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Abstract
Membrane proteins are challenging to study due the necessity to maintain a lipid-like environment to preserve their 
structure and function. Particularly difficult to study are membrane-bound enzymes that interact with lipophilic 
substrates. The aim of this doctoral thesis was to investigate the mechanism of action and inhibition of membrane-
bound enzymes that interact with lipids and lipophilic substrates under non-crystalline, physiologically relevant 
conditions using neutron scattering methods. Neutron scattering techniques are suitable for the study of biological 
systems. Neutrons have no net charge and can therefore penetrate deeply into matter. Using neutrons, it is also possible 
to distinguish between isotopes of the same element, as is the case with the isotopes of hydrogen (protium and 
deuterium). Selective deuteration can be used to determine the structure and location of biological molecules in complex 
systems. Neutron reflectometry (NR) is a surface scattering technique capable of determining the structure and 
composition of thin films in the direction perpendicular to the surface. NR is therefore highly suitable for the study of 
membrane proteins and lipid bilayers
A relevant example of this type of membrane proteins is human dihydroorotate dehydrogenase (HsDHODH). 
HsDHODH in an integral protein found in the inner mitochondrial membrane (IMM), where it catalyzes the oxidation of 
dihydroorotate to orotate with the concomitant reduction of ubiquinone Q10 (coenzyme Q10), thus linking pyrimidine 
biosynthesis and the respiratory chain. HsDHODH is the target of anti-inflammatory drugs and anti-proliferative 
compounds, and mutations in the HsDHODH gene have been identified as the cause of Miller syndrome, a rare genetic 
disorder characterized by malformations of the head, face, and limbs. 
Firstly, the production of the protein reagents needed for this thesis was established. A full biochemical characterization 
of HsDHODH and truncated HsDHODH as well as three variants associated with Miller syndrome (G19E, E52G, 
R135C) was performed. A particular focus was placed on their interaction with lipids including quartz crystal 
microbalance with dissipation (QCM-D) measurements of their binding to supported lipid bilayers (SLB). Miller 
syndrome mutants displayed lower activities compared to the wild-type enzymes, but showed also decreased stability, 
a probably impaired mitochondrial import, as well as differences in interactions with lipids (Papers I – III).
As part of this thesis, the interactions between SLBs consisting of either synthetic lipids or a complex lipid mixture 
extracted from yeast with or without Q10 and a soluble truncated form of HsDHODH, as well as the soluble bacterial 
analog from E. coli (EcDHODH), were investigated by NR. Q10 was found to be located at the center of all the bilayers 
studied, between the lipid leaflets. Both enzymes were found to penetrate into the outer lipid leaflet of the bilayer upon 
interaction. The bacterial enzyme displayed a stronger binding and better retention than the human enzyme. Binding 
was also found to depend on the lipid composition of the bilayer as both enzymes displayed a stronger binding to 
complex bilayers consisting of several lipid species as opposed to those consisting of a few synthetic lipids. The 
interaction between both enzymes and ubiquinone was found to be mediated by protein penetration, as opposed to Q10
migration (Paper IV).
The reconstitution of HsDHODH into supported lipid bilayers was attempted using three different methodologies: 
adsorption of lipid-detergent micelles prepared with dodecyl D-maltoside (DDM), fusion of proteoliposomes, and hybrid 
approaches combining the adsorption of DDM-protein micelles and lipid vesicle fusion and characterized by NR. Micelle 
adsorption resulted in membranes with low lipid and protein coverage and with residual detergent. Proteoliposomes 
yielded a good lipid bilayer coverage but with a low protein content. The hybrid approaches resulted in good protein 
incorporation but also in the formation of an additional floating layer. The information obtained from these approaches 
can be used to guide and inform the reconstitution of proteins structurally similar to HsDHODH (Paper V).
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Fig. 1.1. Components of biological membranes. Modified from (Luckey, 2014).
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Fig. 1.2. The major phospholipid classes found in biological membranes.
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Fig. 2.1. Schematic representation of the protein expression, purification and analysis 
process.
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Fig. 2.2. Initial reaction rate as a function of substrate concentration as given by the 
Michaelis Menten equation.
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Table 3.1. Coherent neutron scattering lengths of common nuclei (Sears, 1992). If no isotope 
has been specified, the value of b has been calculated based on natural abundance.

Nucleus bj (10-5 Å-1)
1H -3.741
2H 6.671
C 6.646
N 9.36
O 5.803
Na 3.63
Si 4.149
P 5.13
S 2.847
Cl 9.577
Ca 4.70
F 5.654
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Table 3.2. Neutron scattering length densities of some bulk materials (Sears, 1992).

