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1. INTRODUCTION
Oxygen is the most vital component of life. From the lowest trophic level to highest, almost all
species require oxygen. Oxidative phosphorylation is the essential machinery that utilizes
energy from oxygen, available for cells in the form of adenosine triphosphate. However, there
are coping mechanisms to protect cells when oxygen supply is decreased — physiological state
where the partial pressure in the cells decreases below 6% is called hypoxia. During hypoxia,
cells initiate a hypoxic response, which is a complex system that utilizes multiple anaerobic
signal transduction pathways in order to cope with the oxygen loss. The most crucial role during
hypoxia is the stabilization of hypoxia-inducible factor (HIF). HIFs are transcription factors
that induce the expression over 300 target genes, related to glycolysis, vascular perfusion,
erythropoiesis, cell proliferation, and growth. The regulation of HIFs and oxygen sensing are,
regulated by HIF prolyl 4-hydroxylases. These enzymes regulate the stability of HIF by
hydroxylation of proline residues in the HIF oxygen-dependent degradation domain. Under
normoxia, HIF is transported to ubiquitin targeted proteasomal degradation.

Prolyl 4-hydroxylases belong to the iron- and 2-oxoglutarate dependent dioxygenases (here on
abbreviated as 2-OGDD). Enzymes belonging to this group utilizes iron with a redox state II in
coordination with 2-oxoglutaric acid (abbreviated 2-OG) and molecular oxygen. The
coordination of the active site is formulated by conserved double-stranded β-helix fold, also
referred to as the ’jelly-roll fold’ or β-sandwich. The interaction of 2-OGDD substrate
molecules is occurring through iron-coordination with 2-histidine-1-carboxylate (H-X-DH)motifs. Enzymes catalyze the addition of hydroxyl group to 4R,2S proline residues in their
substrates. This project studies the structural and protein dynamics of the ER associating
transmembrane prolyl 4-hydroxylase (abbreviated P4H-TM). It is the second prolyl 4hydroxylase localized in the endoplasmic reticulum (ER), and the only member associating
with the membrane. To this date, the structural and functional features of P4HTM has remained
unclear. The enzyme has a high sequence homology towards human collagen prolyl 4hydroxylases and HIF Prolyl-4-hydroxylases, and acts on the similar substrate, but may have
additional physiological roles.
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2. REVIEW OF LITERATURE
2.1 Fe (II)-/-2-oxoglutarate dependent dioxygenases activates oxygen in an array of
biochemical reactions

Transition metals such as manganese, copper, and iron are effective co-factors in biocatalysis
when bound to active site residues and other co-factor molecules, water, molecular oxygen, and
nitrogen compounds (Karlin. 1993). Metalloenzymes coordinate transition metal cations into
the active site and is a well-understood strategy to catalyze a variety of biochemical reactions
(McCall et al. 2000, Vallee & Williams. 1968). Molecular oxygen itself rarely can take part in
biochemical reactions spontaneously in cellular systems, when reactive oxygen species (ROS)
are not taking to account. Fe(II)-/- 2-oxoglutarate dependent dioxygenases (hence abbreviated
as 2-OGDDs) utilize 2-OG, non-heme ferrous iron (redox state Fe(II)) and molecular oxygen
to oxidize substrates including protein substrates and other biomolecules such as genomic DNA
and RNA (Hausinger. 2004) Oxygen is a very electronegative element, making it a powerful
nucleophile for biocatalytic reactions when coordinated with a complex. These enzymes are
described as dioxygenases because of both electron pairs from the oxygen heteroatom is utilized
to oxidize the substrate and 2-OG co-substrate molecules. The other electron pair ens up always
into the succinate when 2-OG decarboxylates. The second lone pair of oxygen is used to the
oxidization of the actual primary substrate.

2.1.1 Double-stranded β-helix fold

2-OGDDs are metalloenzymes which coordinate iron with active site residue in a hydrophobic
core, which refers to as the double-stranded β-helix fold (Hence abbreviated as DSBH-fold)
(Loenarz & Schofield. 2011). The fold consists of eight antiparallel β-sheets which form
distorted two-handed barrel shape helical-like barrel shape. The sheet ϕ- and ψ-angles generally
satisfies the Ramachandran angles, although the sheets can twist and twine, thus term distorted.
The β-sheets are dived into minor (β1-, -2,-7,-4) and major grooves phasing each other (β1,-8,6,-5). The β-sheets belonging to the core fold are often listed separately from other β-sheets
with a Roman number, e.g., βI-VIII. (Clifton et al. 2006, Islam et al. 2018, McDonough et al.
2010)
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The helical barrel is more open towards to the catalytic metal binding site and allowing substrate
access the core. In most 2-OGDD structures the major groove βI- and βVIII-sheets are located
at the more open end, leading the substrate binding. The same type of fold is seen on plant cup
in-fold proteins and Jumonji C chromatin (JmjC) associated proteins. Usually, the major sheets
are more extended respect to the nation-DSBH β-sheets, which formulates the core shape. The
minor β-sheets usually share the size of non-DSBH sheets and can be even shorter. However,
there are several exceptions observed within the subfamilies (Schofield & Zhang. 1999).
Another distinctive feature is the linking loops, especially between βII-βIII-sheets and often
right before the β1 or between βI-βII. The βII-βIII loop may appear as a short flexible random
coil or contain much ordered larger even domain-like structures (L. Hu et al. 2013, Kato et al.
2011, McDonough et al. 2006, Zhang et al. 2004). Also, the C-terminal part after the DSBHfold also has been shown to undergo a conformational change during substrate binding
(Chowdhury et al. 2009). These regions vary the most in the superfamily, and often explaining
the substrate specificity and vary within the subfamilies (Aik et al. 2012). Another
differentiating feature among the subfamilies is the N-terminal part before the core fold. The
core fold is supported at least two N-terminal helices, which supports the fold since the core is
hydrophobic. The DSBH-folding features may resolve from insertions and turns between the
sheets, especially in the sheets that form the ‘pocket’ of the core (Hewitson et al. 2005, Koski
et al. 2007, McDonough et al. 2006). The volume of the which the DSBH-fold may take could
explain the substrate selectivity.

2.1.2 Substrate types

Since the DBSH-fold allows broad substrate selectivity, 2-OGDDs have a broad group of
substrates. The number of these enzymes in animals (over 80) and especially in plants, explains
the involvement of 2-OGDDs in many types of reactions with many different substrates (Clifton
et al. 2006). All 2-OGDD oxidization reactions require Fe2+ and molecular oxygen. However,
2-OG itself is not always included in the catalysis (Lundberg et al. 2008). The variety of
substrates includes small molecules such as antibiotic compounds, fatty acid moieties, Nucleic
acids, and proteins. The reaction types catalyzed by 2-OGDDs and related enzymes include
hydroxylation, demethylation, desaturation, epimerization, epoxidation and alkyl additions to
cyclic substituents.
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The earliest findings of a 2-OGDD catalyzed reaction were identified as hydroxylation of
protein substrates with structural roles. The collagen synthesis was shown to involve proline
hydroxylation catalyzed by prolyl-hydroxylases (C-P4H) (Bhatnagar et al. 1967, Goldberg &
Green. 1968, Hutton et al. 1966, Hutton & Udenfriend. 1966, Kivirikko & Prockop. 1967).
Decades later 2-OGDD enzyme was found to have a role in oxygen sensing. The key regulator
of animal hypoxia response regulator HIF1α stability was linked to proline hydroxylation (HIFP4Hs) and with a separate mechanism to asparaginyl hydroxylation (FIH) (Bruick & McKnight.
2001, Dann et al. 2002, Semenza & Wang. 1992). Protein substrates apart from previous roles,
hydroxylation is also seen in ribosomal-, RNA splicing-, and other nuclear proteins. These
proteins often contain the Jumonji domain (JMJD). In humans, ribosomal hydroxylations are
catalyzed by MINA53 and NO66, which hydroxylate 3S-histidyl residues (Chowdhury et al.
2014). The second type of modification of involved in gene expression is the N-lysine
demethylation of histone proteins, namely as KDMs which contain Jumonji domain type C
(JmjC) (Agger et al. 2007, Chen et al. 2007, Couture et al. 2007). Some hydroxylases have
parallel roles. FIH, which catalyzes the hydroxylation of Asparagine residue in HIF1α cterminal transactivation domain (CTAD), also acts on ankyrin repeats found in Notch-receptors.
The Notch hydroxylation links FIH to a cell signal transduction system apart from HIF
(Coleman et al. 2007).

Many 2-OGDDs are involved in gene regulation by acting on the DNA and RNA molecules
itself. The most well-known mechanism was identified from bacteria and the methylation of
adenine and cytosine bases, preventing alkylation damage. The reaction is catalyzed AlkB
demethylases which were identified in E.coli and had many homologs in eukaryotes including
humans (Kurowski et al. 2003, Trewick et al. 2002). In some cases, the substituent, instead of
the hydroxyl group can be a halogen such as chlorine or bromine. These reactions are typical
in antibacterial-, antifungal-, antiviral- and anti-inflammatory synthesis such as threonine
chlorination catalyzed Pseudomonas syringae B301D (SyrB2). The reaction is part of much
crosslinking halogenation, also known as the Syr1/Syr2 system in the synthesis of syringomycin
E. (Blasiak & Drennan. 2009, Vaillancourt et al. 2005). As discussed in section 2.1.1 the
abundance of 2-OGDDs is more imminent in plants than animals. An example of lipid
metabolism is the Phytanoyl-CoA hydroxylase, which is a 2-OGDD involved in converting
fatty acid phytanoyl-CoA into pristanic acid(Croes et al. 1997). Pristanic acid is part of βoxidization. In plants, 2-ODDS are involved in flavonoid and gibberellin synthesis, generation
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of herbicide prospecting compounds and other plant-specific products. From here on
hydroxylases, and especially prolyl 4-hydroxylases are discussed in detail.

2.2 The chemistry of 2-OG dependent dioxygenases

Carbon sources can be utilized and activated many ways in cellular processes. The typical
strategy of oxygen activation of metalloenzymes consists binding molecular oxygen, to produce
ferryl intermediates (Fe (IV) –oxo complexes), either to acts as an electrophile or a hydrogen
donor (Kivirikko & Prockop. 1967, Pau et al. 2007). These properties are critical in biocatalysis.
The catalytic properties of 2-OGDDs were first identified from collagens were the dioxygenase
activity demonstrated to hydroxylate collagen chains (Kivirikko & Prockop. 1972, Majamaa et
al. 1984). The first primitive reaction mechanism for the hydroxylation mechanism was
described, by the work done with taurine hydroxylase (TauD)(Hanauske-Abel & Günzler.
1982). Since then, the proposal has held surprising accuracy supported by kinetic and
thermodynamic experiments.

The critical aspect regarding efficient catalysis is the spin state of the iron ion and the cosubstrates. The molecular oxygen molecule incorporates a triplet spin state in the O2-molecule.
Each oxygen atom possesses two lone pairs and one electron in the S1 atomic orbital. Two
oxygen molecules form molecular orbital, which constructs from the lower energy 2S atomic
orbitals and two stable π2p-molecular orbitals. The remaining two electrons occupy the
antibonding π2p*-molecular orbitals with opposing spins (Weller inorganic chemistry 6ed).
The organic co-substrate 2-OG possesses singlet spin state (Hernández-Ortega et al. 2015,
Weller et al. 2014). The orbital overlap and the repulsion is acceptable making the uncatalyzed
reaction thermodynamically favorable. However, the kinetic rate of the uncatalyzed reaction is
slow. Any other spin states possible in either molecule are not possible, and the reduction
potential of the O2-molecule is low and unfavorable, resulting in a slow reaction. The free
energy transition state barrier is lowered with the construction of transition-metal-ion complex
(Fersht. 1999, Wolfenden. 2014).
Through the redox process via the Fe-intermediate states, the oxygen molecule activates, and
the 2-OG is fully unsaturated, resulting in a variety of different products. In order to drive the
redox potential, the system requires electrons, which are provided by the organic molecule, in
this case, 2-OG (Costas et al. 2004, Shan & Que. 2005). In most 2-OGDD enzymes as well as

11
other metalloenzymes, the non-heme iron is coordinated with two histidines and carboxylate
groups usually from aspartate or glutamate, together with O2. The binding position of the Fe2+
-ion is often referred to as the 2-His-carboxylate facial triad, due to the residue orientation
(Islam et al. 2018). The keto-group faces either Asp/Glu-residues and the carboxylate histidine.
Two water molecules take part in the coordination into Fe2+, when 2-OG is not bound. The
solvating two water molecules are displaced, when the co-substrate is bound to the complex.
The primary substrate displaces the last water molecule coordinating Fe2+. In the initial step of
the reaction, iron is in 6-coordination with a redox state Fe(II).

As a result of the iron (Fe2+) coordination in DSBH-core, and the binding of 2-OG and the
oxygen addition causes more open conformation for the primary substrate binding. The fold
could have a key role in the substrate specificity (Aik et al. 2012). The most well studied and
understood mechanism of 2-OGDDs involves hydroxylation of the substrate (Borowski et al.
2004). The reaction mechanism of substrate hydroxylation resembles six steps, including three
intermediate states (Fig.1). The electron transfer from the metal ion to oxygen causes a change
in the redox state. The O2 binding yields a transient Fe3+-superoxo intermediate. The distal
oxygen atom possesses a negative partial charge. The delocalization induces π2p-electron from
the distal oxygen and attacking the C2 carbon atom of 2-OG carboxyl group, forming a
peroxohemiketal bicyclic intermediate, where 2-OG decarboxylates, and CO2 is released as a
byproduct. As a result of the decarboxylation and the delocalization of the charge, a ferryl(IV)complex forms which possesses a high S2-spin state which was shown applying Mössbauer
spectroscopy (Hoffart et al. 2006). The ferryl state is the first observable intermediate state with
a second-order rate 1.5 x 105 M-1 s-1, decomposition at first order rate 13 s-1, according to
stopped flow UV-VIS spectroscopy (Krebs et al. 2007). These findings show that the
intermediates are extremely transient and the reaction rates are fast when oxygen activates with
the metal complex. The ferryl(IV)-complex carries enough redox potential to abstract the
hydrogen from the primary substrate yielding a substrate radical. The metal complex takes
Fe(III)-OH superoxo state, which is the second observable intermediate state (Price et al. 2005).

In the last step of the reaction, a rebound effect occurs, meaning the exchange of hydrogen
atom, between the substrate radical and the Fe(III)-OH adduct. The rebound results in
unsaturation of the peroxohemiketal bicyclic intermediate to succinate. Fe(III)-superoxo
intermediate reduces back to the initial Fe(II)-state. The product is hydroxylated and dissociated
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from the complex. The retention of Fe(III) to Fe(II) is the third observable state. However, there
is still no evidence of the first Fe(III)-superoxo intermediate or the Fe(III)-OH species
(Tarhonskaya et al. 2014b). Cryogenic Raman spectroscopy experiments have suggested an
alternative dissociation path of the Fe(III)-OH species involving deprotonation of the Fe-OH
from nearby oxo-groups. This non-observable step may cause the formation of possible Fealkoxide species, before the complex dissociation (Grzyska et al. 2010).

The use of metal-

complex to activate oxygen has shown to be a powerful approach to catalyze multiple
biochemical reactions across the phylum, which explains the vast number of 2-OGDDs in
nature (Martinez & Hausinger. 2015).

