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Abstract  
 
 

DVU2108 is a protein belonging to the Orange Protein (ORP) family that in Desulfovibrio vulgaris 

Hildenborough forms a protein complex named the Orange Protein Complex. ORP is a conserved 

protein in anaerobic microorganisms and in Desulfovibrio gigas the homologous protein was 

isolated with a novel Mo-Cu cluster non-covalently attached to the polypeptide chain. The protein 

sample isolated by homologous expression of StrepDVU2108 in Desulfovibrio vulgaris 

Hildenborough displayed an absorption spectra similar to an iron-sulfur containing protein. 

Nevertheless, the Apo form of DVU2108 (obtained by heterologous expression in E.coli) was able 

to incorporate a MoCu or a WCu cluster, when in the presence of tetrathiomolybdate or 

tetrathiotungstate and copper chloride, with a metal to metal ratio of 1Cu:2.3Mo ± 1.2 and 

1Cu:1.49W ± 0.03, which is close to the preferable metal ratio for this protein found when titrating 

Mo or W to a equimolar solution of Apo-DVU2108 and copper (1Cu:2Mo/2W). The same metal 

stoichiometry was found in Desulfovibrio gigas ORP. The molar extinction coefficients for MoCu-

DVU2108 are 10500 ± 280 M-1cm-1 at 334 nm and 5570 ± 150 M-1cm-1 at 483 nm, per molybdenum 

atom. For WCu-DVU2108 the extinction coefficients are 14560 ± 80 M-1cm-1 at 295 nm and 6990 

± 40 M-1cm-1 at 407 nm, per tungsten atom. The reconstituted proteins, MoCu-DVU2018 and 

WCu-DVU2108 showed higher stability with higher melting temperatures than the Apo form, 72.1 

± 0.6 ºC, 72.1 ± 0.7 ºC and 65.6 ± 0.2 ºC, respectively. 

In a second part of this work, the resonance assignment of Apo-DVU2108 was accomplished at 

94 %. The 1H-15N HSQC of this protein presented 118 resonances that were assigned to 101 of 

the total number of amides (113), including 9 side chains.  

 
 
 
 
 

 
 
 
 
 

Keywords: Desulfovibrio, Anaerobic bacteria, Orange protein, NMR assignment, Novel Mo-Cu 
cluster 
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Resumo 
 
 

DVU2108 é uma proteína que faz parte da família das Proteínas Laranja (ORP) que em 

Desulfovibrio vulgaris Hildenborough forma um complexo proteico denominado Complexo da 

Proteína Laranja. ORP é uma proteína conservada em microrganismos anaeróbicos em que a 

proteína homóloga em Desulfovibrio gigas foi isolada contendo um cluster de Mo e Cu único na 

natureza, ligado não covalentemente à cadeia polipeptídica. O espectro de absorção da amostra 

de proteína isolada por expressão homóloga de StrepDVU2108 em Desulfovibrio vulgaris 

Hildenborough exibia bandas características de uma proteína contento um cluster de ferro e 

enxofre. 

No entanto, a forma Apo de DVU2108 (obtido por expressão heteróloga em E. coli) é capaz de 

incorporar clusters de MoCu ou de WCu, quando na presença de tetratiomolibdato ou 

tetratiotungstato e cloreto de cobre, respetivamente, com um rácio de metais de 1Cu:2.3Mo ± 1.2 

e 1Cu:1.49W ± 0.03, que é próximo do rácio preferido para esta proteína determinado pela 

titulação de Mo ou W a uma solução equimolar de Apo-DVU2108 e cobre (1Cu:2Mo/W). O 

mesmo rácio de metais é encontrado na ORP de Desulfovibrio gigas. Os coeficientes de extinção 

molar obtidos para a proteína MoCu-DVU2108 foram de 10500 ± 280 M-1cm-1 a 334 nm e 5570 

± 150 M-1cm-1 a 483 nm, por átomo de molibdénio. Para a proteína WCu-DVU2108 os coeficiente 

de extinção molar obtidos foram 14560 ± 80 M-1cm-1 a 295 nm e 6990 ± 40 M-1cm-1 a 407 nm, por 

átomo de tungsténio. As proteínas reconstituídas, MoCu-DVU2018 e WCu-DVU2108, 

demonstraram ser mais estáveis tendo temperaturas de desnaturação mais elevadas do que a 

forma Apo, 72.1 ± 0.6 ºC, 72.1 ± 0.7 ºC e 65.6 ± 0.2 ºC, respetivamente.  

Na segunda parte deste trabalho, a atribuição de ressonâncias da Apo-DVU2108 foi de 94%. O 

1H-15N HSQC desta proteína apresentava 118 ressonâncias que foram atribuídas a 101 do total 

número de amidas (113), incluindo 9 cadeias laterais. 

 
 
 
 
 
 
 
 
 
 

Termos chave: Desulfovibrio, Bactérias anaeróbicas, Proteína laranja, Atribuição por RMN 
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1. Introduction  

 

1.1  Sulfate-reducing bacteria 

 

Sulfate-reducing bacteria (SRB) are anaerobic prokaryotes that combine the oxidation of organic 

compounds or molecular hydrogen (H2) with the reduction of sulfate (SO4
2-) to produce energy 

necessary for cell synthesis and growth. It is known that SRB use a wide range of organic 

compounds of low-molecular mass (such as, ethanol, lactate, pyruvate) which can be 

incompletely oxidized, producing acetate and CO2, or completely oxidized, producing solely 

CO2.1–3 When a strain has the ability to do the last it is usually named a complete oxidizing sulfate 

reducer.3  

Despite their name, SRB can use many other electron acceptors, such as thiosulfate, sulfite and 

sulfur and even nitrate and nitrite. This versatility coupled with their capability to grow in different 

environmental conditions allows them to be ubiquitous in nature and found in engineered 

environments where sulfate is present.2 

 

Sulfate reduction is more complicated than molecular oxygen due to the larger number of 

enzymes required and because sulfur states lower than +6 are quite reactive and can go through 

interconversion or autoxidations.1 Sulfate is transported through the cytoplasm membrane via an 

ion gradient, as its reduction occurs in the cytoplasm, whether simultaneously with protons (fresh-

water species) or with sodium ions (salt dependent species). 1,3  

Free sulfate is not easily reduced, the redox potential of the pair sulfate-sulfite is too negative (E0’ 

= -516 mV) to be reduced by the electron mediators in the cell, ferredoxin (E0’=-398 mV) and 

NADH (E0’=-314 mV). Therefore, the first step in sulfate reduction is its activation to adenosine-

5’-phosphosulfate (APS) by ATP sulfurylase (Eq. 1). Pyrophosphate is hydrolyzed to 2-phosphate 

by a pyrophosphatase which favors the formation of APS (Eq. 2).  

