TH

in the supernatant was measured using Direct Detect (Bio-
Rad).

Preparation of pSiNPs. pSiNPs were prepared using
electrochemical etching of silicon wafers and ultrasonic
fracture, as described earlier,13 and the resulting nanoparticles
were stored in ethanol. Briefly, highly boron-doped (p++-type)
silicon wafers were anodically etched in an electrolyte of 3:1
(v:v) of 48% aqueous HF:ethanol. The etching waveform
consisted of alternating pulses of lower current density (50
mA/cm2 for 1.8 s) and higher current density (400 mA/cm2

for 0.36 s). This waveform was repeated for 140 cycles,
generating a porous silicon film with alternating layers of high
and low porosity. The porous silicon film was removed from
the wafer by applying a low current density of 3.7 mA/cm2 for
250 s in an electrolyte consisting of 1:10 (v:v) of 48% aqueous
HF:ethanol. The freestanding porous silicon film was placed in
ethanol in a sealed vial and fractured by ultrasonication (50T
ultrasonic water bath, VWR International) for 12 h, and the
resulting nanoparticles were collected by centrifugation
(Eppendorf centrifuge model 5424R, 12 000 rpm for 10
min) and then redispersed in ethanol and stored at room
temperature (RT) as a stock solution. To obtain the
concentration of pSiNPs, 100 μL fractions of the stock
solution were evaporated in a fume hood at RT for 24 h. The
Eppendorf tubes were weighed before adding the solution,
after adding the solution, and after evaporation, and the
concentration was calculated from the weight difference.

Dynamic Light Scattering (DLS). The size of pSiNPs was
analyzed by DLS, performed on a Zetasizer Nano ZS
instrument (Malvern Panalytical), using a HeNe laser at 633
nm and a fixed scattering angle of 173° (back scatter).
Measurements were performed in normal resolution mode at
automatic run repetition and at room temperature in a 12 μL
quartz cuvette, after a 1:10 000 dilution in either ethanol or 5
mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES) pH 6.0 or 7.0, 50 mM NaCl with final concentration
of 0.63 μg/mL of pSiNPs. The time-dependent stability was
evaluated under the same conditions but using ZEN0040
disposable cuvettes, with 200 s intervals between preset
measurements of 10 runs of 10 s each. The comparison of the
interaction with TH at pH 6 and 7 was performed using 0.2
mg/mL TH and a 1:5000 dilution of pSiNPs (final
concentration of 1.26 μg/mL pSiNPs) in 5 mM HEPES and
50 mM NaCl with automatic run repetition. Data analysis was
performed on intensity curves and the Z-average size using the
Malvern DTS software (Malvern Panalytical).

Thioflavin-T (ThT) Fluorescence. TH was incubated with
20 μM ThT in the presence or absence of 1:10 000 pSiNPs in
5 mM HEPES pH 6.0 or 7.0, 50 mM NaCl at RT. ThT
fluorescence, with excitation at 440 nm and emission at 482
nm, was recorded in a 96-well plate every 5 min for 18 h at RT
on a Synergy H1 Hybrid Reader (BioTek). Samples with only
pSiNPs were used as controls and data are presented as
averages of three parallel measurements. Blank measurements
of buffer with corresponding pH were subtracted from the data
sets.

Transmission Electron Microscopy (TEM). Sample
preparation for TEM was done as following: 100 μL of a
1:1000 dilution of pSiNPs (6.3 μg/mL) alone or with 0.1 mg/
mL TH and a 0.1 mg/mL TH control were incubated in an
Eppendorf tube for 1 h at RT. 3 μL were carefully added onto
a carbon-coated 300 mesh copper grid and left for 1 min
before excess liquid was removed with tissue paper. Samples
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were negatively stained twice with 3 μL 2% uranyl acetate for
30 s each time. Images were obtained with a JEM-1230 (Jeol)
TEM using 80 keV, and images were taken at 150×
magnification giving 8 Å/pixel.
TH Activity. Enzymatic activity of TH was measured as