Fig.1 The reaction mechanism cycle of 2-OGDD enzymes. Fe2+ is bound to the 2-his-1carboxylate facial triad. 2-oxoglutarate displaces solvent water and binds to the iron with ketocarboxyl group orientation facing toward Asp/Glu. Molecular oxygen attacks 2-OG C2 carbon
yielding the Fe(III)-superoxo and peroxohemiketal intermediates. The charge delocalizes
yielding Ferryl(IV)-complex with the high spin state. The primary substrate is in the vicinity of
this highly polar complex, and hydrogen is abstracted from the substrate. The iron reduces to
Fe(III)-OH species though vigorous rebound effect the substrate exits the binding pocket with
the hydroxyl group and the byproduct as unsaturated to succinate. The figure was adopted from
the publication (Tarhonskaya et al. 2014a), with the permission of the publisher.
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2.3 Cells respond to hypoxia

Hypoxia response is an adaptation system of the cell to secure energy flux in hypoxic conditions
for the cells. From a physiological aspect, hypoxia causes variable responses. Important tissues
such as brains, acutely respond to hypoxia. These events are initiated in the nervous system,
where the ionic strength shift of Ca2+-/K+ ion pumps leads to depolarization of nerve cells,
leading to peripheral vasodilation, pulmonary vasoconstriction, and a decrease of plasma
volume. Visible symptoms of acute hypoxia are an increase in heart rate and breathing
frequency. The increase of oxygen perfusion with previous events is an example of a fast
response to hypoxia (Michiels. 2004). In the molecular level, anaerobic glycolytic pathways
take over when the oxygen supply is not sufficient to maintain oxidative phosphorylation and
ATP threshold. The most important response pathways are called the hypoxia-inducible factorpathway (HIF-pathway) (Semenza. 2001).

HIF-pathway induces expression of genes which increase angiogenesis, erythropoiesis, cell
growth, and proliferation. The primary regulatory element under hypoxia is the hypoxiainducible factor HIF. It is a heterodimeric transcription factor. Some examples of the over 300
human HIF1α target genes are Vascular endothelial growth factor (VEGF), erythropoietin (EPO
mainly HIF2α), platelet-derived growth factor (PDGF), Glucose transporter-1 (GLUT-1) which
are upregulated under hypoxia (Fig.2) (Gordan & Simon. 2007, C. J. Hu et al. 2003, Kaelin &
Ratcliffe. 2008, Tian et al. 1997). The hypoxia response pathway is present in most metazoans
and highly conserved between flies, worms, and mammals. All animals produce some
components in the HIF-pathway (Bishop & Ratcliffe. 2014). There are also integrated pathways
along with HIF that are identified responding to hypoxia. In normoxic conditions, HIFα is
hydroxylated by HIF-P4Hs leading to Von-Hippel Lindau tumor suppression protein (pVHL)
mediated ubiquitous proteasomal degradation.

First proceeding was made when a Hypoxia-responsive element (HRE) was identified. It was
first identified as a flanking region of the human Erythropoietin (EPO)-gene and showed to
upregulate under hypoxia (Beck et al. 1991). The presence of HRE leads to the discovery of
many other co-activators affecting the EPO-transcription activity. The most important
discovery was made by Semenza and Wang (1992) when they reported a novel EPO regulator.
The novel regulator was named as HIF, which associated with HRE. The HIF1α forms a
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heterodimer with a co-expressed HIF1β referred to as aryl hydrocarbon translocator (ARNT).
The HIFαβ-dimer binds to HRE together with two co-transcription factor complexes. Histone
acetyltransferase P300 (P300)/cAMP response element binding protein (CBP) co-transcription
factor complex (Liu et al. 2008) and steroid receptor activator 1 (SRC-1) (Onate et al. 1998). It
should be noted that the hypoxia initiates multiple integrating pathways, which are not related
to the HIF-pathway. Epigenetic changes can also mediate HIF stability.
Additionally, some transcription factors, G-protein coupled receptors which are activated in
hypoxia and are not part of HIF-pathway and adopt a similar strategy. Some examples are NFκB, which is involved in cytokine synthesis and other cellular stress. NF-κB is regulated with
inhibitory kinase IκB, which contains the LXXLAP HIF target sequence (Culver et al. 2010).
Adrenergic receptor subtype β2 (β2AR) has shown to be hydroxylated in hypoxia and also
mediated by pVHL-E3 ubiquitous proteasomal degradation (Xie et al. 2009). Animals also have
survival systems with an entirely different mechanism than HIF-pathway (such as SIRT1 in
humans) which are common genes related to cell survival (Guarente 2011). However, the role
of previous genes in hypoxia and the crosstalk between HIF-pathway is still unclear, and
interaction between HIF-P4H have not been observed (Gorres & Raines. 2010).

Fig.2 HIF-pathway. HIF1α is expressed continuously into the cytoplasm with a short lifetime.
Under hypoxia, HIF1α stabilizes and dimerizes with HIFβ, and the complex is transported to
the nucleus. The HIF-dimer associates to HRE with CBP/p300-, and SRC1 inducing target
genes, leading to hypoxia response. In normoxic conditions, HIF prolyl 4-hydroxylases
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hydroxylate proline residues in oxygen-dependent degradation domain (ODDD), leading to
pVHL-linked ubiquitous protein degradation. Additionally, factor inhibiting HIF, hydroxylates
asparagine residue in C-terminal translocation domain (CTAD), preventing CBP/p300
interaction, and suppressing HRE mediated gene expression.

2.3.1 Hypoxia-inducible factor

In hypoxia, the prolyl-4-hydroxylase activity is inhibited, and the HIF1α stabilizes and forms a
dimer with HIFβ. The HIF-dimer binds to the HRE promotor region, with the p300/CBPmodule (cAMP response element binding protein). The p300/CBP-complex contains histone
acetyltransferase activity which is a characteristic feature of among transcription factor.
The HIF1α and HIFβ belong to the basic helix-loop-helix (bHLH) proteins that are common
transcription factors, often coupled with a dimerization PAS-domain (Pellequer et al. 1998).
First identified in Drosophila in the periodic clock proteins PER, together with ARNT and SIMdomains, the main purpose of the module is protein-protein interactions and ligand interactions
(Pellequer et al. 1998). The DNA binding of bHLH proteins mostly binds 5'-TACGTG-3
segments in the gene, which is also present in the HRE. The HIFα amino-terminal part is
comprised of two ARNT-PAS-SIM domains PAS A- and PAS B-subdomains, which are highly
conserved in all HIF paralogues (G. L. Wang et al. 1995). The heterodimer of HIFα and HIFβ
is formed with antiparallel β-sheet contact between the PAS B subdomains. The nuclear
localization signal (NLS) in both ends is required to transport HIFα from the cytosol into the
nucleus (Jiang et al. 1996). The proline hydroxylation of HIFα occurs in proline residues in the
ODDD, LXXLAP motifs. In HIF-P4H2 these prolines are located in P313 and P374
(McDonough et al. 2006)

There are three different HIFα isoforms found in a human which all have different α-subunits
(Semenza. 2000). HIF1α being the most prominent and firstly characterized pleiotropic
transcription factor active in acute hypoxia. The targeted genes of HIF1α encodes short-term
induction of glycolytic pathway such as pyruvate kinase in glycolysis. HIF1α is found to be
expressed in all cells types, with a short lifetime (Moroz et al. 2009, G. L. Wang et al. 1995).
HIF2α is expressed in multiple cell types but has been identified to upregulate genes that are
more involved in long-term hypoxia response, such as EPO induction (C. J. Hu et al. 2003,
Ratcliffe. 2007) However, the role of least studied isoform HIF3α is still unclear. However, it
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contributes to the HIF-signaling pathway to some extent but may have some other unknown
roles. Other isoforms HIF2α and HIF3α form dimers with HIFαβ-dimers, where the β-domain
is identical as with HIF1α (Kaelin & Ratcliffe. 2008).

Before a comprehensive understanding of HIFα destruction, it was noticed that metal cations
such as Co2+, Ni2+ and Mn2+, and chelating compounds such as EDTA upregulated HIF1α
initiating a hypoxic response. Hypoxic sensing of the cell is a result of the stabilization of
HIF1α. Under normoxic conditions, HIF-P4Hs can hydroxylate the proline residues in the Cterminal and N-terminal degradation domains of HIFα. The hydroxylated HIFα then binds to
the von-Hippel Lindau protein, which acts as a targeting protein for Ubiquitin E3 ligase system,
leading to HIFα degradation. Active form, pVHL consist of α- and β-domain with a flexible
linker. The ubiquitin targeting complex also consists Elongin B and – C, which takes part in the
binding of HIFα (Ivan et al. 2002, Min et al. 2002, Ohh et al. 1999). Other components of this
complex include Elongin B, -C, Cullin box2 (Cul2), and ring box protein 1 (Rbx1) (L. E. Huang
et al. 1998, Salceda & Caro. 1997).

2.3.2 Extracellular matrix and collagen

The extracellular matrix (ECM) frames the individual cells increasing cohesion and integrating
them into tissues. The body of ECM is constructed from robust elongated and mostly large
fibrillar proteins, such as collagens, proteoglycans, laminins, and fibronectins. Each of these
proteins is present in multiple types, and each family carries many different tasks. ECM is an
active, mobile cellular compartment. The joined structure of these abundant proteins forms a
network, which provides mobility, flexibility, and structure to the tissue. The biophysical and
biochemical properties of ECM mostly depict the tissue-specific function. The network system
forms can form physical links between cell, such as desmosomes or tight junctions (Mouw et
al. 2014).

Collagens are trimeric fibrous proteins that from long triple-helical polypeptide chains (Gordon
& Hahn. 2010). It is the most abundant protein in vertebrates by mass. The functional repeating
units of collagens consist of [G-X-Y]n-units, which can extend to over 1000 residues long
(Myllyharju & Kivirikko. 2004). The abundant appearance of glycine allows the collagen
molecule to be flexible and elastic, due to the small size and low steric hindrance of the
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molecule. The other two residues in the X and Y positions are often proline or hydroxyproline
residues.
In some cases, the proline may be replaced by any other residue, but only lysine residues are
hydroxylated in addition to proline residues (Myllyla et al. 2007a). Hydroxyproline is a
modified proline residue of proline, containing an additional hydroxyl group in either C3 or C4
carbon, obtaining C-endo or C-exo conformation. So far in humans, there are 28 different types
of collagens, namely separated with roman numbers. They vary both by their function and
structure. They may have different oligomerization states, such as collagen type II which forms
homotrimers, or types I and V which appear as heterotrimers. Collagens are categorized
structurally into fibrillar collagens and non-fibrillar collagens. The most distinct structural
difference is that non-fibrillar collagens contain at least one disordered motif in the structure.
Types of non-fibrillar collagens consist associated fibril collagens with interrupted triple
helices- (FACITs), short chain-, basement membrane-, multiplexing-, membrane-associated
collagens with interrupted triple helices- (MACIT) and other types of collagens. Defects in
these collagen structures often lead the cause of connective tissue disorders and diseases. Even
tough collagens are the main components of ECM; they can appear as intracellular forms
(Brodsky & Persikov. 2005, Myllyharju & Kivirikko. 2001, Ortega & Werb. 2002).

The triple peptide unit assembly dictates the structure and function of the particulate collagen
type. Due to the large size of collagen molecules, the chains translated into the ER as unmatured
pro-collagen single chains. Protocollagens are primary forms of collagens which require posttranslationally hydroxylation. The post-translational modification includes hydroxylation of
proline residues and lysine residues. These reactions are catalyzed by collagen proline-4hydroxylases (C-P4H), prolyl-3-hydroxylases (P3H) and lysyl hydroxylases (LH). 4hydroxyprolines are most abundant modified residues in collagen chains. The appearance of
hydroxyproline is approximately 100 4-Hyp-residues in 1000 residue long collagen chain.
Proline residues are often hydroxylated in the Y position of the repeat Second most
hydroxylated residue is lysine residue varying by collagen type ranging up to ~70 Hyl residues
per 1000 residue chain. Both 4-hydroxyproline and hydroxylysine have the crucial stabilizing
effect of collagen stability. 4-Hyp residues tend to have affected more on the stability. Hyl
residues ads structural strength and determines the chemical properties. 3-Hyp usually appears
in the X-position (Hudson & Eyre. 2013). The number of 3-Hyp residues is the smallest in
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collagen chain, with only ~10 residues per 1000 residue chain (Marini et al. 2007, Myllyharju
& Kivirikko. 2004, Myllyla et al. 2007b).

2.4 Structural properties of prolyl-4-hydroxylases

The prolyl-4-hydroxylases may be the most versatile members of the 2-OGDD superfamily.
The catalysis of prolyl-4-hydroxylases is part of the most prevalent post-translational
modification in humans, which yields (2S,4R)-4-hydroxyproline. Hydroxyproline was first
identified and isolated from gelatin hydrolysates by Emil Fischer (1902). The effect of adding
hydroxyl group to the proline pyrrolidine ring is very moderate and has a minimal change in
the molecular mass of the molecule. However, the modification of single residue can have
significant effects in a signaling pathway, system or on a protein. The prolyl 4-hydroxylase
substrates are summarized in (Fig.3).

Fig.3 Schematic representations of human prolyl 4-hydroxylase substrates. Procollagen chains
with [G-X-Y]n motifs and different isoforms of HIFα and the HIFβ, which binds to all HIFαs.
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The most recognizable human prolyl-4-hydroxylases are the HIF prolyl-4-hydroxylases and
collagen prolyl-4-hydroxylases. Both enzyme groups share the catalytic mechanism and the
DSBH-core fold, but they differ both in size, topology, and substrate specificity. HIF-P4Hs
cannot hydroxylate collagen chains, and C-P4H cannot hydroxylate HIF1α like peptides in
animals (Jaakkola et al. 2001, Kant et al. 2013) The collagen triple helical structure forms only
when 4Hyp stabilizes the α-helix coils. The single most significant regulation process in HIFregulated hypoxia signaling is dependent on the hydroxylation of HIF.

2.4.1 HIF prolyl-4-hydroxylases

The reaction mechanism of high affinity towards oxygen enables HIF prolyl-4-hydroxylases to
act as an oxygen sensor. There are three known isoforms of HIF-P4Hs (HIF-P4H1, -2, -3,).
Often the nomenclature of these enzymes is different in the literature depending on the source.
The first evidence HIF-VHL mediated HIF1α degradative pathway was described in C.elegans
conserved nematode pathway, where interaction between HIFα and pVHL was recognized to
be hydroxylation dependent (Epstein et al. 2001, L. E. Huang et al. 1998). Further studies
revealed the hydroxylated residues proline residues in ODDD which is the recognition site for
the pVHL-E3 ubiquitin ligase (Ivan et al. 2001, Jaakkola et al. 2001). Based on the of nematode
C. elegans Egl-9 gene, which presented egg-laying defect phenotypes, those human homologs
were named as egg-laying deficient nine – like protein, EGLN1,-2,-3 (M. S. Taylor. 2001).
Another interpretation of the enzyme name refers to the prolyl hydroxylation capability of HIF,
hence the name prolyl hydroxylation domain enzymes, PHD -1,-2,-3 (Bruick & McKnight.
2001).