 

(1) SO4
2- + ATP + 2H+  APS +PPi  ΔG0’=+46 kJ/mol 

 

            (2)  PPi +H2O  2Pi              ΔG0’=-22 kJ/mol 

 

APS is then converted into sulfite or bisulfite and AMP by APS reductase (Eq. 3). The APS-sulfite 

redox couple plus AMP have an E0’ of -60 mV which is not an obstacle to the cell.  

 

(3) APS + 2e-  HSO3
- + AMP 
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This leads to the final step in sulfate reduction, the conversion of sulfite or bisulfite to sulfide 

catalyzed by sulfite reductase (E0’=-116 mV) (Eq. 4). Both substrates have a free electron pair at 

the sulfur and so they are more reactive than the initial substrate sulfate.1–3 

 

(4) HSO3
- + 6e- + 8H+  H2S + 6H2O 

 

APS reductase and sulfite reductase are not membrane-bound or membrane associated 

enzymes like the cytochrome oxidases in aerobic respiration, being this one more aspect in which 

the two processes differ.3 

 

As one can see, this SRB characteristic gives them an important role in the sulfur cycle. Sulfur is 

one of the most abundant elements on the planet, which can be found in the form of pyrite (FeS2) 

and gypsum (CaSO4) in rocks and sediments or as sulfate in seawater. The last is one of the 

most abundant and thermodynamically stable sulfur species in the biosphere, making sulfate 

reduction the core of the sulfur cycle.  

Sulfate reduction is also involved in organic carbon in marine sediments, thus SRB also have a 

role in the carbon cycle.1,2 Furthermore, sulfate is present in waste water of some industrial 

processes that use sulfuric acid. This leads to the occurrence of sulfate reduction by SRB, which 

is undesirable because the end product sulfide is a toxic, odorous and corrosive chemical 

compound. Sulfide has also a great impact in the environment, as it can react with oxygen and 

iron minerals.1,2,4  

The sulfate reduction pathway can involve electron transport from a metal surface and in such 

cases SRB would have a role in microbial influenced corrosion.4 Nonetheless they also have 

biotechnological interest as they can be used to remove sulfur dioxide from flue gas and sulfate 

and metals from waste water. Whereas metal sulfates (cadmium, nickel, cobalt, zinc, copper and 

iron) are extremely soluble, the corresponding metal sulfides are not. Thus, using this sulfate 

reduction one can recover metals by precipitation.2,3 

 

1.2 Desulfovibrio vulgaris  

 

The Desulfovibrio (D.) genus, a member of the δ-proteobacteria, has been the chosen model for 

studying many aspects of the metabolism and biochemistry of SRB, especially Desulfovibrio gigas 

and Desulfovibrio vulgaris that are by far the most studied strains. In fact, the first crystal 

structures of SRB enzymes were obtained from D. gigas (hydrogenase and aldehyde 

oxireductase) and the complete genome of D. vulgaris Hildenborough has been sequenced, and 

many genetic tools have been designed to engineer this organism.1–4  

 

Desulfovibrio strains feature a vast range of enzymes and proteins that seem to be oxygen-

sensitive. Despite this characteristic, a large number of SRB, including several Desulfovibrio 

species which have superoxide dismutase activity, have been shown to survive when exposed to 
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oxygen. This ability to endure aerobic conditions is rather limited but guarantees the survival of 

the organism.3,4  

 

In D. vulgaris the electrons for sulfate reduction are provided from organic acid and alcohol 

oxidations producing acetic acid as an end product and therefore this organism is an incomplete 

oxidizing sulfate reducer. Although lactate is the preferred substrate, D. vulgaris is known to use 

other compounds such as pyruvate, ethanol, malate and fumarate but not riboses or hexoses. 

This strain’s genome also contains pathways for the reduction of other terminal acceptors other 

than sulfate (oxygen, nitrite and metal ions). This alternate electron acceptor capacity may be 

used to prevent inhibition of sulfate reduction by these compounds.4 

 

1.3 The Orange Protein 

 

An interesting ORange colored Protein (ORP) was isolated from D. gigas5 and sequence analysis 

revealed that its homologous gene is present in other Desulfovibrio species, such as D. vulgaris 

Hildenborough and D. alaskensis G20, which have 48% and 42% homology, respectively.6 A 

special characteristic of ORP is its novel heterometallic cluster composed by copper, molybdenum 

and sulfur. Copper and molybdenum are often used as catalytic and structural elements in several 

enzymes and other molecules but are seldom found together.5 Analysis by extended X-ray 

absorption fine structure (EXAFS) indicated that this cluster has a 2:1 ratio of molybdenum and 

copper and each metal is connected to four sulfur atoms, [S2MoS2CuS2MoS2]3-, and is non-

covalently bound to the polypeptide chain (Figure 1.1).5,7 

 

 

Figure 1.1 – Structure of the [S2MoS2CuS2MoS2]3- cluster found in the  orange protein from D. gigas7. 

The structure of ORP in its Apo-form has been determined for homologues from Thermotoga (T.) 

maritima (TM1290 – pdb cpde 1RDU)8, Methanobacterium (M.) thermoautotrophicum (MTH1175 

– pdb code 1EO1)9 and D. gigas (pdb code 2WFB)6,10, although their role in each organism has 

not yet been determined. These ORP homologous are part of a family of conserved hypothetical 

proteins (COG1433). The structures of MTH1175 and TM1290 consists of six and five β-sheets, 

respectively, flanked by three α-helices, two on one side and the remaining on the opposite side. 

This α/β structure topology and fold is similar to the Ribonuclease HI family.8,9  
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Figure 1.2 and Table 1.1 show the sequence alignment of D. vulgaris Hildenborough ORP 

homologue with the other known homologues and some of their biochemical properties and 

percentage of sequence homology.  

 

 

Figure 1.2 – Sequence alignment of D. vulgaris Hildenborough ORP homologue with the other known 
homologues 

 
Table 1.1 – Some biochemical properties of ORP proteins obtained with EXPASY ProtParam and 

percentage of sequence homology with D. vulgaris Hildenborough ORP obtained with NCBI-BLAST11 

 

 

1.4 The Orange Protein Operon in Desulfovibrio vulgaris Hildenborough 

 

Approximately a third of D. vulgaris Hildenborough genome contains hypothetical and conserved 

hypothetical proteins of unknown function4,12 and several of them may have a role in the anaerobic 

way of life of SRB since they are conserved in anaerobes. The analysis of genomes from aerobic 

and anaerobic microorganisms and their comparison through clusters of groups of orthologous 

proteins (COGs)13 enabled the identification of 33 COGs that are specific to anaerobic way of live, 

in which five correspond to proteins of unknown function.14  

 

The ORP homologue from D. vulgaris Hildenborough, encoded by the gene DVU2108, belongs 

to one of those five COGs, namely COG1433 which is similar in sequence to proteins, NifB and 

NifX, that may have a role in the biosynthesis of the MoFe cofactor in the nitrogen fixation.15 This 

protein has 119 residues and along with six other genes completes the orp gene cluster which is 

arranged in two divergent operons: orp1 (DVU2107-DVU2108-DVU2109) and orp2 (DVU2103-

DVU2104-DVU2105). Between these two operons there is a gene (DVU2106) that encodes a σ54-

dependent transcription factor that not only activates the transcription of both operons but also 

down regulates its own expression. It is also down regulated in the presence of oxygen (Figure 

1.3). 