described earlier,11 with minor modifications. Briefly, TH (0.01
mg/mL) was preincubated at 37 °C with 1% bovine serum
albumin (BSA) (w/v) in 5 mM HEPES pH 6.0 or 7.0, 50 mM
NaCl in the absence or presence or absence of pSiNPs at
1:10 000 dilution. Aliquots of 5 μL were taken out either
immediately after mixing or after 1.5 and 24 h and incubated
for 1 min in a standard reaction mixture and then assayed for 5
min. The amount of L-DOPA was measured by high-
performance liquid chromatography (HPLC) analysis with
fluorescence detection. Controls of only pSiNPs at pH 6.0 and
7.0, and blank measurement of only buffer, showed no activity.
Data are presented as an average of three parallel measure-
ments.
Surface Electrostatic Potential Calculations. Structural

analysis of TH surface electrostatics was performed at different
pH values with the PDB2PQR web service,39−41 on the SAXS-
derived TH model9 with the AMBER force field and using
PROPKA to assign protonation states at different pH values.
The resulting.pqr file was loaded into PyMOL (Schrödinger
software, version 2.2.2) and visualized using the APBS
Electrostatics plugin.

■ RESULTS AND DISCUSSION

Size Distribution and Stability of pSiNPs Studied by
DLS. We characterized the size of pSiNPs using DLS and
found that the apparent hydrodynamic diameter of pSiNPs has
a peak in the size distribution at 164 nm when diluted 1:10 000
in ethanol and 220 and 255 nm in buffer at pH 6 and 7,
respectively (Figure 1A). The pSiNPs were stored in ethanol
after synthesis and their size remained stable at RT with a Z-
average diameter of 180 ± 8 nm (Figure 1B). At pH 7 buffer,
the Z-average diameter was stable at 206 ± 15 nm, whereas in
pH 6 buffer, the size increased steadily from 225 ± 21 to 273 ±
20 nm over a period of 12 h (Figure 1B).
Porous silicon can be readily oxidized by OH− present in

aqueous buffers; thus, the silicon in the outer layer of pSiNP
pore walls will form a SiO2 shell which can be further oxidized
into dissolvable silicic acid (Si(OH)4). This process is
temperature and pH dependent, with higher rates at higher
pH and at higher temperatures.14,42 pSiNPs were chosen
specifically for their ability to break down in aqueous solution,
and this process is expected to give an increased diameter due
to the first step of the degradation where the expansion of the
pore walls accommodates the extra oxygen species during the
mild oxidation by OH− in the buffer. The diameter would
eventually decrease due to the second step of the degradation
where silicon oxide dissolves into silicic acid. The initial

Figure 1. Size distribution and time-dependent stability of pSiNPs studied by dynamic light scattering. Representative size distribution of pSiNPs
by intensity (A) at 1:10 000 dilution in ethanol (black) or 5 mM HEPES, 50 mM NaCl at pH 7 (green) or pH 6 (red) at initial dilution, at room
temperature. Time-dependent stability (B) of the Z-average diameter of pSiNPs at 1:10 000 dilution in ethanol (black) or 5 mM HEPES, 50 mM
NaCl, pH 7 (green) or pH 6 (red), with linear regression as solid black lines. Data points are the average of three independent experiments.

Figure 2. Size distribution of TH and its interaction with pSiNPs studied by dynamic light scattering. Intensity-based size distribution of 0.2 mg/
mL TH (red), 1:5000 diluted pSiNPs (green), and both (black) at pH 6 (A) and pH 7 (B), at room temperature. The data are presented as mean
of three replicates of representative loading experiments.
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difference in the diameter of pSiNPs in ethanol or the buffer
solutions occurs very rapidly and cannot be captured by DLS
as each measurement takes about 2 min. This difference could,
however, be due to variations in the hydrodynamic shell of the
solvent around pSiNPs. Another possibility is that the ions
present in the buffer induce stacking or agglomeration of
pSiNPs, since they have a rather flat but irregular shape.13 This
agglomeration effect increased with increasing ion concen-
trations, indicating that electrostatic interactions between the
solvent and pSiNPs are crucial for their stability.
Size Distribution of Human TH and Its Interaction

with pSiNPs. We attempted to load TH onto nanoparticles
and evaluated if the enzyme could bind on the surface or
within pSiNPs. Preliminary experiments showed little differ-
ence in Z-averages and size distributions between pH 5, 5.5,
and 6 (data not shown). Since TH is known to lose its
enzymatic activity gradually at pH values smaller than 7 for the
human isoform 1 of TH,43,44 we selected pH 6 as the lowest
pH value to study the loading of the enzyme onto NPs. With a
pI of 5.5−5.8, TH is expected to have a net negative charge at
pH 7 and be almost neutral at pH 6. TH is, however, known to
bind to negatively charged membranes through positively
charged residues exposed on its regulatory domain. We
therefore expected that the interactions between TH and
pSiNPs would also happen through the regulatory domain of
TH and would be more efficient at pH 6 than at pH 7 due to
more favorable interactions with the negative surface charge of
pSiNPs.
As measured by DLS, TH shows a size distribution with a