The significance of oxygen has been demonstrated with kinetic experiments, mainly measuring
the Km of HIF-P4Hs towards oxygen. The kinetic data of HIF-P4H has shown that the enzyme
acts as a sensitive oxygen sensor. The Km values for O2 has ranged from various in vitro
experiments from ~0.5-2.5x102µM, and most recently even up to 4.5x102µM range (Hirsila et
al. 2003, Koivunen et al. 2006, Pektas & Knapp. 2013). The HIF-P4Hs oxygen Km value
ranges from 230-250µM and even 100µM depending on the HIFα substrate analog size, but
notably higher than the recombinant HIFα ODDD (Koivunen et al. 2006). These values are
very high compared to the physiological concentration of oxygen in the cells 10-30µM
depending on the tissue. However, the oxygen level in the cells may never reach the maximum
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value the in vitro experiments demonstrates that the capacity of HIF-P4Hs is high. Therefore,
the hydroxylation of HIF is considered as the rate-limiting step of the hypoxia response. The
sensitivity makes HIF-P4Hs an active reporter of O2 concentration within the physiological
range (Schofield & Ratcliffe. 2004).

The core fold of all HIF-P4Hs resembles the distinguishable double-stranded β-helix fold. The
crystal structure of HIF-P4H2 catalytic domain starting from Pro181 was the first HIF pathway
enzyme solved (McDonough et al. 2006). The structure revealed the distinctive DBSH-core
fold with the 2-His-1-Asp facial triad incorporating the Fe2+ 6-coordination with bivalent 2-OG.
The binding poses of the catalytic residues also supported the reaction mechanism, where the
2-OG carboxylate and ketone group forms coordination bonds with Fe2+. The binding site
located in the interface between the β5-β7 strands, and to the residues H313, H374, and D315.
The 2-OG orientation forms multiple polar contacts from R383, T329 and surrounding water
molecules (McDonough et al. 2006, Rosen et al. 2010a). The binding pocket flexibility is
caused by the β2-β3 loop region (β2-β3 being part of the DSBH), allowing the primary substrate
to enter the core. Based on the sequence, HIF-P4Hs main differences are in the N-terminal
domain, and there are no available crystal structures. HIF-P4H1 and -3, N-terminal regions have
either more disordered structure or lack the extension. HIF-P4H2 N-terminal regions contain
an MYND-type zinc finger domain, also appearing in higher animals HIF-P4H.

The findings from the HIFα and pVHL-Elongin C-B complex show that the Hyp residue favors
C4-exo conformation when in the native form the proline residue is in C4-endo conformation.
Substrate analog structures with HIF-P4H2 has shown to induce conformational movement in
the β2β3-loop, and the water molecule solvation is very different. The reaction rate of HIFP4H2 is moderately slow compared to the studies done in viral P4Hs and TauD (Flashman et
al. 2010, Longbotham et al. 2015). These suggest that the protein may undergo some extensive
reconfiguration before the substrate oxidation and requires stabilization before O2 can bind. The
buried location of the catalytic site inside the core and the stabilizing binding has effects to the
kinetics. The activity of HIF-PHD2 is not reduced even without the addition of endogenous
iron. The activity supports the proposal that the iron-facial triad coordination is very stable, and
the reaction rapidly proceeds when oxygen binds. The slow reaction is contrasted with the high
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O2 Km values, suggesting that, the enzyme is available for substrate oxidation rabidly which
rationalizes the HIF-P4H role as an immediate hypoxia sensor though HIFα hydroxylation.
The structural biological knowledge of HIF-P4H to HIF1α binding has prompted the forward
the structural based drug discovery of, in order to find potential P4H-inhibitors. Today there
are 67 protein data bank entries with ODDD substrate analogs or with HIF-P4H inhibitors.

A

B

Fig.4 Crystal structure of HIF-P4H2 bound to Mn2+-cation with 2-OG analog N-[(4-hydroxy8-iodoisoquinolin-3-yr)carbonyl]-oxalyglycine

and

HIF-ODDD

peptide

DLEMLAPYIPMDDDFQL (A). The sheet ran in an antiparallel pattern linked by loop regions
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and supported with two N-terminal helices. The β2-β3 loop-helix which undergoes a
conformational change during substrate binding. The analogs induce a conformational change
in the β2-β3 loop from open form to closed form towards the core fold. Crystal structure of CrP4H monomer highlights the differences of P4H enzymes (B). The main difference is the
extension of the βII-βIII loop, which is longer in C-P4H. The second difference is the shorter
and unstructured C-terminal loop. In a way the C-terminal loop and βII-βIII loops have inverse
roles in these P4Hs, which may have a role in substrate specificity in vivo. The topology maps
simplifies the differences (C). Coordinates were taken from PDB entries 3HQR and 2JIG
(Chowdhury et al. 2009, McDonough et al. 2006, Rosen et al. 2010a)

2.5 Collagen prolyl-4-hydroxylases

The maturation of collagen chains is dependent on the function of collagen prolyl-4hydroxylases (C-P4Hs). In humans, there are three isoforms of the enzyme forming ~240kDa
α2β2-heterotetramers. Conserved tetrameric homologs with similar function, is seen in other
vertebrates, nematodes, insects, and plants such as C.elegans, D melanogaster (Hieta &
Myllyharju. 2002). C-P4Hs catalyze the proline hydroxylation of collagen polypeptide chain
[G-X-Y]n-repeats where the 4-hydroxyproline residue locates in the Y-position. Together with
the other important post-translational modifications lysyl-5-hydroxylation and proline-3hydroxylation, collagen chains form the folded functional triple helical structure. The 4R,2Sisomer of Hyp, has a critical role in stabilizing the triple helical structure. The amount of Hyp
in the Y-position varies, and not always satisfy the motif sequence. Eventually, all proline
residues are hydroxylated in the mature collagen (Myllyharju. 2003).

Humans have three isoforms of each collagen modifying prolyl-hydroxylase. Human C-P4H
isoforms differ mainly by their α-subunit structures. Like in HIF-P4Hs, C-P4H α-subunit
sequence identity is divided so, that isoforms I (α-I) and two (a-II) share more conserved
residues respect to isoform II (α-III). The α-I and α-II share 65% sequence identity, whereas αIII share only 35-37% identity with the later ones (Annunen et al. 1997, Kukkola et al. 2004).
The conservation is much higher in the C-terminus among the isoforms — the ratios of α-1/αII
and α1α2/α3 shares 80% and 56-57% identity respectively (Kivirikko & Pihlajaniemi. 1998,
Myllyharju. 2003, Myllyharju. 2008).
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The vertebrate C-P4Hs consist of two identical catalytic α-subunits and β-subunits. The βsubunit is identical protein disulfide isomerase (PDI) which belongs to the thioredoxin
superfamily member, which is an ER molecular chaperone promoting protein folding
(Pihlajaniemi et al. 1987, Tasanen et al. 1988, Vuori et al. 1992). The β-subunit is identical to
the thioredoxin superfamily member, protein disulfide isomerase (PDI), which is an ER
molecular chaperone promoting protein folding. In the ER, PDI catalyzes the formation and
isomerization of disulfide bonds utilizing glutathione as a reducing species. PDI is a
heterodimer consisting namely a, a’, b and b’ subdomains taking distinguishable thioredoxinlike fold (Wallis et al. 2009). The catalytic site of PDI family proteins is well understood, but
the binding properties of the substrate in controversial and many of the PDI family members
are well characterized. The a and a’ subdomains catalyzes the disulfide bond formation, and b
and b’ are responsible for substrate binding. It has also shown that a’ may take part in the
substrate binding, but the interaction is very weak compared to b subunits (Ellgaard & Ruddock.
2005).

The catalytic site of PDI consist of CXXC-motif. The mobility shift of nearby arginine residue
induces pKa shifts of the two catalytic cysteine residues varying the residues between thiol and
thiolate states. The change in the pKa of these residues induces nucleophilic attack to the
glutathione thiol groups cycling reduced and oxidized states of thiol groups. The donated proton
from glutathione eventually causes substrate cysteines to oxidize to a disulfide bond. The same
mechanism is present in the isomerase activity allowing rearrangement of the disulfide bonds.
In C-P4H the role of PDI is controversial. It is assumed to retain the highly insoluble catalytic
domain in soluble form and to localize the enzyme in the ER with the [KDEL]-ER retention
sequence (Kemmink et al. 1996). There is no evidence that PDI catalyzes disulfide bond
formation in C-P4H, suggesting that PDI not interact actively with the α-subunit (Koivunen et
al. 2005).

The PSB-dimerization domain assembly is referred as the double-double domain, connecting
to the CAT-domain with a 70-residue long loop linker which is the first characterized structure
in human C-P4H ( (Hieta & Myllyharju. 2002, Hieta et al. 2003). The PSB (~100 residues)
domain consist of tetratricopeptide repeats, which appear in protein which form protein-protein,
or protein-peptide interactions. The binding groove of the domain is abundant in aromatic
residues (Tyr, Phe in PSB), providing a binding surface for the elongated collagen peptide
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substrates to bind. The crystal structures of human PSB-I shows that the peptide substrate
analog [PPG]9 and [PPG]10 binds with consecutive three tyrosine residues in each helix (total
six Tyr residues), and a phenylalanine residue at the end. Site-directed mutagenesis pointed out
that essential residues for binding are Tyr158, -163, -199 and 233 (Pekkala et al. 2004). The
structures of human double-double domain are known which brought important insight of the
heterotetramer assembly (Anantharajan et al. 2013). The dimerization domain consists of four
helices α1-α4 extends into a helical bundle, where the first helix intertwines as a coiled-coil
structure. The other two helices, α5-a6 closes the motif and provides stability of the PSBdomain contact. The two domains link to each other with ten residues long loop followed by a
short linker (Murthy et al. 2018a).

The catalytic α-subunit of C-P4H is composed of three subdomains, the catalytic CAT-domain,
peptide-substrate binding domain (PSB) and the N-terminal dimerization domain linking the
homodimers together (Hirsila et al. 2003). Since the structural information about C-P4H has
beveled just over a decade, a large extent of work has done utilizing in vivo mouse models and
kinetic experiments. The hydroxylation of polypeptide chains is rather well understood relative
to the structural information available of the catalytic site (Hirsila et al. 2003). The position of
the residues in the [X-P-G]-polypeptide has dependence in the hydroxylation rate and
efficiency. C-P4Hs are not able to hydroxylate [G-X-P], or [P-G-X]-peptides in vitro. Likewise,
in HIF-P4H CTAD peptides, the length of the collagen-like peptide affects the hydroxylation.
The C-P4H1 Km towards the peptide tends to decrease when the peptide is extended. Similar
results have been observed in other two C-P4H isoforms. The proposal of the full-length CP4H is presented in (Fig.5)

In recent understanding, the CAT-domain is thought to have the DSBH-core fold, according to
sequence analysis and available crystal structures from lover organisms algal C-P4H
Chlamydomonas reinhardtii (Cr-P4H), which has 27% sequence identity with the human
enzyme (Lieb et al. 2002). The structure possesses the distinct DSBH-fold with eight
antiparallel β-sheets, with a longer βII-βIII-loop than in HIF-P4H2 (see fig.4) (Koski et al.
2009a). The peptide substrate analog is bound in the enzyme within the groove formed by β3β4 and βII-βIII loop where the catalytic residues are orientated in the middle of this groove.
The binding motif of the peptide substrate resembles the binding of HIF1α, with a 2-His-1carboxy facial triad in complex with Fe2+. Other conserved residues in the C-P4H group is the

25
lysine and arginine residues binding to 2-OG carboxylate C5 atom. The significant difference
in the hydroxylation is the uncoupled relay reduction of the iron complex, by L-ascorbic acid.
The necessity of ascorbate is quite not understood, and the enzyme is active in the uncoupled
2-OG decarboxylation, without the native peptide substrate hydroxylation. The Uncoupled
reaction is not inhibited even with saturated substrate concentrations. The apparent reason for
the uncoupled reaction is not clear, but the in vivo experiments and ascorbic acid deficiencyrelated diseases has shown that it is a vital part of collagen synthesis.

Fig.5 Current proposal of the C-P4H enzyme. This model is proposed based on the SAXS shape
models and available crystal structures. Currently, the crystal structures of the PSB domains
and dimerization domain is known and in this model PDB entries 2YQ8 and 6EVL
(Anantharajan et al. 2013, Koski et al. 2017, Murthy et al. 2018b). Also, the β-subunit of the
CAT domain is known through PDI structures. In this model PDB entry 3UEM (Wang et al.
2012). However, the complete structure or the detailed positions of this domain is not known.
The model is based on the recent schematic published (Koski et al. 2017).

2.6 Transmembrane prolyl-4-hydroxylase

The most recent member identified prolyl-4-hydroxylase is the ER membrane transmembrane
prolyl-4-hydroxylase (P4HTM). The gene is found mostly in vertebrates, Danio rerio sharing
51% gene sequence identity to human. Some exceptions appear in some anthozoans, but it is
found in flies or nematodes. P4HTM is a ~50 kDa enzyme localized in the ER lumen with
[DARVEL]-signal sequence, and it is bound to the membrane with 24 residues short
transmembrane region (Koivunen et al. 2007). The main fold should refer to as the 2-OG
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dioxygenase domain. There is clear evidence that the key features of DSBH-fold elements are
present, but the unavailability of any data-based model restricts this interpretation. However,
the enzyme activity is dependent on the 2-OG and iron co-factors, stating that it is indeed a 2OGDD member. It is expressed in significantly higher levels in the brain, adrenal cortex and
retina and a lower amount for example in skeletal muscle and digestive track. However, the
localization of the enzyme indicates that may not at least immediate mediator of HIFα
(Koivunen et al. 2007).

P4HTM seems to now have specified substrate binding domain, but that the substrate is bound
similarly as to HIF-P4Hs. Based on the sequence analysis the main enzyme fold most likely
adopts the DSBH-fold with variable converged loop regions. These features are conserved in
P4HTM especially regarding Cr-P4H. Also, P4HTM has three potential N-linked glycosylation
sites in asparagine residues N382, N368, and N348. The work done on two different constructs
in vitro, full-length and transmembrane truncated D88-L502 form has found to be homodimers
in mammalian and insect cell purified fractions (Koivunen et al. 2007).
The sequence identity corresponds 14-15% to C-P4H α-I and α-III, in and in turn 12-13% of
HIF-P4Hs 1-3. The catalytic 2-OG and iron binding residues are conserved, and the polar
contact to 2-OG is lysine like in C-P4Hs. The disulfide bond between the βVII-βIV loop and
βVI-sheet from Cr-P4H, which is also present in P4H-TM (Koski et al. 2009).

2.6.1 Clinical relevance of transmembrane prolyl 4-hydroxylase

The distinctive role of P4HTM is unambiguous. For one reason, it arises from the localization
of P4HTM respect to HIF-P4Hs. The studies done one HIF-P4H indicates that HIFα is
hydroxylated in the cytosol and transported to the nucleus. Therefore, the localization of
P4HTM does not fit to these findings. Cellar experiments showed that under hypoxia P4HTM
is upregulated. Mammalian and insect isolation extracts have shown that P4HTM seems to
decrease amounts of HIFα and suppression of the P4HTM gene with siRNA results increasing
levels of HIF1α. P4HTM can hydroxylate HIF ODDD peptide analogs in vitro, but do not
hydroxylate collagen peptides (Myllyharju & Karppinen. 2013). However, mutated HIF
ODDDs peptides where the target prolines are mutated to alanines (J. Huang et al. 2002,
Koivunen et al. 2007).
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Studies done in transgenic animals in vivo have shown that knockdown of P4HTM gene
resembles severe defects in basement membrane construction and kidney function in
zebrafishes. The morphological changes appeared in the head size in eyes which especially
contains basement membranes. The mRNA levels of HIF-target genes supported the
phenotypes, where some ECM components, such as Lox was decreased and type XVIII collagen
was increased. These findings suggest that P4HTM may have other substrates that are not
directly associated with the HIF-pathway (Hyvärinen et al. 2010). The link between HIFpathway and P4HTM was the observation, that P4HTM also contributes the EPO regulation in
vivo in mice. The established mouse models for HIF-P4H knockouts have shown that the HIFα
stabilization occurs inducing EPO production, HIF-P4H2 being the most prominent regulator.
The HIF-P4H target inhibition with administered drugs also shows similar effects. Similar
results were observed with P4HTM, with the exception that EPO levels appear to be increasing
in kidney, but not in the liver. This suggests that P4HTM has at least a contributing role to EPO
production and also another HIF-target gene expression (Laitala et al. 2012).