ORP homologues MW (kDa) PI AA Cys Homology with 
DVU2108 (%) 

D. vulgaris Hildenborough 12.5 5.7 119 2 100 

D. gigas 11.8 6.5 117 0 48 

D. alaskensis G20 12.4 5.4 119 0 59 

M. thermoautotrophicum 13.2 9.5 124 0 35 

T. maritima 12.5 4.9 119 0 36 
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Figure 1.3 – Arrangement and regulatory mechanisms of the orp gene cluster in D. vulgaris Hildenborough. 
Adapted from 16 

In the promotor regions of orp1 and orp2 there are imperfect palindrome sequences where 

DVU2106 specifically binds, and downstream of those sites are the binding sequences for σ54-

RNA polymerase. The interaction of these two proteins is essential for the transcription of both 

operons.16 Between their binding sites there is yet another protein binding sequence specific for 

the integration host factor protein (IHF) (Figure 1.4). IHF are proteins that bend the DNA allowing 

efficient and functional interaction of σ54-RNA polymerase with an enhancement binding protein 

(EBP) like DVU210617–19.  

 

Figure 1.4 – Arrangement and regulatory mechanisms of the orp gene cluster in D. vulgaris Hildenborough 
with IHF binding sequences location. Adapted from 20 

In the absence of DVU2106, orp1 and orp2 expression are greatly affected.20 Transcription of 

regulator DVU2106 is unaffected as its expression is σ54-independent. Instead, in its promotor 

region there is a binding site for σ70-RNA polymerase, which -10 element overlaps the DVU2106 

imperfect palindrome binding sequence. This results in a direct competition between σ70 and 

DVU2106, wherein the last displaces the first, and thus down regulating its own expression.16 

Therefore σ54-RNA polymerase, DVU2106 and IHF are involved in orp gene cluster transcription 

regulation. This gene cluster might be involved in cell division since its inactivation affects 

bacterial cell morphology.16  

 

A phylogenetic analysis shows that homologues of DVU2108 genes tend to be clustered with 

DVU2103 and DVU2104 homologues in most archaeal and bacterial genomes. In D. vulgaris 

Hildenborough their expression increases when the growth conditions change from syntrophic to 

sulfate reduction, thus it is important to understand its physiological role21. 
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In vivo pulldown experiments revealed that DVU2103, DVU2104, DVU2105, DVU2108 and 

DVU2109 proteins form a multiprotein complex in D. vulgaris Hildenborough, and it was proposed 

that DVU2108 (ORP) interacts directly with DVU2103 and DVU2104.16 These proteins have 41% 

of sequence similarity to each other and they both belong to COG1149 which includes MinD 

superfamily p-loop ATPases with an additional ferredoxin domain.16 DVU2103 is a Fe-S protein 

with two 4Fe-4S clusters in its structure (unpublished data of the S.Pauleta research lab) and its 

N-terminal has homology with COG2894 which comprises septum formation inhibitor-activating 

ATPases. DVU2107, DVU2105 and the C-terminal domain of DVU2109 belong to the same COG 

that DVU2108 (COG1433), the N-terminal domain of DVU2109 belongs to COG0489 which 

comprises ATPases involved in chromosome partitioning. 16 

 

 

1.5 Protein Nuclear Magnetic Resonance   

 

Nuclear Magnetic Resonance (NMR) allows us to detect atomic nuclei by taking advantage of 

their nuclear spin property. Nuclear spin creates a 

magnetic dipole that can be seen as a bar magnet. 

Depending on its mass and charge number a nuclei 

will have different nuclear spin quantum numbers, 

for example, nuclei with an odd mass number have 

a half integral spin (I=± 1/2, ± 3/2, etc.) and can be 

detected by NMR spectroscopy. When in the 

presence of a magnetic field this spin quantum 

number defines the number of quantum states (2I 

+ 1). For the 1H nuclei the spin number is 1/2 which 

generates two energy states and thus the dipole 

can either align with the field (lowest energy state) 

or align against it (highest energy state).22,23 In the absence of an external magnetic field these 

two states are degenerated, they have the same energy, the applied magnetic field will thus 

induce a separation to different and quantized energy levels (Figure 1.5). The energy difference 

depends on the magnetic field strength and has a very small value which leads to a very small 

nuclei population difference between the two energy levels (aligned or unaligned).  

If a nuclei is irradiated with an electromagnetic pulse of radio-wave frequency some of them will 

absorb the energy and align themselves against the field thus generating higher population at the 

higher energy state. When the pulse stops, the nuclei will return to equilibrium (lowest energy 

state) irradiating energy, as a radio frequency wave and that is detected by the NMR 

spectrometer. The free induction decay (FID) of the nuclei returning to equilibrium can be 

transformed into a frequency spectrum through a Fourier transform. 

The number of electrons and nuclei surrounding each individual nucleus is different from one 

another. Electrons will interact with the applied magnetic field with a magnetic moment that 

Figure 1.5 – Schematic representation of energy 
versus magnetic field for a nuclear spin with a 
nuclear quantum number of 1/2.22 
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opposes the field, thus creating a lower magnetic field locally. This is called shielding and it is the 

reason why the same type of nuclei have a different chemical shift on the NMR spectra depending 

on their local environment. 

 

Since the frequency at which a nucleus resonates depends on the strength of the applied 

magnetic field, different spectrometers would have different spectra for the same molecule, which 

would make it harder to compare spectra. Frequency can then be expressed as a relative change 

to a given standard, depending on the type of nucleus, enabling a spectrum representation 

independent of the applied magnetic field. This is called the chemical shift (δ) and is given in parts 

per million (ppm) according to equation 5. Where ν is the frequency of the nucleus and νref is the 

frequency of the standard compound.22–24 

 

(5)  𝛿 =  
𝜈− 𝜈𝑟𝑒𝑓

𝜈𝑟𝑒𝑓
106

 

 

Figure 1.6 shows a 1H spectrum of ubiquitin with the regions of specific protons. 