peak around 10 nm, corresponding to the size of its tetrameric
form,9 and observed in the intensity-based size distributions at
both pH 6 and pH 7 (Figure 2). TH also shows a peak
corresponding to the aggregated forms of a larger diameter of
190 nm at pH 6 (Figure 2A).
We previously studied the uptake of TH onto maltodextrin

NPs by DLS, following the disappearance of free tetrameric
TH from solution and the concomitant increase in size of the
NPs as indicated in the size distribution scans.11 Upon
addition of TH (to a final concentration of 0.2 mg/mL) to
pSiNPs (with a final concentration of 1.26 μg/mL) and
incubation for 1 min at RT, at either pH 6 or 7, we observed a
large decrease of free TH (diameter 10−11 nm), both at pH 6
and pH 7 (Figure 2). A small increase of the pSiNP size (shift
of the peak from 235 ± 54 to 322 ± 117 nm) was observed at

pH 7 (Figure 2B). At pH 6, the size of pSiNPs alone partly
overlapped that of aggregated TH, and DLS could thus not
differentiate loaded NPs from aggregated TH (Figure 2A).

Aggregation Propensity of TH Measured by Thio-
flavin-T (ThT) Fluorescence. We investigated the tendency
of TH to aggregate and the effect from pSiNPs on the rate of
aggregate formation by monitoring the fluorescence from ThT,
a dye that binds to cross-β interaction characteristic of
amyloid-like aggregation.45 It has been suggested that all
proteins have a tendency to undergo this type of aggregation at
certain conditions,46 as has been previously shown for TH.10

TH is most stable at neutral pH43,44 and its aggregation is
stimulated by interactions with lipid mono- and bilayers,10

whereas TH aggregation is prevented by loading into
maltodextrin nanoparticles.11

TH induces an increase in ThT fluorescence, which is more
prominent at pH 6 than pH 7, and this increase is further
accelerated by the presence of pSiNPs. The increase is more
pronounced at pH 6 than at pH 7 (Figure 3). It seems that
pSiNPs act as nucleation points for TH aggregation, which is
not an unusual property of nanoparticles, as the nanoparticle
surface locally increases protein concentration, promoting
oligomer formation by reducing the lag phase in fibril
formation.47 Porous silicon is known to induce nucleation
and is a suitable surface for protein crystallization.48 It is also
known that proteins often aggregate at the pI,49 which can
explain the higher rate of TH aggregation observed at pH 6
compared to pH 7 (Figure 3A,B).

Imaging pSiNPs, TH, and TH:pSiNP Complexes by
TEM. TEM was used to investigate the interaction of TH with
pSiNPs by following structural changes to the surface of
pSiNPs that could be attributed to complex formation. The
extensive aggregation of TH observed at pH 6, and its
amplification in the presence of pSiNPs (Figure 3A) precluded
the TEM study at pH 6, and we performed this study at pH 7.
The pSiNPs, TH, and the mixture were diluted in 5 mM
HEPES, 50 mM NaCl at pH 7.0, and incubated at RT for 1 h
with final concentrations of 6.3 μg/mL pSiNPs and 0.1 mg/mL
TH, before being deposited on grids, stained, and imaged.
Control pSiNP samples without negative staining show
irregular shapes possessing a hollow matrix with pores aligned
in the same direction and spanning the whole particle diameter
(Figure 4A). This is in agreement with earlier reports,13 and
the size of the nanoparticles determined by TEM is in

Figure 3. Aggregation propensity studied by thioflavin-T (ThT) fluorescence. Time-dependent ThT fluorescence intensity monitored at 482 nm,
with excitation at 440 nm, for TH alone (red data points and line) or in the presence of pSiNPs diluted to 1:10 000 in 5 mM HEPES, 50 mM NaCl
(black data points and line) at pH 6 (A) and pH 7 (B), at room temperature. Results for pure pSiNPs (no TH protein) are shown in green. The
data are presented as average of three parallel measurements after subtraction of blank measurements.
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correspondence to the DLS results, i.e., around 150−200 nm.
The pSiNPs are found as both isolated particles and clusters of
particles in the TEM images.
The TH:pSiNPs mix was imaged after negative staining with