More recently the defects found in zebrafish eyes and retinal base membranes was supported
with similar results found in P4HTM knockout mice. Similar genes (Lox and Pai-1) were
upregulated in brains and kidneys respect to zebrafishes, but not significantly in the eye. HIF1α
or HIF2a was not stabilized in the brain, eye or kidney in P4HTM. However, significant
differences were found in the retinal pigment epithelium. The outer nuclear layers where the
primary photoreceptors reside was found to be significantly thinner or even damaged. Since
the role of retinal pigment epithelium is to recycle the photoreceptors, the retinal function is
compromised due to the knockout (Laitala et al. 2012).

Additionally, the same model revealed also increased EPO levels despite the unobserved HIFα
stabilization. Since recent discoveries P4HTM can hydroxylate HIFα ODDD, thus including to
the HIF-mediated hypoxia response (Laitala et al. 2012). It seems that the P4HTM has a more
supporting role regarding the HIFα stabilization associated gene regulation, especially in those
tissues where sufficient HIF-P4H expression is reached. The contribution to EPO regulation
also supports this statement. However, P4HTM has an essential role in specific tissues, as
described especially in developmental level. From a clinical aspect, P4HTM gene mutations,
which have been identified as a cause of severe intellectual disabilities. There has been reported
a Norther-Finland family which syndrome is causing a delay in the intellectual development, in
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which one of the suspected genes are P4HTM along with transketolase (TKT) and ubiquitin
specific peptidase 4 (USP4) (Kaasinen et al. 2014, Leinonen et al. 2016).

2.7 X-ray scattering provides information about protein structure

2.7.1 X-ray crystallography

The concept of X-ray scattering involves the interaction between the electromagnetic wave with
matter resulting in diffraction. The diffraction can be displayed as a pattern.
X-ray scattering is a technique used in structural biology that has been available for over 100
years. When X-ray beam hits macromolecule such as protein or nucleic acid, the wave diffracts,
resulting in a pattern. In order to cause diffraction from the atom, the wavelength of light needs
to be the size of an atom and to maximize the sampling, a large number of molecules is needed.
For this purpose, the sample needs to be crystallized. X-rays are necessary for structure
determination because the interparticle distances in the molecules are very short. The diffraction
is the result of photons from the X-ray source colliding with the electrons clouds of the
molecule. The electromagnetic field of the photon causes oscillation in the electrons of all the
atoms. The oscillation creates a dipole moment and coherent radiation which is elastic
scattering. The energy and the wavelength of the scattered wave do not change, when the
scattering is elastic. The electromagnetic wave is composed of two vectors, the electric field E
and the magnetic field vector B, which is perpendicular to the E field (Ryland. 1958). The cross
product of these vectors results is the wave vector S0. Depending on the wavelength of the
photon, the magnitude of the wave vector is the inverse of the wavelength. The basic concept
of X-ray diffraction is brilliantly interpreted in the Bragg equation [1], where the scattering
vector is switched to point up. Now the scattering of incident beam S0 can be seen to reflect
from the crystal plane. This leads to the relation between the scattering angle ϴ and distance of
the two scattering centers. This then tells the multiple integers for maximum wavelength
𝑛𝜆 = 2𝑑𝑠𝑖𝑛 ϴ [1]
All the atoms in the specimen contribute to the scattering amplitudes of the scattered waves,
which can be either in phase or out of phase, or constructive or deconstructive. Because, there
are no focusing lenses to direct the beam, mathematics is used to determine the position of
atoms in the molecule. The atoms are packed inside a unit cell. It is the smallest single unit
inside the crystal. Coordinates of each atom can be described with a tree spatial coordinates
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x,y,z using the vertex or lattice point as a reference also called the bravais lattice (Huggins.
1945, McPherson & Gavira. 2013). The reflections that are scattered in a space, which is called
the reciprocal space, usually denoted with h, k, and l for each atomic coordinate assigned as
integers. Thus, the crystallographic data collection consists of two parameters; the reciprocal
space coordinates hkl and the intensity of the reflection Ihkl. The mathematics are required to
treat the sampled reciprocal space. Fourier transform is a continuous integration method to
combine sine and cosine terms of the wave to construct a complex wave. The sum of each
scattered scattering factor is described with the structure factor equation, which can be
simplified in eq.1 [2]
𝐹ℎ𝑘𝑙 = 𝑓𝐴 + 𝑓𝐵 + ⋯ 𝑓𝐴′ [2]
The structure factor implies that each reflection from the unit cell, of many waves resulting in
diffraction by individual atom. Because the scattering is scattered from the electron orbitals,
not the nucleus, the structure factor equations take for eq.3, where the coordinates are expressed.
[3]
𝐹ℎ𝑘𝑙 = 𝑓(𝜌1)𝐴 + 𝑓(𝜌2)𝐵 + ⋯ 𝑓(𝜌𝑚) + 𝑓(𝜌𝑛) [3]
In macromolecular crystallography, the amplitude and the frequency of the Fourier term are
measurable. However, the phase is not. One could look the phases on an index, in case of the
more simple inorganic compound. In order to get the phases of a protein molecule, ρ(x,y,z), in
reciprocal space must be calculated. The mathematics of the Fourier series is rather complicated
and not derived here. In general, the Fourier transform is integration method where any function
fx can be presented as F(x) where F(h) is the Fourier transform of f(x), and the variable h is in
reciprocal units. The structure factor equals the vector sum of all scattering vectors from all the
atoms in the unit cell. The Fourier series of structure factors is the integral over the unit cell
volume. Since the reciprocal space is three dimensional, the integral should be taken from an
equal number of volume, or equivalently the total volume V [3]. There are two notations for
structure factor, Fhkl and S(q), which is often referred to as the Debye scattering equation.
𝐹ℎ𝑘𝑙 = ∫𝑣 𝜌(𝑥, 𝑦, 𝑧)𝑒 −2𝜋𝑖(ℎ𝑥,𝑘𝑦,𝑙𝑧) 𝑑𝑉 [4]
Since the Fourier transform is reversible and the electron the electron density is a discrete
variable. The electron density can be expressed as a triple summation. The requirement of
expressing continuous integral is that the sum is an infinite sum of infinitesimal, which can be
then used to compute the phases, where the Fhkl is a vector amplitude with a phase α eq.4 [4]
(Rupp. 2010).
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1

𝜌(𝑥, 𝑦, 𝑧) = ∑ ℎ ∑ 𝑘 ∑ 𝑙 𝐹ℎ𝑘𝑙 𝑒 −2𝜋𝑖(ℎ𝑥,𝑘𝑦,𝑙𝑧)[4]
𝑉

The simplified description of the phase problem tells that taking the Fourier transform of
ρ(x,y,z), the phase α can be calculated and thus used to construct a model of the protein. It is
also possible to represent the Fhkl in scalar form when it can be used as a complex plane. There
are different methods to approach this problem. The most often and easiest method is to use the
molecular placement method, where the phases from known homolog structures can be used to
approximate the phases of the target protein. The density maps of the phasing modeling can be
then iterated taking the fraction of the two structure factors. This is called refinement. However,
if there are no available homologs, the has to calculated with another dataset using heavier
atoms., there are multiple computational approaches to obtain the phases from the heavy atom
dataset. Most well-known methods include multiwavelength anomalous dispersion (MAD),
multiple isomorphous replacements (MIR), and single wavelength dispersion (SAD) (Blaho.
2008, Hendrickson & Ogata. 1997, G. L. Taylor. 2010).

2.7.2 Small-angle X-ray scattering (SAXS)

Small angle x-ray scattering as a structural determination method is used to characterize
particles in the solution. X-rays scattering pattern from solutions is isotropic, and the measured
intensity depends only from the momentum transfer vector, which is denoted depending on the
interpretation as s or q eq.5 [5].
𝑞=

4𝜋 𝑠𝑖𝑛𝛳
𝜆

[5]

SAXS measurement is always a comparison measurement. Because the system is in solution
and not in a crystal lattice, the number of scattering centers are constantly moving. Therefore,
the scattering pattern is an average of the sample matrix, and the scattering pattern is isotropic.
The intensity of the sample is defined, by taking the ratio between the scattered energy towards
the area 2ϴ, which is denoted as I0. Given that the system is isotropic and assuming that the
solution is monodisperse the intensity of the solvent has to be subtracted from the intensity of
the sample. The main difference to the crystal lattice in solution is that the structure factor F
does not have dimension h,k,l in the reciprocal space. Because the scattering is sampled from a
cross-section of scattering intensity, F is described as the from a factor of the particle F(q).
Equally important is to note that now the solution contributes also the scattering, which will
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have own structure factor of the solution S(q). Therefore the parameters measured in SAXS
experiments can be expressed as Eq.[6](D. Svergun. 2013, D. I. Svergun & Koch. 2003)
𝐼(𝑞) = 𝐹(𝑞) 𝑆𝑞 [6]
Since the particles in the solution are at certain time point apart with a distance r, the phase can
also be factored, which will take the form to be(Iqc)=sin(qf)/qr. This is the reciprocal space form
factor of the particle distance distribution. It is favorable to integrate over the particle to treat
the scattering length density function ρ(r) as a continuous integral which is the inverse Fourier
transform [7]. This is an integral that is limited to the maximal dimension of the particle. It
should be noted that the scattering vectors from the crystal unit cell are defined by the reciprocal
lattice Fhkl, and the amplitudes are summed.
𝐼𝑞 = ∫ 𝑝(𝑟)

𝑆𝑖𝑛 (𝑞𝑟)
𝑞𝑟

𝑑𝑟 [7]

However, in SAXS measurement, it is more meaningful to refer as sums of scattering
intensities, because there is no diffraction pattern. The information that the distance distribution
function formulates is the shape and dimensions of the particle. The main disadvantage of
SAXS is the absence of atomic-level resolution, but it is a very powerful technique to determine
conformational properties, domain dynamics, and even behavior of mixtures. The most
important quantified parameters from SAXS measurement are the maximum particle distance
(Dmax), the radius of gyration (Rg) and molecular weight. Rg and Dmax quantitative values
calculated from the real space distance distribution curve and from the Guinier analysis. The
intensity of the scattering centers increases as a function of decreasing angle. The Guinier
approximation consists a linear part in the scattering curve which allows approximating the zero
angle intensity (I0). The notation was formulated by Andre Guinier. The quality of the data and
the matrix disturbances caused by aggregation or repulsion from the buffering solution will
make the analysis impossible.
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3. AIMS OF THE STUDY
This study aims to determine the structure of P4HTM constructing molecular model either using
MX of SAXS. European beamline sites are used to collect high-quality data. In order to support
this goal, the truncated TmΔ88-502 variant is characterized using spectroscopic techniques
(CD, SEC-MALS, DLS). In order to ensure the biologic relevancy, the activity of the enzyme
is determined with uncoupled P4H 2-OG decarboxylation assay (Kivirikko & Prockop. 1972).
Baculoviruses encoding shorter P4HTM constructs are generated suitable for Spodoptera
frugiperda strain 9 protein expression. The novel constructs are generated in order to maximize
the probability to obtain a sufficient amount of soluble protein for structural experiments. The
thesis should be able to answer the basic functional feature of this protein and point out the
important features, such as stability, secondary structure, important post-translational
modifications, and co-factors.

4. MATERIALS AND METHODS
4.1 Bioinformatics

Two modeling platforms were used to predict the assumed full-length P4HTM structure and
the secondary structure distribution. The template search and model building was done using
two inputs, the full-length P4HTM 1-502, and a TmΔ88-502 truncated variant. The programs
used for the modeling was Phyre2 (Kelley et al. 2015) and SwissModel (Benkert et al. 2010,
Bertoni et al. 2017, Bienert et al. 2017, Guex, Peitsch et al. 2009, Waterhouse et al. 2018). The
full length and the TmΔ88-502 truncated variant were run ten times. The first five input cycles
had a more straightforward annealing mode with fewer iterations and the remaining five with
more intense and slower annealing mode. Both programs yielded similar results in each cycle
which were evaluated with Pymol and selected for merging the models in the server interface
(Schrödinger. 2018). The coverage and the confidence of the model are given as a percentage
(Guex, Peitsch et al. 2009).

Results obtained from the template search was used to construct multiple sequence alignment
table for the full-length P4HTM. The multiple sequence alignment inputs were chosen so that,
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the alignment contains P4Hs from all different species, with at least sequence identity >20%.
The selected alignment inputs were human HIF-P4H, human C-P4H-αI, Cr-P4H, Ba-P4H, and
PBCV-1. Additionally, a similar alignment was done for the N-terminal part of P4HTM,
containing N-terminus, a transmembrane helix and the EF-hand motif. The primary alignments
were made using the Clustal-W algorithm with Clustal-X program (Larkin et al. 2007,
Thompson et al. 1994). The sequence editing and secondary structure depiction were done using
STRAP (Gille & Frömmel. 2001), GENEDOC, and ESPript (Robert & Gouet. 2014). The
transmembrane topology prediction was made using HMMTOP, and DAS transmembrane
prediction algorithms (Cserzo et al. 1997, Tusnady & Simon. 1998) sequence was put through,
which resulted in a single helix through the membrane

4.2 Protein construct design and expression vectors

Four truncated constructs of the P4HTM isoform one was designed. All of the constructs lacked
the transmembrane domain. All of them were designed to be shorter than the available
P4HTMD88-L502 construct described by Koivunen and colleagues (2007). Structure of truncated
P4HTM was modeled using the web-based protein modeling server Phyre2 (Kelley et al. 2015).
In shortening order, the additional constructs were E115-, D130-, G149- and Q187-L502, based
on the protein model secondary elements order. The reading frame starts with a PDI signal
sequence, (MLRRALLCLAVAALVRA), followed by N-terminal 6xHis-tag in all constructs.
The existing pVL1932 (Invitrogen) baculoviral vector was used as a template to generate the
new PCR-products. Additionally, for bacmid based baculovirus generation, pFastBac™-Dual
(Invitrogen) were used.