 

 

Figure 1.6 – Chemical shift ranges observed for the various types of 1H resonances in ubiquitin. 24 

In any NMR spectroscopic study the first thing to do is to assign each resonance to the specific 

nucleus of the molecule under investigation. In the case of proteins, as you can see in Figure 1.6, 

there is a high overlap of the same type of protons in specific ppm regions and thus it can be 

difficult to assign each resonance to its corresponding nucleus and residue. The strategies used 
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for resonance assignment with isotopic labeled proteins, 15N and/or 13C, help us overcome this 

issue facilitating the sequential assignment of resonances. Nitrogen and carbon isotopes are not 

usually found in native proteins, however, with bacterial growth using 15N and 13C enriched 

compounds their abundance in protein structure can be enhanced.  

We can use multiple radio frequency pulses to detect different kind of nucleus at the same time 

and thus obtain a wide range of spectra with one or more dimensions. One of the most useful 

spectra for protein investigation is the Heteronuclear Single Quantum Correlation (HSQC) 

spectrum (Figure 1.7). 

 

 

Figure 1.7 – Example of a protein HSQC spectrum. 22 

This spectrum as information of the 1H and 15N that are covalently attached to each other, each 

signal in the spectrum represents a 1H-15N pair. Every residue, except for proline and the first 

residue, has such a pair in a peptide bond and produces a resonance. Side chains that contain 

amides will also produce a resonance signal in this kind of spectrum. 2D 1H-15N HSQC provides 

useful information for the assignment of the resonances to specific residues and is the base of 

almost all other spectra used for protein sequential assignment.22,24  

Protein NMR can be used to study protein interactions whether with other proteins or other type 

of molecules, structure determination and dynamics, among other applications.  

 

1.6 Differential Scanning Calorimetric  

 

Differential Scanning Calorimetric (DSC) is a thermodynamically tool that assesses the energy 

uptake in terms of heat by a sample when temperature is being increased or reduced in a 
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controlled environment. This feature allows DSC to study the biochemical reaction of a molecular 

transition by a molecule from one conformation to another. The transition temperature (or melting 

temperature-Tm) is determined for samples in solution, solid or mixed phases such as 

suspensions. DSC measures the enthalpy changes in a sample by the heat excess it radiates or 

absorbs when compared to a reference during a change in temperature.25,26  

There are two types of DSC depending on the mechanism of operation: heat-flux DSC and power 

compensate DSC. In power compensate DSC sample and reference cells are separately heated 

and maintained at the same temperature, the energy difference necessary to maintain it on both 

cells is a measure of the enthalpy changes in the sample. When sample and reference cells are 

heated by a single furnace and are connected by a low resistance heat flow thermoelectric disk it 

is called heat flux DSC.25–29 Figure 1.8 shows a DSC scan from which we can extract the Tm, the 

change in enthalpy (ΔH) and the change in heat capacity (ΔCp) of the unfolding process.  

DSC can be used to analyze the structural transitions of proteins, nucleic acids, lipids, 

carbohydrates, and also in nanoscience where it is used to analyze the thermal properties of 

nanostructures.26,28  

 

Figure 1.8 – DSC scan in which shows the excess heat changes from a sample compared to a reference as 
a function of temperature.26 
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2. Materials and methods 

 

2.1 Protein expression and purification 

 

2.1.1 Apo-DVU2108 for NMR studies and Reconstitution experiments  

 

Please note that the cloning, heterologous expression optimization and purification of unlabelled, 

15N and 13C/15N labelled DvH Apo-DVU2108 was performed by Marta S.P. Carepo, Rui Soares 

and Sofia R. Pauleta. 

 

The PCR isolated DVU2108 gene was cloned into the NdeI/XhoI restricted pET 21-c expression 

vector (Novagen) and the Apo-DVU2108 was heterologously expressed in the E. coli strain, 

BL21(DE3) (Invitrogen). Expression of uniformly 15N or 13C/15N-labelled Apo-DVU2108 was 

carried out by growing the cells in M9 minimum medium containing either 1 g/L 15NH4Cl or 1 g/L 

15NH4Cl and 4 g/L [13C6]-glucose, respectively, as the sole nitrogen and carbon sources. The cells 

were grown at 37ºC, at 250 rpm, with the protein production induced at an OD600nm of 0.6 with 0.5 

mM IPTG, and carried for 16h at room temperature. The cells were harvested by centrifugation 

and the pellet was resuspended in 50 mM Tris-HCl at pH 7.6, containing protease inhibitors 

(Complete, Roche). The cell-free soluble extract was obtained by breaking the cells with a French-

Press, the cell debris and membrane fraction were removed by low-speed centrifugation followed 

by an ultracentrifugation at 138000 g. 

 

The purification of the DVU2108 was carried out in two-steps. The soluble cellular extract was 

diluted in cold water prior to being loaded onto a DEAE-FF (GE HealthCare,  26 x 100 mm), 

equilibrated with 10 mM Tris-HCl, pH 7.6. The unbound proteins were removed with the 

equilibration buffer and DVU2108 was eluted with a gradient between 0 and 500 mM NaCl in 10 

mM Tris-HCl, pH 7.6. The fractions containing DVU2108, as judged by SDS-PAGE (12.5% 

acrylamide Tris-tricine buffer system), were concentrated using a Vivacell (Sartorius Stedim 

Biotech) apparatus over an YM5 exclusion membrane, at 4 ºC. This concentrated fraction was 

then loaded onto a size-exclusion column Superdex 75 (GE HealthCare,  16 x 600 mm), 

equilibrated with 50 mM Tris-HCl, pH 7.6, 150 mM NaCl. The fractions containing the pure 

DVU2108 were pooled and concentrated as before, and its buffer was exchanged to 20 mM 

sodium phosphate, pH 7.0, 100 mM NaCl using a PD10 desalting column (GE HealthCare). The 

purified heterologously produced DVU2108 was stored at – 80 ºC until further use. 

 

Protein concentration was determined using a modified version of the Lowry Method30 using BSA 

(Bovine Serum Albumin) as the standard protein. The yield of the heterologous expression was 

50 mg of protein per L of minimum medium, and the purified protein did not present any bound 
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metal (Zn, Mo, Cu) as determined by ICP (REQUIMTE lab Analysis) and also by the inspection 

of its UV-visible spectrum. 

 

2.1.2 StrepDVU2108 from a Desulfovibrio vulgaris Hildenborough strain 

 

Desulfovibrio vulgaris Hildenborough strain containing a version of DVU2108 gene linked to a 

Strep-Tag at its N-terminal inserted in the genome, and containing a thiamphenicol resistance 

mark were grown, in anaerobic conditions, in POSTGATE C medium (see SI 7.1) supplemented 

with 0.15 mM of antibiotic concentration for 24h at 32ºC. Another approach was made with a 

POSTGATE C medium supplemented with CuCl2 (0.8µM) and Na2MoO4 (0.1µM).  