4% uranyl acetate (Figure 4B), since staining improves contrast
in biological samples such as proteins. The details of the
nanostructure of pSiNPs were lost in the staining, as the uranyl
acetate solution stains everything but the particles, and thus
only the outline of pSiNPs is visible (data not shown). The
addition of TH to pSiNPs also seems to increase the incidence
of NP aggregates and to smooth out the particle surface
(Figure 4B), indicating that the protein resides at the particle
surface. The use of TEM and negative staining facilitates the
visualization of TH on NPs; however, it did not allow us to
evaluate if TH was loaded into the pores of pSiNPs.
Effect of pH and pSiNPs on TH Activity. We also

performed activity assays to see if the interaction with pSiNPs
would have any effect on the enzymatic function of TH. The
activity was assayed in a standard reaction mix at 37 °C with L-
tyrosine, and the amount converted to L-DOPA by TH in the
presence and absence of pSiNPs was determined by HPLC.
TH activity decreased over time and was significantly lower for
preincubations at pH 6 than pH 7, as earlier reported,9,43 but
pSiNPs did not seem to affect the TH activity significantly
(Figure 5). This result is promising, as many enzymes lose
some activity upon binding to nanoparticles, due either to
partial coverage or blockage of the active site or to
conformational changes.50,51

The relatively quick loss of TH activity has been repeatedly
observed previously, both during incubation at neutral pH and
temperatures in the range of 20−37 °C and under turnover,
and has been found to be more pronounced for the purified
enzyme than for partially purified preparations.9,52 The loss of
activity is partially associated with the reduction of conforma-
tional stability,53 which may lead to aggregation and a
nonreversible loss-of-function.10 Moreover, it has been shown
that oxidative modifications at several residues in TH inactivate
the enzyme, where at least the oxidation of thiols in cysteines
at controlled conditions may be reversible.54,55 It appears that
an in vivo environment can prevent inactivation and even
regenerate inactivated TH, which is relevant for the
applicability of NPs as TH nanocarriers, as shown by the
increased L-DOPA production in cellulo after delivery of TH
with maltodextrin NPs.11 Additional TH stabilization is

provided by dopamine, which is a feedback inhibitor and
stabilizer of TH in brain,9,53 and by small molecule stabilizers
with pharmacological chaperone potential.56

Role of Electrostatics on the Binding of TH to pSiNPs.
Finally, we investigated the surface electrostatics of TH in a
structural model. We applied the structural model of full-length
TH derived from small-angle X-ray scattering (SAXS) data as
described,9 based on known structural components, i.e., the
crystal structure of the catalytic and tetramerization domains of
human TH (PDB ID 2XSN; residues 157−497) and the NMR
structure of the regulatory rat ACT-domain (PDB ID 2MDA;
residues 71−156). Ab initio and homology modeling
complemented with molecular dynamics simulations were
used to prepare the model of the flexible N-terminal tail up to
A70, and all domains and regions were combined through a
SAXS-based rigid body modeling.9 The protonation states of
each residue in the model were assigned and the resulting
surface electrostatic potential was visualized (Figure 6A), to
provide insights on enzyme regions that may likely interact
with the oxide surface of pSiNPs, which is negatively charged
above pH 2.57

Actually, in agreement with the pI of TH, which is just
below pH 6, the overall surface electrostatic potential of the
enzyme is mainly negative at pH 7, whereas there are about
equal amounts of negative (red) and positive (blue) patches on
the surface of TH at pH 6 (Figure 6). At both pH values, the
ACT-regulatory domain, corresponding to residues 71−156 in
TH1, is strongly positively charged at the surface oriented
away from the other domains (Figure 6A). The ACT domain
thus appears particularly well suited for binding to negatively
charged pSiNPs (Figures 6B and 7). A similar binding mode
has also been shown for the interaction of TH to negatively
charged membranes,10 allowing the active site to be available
for catalysis also in the bound state.
The regulatory ACT-domain of TH presents ββαββα

topology,58 where the antiparallel β-sheet is formed by the
four β-strands, and the two α-helices are located, in an
antiparallel orientation to each other, on the outer face of this
sheet (Figure 6A and inset A, Figure 7).33 In the dimeric ACT
arrangement, the outer area presents many positively charged
lysine and arginine residues, some of them are protruding from
the outer surface, i.e., R89, K92, R98, K101, R137, and R138,
which contribute to the positively charged surface and to the