4.3 Cloning and baculovirus generation

The coding sequences of P4H-TM variants was generated for two baculovirus compatible
transferring systems. The pVL1392 vector contains homologous regions for the AcMNPV
baculovirus genome when co-transfected with the pVL1392 results homologous recombination
in the genome in the transfection phase. An additional approach is to use the Bac-to-Bac system
where the gene of interest can be cloned, into the baculovirus genome is already included in
bacmid for this purpose pFastBac™-Dual vector was used.
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The pVL1392 vector inserts were generated using a site-directed mutagenesis approach. The
mutagenesis was done using the available pVL1392-P4HTMD88-L502 plasmid as a template. The
sequences were amplified in reverse 3’-5’ direction where coding sequence ends respectively
before D88 including the ER retention signal (5’GATGCGCGCGTGGAGCT 3’). The
pFastBac™-Dual vector inserts were generated using restriction-digestion compatibility. The
oligos used for PCR and sequencing purposes are summarized in (Table.I)

Table.I The oligos used for construct generationa and sequencinga.
Oligo
pVL1392E115-L502a
pVL1392D130-L502a
pVL1392G149-L502a
pVL1392Q187-L502a
pVL1392Reverse a
pFastBacSalI-forwarda
pFastBacXbaI-reverse
M13/pUC Forwardb
M13/pUC Reverseb
Polyhedrin Forward

Sequence
5’GAGGGCATCAAGGTGGG 3’
5’GACAGGGATCACTTCATCCGA 3’
5’ CAGGTCAGCCAGCTGGA 3’
5’ CAGGTCAGCCAGCTGGA 3’
5’ATGATGATGATGATGATGGGC 3’
5’ TTAAGTCGACCATGCTGCGCCGCG 3’
5’ TTTATCTAGATCAGAGCTCCACG 3’
5’ CCCAGTCACGACGTTGTAAAACG 3’
5’ AGCGGATAACAATTTCACACAGG 3’
5’ AAATGATAACCATCTCGC 3’

The mutated pVL1392 plasmid was generated using Biorad T100 thermocycler. The PCR
reaction mixture final concentrations was 1x Phusion HF buffer (Thermo-Fischer), 0.2 mM
dNTP mix, 0.5 mM forward primer, 0.5 mM reverse primer, 0.02 U/µl Phusion polymerase
(Thermo-Fischer) and two ng of the pVL1392D88-L502-template. The PCR-products was
running on 0.8% agarose gel in 40 mM Tris, 20 mM acetic acid, one mM EDTA-buffer for
80V/1h. The gel was visualized using Biorad ChemiDoc™ XRS+-gel imager. The PCR product
size was expected to be approximately 11 kb with blunt cohesive ends. The gel pieces were cut
on UV-board and dissolved into sterile water. The Product was purified using Illustra GFX PCR
and gel band purification kit (GE healthcare). The blunt ends were phosphorylated using T4
polynucleotide kinase in 70 mM Tris-HCl (pH 7.6), 10 mM MgCl2, 5 mM DTT-reaction buffer
(New England Biolabs). The total reaction volume of 20µl was incubated for 1 hour at +37℃.
The plasmid was ligated using T4 DNA ligase (New England Biolabs), in the previous buffering
condition for 40 min at +37℃.

The ligation reaction transformed into E.coli DH5α competent cells containing ~50 ng of
ligated plasmid. The cell suspension was incubated 30 min at room temperature and heat shock

35
45 sec. +42 ℃ and incubated 2 min. On ice. The transformed cells were incubated +37/180
RPM for 1 hour in 2% tryptone, 0.5% yeast extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl2,
10 mM MgSO2, 2mM D-glucose-medium (SOC). Cell suspensions was inoculated into 4%
Tryptone, 2% yeast extract, 172 mM NaCl (LB), 1.5 % agar-plates, containing 100 µg/ml
ampicillin. The plates were incubated +37 o/n. The colonies were analyzed using colony-PCR.
The final concentration of the PCR reaction in 20 µl reaction was 0,3 mM Polyhedrin-forward
primer, 0.3 mM pVL1392-reverse primer, 0,4 U/µl Taq polymerase in 20mM Tris-HCl (pH
8.4), 50mM KCl, 1 mM MgCl2-buffer (Thermo Fischer).
Positive colonies were inoculated into 2ml plasmid preparation LB-medium cultures,
containing 100µg/ml ampicillin. The cultures were incubated +37℃ o/n, 225 RPM. Plasmids
were isolated from the minipreps using the Nucleospin® plasmid purification kit (MachareyNigel). The purified plasmids were verified using a sequencing service at Biocenter Oulu
sequencing facilities. The plasmids were transfected using the baculovirus transfection system
provided by the Oxford expression technologies. For the transfection, ¼ dilution of
baculofectinII transfection reagent and 20ng of flashBAC ultra- viral genome was mixed with
the 100 ng of constructed plasmid. The transfection volume was added up with serum- and
antibiotic free TNM-FH medium (Sigma), and incubated 20 min at room temperature. The
transfection was performed into a 24-well plate (Corning) Sf9 culture with the confluence of 50
% in serum- and antibiotic free medium and incubated o/n at +27℃. After initial incubation,
the transfection was continued for five days in normal TNF-FH-medium, containing 10% fetal
bovine serum, 10% symperonic® F68, 20 mM L-glutamine, 100 µg/ml penicillin-streptomycin.
The transfection culture was collected, and the virus containing supernatant was inoculated into
100/20mm cellstar® Petri dishes (Greiner), containing Sf9 cells with 50% confluency.
The pFastBac-Dual inserts were generated the same way as described above, with different
PCR conditions. The purified inserts containing 5’-3’ overhanging ends was made vector
compatible by dephosphorylation and restriction digestion, which was done simultaneously by
incubating the insert and the vector at +37℃ for one hour. The reaction consisted of 1 U/µl of
calf intestinal alkaline phosphatase (New England Biolabs) in 50 mM Potassium Acetate, 20
mM Tris-acetate, 10 mM Magnesium Acetate, 100 μg/ml BSA-buffer (CutSmart NEB), 1 U/ml
of XbaI and SalI-HF (NEB) and 1µg of the insert and the vector. The treated vector and inserts
were purified and ligated using T4 ligase as described above. The ligated vector was
transformed into E.coli DH5α competent cells, inoculated into LB-ampicillin plates. Colonies
were analyzed using colony-PCR using Dream Taq polymerase. The colony-PCR mixture
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contained, KCl, (NH2)2SO4 and MgCl2-dream taq buffer (Thermo Fischer), 0.2 mM dNTP,
0.5mM Polyhedrin-primer, 0.5mM pFastbac-primer, 0,4 U/µl dream tag polymerase (Thermo
Fischer) and colony suspension. Positive colonies were inoculated, into LB-ampicillin miniprep
cultures, and plasmids were isolated, purified and sent for sequencing verification.
The bacmids were generated by transforming the pFastBac™-Dual plasmids into EmbacY
E.coli competent cells (Bieniossek et al. 2008). The transformation was done similarly as DH5α
cells with 1ng of plasmid and incubated 4 hours in SOC medium at +37 o/n, 225 RPM. The
EmbacY cells were inoculated into LB-agar plates containing, 50µg/ml Kanamycin, 7µg/ml
Gentamycin, 10µg/ml Tetracycline, 40µg/ml IPTG and 25µg/ml X-gal. The plates were
incubated for two days at +37, to complete blue/white colony screening. Positive colonies were
analyzed with colony-PCR. The positive colonies were inoculated into LB minipreps
containing 50µg/ml Kanamycin, 7µg/ml Gentamycin and 10µg/ml Tetracycline. The cells were
re-suspended in 15mM Tris, 10mM EDTA, 100µg/ml RNase A-buffer, followed by 1% SDS,
0.2M NaOH lysis. The cell debris was centrifuged in several steps (10min, 17000g, RT). The
bacmid DNA was precipitated with 100% isopropanol and washed with 70% ethanol. The
purified bacmids were analyzed with colony-PCR using dreataq polymerase and M13-promoter
primers. The positive bacmids were transfected into Sf9 cells with the similar protocol as above,
without the flasBAC ultra virus mixture. In addition to the pVL1392 system, the Bac-to-Bac
systems transfected cells were visualized using a UV-light microscope (Fig.6). The resultant
virus transfectants (P1) was then further amplified (P2) before protein expression.
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Fig.6 Cloning using the Bac-to-Bac system. The Initial insert is generated using DH5α cells
and then transfected into EmbacY baculovirus genome containing E.coli strain. The EmbacY
features promotor sites for LacZ operon, which enables the blue-white colony screening (C).
The transfection success of Sf9 cells can be inspected with either light microscope (B), and due
to YFP fluorescence, with UV-light microscope (A) with scale bars representing the
magnification.
4.4 Recombinant protein expression in S.sprugiferda

The cell culturing was done using Spodoptera frugiperda 9 strain, infected with Autographa
californica nucleopolyhedrovirus (AcMNPV). The cell cultures were prepared into the TNFFH medium (Sigma), added with 5% fetal bovine serum, 5% inactivated fetal bovine serum,
10% symperonic® F68, 20 mM L-glutamine, 100 µg/ml penicillin-streptomycin. For protein
expression cells were divided with the density of 50% of the 100/20 Corning cell culturing dish
(Greiner). The cells were infected by inoculating 1:100 ratio of the virus titer into the culturing
volume. The infected cell was incubated at +27℃ and harvested after 72h (5min, 1000RPM,
RT) and re-suspended into 137 mM NaCl, 2.7 mM KCl, eight mM Na2HPO4, 2 mM KH2PO4buffer (PBS). Cells were homogenized in 10mM Tris (pH 7.8), 100 mM NaCl, 100 mM
Glycine, 0.01 % Triton-X100-buffer, here on referred as affinity buffer. To prevent proteolytic
degradation, protease inhibitor cocktail containing, mainly serine and cysteine proteases
(Roche, product specifications not available), were used. The lysis was completed by using
glass Teflon-piston homogenizer.

4.5 Protein purification

The lysate was clarified using centrifugation (20min, 20000 x g, +4℃), and filtered through
0,22 µ filter. The initial purification step was done using immobilized metal ion affinity
chromatography. The supernatant was loaded into 5ml Histrap HP affinity column (GE
Healthcare). Additionally, depending on the expression volume, the supernatant was loaded
into 1.5x15cm econoflow gravity column (Biorad) loaded with 2.5 ml HisPur Ni-NTA-, or
Talon Co2+ affinity resin (Thermo Fischer). The column was washed with 10 column volumes
of washing buffer, containing 1x affinity buffer and 10 mM Imidazole (pH 7.8). The protein
was eluted with three-step gradient elution ranging from 30mM-, 60mM- and 500mM
imidazole in 1x affinity buffer. The typical elution profile varied 10ml with the peak fraction
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of 2ml when using Äkta (GE healthcare), or Duoflow (Biorad) purification systems. The
fractions were pooled and then concentrated to appropriate volume using 10000 MW Amicon
Ultrafiltration devices (Merc). Additionally, the sample was desalted using a PD-10 desalting
column (GE Healthcare).
The size exclusion chromatography was used for the polishing step. This was performed using
Superdex 200 16/60 Hiload, or Superdex 200 10/300 increase gel filtration columns (GE
healthcare), depending on the application. The peak fractions were pooled and, concentrated as
described above. The protein concentration was determined using Nanodrop UV-spectrometer.
Sample fractions from the purification steps, cell lysis, soluble protein fractionation, insoluble
protein fractionation, affinity purification, and gel filtration were collected for SDS-PAGE
analysis. The samples was prepared into 0.05 % bromphenol blue, 2% SDS, 0.25 m DTT, 0.05
M Tris (pH 6.8), 2% glycerol- buffer and loaded onto 10% SDS-PAGE gel. The gel was run
200V, 50min. The gel was stained with Coomassie blue, and de-stained with 10% acetic acid,
10% ethanol-solution.

4.6 Protein deglycosylation

The glycosylation was performed using fusion protein, endoglycosidase H from Streptomyces
picatus, and maltose binding protein (New England Biolabs). For analytical experiments (CD,
analytical chromatography), 0.2 U/µl of Endo Hf was SEC purified sample fraction and
incubated in 4℃ for 1 h to o/n. The fusion protein was removed using amylose resin affinity
matrix (New England Biolabs) and then eluted with 1 CV of 10 mM D-maltose. For
crystallization experiments, 0.1 U/µl of Endo Hf was added into the crystallization fraction,
prior to plate set up.

4.7 Multi-angle light scattering (MALS)

The molecular mass and sample heterogeneity were determined using miniDAWN TREOS II
multiangle light scattering detector (Wyatt technologies inc.). The system was coupled with a
Shimadzu Prominence liquid chromatography system. The sample was applied to the Shimadzu
SIL-20A autosampler unit. For size exclusion separation either s200 10/300- or, 5/150 increase
columns (GE Healthcare) was used. The Prominence system configuration consisted of the
SPD-20A photo-diode array detector, RF-20A fluorescence detector, and the RID-20A
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refractive index detector. The system was equilibrated with either 10 mM HEPES- or Trisbased buffer until the laser- and the RI-detector had stabilized down the 10-3-digits compared
to the baseline. The obtained data were processed using ASTRA software (Wyatt technologies
inc.)

4.8 Circular dichroism

The protein secondary structural elements and folding dynamics were analyzed using Circular
dichroism. The instrument used was Chirascan CD spectrometer (Applied photophysics Ltd).
The system was stabilized with constant nitrogen flow. The flow was adjusted to 0.3 dm3/min
for the detector, and 0.1 0.3 dm3/min for the monochromator and the tungsten lamp. The sample
was applied into 2mm thick quartz cuvette in the final concentration of 0.2 mg/ml. The system
was zeroed with air measurement. The maximum spectrum coverage, was achieved, by blank
measurement using 1:10 dilution of the affinity buffer. The single regular measurement was
done scanning tree repetitions of the spectrum from 260 nm to 195 nm (1mM Tris pH 7.8,
10mM NaCl, 10 mM Glycine, 0.2 mM CaCl2) in 22℃. The melting temperature curve was
determined using thermometer probe ranging from 22℃-95℃ with 0.5℃ degree ramp. The
data was processed using Pro data viewer-, and Global3 software (Applied photophysics Ltd).

4.9 Quasi-elastic light scattering (QUELS)
The stability and solubility were analyzed using Dynapro Platereader II (Wyatt Instruments
inc.) direct light scattering instrument. The system was pre-cooled to 10℃, and the laser was
stabilized. The samples were applied into corning 386 DLS specific plate, with a final
concentration of 0.05-0.5 mg/ml. The samples were analyzed by exposing the sample wells for
10 sec. for 12 image intervals. The laser signal was zeroed by inserting water and air blanks to
first wells. The results were analyzed using the Dynamics software (Wyatt technologies inc.).
4.10

Radionuclide activity assay

The uncoupled 2-OG decarboxylation activity was determined with a modified prolyl-4hydroxylase hydroxylation assay (Kivirikko & Prockop. 1972). The assay was done using
purified protein fractions with IMAC. The assay was used to determine the time curve of the
decarboxylation, the Km values of the cofactors and the total activity of the enzyme. Protein
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concentration used in all of the measurements was 1µM. The 2-OG was labeled with 1.2µCi
alpha-ketoglutaric acid, disodium salt (1-C14) (Perkin & Elmer). The cofactor solution (50µM
FeSO2, 2mM L-ascorbic acid, 100µM, 1:100 catalase dilution, 50mM Tris pH 7.8, 2mg/ml
BSA), was added to each reaction. The reaction was initiated by adding the 2-OG label and
sealing the reaction tube. The released carbon dioxide from the carboxylation was captured into
a Whatman paper that was pre-treated with Soluene-350. The typical reaction time was 30 min
at 37℃. The oxygen Km measurements were determined under pO2-gradient. The gradient
points were 21-, 16-, 8-, 4-,2- and 1%. The gradient was created using Ruskin InVivo400
hypoxia workstation system (Baker co.). The reaction was stopped with ice incubation, and the
labeled carbon dioxide was released with 2:1 1M K2HPO4 pH 5.0. The reactions were
incubated at room temperature for additional 30min with slow rocking. The Whatman papers
were transferred into scintillation containers and soaked in toluene-2-methoxyethanol
scintillation solution containing 1% polyphenylene oxide (PPO) and 0.003% 1,4-Bis(5-phenyl2-oxazolyl)benzene (POPOP). The activity was measured with Tri-Carb 2900TR liquid
scintillation counter (Perkin & Elmer).