Before sterilization, 10ml and 100ml medium had its atmosphere exchanged from oxygen to 

nitrogen for 10 min and 30 min, respectively, and then autoclaved at 120ºC for 20 min. For 

volumes of 1L and 2L the procedure was slightly different. It first underwent an autoclave cycle 

for 5 min at 90ºC after which, and while still warm, atmosphere was exchanged from oxygen to 

nitrogen during 1h per liter. Finally, it was autoclaved again at 120ºC for 20 min. The antibiotic 

was added at the time of the inoculation. Inoculation was carried out in a flame induced sterile 

environment and with sterile needles and syringes. All inoculums were made with 10% of a 

previous growth.  

 

For StrepDVU2108 reviving, 10 ml medium volumes were used until it reached a 24h growth. 

After that, the expression of StrepDVU2108 was carried in three steps. First, two pre-inoculums 

of 100ml each were prepared. From these, twelve 100ml inoculums were set to grow and finally, 

12L of medium were inoculated with those cultures. After cell collection the medium was 

autoclaved at 120ºC for 30 min for sterilization.  

 

Outside of the anaerobic box, D. vulgaris Hildenborough cells where collected by centrifugation 

at 11305 g in an Avanti J-26 XPI (BECKMAN COULTER) with a JA-10 rotor (BECKMAN) for 

20min at 4ºC and then resuspended in 100 mM Tris-HCl, pH 8.0, 150 mM NaCl prior to being 

lysed by four passages in a French Press (1100 psi). Cellular debris and soluble extract where 

separated by centrifugation at 45913 g in an Avanti J-26 XPI (BECKMAN COULTER) with a JA-

25.50 rotor (BECKMAN) for 1h at 4ºC. Inside the anaerobic box, supernatant was loaded onto a 

5 ml StrepTrap HP column (GE Healthcare), equilibrated with 100 mM Tris-HCl, pH 8.0, 150 mM 

NaCl. Unbounded proteins were washed with the same buffer and StrepDVU2108 was eluted 

with 100 mM Tris-HCl, pH 8.0, 150 mM NaCl and 2.5 mM desthiobiotin. The fractions containing 

the protein of interest were identified by SDS-PAGE analysis and concentrated using a Vivacell 

(Sartorius Stedim Biotech) apparatus over an YM5 exclusion membrane, at 4ºC, and under a 

flush of argon.  

 

Protein concentration was determined using a modified version of the Lowry Method30 using BSA 

(Bovine Serum Albumin) as the standard protein. Metal concentrations were determined by ICP 
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(REQUIMTE lab Analysis) for Mo, Cu and Fe. UV-visible spectroscopy analysis was performed 

in an UV-1800 spectrophotometer (Shimadzu). 

 

 

Figure 2.1 – Scheme for the expression and purification steps of StrepDVU2108 

 

2.2 Apo-DVU2108 mediated cluster reconstitution with a Mo-Cu cluster or a 

W-Cu cluster 

 

Tetrathiomolybdate (TTM), tetrathiotungstate (TTW) and copper solutions were prepared in 

50mM Tris-HCl pH 7.6, 150mM NaCl, 20% DMF (SIGMA) using (NH4)2MoS4 (SIGMA), (NH4)2WS4 

(SIGMA) and CuCl2·2H2O (Merck) always fresh and prior to being used.  

The copper solution was added to 30 μM of Apo-DVU2108 followed by addition of TTM or TTW 

solution in the corresponding ratio. The mixture was them incubated for 15 min at room 

temperature. The initial metal to protein ratio used was 2.2 Mo: 1 Cu: 1 Apo-DVU2108 and 2.1 

W: 1 Cu: 1 Apo-DVU2108.  

 

Size exclusion chromatography was performed in order to separate the protein from the unbound 

metals, thus the mixture was applied onto a PD10 Column (GE Healthcare) equilibrated with 50 

mM Tris-HCl pH 7.6, 150 mM NaCl and eluted in the same buffer.  

 

The metal content of the reconstituted-DVU2108 was determined by ICP (REQUIMTE lab 

Analysis) using the Reagecom ICP multielements as a standard solution in a concentration range 

of 0–3 ppm for each metal (W/Mo and Cu), except for Cu content in Mo reconstituted-DVU2108 

which was determine by 2,2’-biquinoline method. Protein concentration was determined using a 

modified version of the Lowry Method30 using BSA (Bovine Serum Albumin) as the standard 

protein. The reconstituted protein was analyzed by UV-visible spectroscopy in an UV-1800 

spectrophotometer (Shimadzu).  
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2.3 DVU2108 reconstitution ratio analyzed by titration with TTW and TTMo 

 

For these experiments CuCl2 was added to a stirring solution containing 30 µM of Apo-DVU2108 

to a 1:1 ratio, to which small aliquots (5 μL) of 0.51 mM TTMo or 0.48mM TTW solution were 

sequentially added until the Cu:Mo/W ratio reached 1:4. Spectra were acquired in an UV-1800 

spectrophotometer (Shimadzu) after each addition and a 1.5 min stirring time and also before and 

after CuCl2 was added. Metal solutions were prepared in the same way as for the reconstitution 

experiments, see 1.2 Materials and Methods. The buffer used was also same.  

Control experiments were performed in the absence of the protein in solution.  

 

2.4 NMR spectroscopy 

 

For the NMR experiments, three protein samples were prepared, the unlabeled, the uniformly 

15N-labelled, and the 13C/15N-labeled Apo-DVU2108 following the procedure described above. 

Samples were 1.0 mM in protein concentration in 20 mM sodium phosphate, pH 7.0, 100 mM 

NaCl, 1 mM sodium azide, 1 mM DTT and 10 % 2H2O. 

 

NMR experiments were carried out at 298 K on Bruker AvanceIII 600MHz spectrometer equipped 

with a TCI cryoprobe, located at UCIBIO, REQUIMTE, Chemistry Department, Science and 

Technology Faculty, NOVA University of Lisbon. The sequence assignments of the protein 

backbone resonances were obtained using 2D 1H-15N–HSQC, 3D HNHA, 3D HNCO, 3D 

HN(CA)CO, 3D CBCA(CO)NH, 3D CBCANH, 3D HBHA(CBCACO)NH, 3D (H)C(CCO)NH and 

3D H(CCCO)NH spectra31. For the side chain assignment 2D 1H-13C–HSQC and 3D (H)CCH-

TOCSY experiments were performed31. The 1H spin systems of the aromatic rings of His residues 

were identified using a 2D 1H-15N HSQC type spectrum with an INEPT constant optimized for 2J 

detection. The assignment of the aromatic side chains was performed with the analysis of the 1H-

13C HSQC together with 3D 13CNOESY31. 

 

(The following spectra were acquired during my Master thesis: 3D H(CCCO)NH, 3D 

(H)C(CCO)NH, 3D 13CNOESY and the 2D 1H-15N HSQC for the 1H spin systems identification of 

the aromatic rings of His residues, while the remaining spectra were previously acquired by S. R. 