Compound ρ (10-6 Å-2)

H2O ˗0.57

D2O 6.35

CMSi (Si-matched water) 2.07

Si 2.07

SiO2 3.41

θ
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Figure 3.1. Schematic diagram of a generic arrangement for neutron-scattering 
experiments. Modified from (Sivia, 2011).
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Figure 3.2. Scattering length densities of biomolecules as a function of solvent deuteration. 
Modified from (Dunne et al., 2017).
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Figure 3.3. Neutron scattering events at an interface
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Figure 3.4. Geometry of specular reflection and transmission
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Figure 3.5. Reflection from a film consisting of multiple layers
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Figure 3.6. The D17 reflectometer (Cubitt & Fragneto, 2002) at the ILL.
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Figure 3.7. The INTER reflectometer at ISIS (Webster et al., 2006) and the author of this 
report during an experiment presented in Paper IV (Orozco Rodriguez et al., 2022c) of this 
report.
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Figure 4.1. De novo pyrimidine biosynthesis in humans. CAD: carbamoyl-phosphate 
synthetase 2, aspartate transcarbamylase, and dihydroorotase. UMPS: uridine 
monophosphate synthetase. CPSase2: carbamoyl phosphate synthetase 2. ATCase: 
aspartate transcarbmoylase. DHOase: dihydroorotase. DHODH: dihydroorotate 
dehydrogenase. OPRTase: orotate phosphoribosyl transferase. ODCase: Orotidine 5'-
phosphate decarboxylase. Q10: coenzyme Q10. OMM: outer mitochondrial membrane. IMM: 
inner mitochondrial membrane. Asp: aspartate. PRPP: phosphoribosyl pyrophosphate. UMP: 
Uridine monophosphate. UDP: Uridine diphosphate. UTP: Uridine triphosphate. CTP: 
Cytidine triphosphate. UDP-GlcNAc: UDP-N-acetyl glucosamine. Modified from (Orozco 
Rodriguez et al., 2022a) and (Wang et al., 2021).
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Fig 4.2. Overall catalytic cycle for Class II DHODHs.
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Figure 4.3. Proposed location and orientation of human DHODH and coenzyme Q10 in the 
inner mitochondrial membrane (IMM) and ubiquinone-dependent mitochondrial enzymes. 
MS: mitochondrial signal peptide. FMN: flavin mononucleotide prosthetic group. Q10: 
coenzyme Q10. e−: electron flow. DHO: dihydroorotate. ORO: orotate. GPD2: mitochondrial 
glycerol-3-phosphate dehydrogenase. CHDH: choline dehydrogenase. PRODH1/2: 
proline/hydroxyproline dehydrogenased 1 and 2. SQOR: sulfide:quinone dehydrogenase. 
ETF: electron-transferring flavoprotein. ETFDH: ETF dehydrogenase. Modified from Paper I
(Orozco Rodriguez et al., 2020) and (Banerjee et al., 2021). 
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Fig. 4.4. Schematic representation of human DHODH, missense mutations associated with 
Miller syndrome. Adapted from Paper II (Orozco Rodriguez et al., 2022a).
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The aim of this doctoral thesis was to investigate the 
mechanism of action and inhibition of membrane-bound 
enzymes that interact with lipids and lipophilic substrates 
under non-crystalline, physiologically relevant conditions 
using neutron scattering methods. Neutron scattering 
techniques are suitable for the study of biological systems. 
Neutrons have no net charge and can penetrate deeply into 
matter. It is also possible to distinguish between isotopes of 
the same element, as is the case with the isotopes of hydrogen (protium and deuterium). Selective 
deuteration can be used to determine the structure and location of biological molecules in complex 
systems. Neutron reflectometry (NR) is a surface scattering technique capable of determining the 
structure and composition of thin films in the direction perpendicular to the surface and is therefore 
suitable for the study of membrane proteins and lipid bilayers.

A relevant example of this type of membrane proteins is human dihydroorotate dehydrogenase 
(HsDHODH). HsDHODH is an integral protein found in the inner mitochondrial membrane (IMM), where 
it catalyzes the oxidation of dihydroorotate to orotate with the concomitant reduction of ubiquinone 
Q10. HsDHODH is the target of anti-inflammatory drugs and anti-proliferative compounds, and mutations 
in the HsDHODH gene have been identified as the cause of Miller syndrome, a rare genetic disorder.  

A full biochemical characterization of HsDHODH and truncated HsDHODH as well as three variants 
associated with Miller syndrome (G19E, E52G, R135C) was performed. A particular focus was placed on 
their interaction with lipids including quartz crystal microbalance with dissipation (QCM-D) measurements 
of their binding to supported lipid bilayers (SLB). As part of this thesis, the interactions between SLBs 
consisting of either synthetic lipids or a complex lipid mixture extracted from yeast with or without Q10 and 
a soluble truncated form of HsDHODH, as well as the soluble bacterial analog from E. coli (EcDHODH), 
were investigated by NR. 

The reconstitution of HsDHODH into supported lipid bilayers was attempted using three different 
methodologies: adsorption of lipid-detergent micelles prepared with dodecyl D-maltoside (DDM), fusion 
of proteoliposomes, and hybrid approaches combining the adsorption of DDM-protein micelles and lipid 
vesicle fusion and characterized by NR. 
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