4.11

Crystallization and X-ray crystallography

Protein crystallization experiments were carried out using the sitting drop method. The protein
sample was pre-treated with endoglycosidase H – MBP fusion protein (New England Biolabs).
The sample was briefly centrifuged and applied into a 96-well sitting drop iQ plates (TTP lab
tech). The screens were applied using Mosquito LCP nano dispenser (TTP lab tech). The
incubation and imaging were done using Rock imager 54- system (Formulatrix). The crystal
inspection was done using the in-house remote software. Crystals were tested with the home
source X-ray beam. The crystals were installed into an Oxford Cryostream 700 cryo unit. The
X-ray generation instrument used was Bruker Microstar X8 Proteum. The system was
integrated with Helios MX focusing optics and kappa goniometer. The acceleration voltage of
the rotating Cu-anode was 20kV, producing fixed 1.5418 Å X-ray beam. The detector was
Platinum 135 CCD detector.
4.12

Small-angle X-ray scattering (SAXS)

Small-angle X-ray experiments were carried out in two synchrotron locations. ESRF B29
beamline at Grenoble, France, and PETRA III P12 at Desy-Hamburg, Germany (Blanchet et al.
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2015). The datasets were collected either with batch- or HPLC-mode. The Data collection was
carried out by colleagues in Dr. Rajaram Venkatesan´s and Prof. Petri Kursula´s groups. The
sample preparation consisted purifying the protein as described above. Dialysis was done using
3.5kDa mini tube completing three rounds with 10000:1 ratio of sample buffer (30mM HEPES
(pH 7.5), 100mM NaCl, 100mM Glycine, and additionally 2mM CaCl2. 20µM FeSO4 was
added into the samples just before shipping, to prevent auto-oxidation. The samples were
shipped in sealed thermos system in 4℃. HPLC-SAXS measurement was done with superdex
200 2.3/300 analytical column. The sample concentrations in these datasets were 1.0 mg/ml (no
FeSO4/CaCl2) 2.2 mg (no FeSO4/CaCl2), 1 mg/ml (FeSO4/CaCl2), for the ESRF dataset. The
sample concentration for the PETRA III dataset was 0.5 mg/ml, 1mg/ml for the batch mode and
3.6 mg/ml for the HPLC mode
The datasets were processed using the ATSAS software, GNOM, and PRIMUS packages
(Franke et al. 2017, Konarev et al. 2003, D. I. Svergun. 1992). Additionally, the HPLC sample
data frames was decompressed with CHROMIXS (Panjkovich & Svergun. 2018). The
molecular weight values were calculated using GNOM based on the Guinier approximation
(MW I0) and the calculated molecular weight based on the scattering of a BSA molecule (MW
calc). Two types of de novo molecular modeling were done. Ab initio modeling was done using
two ATSAS software, packages, DAMMIN (D. I. Svergun. 1999) and GASBOR (Petoukhov
et al. 2012). The output solutions were averaged, and surface minimized using DAMAVER
(Volkov & Svergun. 2003). The output was aligned for evaluation using SUBCOMB (Kozin &
Svergun. 2001) The rigid body modeling was done using BUNCH (Petoukhov & Svergun.
2005). In addition, the crystal structures used in rigid body modeling was evaluated using
CRYSOL (D. Svergun et al. 1995). The structure graphical interpretation and representation
was done using pyMOL (Schrödinger. 2018).
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5. RESULTS AND DISCUSSION
5.1 Comprehensive protein bioinformatics

The contradiction regarding P4HTM is that it has more collagen P4H structural homology than
to HIF-P4Hs. The ability to hydroxylate HIFα ODDD peptides, suggest that P4HTM
contributes to the HIF-pathway in some levels (Koivunen et al. 2007a, Laitala et al. 2012,
Leinonen et al. 2016). Since the identification of P4HTM, many P4H crystal structures have
been available. Structural prediction algorithms and sequence alignment servers were used to
asses the homology among P4H-enzymes. The homologous sequences and the structural
modeling was done using structure prediction programs and multiple sequences — the
modeling based on the available crystal structure coordinates. Thus the 2-OG dioxygenase
domain is expected to be covered, yet the transmembrane region and the vicinity of the Nterminus are not likely to appear. The results were then used to aid the construct design, and to
confirm the assumed characteristic differences of P4HTM.

5.1.1 Multiple sequence alignment

The sequences selected for the multiple alignments were chosen with two primary conditions.
The distribution has to contain different species and that the sequence appears in raw sequence
check. In order to compare the relation to HIF- or C-P4Hs, human HIF-P4H1, -2, -3, C-P4H-αI
was selected. Other chosen homologous were Cr-P4H (C.reinhadrtii), Ba-P4H (Bacillus
anthwaxis), PBCV-1 (Paramedicum bursaria chorella virus-1). The primary alignment and the
sequence manual editing was done as described above (see materials and methods). In parallel
for structure prediction purposes, the template searchin engines resulted in multiple outputs
linking to Ca2+ binding proteins, such as calmodulins.
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Fig.7 Multiple sequence alignment of full-length P4HTM residues 1-502. The Inputs on the left
column are displayed in two groups, C-P4Hs (four sequences) and HIF-P4H (three sequences).
The N-terminal part of P4HTM resembles the transmembrane domain. The calcium binding
motifs were searched using the inputs from the structure prediction results. The alignment of
these proteins start at aa. 180 and ending at the end of the row. The protein names from top to
below are human calmodulin, C.renhardtii caltractin, human calcineurin, and M.merlangus
parvalbumin. The DSBH-fold is displayed as βI-βIII and their locations are based on the CrP4H structure in parallel with the secondary structure prediction output from phyre2, SWISS-
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model, HMMTOP and DAS (Koski et al. 2007). The P4HTM constructs present the starting
points of the current TmΔ88-502 construct and the shorter ones (see materials and methods).
The detailed description of the alignment is displayed at the bottom.

The feature in P4HTM sequence was discovered by Koivunen and collegues (2007) and this
alignment confirms it. The β-loop before the DBSH-fold contained a motif with residues that
are present in calcium binding proteins. More detailed view showed that the motifs are
conserved in P4HTM. In the (Koivunen et al. 2007) publication the region was shown to align
with C-P4Hs and HIF-P4Hs. However, the new alignment shows that the whole EF-hand
(Kretsinger & Nockolds. 1973) motifs are conserved. The EF-hand region aligned well with
homologous sequences confirming that P4HTM likely binds to calcium and potentially be
necessary to the biological function. The transmembrane sequence input was put through the
membrane prediction engine, which resulted in a single helix through the membrane. The
structure prediction servers identified the locations of the predicted transmembrane domain and
the N-terminal part in the cytosol. The lumen part was covered mostly with the same secondary
features found in Cr-P4H. Thus the coordinates 2JIG was used to present the possible secondary
structure of the 2-OG dioxygenase domain (Fig.7).

The sequence alignment suggests that the composition and order of the 2-OG dioxygenase
domain resemble most likely the DSDH-fold. In almost all sequences the catalytic and co-factor
binding residues are conserved. However, the exact lengths and orientations of the β-sheets are
likely to be different. In almost all sequences the catalytic and co-factor binding residues are
conserved. However, the exact lengths and orientations of the β-sheets might vary. The
alignment also confirms the modeling results, suggesting that the P4HTM has more shared
features with C-P4Hs than HIF-P4Hs (fig.7. The conserved group is highlighted, but the residue
is different.

5.1.2 Tertiary structure predictions

Majority of the sequence residue hits, coverage and the model confidence appeared in the 2OG dioxygenase domain part. Both programs yielded in all possible cycles, three distinct
classes that appeared in the results repetitively. The highest sequence alignment coverage and
identity came from Cr-P4H inputs. The Cr-P4H crystal structures, PDB entries 3GZE, 2JIG,
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2JIJ (Koski et al. 2009a, Koski et al. 2007), appeared in all cycles with the sequence coverage
up to approximately 40%, including the catalytic residues. The second most appearing class
identified from the Bacillus anthraxis P4Hs (Ba-P4H), PDB entries 3ITQ, 5HV0 (Culpepper
et al. 2010, Schnicker & Dey. 2016), and Paramedicum bursaria chorella virus-1 P4Hs (PBCVP4H), PDB entries 5C5U, 5C5T (Longbotham et al. 2015). The sequence coverage of the crystal
structures was approximately 35%. The third appearing group covering the 2-OG dioxygenase
domain was the HIF-P4H crystal structures, PDB entries 3OUJ, 2G19 (McDonough et al. 2006,
Rosen et al. 2010). Some less conserved results regarding the 2-OG domain came from Lysylhydroxylases (Guo et al. 2018) and other prolyl-4-hydroxylases from the lower organism P4Hs.
It was clear that based on the modeling results, the majority of the models based on collagen
P4Hs and fewer HIF-P4Hs. All models with over 95% confidence were then annealed, resulting
in the final prediction structure. The final model in Phyre2 covered 49% of the P4HTM
sequence (Fig.8). By looking on the available crystal structures, the P4HTM model resembles
the DSBH-fold

A)

B)

Fig.8 Models of P4HTM. The Phyre2 annealing resulted in a model with 49% coverage with
95% coverage (A). The model features the DSBH fold and the transmembrane helix. The loops
and the possible EF hand is too disordered to distinguish. However the βII-βIII loop seems to
appear in the rear. The presence of the fold can also be seen in some more coarsed models (B).
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Other than the 2-OG dioxygenase domain, the EF-/EF-hand like loop structure was well
covered and usable for modeling. Many of the outputs suggested that the P4HTM EF-hand
region is similar to calmodulins, caltractins, calcineurins, and other calcium-binding domains,
but not so many of these models were based on human proteins (Schuermann et al. 2010, Ye et
al. 2013). Many of the outputs came out as merely calcium-binding proteins especially from
animals with approximately < 20% sequence of the full-length P4HTM

The sequence similarity of P4HTM with other P4H enzymes is the highest in the C-terminal
region suggesting that the C-terminal part of the enzyme consists mainly out of DSBH-fold. In
almost all sequences the catalytic and co-factor binding residues are conserved. The alignment
also confirms the modeling results, suggesting that the P4HTM has more shared features with
C-P4Hs than HIF-P4Hs, based on the model input list, which was used for the modeling. The
fit of the annealing was validated manually, by visualizing the available crystal structures.
Because the modeling software suggested Cr-P4H as the closest homolog, the crystal structure
(PDB entry 2JIG) served as a reference of aligning the DSBH-fold respect to P4HTM model
(see fig.8a). The Cr-P4H structure was used as a reference to compare the secondary structure
prediction of P4HTM to the coordinates. The visualization showed that the confidence given in
the program was true, at least concerning the DSBH core fold. According to the sequence
alignment, the catalytic residues in P4HTM is H328, D330, and H374. The 2-OG binding
residue is lysine (K345), as in all C-P4H enzymes, whereas in HIF-P4Hs the residue is arginine
(see fig.7). Unique shared feature with Cr-P4H is the conserved cysteine residues C404-C444.
The corresponding cysteine Cr-P4H residues form a disulfide (Koski et al. 2007). Two of Nglycosylated asparagines locates between the βIII-βIV sheets and one at before the βIV-βV
loop.

5.2 Protein purification optimization of the TmΔ88-502 construct

The recombinant truncated TmΔ88-502 construct was described by Koivunen and colleagues
(2007) has proven to be soluble in vitro. The full-length P4HTM was seen to be proteolytically
cleaved after the transmembrane from this residue. For crystallization purposes, the purification
process was optimized, in order to maximize the quantity of pure protein. The purification was
done as described above (see materials and methods), which is based on the (Koivunen et al.
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2007) publication. The typical purification final yields obtained from the TmΔ88-502
purification were low (Table.I). The protein expresses well in insect cells. The protein appears
to elute as a monomer based on the retention volume, which appears to elute where BSA
standard elute (~15ml in s200 10/300 column). However, during the purification, visually
estimated >60% of protein is lost at final purification stage >90% pure (Fig.9). Since the
decrease is gradual, it would suggest that the protein tends to aggregate and eventually
precipitate. An ordinary protein purification protocol requires concentrating, especially before
high-performance liquid chromatography (HPLC).

Table.I The typical purification results obtained from the TmΔ88-502 purification.
Expression

Final protein

Purity

Final

Yield

Yield

volume (ml)

concentration (mg/ml)

(%)

volume (µl)

(mg)

(mg/l)

500

2.5

>90

50.0

0.125

0.25

The structure prediction suggests that the region between the 2-OG dioxygenase fold and the
transmembrane region may contain distorted random coil region. The disordered regions might
cause flexibility to the protein. The most significant feature regarding the solubility comes from
the three possible N-glycosylated residues. Authors previous attempts to express the protein in
E.coli revealed that it is challenging to obtain folded soluble protein in E.coli system with the
use of detergents and chaperone co-expression (data not shown). The absence of glycosylated
residues causes the majority of the protein to separate in the insoluble fraction, which suggests
that the glycosylation is crucial for the solubility. The expression in S.frugiperda enables
sufficient expression and yielding more soluble protein. However, the glycosylation in the ER
is a complicated process, and it is much limited in insecta than it is in higher eukaryotes (Shi &
Jarvis. 2007). Therefore, the glycosylation efficiency may vary on every protein batch and
increase the insoluble fraction.
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B)
A)

C)

Fig.9 Typical result of TmΔ88-502 purification. The retention volume of the soluble peak
corresponds to a ~55 kDa protein (A). The protein expresses well in insect cells, as seen in the
supernatant. However, the yil during the purification, yield decreases. The IMAC purified
fraction displayed in the upper SDS-PAGE (B) and the SEC purified fractions in the lower gel
(C).

In order to improve the purification yield, quasi-elastic light scattering experiment was done to
screen various buffering conditions for an HPLC-purified fraction (see materials and methods).
The screening conditions consisted mainly of GOOD buffer solutions (Good et al. 1966). A
variety of additives such as salt, glycine, CaCl2, and DTT was tested. The screening conditions
were in an ambient temperature close to the experimental temperature range +4 - +10 °C
(Fig.10). The QELS measurement is an excellent indicator of any large aggregated species that
are present in the sample matrix, but not an accurate technique to determine the molecular mass
of the particle. The more ideal parameters for DLS is the radius of gyration and the
polydispersity of the particle (Stetefeld et al. 2016).
The DLS spectra showed that the protein is very insoluble and prone to aggregation. The
polydispersity and most conditions suggest that the sample is heterogeneous, meaning that the
sample is a mixture of soluble and insoluble species. In order to detect any improvement and
determine the most suitable buffer system for the protein, the interfering signals were cut. The
dimensions of P4HTM monomer was approximated to 5 nm (La Verde et al. 2017, Pronk et al.
2014), based on the calculated molecular weight. The effect of additives could stabilize the
protein on a microscopical scale. Generally, the same distribution was seen in samples without
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the additives, thus indicating no improvement. The redox state of the protein did not seem to
be affected by the reducing agent. Usually, the reducing agent helps the stability of assumed
disulfide bonds and preventing unwanted isomerization, by keeping the cysteines reduced
(Gräslund et al. 2008, O'Shaughnessy & Doyle. 2011). The literature shows that the human CP4H truncated variants yield and purity increased by the addition of chelating agents such as
EDTA. Addition of EDTA prevents oxidization of disulfides, causing disulfide isomerization
and misplaced disulfides (Murthy. 2018). The reason being that atmospheric oxygen might
oxidize thiol groups and inducing disulfide. The protein was expressed in Sf9 which means that
the protein should have the ability to catalyze proper possible disulfide formation in the ER.
A)

B)

Fig.10 The overview of the QELS-spectra (A), shows that majority measurements the sample
matrix appears as heterogeneous and multidisperce. The mass distribution and the particle
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radius of gyration in the particles are broadly distributed indicating that the protein is not very
stable. The linearized graphs of the particle radius show that neural pH has the correct size (B).
In an acidic condition (control) such as in acetate, the protein starts by forming aggregates,
causing the radius to increase. The sample concentration in this measurement was 0.1mg/ml.