Pauleta) 

 

Spectra processing was made using TopSpin™ software and spectra analysis and sequential 

assignment was performed with CARA™ software.  
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Table 2.1 – Spectra acquisition parameters 

 Pulse Sequence Number 
of 

Scans 
(NS) 

Sweep Width (SW) 
(ppm) 

Number of Points 
(TD) 

O1 
(ppm) 

O2 
(ppm) 

O3 
(ppm) 

 F1 F2 F3 F1 F2 F3  

Backbone Assignment 

2D 1H-15N HSQC hsqcetfpf3gpsi2 2 14.03 34  1024 128  4.7 118.49  

3D HNHA hnhagp3d 16 14 16.02 34 128 2048 48 4.7 51.99 118.49 

3D HNCO hncogp3d 4 14.03 21.99 34 2048 80 48 4.7 172.97 118.49 

3D HN(CA)CO hncacogp3d 4 14.03 21.99 34 2048 26 48 4.7 172.97 118.49 

3D CBCA(CO)NH cbcaconhgp3d 8 14.03 74.96 34 2048 80 48 4.7 38.99 118.49 

3D CBCANH hncacbgp3d 8 14.03 74.96 34 2048 80 48 4.7 41.99 118.49 

3D 
HBHA(CBCACO)NH 

hbhaconhgp3d 8 16.02 16.02 34 80 2048 48 4.7 39.99 118.49 

3D (H)C(CCO)NH ccconhgp3d 16 14.03 72.03 34 1024 80 48 4.7 39.99 118.49 

3D H(CCCO)NH hccconhgpwg3d2 16 14 14.03 34 80 1024 48 4.7 39.99 118.49 

Side Chain Assignment 

3D (H)CCH-TOCSY hcchdigp3d2 8 14.03 72.03 72.03 1026 128 64 4.7 39.99 39.99 

2D 1H-13C HSQC hsqcetgpsi2 4 16.02 169.9  2048 256  4.7 74.99  

Aromatic Side Chain Assignment 

3D 13CNOESY noesyhsqcetgp3d 16 14 80.03 16.02 200 48 2048 4.7 39.99 118.49 

Aromatic Rings of His Residues 

2D 1H-15N HSQC  hsqcetfpf3gpsi2 104 24.03 200.01  2048 256  4.7 174.97  

 

2.5 Differential Scanning Calorimetry 

 

Differential Scanning Calorimetry (DSC) was carried out on a Nano-DSC system (TA 

instruments), in 300 µL cells. A control experiment was made with only 50 mM TrisHCl, pH 7.6, 

150mM NaCl buffer on both sample and reference cells with 8-altering heating and cooling cycles 

at a rate of 1ºC/min from 10 to 100ºC and a pressure of 3 atm, followed by an isothermal cycle to 

20ºC and zero pressure. The sample reading was carried with buffer in the reference cell and 

protein sample on the sample cell at a heating rate of 1ºC/min and with 3 atm of pressure. Protein 

concentrations used were 0.747 mg/mL for Apo-DVU2108, 0.656mg/mL and 0.747mg/mL for Mo- 

and W-reconstituted DVU2108, respectively.  

 

Apo-DVU2108 stock solution was bufferexchanged using a NAP-5 column (GE Healthcare) to 50 

mM TrisHCl, pH 7.6, 150mM NaCl. Reconstituted-DVU2108 proteins were prepared the same 

way as before but with an initial protein concentration of 150 μM. Since DVU2108 has two Cys 

residues which are not involved in a sulfur bridge but could form one upon denaturation, 1 mM of 

tris(2-carboxyethyl)phosphine (TCEP), as reducing agent was added to the Apo-DVU2108 

sample. For the reconstituted proteins TCEP was not added since in its presence the metal cluster 

was lost over time.  

 

DSC data were analyzed with the NanoAnalyzeTM Software (TA instruments), from which the 

thermal transition temperature (Tm) and the change in enthalpy (ΔH) of the unfolding process 

were obtained.  
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3. Results  

 

3.1 DVU2108 expression and purification in a Desulfovibrio vulgaris 

Hildenborough strain 

 

The DVU2108 homologue, ORP, was isolated from D. gigas in its native form and was shown to 

have a copper-molybdenum cluster in its structure.5 The Apo form of this protein can incorporate 

this metal cluster when molybdenum and copper are available32 which raises the question if the 

native form has in fact a molybdenum-copper cluster or if metals were present in the medium and 

the protein incorporated the metal cluster during the isolation process. In order to study the native 

DVU2108 and elucidate if it has a copper-molybdenum cluster we have expressed and purified it 

in Desulfovibrio vulgaris Hildenborough (DvH) under anaerobic conditions. The strain was 

genetically modified to knockout the DVU2108 gene and to introduce in the chromosome a 

version of DVU2108 linked to a StrepII-Tag at its N-terminal to facilitate its purification. This strain 

was grown in POSTGATE C medium with and without copper and molybdenum supplementation. 

The isolation and basic biochemical characterization of DVU2108 from both growths are reported 

below.  

 

3.1.1 Standard POSTGATE C medium 

 

In the first growth, the genetically modified DvH/StrepDVU2108 was grown in the POSTGATE C 

medium (12 L in total, grown in 2 L anaerobic flasks at 30ºC). In order to prepare the inoculum of 

the 12 L, it was necessary to grow two pre-inoculums from which twelve inoculums would be 

prepared. The first two 100 mL pre-inoculums grew to an OD600 nm of 0.766 and 0.792, the twelve 

100 mL inoculums grew to an average OD600 nm of 1.025, and for the 12 L growth, the averaged 

OD600 nm at the end of the growth was 0.727. Each of these growths had a duration of 

approximately 24 h. During this process, the culture was also monitored by microscopy to 

examine whether there was any changes in the morphology or purity of the culture. As can be 

observed by the images in Figure 3.1, there was no changes to report in the size and shape of 

the cells and no contamination could be detected. The wet cell mass obtained in this growth was 

~20g. 

 

A B C 

Figure 3.1 – Optic microscopic images of samples from the pre-inoculum (A), inoculum (B) and end of 12L 
growth (C) with 100x objective.  
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After cell harvesting and cell lyses followed by another centrifugation, the supernatant, containing 

the protein of interest, was purified under anaerobic conditions in a Coy anaerobic chamber. Since 

DVU2108 had an N-terminal StrepII-tag, a chromatographic step using a highly cross-linked 

agarose (6 %) matrix with StrepTactin as a ligand was performed, and the protein was eluted with 

100 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 50 mM desthiobiotin. The fractions obtained were 

analyzed in a SDS-PAGE (Figure 3.2). 

 

As mentioned in the Introduction (Table 1.1) DVU2108 has a molecular mass of 12.5 kDa. 