Figure 4. Transmission electron microscope (TEM) images of the
interaction of TH with pSiNPs. Representative TEM images of
1:1000 pSiNPs either unstained (A) or with 0.1 mg/mL TH and
negatively stained with 4% uranyl acetate (B), illustrating the
interaction of TH and NPs. Both samples were prepared in 5 mM
HEPES, 50 mM NaCl, pH 7. Scale bars are 100 nm.

Figure 5. Effect of pSiNPs on TH activity. Specific enzymatic activity
of TH in vitro, assayed after preincubation with and without pSiNPs at
either pH 6 or 7, at 37 °C for the indicated time. Data is presented as
the mean of three replicates ± standard deviation (SD). Significance
was tested by a Holm−Sidak test in a one-way analysis of variance
(ANOVA) and * indicates p < 0.001.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Article

https://dx.doi.org/10.1021/acs.molpharmaceut.0c00960
Mol. Pharmaceutics 2021, 18, 976−985

980



interaction with the negatively charged pSiNP surface (see
insets A, B, Figure 7). In this binding mode, the active site in
the more negatively charged catalytic domain would be
oriented away from the interacting region, as shown in the
close-ups (Insets C, D, Figure 7), and would thus be available
for catalysis. Some previous studies have shown that pH affects
the orientation of the protein bound to silica nanoparticles. For
instance, the model protein cytochrome c binds head-on at low
pH but side-on at higher pH.59

Protein adsorption is not only affected by the protein
properties and the pH of the solution but also influenced by
factors such as temperature, the ionic strength of the solution,
and the adsorbent surface properties including curvature,60

heterogeneity, hydrophobicity,61,62 wettability, and charge.63

Proteins are macro zwitterions, and the distribution of charges
determines the direction of their net electric dipole. Charged
adsorbent surfaces exert a force on the dipole and can thereby
promote a certain orientation, resulting in highly ordered

Figure 6. Effect of pH on the surface electrostatic potential of TH and its binding to pSiNPs. The modeled structure of TH and its surface
electrostatic potential at pH 6 and 7 (A). At the top row, the structural model of full-length tetrameric TH prepared according to Bezem et al.9 is
shown in ribbon representation (colored by monomer and with iron atom in orange), whereas the two rows below show the surface electrostatic
potential at pH 6 and 7, seen from all three orientations. Red and blue indicate negatively and positively charged regions, respectively. Illustration of
pH-dependent interactions with pSiNP surfaces (B). At pH 6, which is the closest to the pI of TH, TH binds more extensively to the pSiNP surface
than at pH 7. At both pH values, the ACT-regulatory domains of TH (residues 71−156) have a positively charged outer surface (blue patch) that is
the most probable region binding to the pSiNP surface, as indicated by the arrows. This orients the mostly negatively charged catalytic domains
away from the surface, favoring an interaction where the TH activity is retained even when bound to the nanoparticle surface.
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layers of adsorbed protein on charged surfaces.64 It has also
been shown that it is possible to control the orientation of an
adsorbing peptide through varying the electric field, either by
pH or an externally applied potential.65 The surface charge
density determines the strength of the electrostatic attraction,
and for enzyme haloalkane dehalogenase, the catalytic activity
was preserved best upon adsorption on intermediate charged
surfaces.63 These examples show that electrostatic interactions
dominate and determine the binding orientation when proteins
are adsorbed onto charged surfaces and thus should be tuned
for keeping the protein functional.
With respect to the penetration of TH into nanoparticle

pores, we might expect that the net negative charge of TH
leads to a general repulsion from the negatively charged
pSiNPs and that the positively charged regulatory domains
only compensate for this as long as the catalytic domains are
not brought too close to pSiNPs. In the structure of tetrameric
TH, the dimeric regulatory ACT-domains are located at each
side and relatively far away from the butterfly-formed tetramer
of catalytic domains (Figure 6A), as they are interconnected by
flexible loops.9 This arrangement suggests that TH does not
penetrate much into the pores of pSiNPs but interacts
primarily at the surface, as depicted in Figure 7.
Potential of pSiNP-Bound TH for Therapeutic

Applications. The results presented in this study must be
regarded as an initial phase in the process toward the
development of therapeutic delivery of TH. Further
optimization of the formulation is required for the stabilization
of TH, its attachment to pSiNPs, and delivery to the brain, and
the approaches to follow would depend on the route of
administration.