The protein associated with the ER membrane most likely means that the protein has some
hydrophobic parts in the fold. Even though the TmΔ88-502 construct does not contain the
transmembrane domain; the protein might associate with any membranes. Another aspect as
mentioned above is that the efficiency of the glycosylation may vary. The insoluble/soluble
fraction ratio varied in different purifications, thus making difficult to establish consistent
purification results. Overall it the results show that it was challenging to purify >90% pure
fractions using this construct.

5.3 Oligomeric state and molecular mass determination

The oligomeric state of the TmΔ88-502 construct oligomeric state was determined based on the
elution profiles of size exclusion chromatography and SEC-MALS (Fig.11). As discussed
earlier the main soluble peak retention volume suggest that the protein elutes in the same range
as BSA which means that the protein appears as a monomer in vitro rather than homodimer
(discussed in the literature review). In the previous sections, the SDS-PAGE of SEC purified
fraction from glycan containing protein has approximately ~55 kDa mass and the
deglycosylated protein is approximate ~50 kDa. The aggregated peak is not observable in SDSPAGE. The multiangle scattering experiment was done in the buffering condition as presented
in the materials and methods section. The possible solubilizing effect of the use of EDTA was
tested by adding 1mM EDTA to the sample. The mass distribution analysis suggests that the
construct is a monomer in vitro and appearing as a heterogeneous mixture.
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Fig.11 Determinating the oligomeric state of the TmΔ88-502 construct. The chromatogram
displays the mass distribution over the peak. The molecular mass was computed based on the
differential refractive index corresponding to roughly 50 kDa peak. The peak is nonsymmetrical indicating that the peak contains additional species, which might be caused by
cleavage of the protein, or the heterogeneity in the glycosylation. Dimerization is not likely to
occur. The EDTA addition does not seem likely affect the solubility since the insoluble peak is
higher (Rayleigh ratio, green dots).

The molecular mass estimate determined with SEC-MALS show that the mass distribution
range from 34-54kDa, which is acceptable within the limitation of the measurement. The results
are consistent with previous measurements done on the same construct (Unpublished data). The
main peak seems to contain a mixture of species, but none of them suggest that the protein
appears as a dimer as described previously (Koivunen et al. 2007). The higher molecular weight
as respect to the calculated mass can be explained by the N-glycosylation (Mehta et al. 2016).
The lower molecular mass could be caused by the fact that the N-terminal part is very flexible
resulting inaccurate measurement of the particle. It is also possible that some degradation might
occur, but it is not likely that the monomer would decompose into two fragments.
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5.4 Kinetic measurements

Radionuclide-labeled 2-OG uncoupled activity assays were done to determine the Km values
for oxygen and iron. The oxygen measurements were done ranging the oxygen partial pressure
from 21% to 1%. The reaction time for the condition was 30 min. The iron measurements were
done as described in the materials and methods section. The reaction time for the iron reaction
was 5 min. The time was determined to perform time-curve measurements with fixed Fe2+
concentration. The protein concentration used in these reactions were 1µM, and the 2-OG
concentration was 100mM. The slope of the activity was determined by plotting the values of
the decayed CO2 as a function of concentration, and the fit was calculated based on the sum of
squares (Fig.12). The measurement should be considered as an indirect measure of activity
since only the measured parameter is the decarboxylation of 2-OG (Kivirikko et al. 1989). As
seen elsewhere, the Km values of the co-factors do not change in the presence of the substrate
(see review (Myllyharju. 2013). The reaction is still valid of determining the kinetics of enzyme
and the co-factors. The oxygen measurement shows that the P4HTM has much lower Km value
as respect to HIF-P4H2 (Table.II).

Table.II The Km values for O2 and Fe2+. The values were determined in three individual
measurements and given as mean standard deviation (SD). For reference values see (Mcneill et
al. 2002 (a) Hirsilä et al. 2003 (b), Hirsilä et al. 2006 (c))

The P4HTM Km for oxygen differs from HIF-P4Hs, where the Km range for ODDD peptides is
230-250µM. The Km decreases down to 100 µM when the peptide elongates with (Ehrismann
et al. 2007, Hirsila et al. 2003, Koivunen et al. 2006). The lower Km value respect to HIF-P4Hs,
suggest that P4HTM is not primarily oxygen sensor, but the contribution to hypoxia is possible.
The oxygen Km values for C-P4H 40µM, are lower than HIF-P4Hs. The Km value for iron is
2µM (Myllyharju & Kivirikko. 1997). The Km iron value for P4HTM indicates that the reaction
rate is high, and possibly with binding with high affinity (Dao et al. 2009). Since the Km value
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of iron is low, the binding affinity would provide more information about the binding of Fe2+
and also Ca2+. The actual binding of Fe2+ and O2 could be determined more accurately with
other techniques such as isothermal titration calorimetry (ITC), or surface plasmon resonance
(SPR).

Fig.12 Km value determination for Fe2+ and O2. The Km values were determined from three
independent measurements and reported as mean standard deviation

5.5 Effect of metal ions

In addition to the Fe2+ coordination in the active site, most likely the Ca2+-cation binds into the
EF-/EF-hand like motif. As described in the bioinformatics section, the domain is located before
the DSBH-fold and based on the structural homology it replaces the β4-β5-loop in Cr-P4H and
β3-β4 loop in HIF-P4H. The loop could act similarly as the βII-βIII-loop which is most likely
responsible for the substrate binding and specificity. The affect of metal ion absence is likely
to affect the solubility and the structure. The protein was therefore purified without metal ions,
and CD-spectra was measured (Fig.13).
The CD curves of metal-containing samples show more ordered secondary structure; the CD
curves was deconvoluted to secondary structure ratio using CDNN (Greenfield. 2006) The the
sample not containing metals showed the slightly disordered curve which is seen in the
secondary structure variation (Table.III)
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Fig.13 The size-exclusion chromatogram shows that the ratio of insoluble fraction respect to
soluble fraction increases with the absence of metal ions (A). The CD-spectra suggest that the
there is minimal difference in the secondary structure (B). The CD measurement was done with
0.2 mg/ml protein concentration.

Table.III CD-spectra deconvolution.
no-metals
Helix
Antiparallel
Parallel
Beta-Turn
Rndm. Coil
Total Sum

22 %
19 %
12 %
19 %
39 %
111 %

20 %
14 %
13 %
20 %
43 %
110 %

21 %
12 %
14 %
19 %
45 %
110 %

195-260 nm

200-260 nm

205-260 nm

metals
19 %
14 %
13 %
20 %
45 %
111 %

27 %
18 %
9%
19 %
32 %
105 %

25 %
16 %
11 %
19 %
35 %
105 %

24 %
12 %
11 %
19 %
38 %
104 %

26 %
10 %
12 %
18 %
39 %
105 %

210-260 nm 190-260 nm 195-260 nm 200-260 nm 205-260 nm

The possible stabilizing effect of the metal ions was tested with CD melting curves. The curves
show that the metal-containing curve has a clear transition between the folded and unfolded
state. However, when the enzyme is not bound to metals, the protein aggregates rapidly and do
not show a clear transition. The effect of calsium In order to determine whether iron or calcium
is more important to the folding stability, CD measurement was done separately for calcium
conditions. The measurement was performed using EGTA as a calcium chelator, which inhibits
Ca2+-binding. The results show that there is contradicting difference in the CD curves. In the
presence of calcium, the secondary structure shows to be more disordered than without the
calcium. The data suggest that the coordination of the Fe2+-cation is more critical for the protein
stability in vitro. However, the absence of calcium may not affect the uncoupled
decarboxylation activity. Also, the experimental setup cannot exclude the possibility of already
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bound calcium. Further experiments require more knowledge of the binding kinetics and
thermodynamics of the metal ions.

(Fig.14). The melting temperature (Tm) was found to be 42.8 °C ± 0.1 for the metal containing
sample and 50.4 °C ± 0.4 applying the single-transition state model (A). The melting curves
show that in the non-metal condition the protein is likely already aggregated as the temperature
increases (A). The relative CD curve show also that there is no shift between unfolded and
folded state (B).

5.6 Crystallization and diffraction tests

The crystallization experiments proceeded first with the available modified commercial
screens. Some conditions were optimized mainly containing 2-(N-morpholino)ethanesulfonic
acid (MES), (3-(N-morpholino)propanesulfonic acid) (MOPS) as a buffering component. The
main precipitants in these conditions were polyethylene glycol (PEG), tert-butanol, and a
mixture of chaotropic and kosmotropic salts such as (NH4)2SO4 and KCl. Few promising
crystals formed in conditions with the high amount of precipitant such as 100mM acetic acid
pH 4.5, 1M (NH4)2SO4, 1M KCl. The crystals were tested with the home-source X-ray beam,
which proved to be salt crystals (Data not shown). The protein concentration used did not
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exceed over 4 mg/ml, which is not ideal for crystallization. Taking to account that the protein
is likely very insoluble, the limiting crystallization concentration might not be high. Higher
yields and possible more efficient de-glycosylation protocol is required to improve these
experiments.

5.7 Low-resolution P4HTM structure in solution

5.1.1 Data collection and processing

Due to difficulties of obtaining crystals, small-angle X-ray scattering was used to determine
low-resolution structure in two conditions. The samples were purified and prepared without
FeSO4 and CaCl2 and an as a comparison with the metals. The samples were measured as a
batch sample, which uses a quartz capillary to place the solution in front of the beam. The
second type of sample was an HPLC-coupled system with the beam (Malaby et al. 2015). The
data sets were collected in two beamlines. The batch sample datasets were collected in ESRF
BioSAXS BM29-beamline in Grenoble. Four samples were measured in the buffer containing
FeSO4 and CaCl2 or without them. The sample concentrations in the non-metal condition were
1 mg/ml and 2.2 mg/ml. The normal condition sample concentrations were 1 mg/ml and 3
mg/ml. The batch mode measurement has a disadvantage that any possible intermolecular
contacts cause an error to the measurements because all particles exposed to the photons, and
the scattering curve is a differential average of the pattern. In case fraction of the sample is
aggregated, it will cause an error in the particle dimension determination. Therefore, larger
aggregates will positively increase the dimension and mass of the particle. The concentration
determination is also crucial to the measurement (Skou et al. 2014). The negative effect of the
aggregation was eliminated using HPLC-SAXS measurement, which allowed to collect data
only from the soluble peak. The HPLC-SAXS dataset was collected at PETRA III P12-beamline
in Hamburg. The sample was sent in containing the metal ions in the buffering conditions with
a concentration of 3.6 mg/ml. The retention of the peak was similar as in the purification
experiments. Surprisingly, there was no insoluble peak observed during the separation. The
soluble peak was continuously exposed, and the baseline was determined to from zero mobile
phase, i.e., buffer.
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The scattering curves for the metal comparison measurement showed that there is some
interparticle interaction difference in the smaller angles, causing positive repulsion. The nonmetal samples seem to have some positive curvature, which is usually an indication of various
species in the sample. Therefore, part of the sample is likely aggregates. The metal sample
scattering curves show that there much less positive curvature. The concentration difference
can is observed well. The sample containing cations had much less these effects. The shape of
the scattering curve in the in the higher angles (1-3 nm-1) suggests that the protein is globular
and possibly elongated.

The Guinier regions for both samples showed linearity and indicating that the data is usable,
for modeling purposes The Kratky plot and Porod plot show that the protein is in a folded state
and is likely a globular monomeric particle. The radius of hydration for the metal-containing
samples were 3.68 ± 0.01 (I0 57, 1mg/ml) and 4.25 ± 0.28 (I0 82, 3 mg/ml). The non-metal
sample radius of gyrations were 3.67 ± 0.09 (I0 58, 1 mg/ml) and 3.9 ± 0.11 (I0 66, 2.2 mg/ml.
The linear part of the Guinier region and the error in the Rg suggest that the sample might behave
better in lower concentration. The based on the intensity and the particle volume the molecular
weight the molecular weight was 95-130 kDa for the metal-containing the sample. The
molecular weights for the non-metal sample were 89-110kDa. Due to the large range the
scattering curves where merged which represent as a mean of the molecular mass. The
molecular weight estimates suggest that in both conditions the protein is a dimer. However,
considering that there are most likely interparticle interactions increasing the structure factor,
the values are caused by the aggregation artifacts. The metal-containing sample Dmax ranges
from 15 to 18 nm and the non-metal containing sample from 15 to 20nm. The measurement is
done with the HPLC-mode, and another batch sample as a reference showed that the protein is
a monomer. The Rg range 3.38 ± 0.02 (I0 349 3,6 mg/ml) is agreement with the metal/nonmetal samples. The molecular weight was calculated based on the BSA standard scattering to
range from 49kDa to 59 kDa with a Dmax of 12 nm. The ESRF dataset is displayed in (Fig.15).
The PETRA III datasets are displayed in (Fig.16). Previously the full-length P4HTM and the
TmΔ88-502 variant was described as a homodimer in vitro (Koivunen et al. 2007a). Based on
the SAXS measurements together with MALS measurements, the oligomeric state of this
construct is a monomer. The results of the SAXS measurements are summarized in (Table.II).
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Table.III SAXS data results. The metal comparison values are presented from merged
scattering curves from two concentrations. The HPLC-sample values are from the single
scattering curve obtained from the soluble chromatography peak.

Experimentally the results could be improved increasing the number of measurements and with
broader concentration series. The HPLC coupled measurement contains more data points
improving the Guinier region linearity. The size exclusion in real time excludes the possibility
of interfering aggregates. Therefore, the data collection with the PETRA III beamline was more
successful experimentally. The data parameters seem to indicate that there is no difference
whether the metal ions affect the enzyme stability. However, since the scattering curve indicates
aggregation, the metals may cause the fold the become more flexible thus inducing aggregation.

C)

A)

B)

D)

E)

G)

H)

F)
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Fig.15 TmΔ88-502 construct measured in ESRF intwo conditions. A solution containing 20µM
FeSO4 and 2mM CaCl2. The sample buffer composition, were 10mM HEPES pH 7.5, 100mM
NaCl, 100mM Glycine. The sample concentration containing the metals were 1 mg/ml and 3
mg/ml (magenta/green). The sample concentrations for the non-metal conditions were 1 mg/ml
and 2.2 mg/ml (red/blue). The data were processed separately for each sample Scattering curve
(A), Guinier plot (B), Kratky plot (C) and porod plot (D). The datasets were merged and
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processed the same way respectively, scattering curve merged (E), Guinier plot merged (F),

C)

A)

D)

B)

Kratky plot merged (G), porod plot merged (H)

Fig.16 TmΔ88-502 construct measured in PETRA III. Two samples were measured. Both
sample buffer solutions, were 10mM HEPES pH 7.5, 100mM NaCl, 100mM Glycine, 20µM
FeSO4 and 2mM CaCl2. The concentration of the HPLC-sample (blue) was 3.6 mg/ml and the
batch sample was 0.5 mg/ml (red). The datasets were processed separately, scattering curve
(A), Guinier plot (B), Kratky plot (C) and porod plot (D).