Therefore, the analysis of the SDS-PAGE indicates that fractions E1-3 had a band with the 

expected size. Moreover, the color of E3 was slightly yellow/brown. A UV-visible spectrum was 

acquired for this fraction, and both protein and metals (Mo, Cu, and Fe) were quantified (Table 

3.1)  

The fraction E1 - E5 were concentrated to 1 ml, and its protein and metal content were also 

quantified. The UV-visible spectra of fraction E3 and of the concentrated fractions E1-5 are shown 

in Figure 3. 

 

 

Figure 3.2 – 12.5% SDS-PAGE after coomassie staining. Gel was run during 1h at 150V. (Marker – protein 
marker; CE – cellular extract; CD – cellular debris; SE – Soluble extract; FT – Flow through; W1-3 – 
Washes; E1-12 – elution samples; SE* - Soluble extract lane with less loaded quantity.) Black ellipse 
shows DVU2108 bands. 

DVU2108 

Figure 3.3 – UV-visible spectra of fraction E3 (A) (without dilution) and concentrated protein fraction E1-E5 
(B) (diluted 1:9) in 100 mM Tris-HCl, pH 7.6, 150 mM NaCl.    
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Both spectra present a distinct broad absorption 

band at about 400 nm and another around 550 

nm that could be of a Fe-S protein33. At this point, 

we can only speculate that this absorption 

features could either correspond to a Fe-S cluster 

that is bound to StrepDVU2108 or to one of the 

contaminant proteins, as StrepDVU2108 is not 

pure (Figure 3.4) 

In fact, the analysis of SDS-PAGE of 

StrepDVU2108 indicate that there are a 

significant number of contaminants that elute 

together with StrepDVU2108 even in the 

presence of 150 mM NaCl, and thus another 

chromatographic step should be performed, such as a gel filtration chromatography (as most 

contaminant proteins have a higher molecular mass and DVU2108 homologues behave as 

monomers in solution). However, the amount of protein sample that remained was not enough to 

perform this additional step. 

Table 3.1 shows protein and metal concentrations obtained for both fraction E3 and concentrated 

protein (the amount of protein sample was not enough for duplicates in ICP analysis and protein 

quantification, thus errors cannot be determined for metal and protein concentrations)  

 

Table 3.1 –Protein and metals quantification of StrepDVU2108 fraction E3 and concentrated fractions E1-5 

 [Protein]  
(mg/ml) 

[Mo] 
(µM) 

[Cu] 
(µM) 

[Fe] 
(µM) 

Fraction E3 - 0.09 2.98 9.40 

StrepDVU2108 E1-5 0.30 0.45 13.50 41.39 

 

The metal quantification indicates that the amount of Mo is almost negligible, and that of Cu was 

lower than Fe, which again suggests that concentrated StrepDVU2108 fractions E1-5 contains 

an iron protein. Normalizing to the amount of Mo, the sample presents a metal molar ratio of 

1Mo:30Cu:92Fe. 

 

3.1.2 POSTGATE C medium supplemented with 0.8 µM Cu and 0.1 µM 

Mo  

 

Given the previous results another approach was made to grow the DvH/StrepDVU2108 by 

supplementing the growth medium with 0.8 µM CuCl2·2H2O and 0.1 µM Na2MoO4·2H2O, 

concentrations that would have no major effect on the DvH growth.34,35 

 

Figure 3.4 – 12.5% SDS-PAGE after Coomassie 
staining. Gel was run during 1h at 150V. (Marker 
– protein marker; Lane 1 – protein sample after 
concentration; Lane 2 – Flow through after 
concentration). Black ellipse shows DVU2108 
band. 

DVU2108 
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The two pre-inoculums grew to an OD600 nm of 0.636 and 0.812, the twelve inoculums grew to an 

average OD600 nm of 1.001, and for the 12 L growth the averaged OD600 nm was 0.599. Like in the 

previous growth the bacteria exhibited normal size and shape for this strain (Figure 3.5). The wet 

cell mass obtained was ~18 g, which is less than obtained in the first approach, which correlates 

with the lower OD600 nm observed throughout the growth.  

 

The SDS-PAGE analysis of protein expression is shown in Figure 3.6. This time we eluted the 

protein in fewer fractions with higher volume (5 mL) since in the first experience the final fractions 

showed no protein whatsoever. Once again there was a fraction with a different color than the 

others, in this case fraction E2, and so a spectrum was acquired (Figure 3.7 - A). 

Isolation of StrepDVU2108 was accomplished although with probably the same contaminants as 

before that we can better detect in this second purification attempted.    

 

Figure 3.6 – 12.5% SDS-PAGE after Coomassie staining of fractions obtained during purification of 
StrepDVU2108 from a growth with Cu/Mo supplementation. Gel was run during 1h at 150V. (Marker – protein 
marker; CD – cellular debris; SE – Soluble extract; FT – Flow through; W1-3 – Washes; E1-6 – elution 
fractions.) Black ellipse shows DVU2108 bands. 

The spectrum of fraction E2 is similar to the one obtained for fraction E3 from the previous 

purification, but absorption bands are much more intense. Due to the presence of similar 

contaminant proteins, the question remains as if these absorption features are due to the 

contaminant proteins or the fact that DVU2108 is a Fe-S protein.  

 

Figure 3.5 – Optic microscopic images of samples from the pre-inoculum (A), inoculum (B) and end of the 
12 L growth (C) with 100x objective. 

A B C 

DVU2108 
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Fraction E1 to E5 were concentrated to 2.5 mL which was then analyzed by SDS-PAGE (Figure 

3.8 - A) and a spectrum was acquired (Figure 3.7 - B). Protein and metal concentrations are 

shown in Table 3.2 (the amount of protein sample was not enough for duplicates in ICP analysis 

and the errors on these quantifications could not be determined). For this concentrated protein 

fraction, a PAGE was also performed (Figure 3.8 - B). 

 

 

Once again the StrepDVU2108 after the first purification step is not pure. This was expected given 

the first SDS-PAGE to analyze the elution fractions. The PAGE analysis was inconclusive, as 

most protein did not migrate into the gel and only a very diffuse and very low intensity band is 

observed probably due to protein complex formation (large complex that cannot enter in the 

resolution gel, band diffusion might be due to different forms of DVU2108).  

In this purification, the concentrated sample had higher protein and molybdenum concentrations 

but lesser copper and iron. This means we have fewer clusters per protein, although we cannot 

Figure 3.8 – A -12.5% SDS-PAGE after Coomassie staining. Gel was run during 1h at 150V. (Marker – 

protein marker; Lane 1 – protein fraction E1-E5 after concentration; Lane 2 – Flow through after 

concentration) B - 12.5% PAGE after Coomassie staining. Gel was run during 1h at 150V 

DVU2108 

A B 

Figure 3.7 – UV-visible spectra of Fraction E2 (A) and concentrated protein fractions E1-5 (B) in 100 
mM Tris-HCl, pH 7.6, 150 mM NaCl.    
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really tell why that happened. We expected a higher copper and molybdenum but only the last 

increased and it was not a great increase.  