Existing ERTs are life-long symptom relief treatments
administered by intravenous injections on a regular basis,
often weekly or biweekly.66 ERT with intravenous injection of
pSiNP-bound TH would require TH stabilization throughout
blood circulation and subsequent uptake in the brain through
the BBB. Since the pH of blood is slightly basic under normal
conditions, the uptake of TH by pSiNPs should be stabilized
especially at pH ≥ 7. This can be done by surface
modifications of the pSiNP pre- or postloading of TH, to
improve loading efficiency, blood circulation time, and cellular
uptake. One promising modification seems to be a coating of
biopolymers, such as the carbohydrates dextran and heparin, or
the extracellular matrix component hyaluronic acid.67 These
polymers easily adsorb onto silicon oxide surfaces through
hydrogen bonding, and a dextran coating has been shown to
improve the blood half-life of pSiNPs.27 The effect of such
types of modifications must be investigated in future work.
Alternatively, functional TH can be provided as an ERT to the
brain through direct delivery using hydrogel implants
containing TH-loaded pSiNPs. There are several reports on
the regeneration of lesions in the CNS through hydrogel
implantation into rat68 or primate69 brain, and these
approaches provide a promising possibility for drug delivery
through composite material.70 Hydrogel implants for PD are a
field of extensive study with regards to cell replacement
therapies, sustained delivery of dopamine, or delivery of
chaperone proteins such as HSP70 (See review by Giordano et
al.71 and references therein). More recently, another protein,
Activin B which is a transforming growth factor, has also been
delivered to the brain of a PD mouse model using an injectable
hydrogel.72 To our knowledge, there are no reports on TH

Figure 7. Possible model for the interaction of TH and pSiNPs. pSiNPs have pores of irregular shape that are aligned parallel to each other. The
pore walls have a core−shell structure with a layer of silicon oxide (SiO2) on top of pure silicon (Si), as shown in the close-up (circled in black).
The oxide layer is negatively charged, onto which TH can adsorb through the positively charged patch on the outer surface of its dimeric regulatory
domains, as shown in the close-ups (insets A, B). The labeled positively charged residues in the outer face of the ACT-domains are the most likely
interacting residues with the pSiNP surface, and those most likely involved in the interaction are shown as sticks (inset A), whereas the surface
charge distribution is shown as an electrostatic heat map of the close-up (inset B). The TH active site in the catalytic domain is oriented away from
the proposed interacting region (insets C, D). The three residues coordinating the catalytic iron (orange) are shown as sticks in inset C.
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delivery to the brain using a hydrogel implantation and
therefore this subject warrants further investigation.

■ CONCLUSIONS
The properties of the interface between a nanoparticle surface,
its payload, and the solvent are important for the interactions
occurring in the loading of a therapeutic protein into a
nanoparticle carrier. The pH, among other characteristics of
the solvent, influences surface charges and can alter this
binding. A better understanding of these interactions can
improve loading and ensure that the therapeutic protein
remains functional. We therefore investigated the relevance of
the electrostatic interactions between pSiNPs and TH, an
enzyme that potentially could be used to treat dopamine
deficiency. TH has a net negative charge but also a well-defined
patch of a positively charged surface in its ACT-regulatory
domain that is oriented outwards, facilitating the binding to
negatively charged surfaces such as that of pSiNPs. The size
increase observed by DLS for pSiNPs upon adding TH appears
in agreement with this orientation of TH upon binding at the
outer surface of pSiNPs. pSiNPs induce more rapid and more
extensive aggregation of TH, especially at pH 6, which we
attribute to a local increase in TH concentration at the
nanoparticle surface such that TH can more effectively form
clusters. TH activity is not decreased significantly by the
binding to pSiNPs, so its catalytic site is still accessible to
substrate, indicating that it is not buried far into the pores of
pSiNPs or conformationally disrupted by the interaction. We
therefore conclude that TH remains functional upon binding
to the pSiNP surface, which most probably happens through
the positively charged patch on the surface of its regulatory
domain.
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