Experimentally the results could be improved increasing the number of measurements and with
broader concentration series. The HPLC coupled measurement contains more data points
improving the Guinier region linearity. The size exclusion in real time excludes the possibility
of interfering aggregates. Therefore, the data collection with the PETRA III beamline was more
successful experimentally. The data parameters seem to indicate that there is no difference
whether the metal ions affect the enzyme stability. However, since the scattering curve indicates
aggregation, the metals may cause the fold the become more flexible thus inducing aggregation.

The distance distribution functions P(r), show some right-handed shift and the distribution is
non-symmetrical. The shift is seen as the concentration increases. The function suggests that
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when the concentration increases in either condition, the protein becomes more aggregated.
The HPCL-mode distribution function appears more symmetrical and appears as a compact
monomer, and the quality of the data is much better than the batch samples.
In conclusion, according to these two datasets, the TmΔ88-502 construct is a monomer with a
molecular weight of ~55kDa and globular with tail extension. The role of the metal ions
according to the scattering profile and the distribution function is unclear. However, the
interparticle artifacts can be observed, such as the increase of aggregation, causing instability.
The increasing concentration seemed also to cause aggregation.

5.1.1 Molecular modeling

Based on the distribution function and the scattering curve, the shape and dimensions of the
protein molecule were modeled using Ab initio simulated annealing approach. Two ATSAS
software was used to model the molecules, DAMMIN (D. I. Svergun. 1999) and GASBOR
(Petoukhov et al. 2012). The annealing simulation calculates different solutions comparing the
real-space to the raw scattering curve trying to find the best fit in consequent iterations. The
same dataset was run ten times in total, and the models and averaged using SUBCOMB (Kozin
& Svergun. 2001) (Fig.17) The first five cycles were set up with minimal constraints and
structure arguments. Additional five cycles were done with much slower and intense annealing
with more arguments. For example, the predicted shape was fixed as a prolate, and a scaling
factor was introduced into the iteration. The Ab initio models show that that the protein is an
elongated monomer, where the N-terminus is extended.
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Fig.17 Distance distribution functions and dummy atom models of the TmΔ88-502 construct.
The P(r) function displays the metal-/non-metal samples in from 15nm to 20 nm. The HPLCmode sample and the 0.5mg/ml sample 11-12 nm. The magnitude of the area under the curve
is different because the datasets were measured at two different beamlines. The P(r) functions
were normalized. The dummy atom models are presented from the top in the following order,
HPLC-sample (a), no metals (b), metals (c). The dummy atom models where constructed with
gasbor. The final chi square values were 1.126, 0.987, 0.912 respectively.

Since the Cr-P4H has a 40% sequence similarity and many conserved regions, rigid body
modeling was done. The crystal structure PDB:3GZE (Koski et al. 2009b) was fitted into the
scattering curve using CRYSOL (D. Svergun et al. 1995), where the χ2 score fit was 2.1. Since
the Cr-P4H lacks the EF-hand part, the same calculation was done to the Chlamydomonas
caltractin (PDB entry 3QRX) (Sosa Ldel et al. 2011). Additionally, HIF-P4Hs was also fitted
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to the scattering, but the χ2 was 1x102-region. The amplitudes are used then used to fit the rigid
body into the dummy atom model, and to build some missing regions with dummy atom chain
based on the combined input sequence. The rigid body modeling was done using BUNCH
(Petoukhov & Svergun. 2005). Since the construct is likely a monomer, instead of the Cr-P4H
tetrameric complex structure a modified monomer structure was used 2JIG. The rigid body
modeling was done similarly as the Ab initio modeling combining several annealing cycles.
Distance arguments between the 2-OG domain of the Cr-P4H structure and the caltractin
structure were 5Å. The gap between the β4β5 loop which is replaced by the EF-hand was
measured in COOT (Emsley et al. 2010, Emsley & Cowtan. 2004). The distance argument was
set in the BUNCH settings. Due to the elongation of the P4HTM model and the smaller size of
Cr-P4H, the rigid body modeling proved to be too difficult. The missing regions in the Cr-P4H
structure were too long to be modeled with dummy atoms. This causes the rigid body to
overextend, and the model body does not fit in shape very well. The initial chi-square fit for the
model was 2.1, but when the final annealing was completed, the value increased to 7, which is
not any more meaningful.

5.2 Shorter constructs

Since the TmΔ88-502 construct suffered from insolubility issues, shorter constrtucts were
generated. Two separate baculoviral systems were used to generate the constructs, the general
baculovirus transfection system, and the Bac-to-Bac system (see materials and methods).
Initially, the first attempt to clone the constructs failed, due to transfecting issues using the
pVL1392 vector. The Bac-to-Bac system yielded expressing viruses, and the construct
sequence was correct. Based on the secondary structure prediction, the constructs decided to
start from positions E115, D130, G149, and Q187 hence referred to as TmΔ115-502. TmΔ130502, TmΔ149-502, and TmΔ187-502 respectively. Some consideration was also used to
determine the starting residue, based on the thermodynamics of short peptides (Bokhove et al.
2016, Varshavsky. 2011). The TmΔ115-502 construct starts at the first confidently predicted βsheet. The following construct TmΔ130-502 starts from the helix before the EF-/EF-hand like
domain. The last constructs start just before the EF-hand. The absence of the DSBH-fold
supporting helix might cause the protein to unfold. Attempts were made to purify these
constructs, with minimal yields. The elution profiles seemed corresponding to correct molecular
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weight and first indicated that the TmΔ130-502 construct could appear as a dimer since the
calculated MW of the construct is 45 kDa. The protein was visible on SDS-PAGE (Fig.18).

Fig.18 The elution profiles of purified shorter constructs. The retention volume of the TmΔ130502 truncated variants appears to elute as a dimer and is observable on SDS-PAGE. MS
analyses revealed that the sample belongs to an insect protein.

The uncoupled activity test was done, suggesting that there might be some activity, but most
likely an artifact of the measurement. MALDI-TOF identification revealed that the sample
belongs to an insect protein. The TmΔ88-502 was cloned successfully using the Bac-to-Bac
system. However, in general, the construct generation failed due to technical issues with limited
data, and time-related issues. Ideally, the shorter constructs were expected to limit the flexibility
in the N-terminus and therefore increase the solubility. However, it is uncertain whether the
absence of the supporting helix might have disrupted the fold. The shortest constructs TmΔ149502 and TmΔ187-502 were not visible on the SDS-PAGE gel. Since the TmΔ88-502 was
successfully generated, it is uncertain whether the cloning failed or that the shorter variants fall
into the insoluble fraction, as a result of unfolding.

5.1Effect of deglycosylation
Glycosylation as a post-translational modification usually affects the dynamics of the protein
molecule, increasing the stability (Lee et al. 2015). For crystallization purposes, the glycans are
often considered as an interfering factor, because it retains the protein in the soluble part of the
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saturation curve (Chang et al. 2007). All tough, in glycosylation, does not necessary that the
protein cant crystallizes, and in many cases, proteins can be crystallized with uncut glycans
(Mesters & Hilgenfeld. 2007). The glycans can be cut using specific de-glycosylation enzymes
such as endoglycosidase (Collin & Olsen. 2001, Maley et al. 1989, Mizuochi et al. 1984,
Trastoy et al. 2018), often used with solubilizing enhancer such as maltose binding protein
(Bokhove et al. 2016). The sample was deglycosylated after size exclusion chromatography.
The mass difference of the de-glycosylation can be observed on SDS-PAGE (Fig 19.). The
Solubility of the protein decreased but did not affect the protein folding properties or any
significant changes to the secondary structure composition. The structural effects were
determined to perform CD measurement for the de-glycosylated enzyme and comparing to the
glycosylated enzyme (Fig.20). The 2-OG decarboxylation activity was not affected by the deglycosylation, as the count rates were in the same level with the glycosylated protein. The
activity supports the finding from the CD measurement that the 2-OG dioxygenase fold is not
affected and it is still functional (Martina et al. 1998, Rasmussen. 1992).
The exact mas could not be determined since MALDI-TOF spectroscopy was not selective
enough to determine the exact mass or the glycosylated residues.

C)

Fig.19 Purification of the deglycosylated TmΔ88-502 construct, which causes sample loss due
to insolubility (A). The SDS-PAGE gel shows that the mass of the glucosylated protein (ug) is
decreased to approximately 5kDa (dg) when endo hf is added (ehf) (B). The Endo HF fusion
protein can be removed successfully with D-Maltose elution. The glycosylated sample has the
fusion protein at 70 kDa level, but not in the deglycosylated sample. The activity of the
undeglycosylated sample was measured (C). The deglycosylation does not affect the activity.
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Fig.20 CD spectra- and activity test comparison against the deglycosylated protein. The CD
curve shows that there is no change in the secondary structure after deglycosylation. The
uncoupled activity shows that the enzyme is functional after deglycosylation.

Since the insolubility is a factor, the amount of soluble protein decreased, even more, when the
purified sample was de-glycosylated was performed and repurified. Eventually, the quantities
after de-glycosylation, gel-filtration, and sample concentration were low, causing the
crystallization experiments to be limited. As a compromise, the de-glycosylating enzyme was
added to the crystallization screen with a trace amount of endoglycosidase H, MBP fusion
protein. The assuming that some fraction of the sample does not contain glycans and therefore
pushing towards supersaturation more easily. Due to the difficulties of small yields and the
insolubility issues, de-glycosylation was shown to be the ineffective approach for
crystallization (Fig.17) Considering that the protein does not lose the structure or activity deglycosylation. Due to the insolubility and low yields, the de-glycosylation could be used in
crystallography when the yields are higher. The high insolubility could push the protein to
crystallize easier.

5.2 The role of the calcium binding motif
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The EF-hand is the most common calcium-binding motif which is part of hundreds of proteins.
The first described EF-hand structure parvalbumin (Kretsinger & Nockolds. 1973)). The
structure of EF-hand consists of the helix-loop-helix loop in the N-terminus order, helix-E, and
helix-F. Hence the name EF-hand. The length of a single EF-hand is 30 residues long. The
binding of calcium induces a conformational change, which causes motion in the motif. Since
there are many different types of EF-hands with different affinities towards calcium, the
magnitude of the motion depends on the class of the EF-hand. The role of EF-hand is involved
in calcium buffering in the cytosol, and since calcium is a signal transduction molecule, EFhand is involved in many signal transduction pathways (Wang & Schwarz. 2009).
In many cases, the function of EF-hand in the protein is to expose hydrophobic sites. Usually,
catalytic enzyme residues reside in such hydrophobic sites. The most obvious example of EFhand mediated substrate binding is seen on calmodulins (Fig.21) (Shifman et al. 2006)
Calmodulins is ubiquitous signal transduction proteins which contain four EF-hands. Once
calcium is bound to each hand, calmodulin is in open conformation enabling high affinity to
the substrate protein such as kinases. The advantageous feature of EF-hand is that the helix
groove is non-polar and flexible. The non-polar groove is not restricted to specific motifs in
interacting proteins. The flexibility is caused by the loop between the helices, which allows the
induce different motions depending on the substrate (Halling et al. 2016).

Fig.21 Crystal structure of human Calmodulin PDB entry 1CLL (Chattopadhyaya et al. 1992).
Calmodulin contains four EF-hands with a connecting helix (A). A single EF-hand contains
two helices similar as to thumb and the index finger (B). The arrows represent the motion
included with calcium binding. The calcium atom is bound to one of the common binding motif
DDDTE.
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Since EF-hand is a very dynamic motif, which forms protein-protein interactions enabling
conformational changes with their binding partners. The EF-hand contributes to the biological
activity of the target protein (Meador et al. 1992, Zhang et al. 1995). The function of the EFhand in P4HTM could relate to the substrate interaction. Both C-P4H and HIF-P4H substrates
are transient substrates. Pro-collagen chains are disordered prior to the hydroxylation and HIFα
belongs to the natively unfolded proteins. Since the sequence identity is closer to C-P4Hs than
HIF-P4Hs, the P4HTM substrate is likely a secreted molecule. It should be noted that not all 2OGDD substrates are proteins. The ER environment is crowded compared to other cellular
compartments and contains partially folded proteins requiring post-translational modification
inducing unfolded protein response (UPR) (Bravo et al. 2013, Velez Perez et al. 2013). P4HTM
is not a ubiquitous protein but may adopt similar substrate binding properties. Like PDI
(Pirneskoski et al. 2004, Ruddock et al. 1998), the P4HTM potent substrate could bound in a
transient partially disordered state, where the EF-hand motif seals the substrate. An interesting
factor is the oligomerization state in vivo? Does the protein appear as a monomer in vitro
because it is not bound to the membrane? The possible mechanism and topology of P4HTM is
proposed in (Fig.20)

Fig.22 P4HTM appears as a dimer in vivo. The EF-hand motif interacts with the substrate which
causes the protein to dimerize and bringing the substrate closer to the active site and once
hydroxylated the EF-hands shifts back to open conformation (A). The model consists, SAXS
data collected by the author and the calmodulin coordinates (1CLL) and from Cr-P4H (2JIG)
(Koski et al. 2007) (Chattopadhyaya et al. 1992). The possible topology displays the β-loop
replacement with EF-hand motif and the extended βII-βIII loop.
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6. CONCLUSIONS
The study was done in this thesis characterizes P4HTM using spectroscopical techniques CD,
DLS, and SEC-MALS. The kinetics of the 2-OG decarboxylation reaction was determined, to
find Km values for oxygen and ferrous iron using radionuclide decay assays. Novel constructs
were cloned into baculoviruses and attempted to purify. The structural properties were
determined with small-angle X-ray scattering. Bioinformatics was used to perform molecular
prediction models and compare gene homology.

The first low-resolution molecular solution structure model is proposed in this thesis. The
characterization of the TmΔ88-502 construct, together with the SAXS data proofs that the
transmembrane truncated slicing variant is a monomer and is active in vitro. The challenges of
working with P4HTM arises mainly from the solubility. The data presented here show that the
co-factors, Fe2+- and Ca2+-cations affects the stability of the enzyme. The solubility is highly
dependent of the N-glycan asparagine residues. However, the activity or the stability of the
structure is not affected. The solubility of the shorter consructs remained unclear and whether
some of the constructs could be expressed. The uncoupled decarboxylation activity suggests
that the enzyme is functional as a monomer. However, monomeric enzyme might not be a
biologically active unit of the enzyme. The SAXS data from P4HTM fits better to collagen P4H
crystal structure coordinates than HIF-P4H. P4HTM have been reported to hydroxylate HIF1α
peptides, but not collagen peptides (Koivunen et al. 2007a) The ab initio model based on the
SAXS data suggests that the active unit is globular with flexible extension towards the Nterminus. The extension suggests that full-length protein contains a flexible region between the
transmembrane helix and the 2-OG dioxygenase domain. The flexibility could enable the
dimerization in vivo. The EF-hands and the extended DSBD-loop might act as a tunnel trapping
the substrate. Since the enzyme contains two EF-hand motifs, the enzyme could appear as a
homodimer in vivo. The replacement of the nation-DSBH loop, e.g., β4-β5 in Cr-P4H, with the
EF-hand domain, and the extension of the βII-βIII loop may suggest that the substrate is
substantial or even disordered. The role of the EF-hand may be to close the conformation acting
as a lid and sealing the active site (Hoeflich & Ikura. 2002). The result obtained from these
experiments does not provide comprehensive details of the enzyme. The result shown here, act
more as leads and suggestions, for future experimental approaches. Especially the binding
affinity of the metal ions was not studied here.
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