 
Table 3.2 – Protein and metals concentration of StrepDVU2108 concentrated fractions E1-5 

 [Protein] 
(mg/ml) 

[Mo] 
(µM) 

[Cu] 
(µM) 

[Fe] 
(µM) 

StrepDVU2108 E1-5-5 0.391 ± 0.006 0.73 1.96 14.85 

 

Surprisingly in this case the Cu and Fe content seems lower (normalizing to the concentration of 

Mo, the sample presents a metal molar ratio of 1Mo:2.7Cu:20Fe), but again the metal in higher 

concentration was Fe, with the amount of Mo being very small. 

 

3.2  Apo-DVU2108 metal cluster reconstitution 

 

The novel metal cluster composed by copper, molybdenum and sulfur is a distinctive 

characteristic of ORP isolated from D. gigas.5 Recent studies showed that it is possible to 

reconstitute an Apo form of ORP by adding copper chloride (CuCl2) and tetrathiomolybdate 

(TTMo) in the right proportions to a protein solution.32 Since DVU2108 is a homologous protein 

of D. gigas ORP we have used the same strategy to reconstitute the Apo-DVU2108 with this metal 

cluster, even though it was not possible to isolate the native protein with the cluster.  

 

Apo-DVU2108 was purified prior to the start of this Master project. Nevertheless, it was necessary 

to quantify the protein (Table 3.3), perform a SDS-PAGE analysis (Figure 3.9) and acquired an 

UV-visible spectrum (Figure 3.10) to determine its extinction coefficient and verify its purity.  

 

Table 3.3 – Apo-DVU2108 concentration and extinction coefficient. Absorbance and concentration value 
corresponds to a 1:20 dilution of protein sample.  

[Apo-DVU2108] (µM) Absorbance at 278nm ε278nm (M-1 cm-1) 

165 ± 5 0.845 5130 ± 160 

 

 

Figure 3.9 – A -12.5% SDS-PAGE of Apo-DVU2108 sample, after Coomassie staining. Gel was run during 1h at 

150V. B – 10% PAGE after Coomassie staining. Gel was run during 1h at 150V 

DVU2108 

DVU2108 

A B 
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Figure 3.10 – UV–visible spectrum of Apo-DVU2108 in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl.   

Analysis of the SDS-PAGE shows that the protein is pure. Apo-DVU2108 has a molecular mass 

of 12456 Da, from its polypeptide chain (determined in EXPASY-Protparam), and a single band 

is observed below the 14.4 kDa marker accordingly. The spectrum shows a single absorbance 

band at about 280 nm which is characteristic of most proteins mostly due to the presence of 

tryptophan and tyrosine residues and also phenylalanine36, and no absorption band is observed 

in the visible part of the spectrum, which is indicative of the absence of bound metals.  

 

3.2.1 Apo-DVU2108-assisted metal cluster reconstitution with copper (II) 

chloride and tetrathiomolybdate  

 

To a solution containing 30 μM of Apo-DVU2108 were added 30 μM CuCl2 prior to the addition of 

66 μM tetrathiomolybdate (TTMo) in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF, in order 

to have a 1:1 protein-copper ratio and to ensure a 1:2 copper-molybdenum ratio, and the slight 

excess in TTMo concentration was to reduce the Cu(II) to Cu(I), which is the oxidation state of 

Cu in the heteronuclear cluster of D. gigas ORP.32 This solution was them incubated for 15 min 

at room temperature and the unbound metals were separated with a size exclusion 

chromatography.    

 

The UV-visible spectrum of the Mo-Cu reconstituted DVU2108 after removal of the unbound 

metals is shown in Figure 3.11. The spectrum shows two absorption maxima at 334 nm (10500  

280 M-1cm-1) and 483 nm (5570  150 M-1cm-1) as well as the characteristic shoulder around 433 

nm and is similar to the one obtained for its homologous Orange Protein from D. gigas (SI 7.2).32 

Extinction coefficients were determined relative to molybdenum concentration.    
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Figure 3.11 – UV–visible spectrum of DVU2108 reconstituted with CuCl2 and TTMo in 50 mM Tris-HCl, pH 
7.6, 150 mM NaCl. Extinction coefficient were determined relative to molybdenum concentration. 

 

The stoichiometry of copper per molybdenum atoms and the amount of cluster per protein after 

reconstitution are listed in Table 3.4 and were close to the expected, since the native D. gigas 

ORP has one cluster per protein (1:1 ratio) and the cluster has a copper atom for each two 

molybdenum atoms (1:2 ratio). The differences observed can be due to errors associated with 

metal, namely copper, and protein quantifications.  

 

Table 3.4 – Protein and metal concentrations and ratios for MoCu-DVU2108 

[Protein] (µM) [Cu] (µM) [Mo] (µM) DVU2108:Cu DVU2108: Mo Cu:Mo 

25.3 ± 0.6 19 ± 6 46 ± 1  1:0.8 ± 0.2 1:1.82 ± 0.01 1:2.3 ± 1.2 

 

Both absorption maxima and extinction coefficient values are slightly different from the ones of D. 

gigas ORP, but within the error intervals and are compared in Table 3.5. 

 

Table 3.5 – Extinction coefficient and absorption maxima of MoCu-DVU2108 and reconstituted with TTMo 
and CuCl2 and native D. gigas ORP. 

 MoCu-DVU2108 D. gigas  
MoCu-ORP32 

Native D.  
gigas ORP32 

Maximum absorption  

(max) 

334 nm 483 nm 338 nm 480 nm 338 nm 480 nm  

ε (M-1 cm-1) 10500 ± 280 5570 ± 150 11400 ± 800 6300 ± 360 11000 5500 
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3.2.2 Apo-DVU2108-assisted metal cluster reconstitution with copper (II) 

chloride and tetrathiotungstate  

 

To test if, similarly to D. gigas ORP32, Apo-DVU2108 can also be reconstituted with a similar 

cluster containing tungsten instead of molybdenum the same procedure was used but with 

tetrathiotungstate (TTW) instead of tetrathiomolybdate (TTMo).  

The approach was identical to the one described for MoCu-DVU2108 with the only difference 

being the concentration of tetrathiotungstate, 0.63 μM instead of 0.66 μM, which proved to be 

enough to reconstitute Apo-DVU2108 with this type of cluster.  

The UV-visible spectrum of the W-Cu reconstituted DVU2108 after removal of the unbound metals 

is shown in Figure 3.12. Similarly to what was obtained for the Mo-Cu reconstituted protein, the 

spectrum is similar do the spectrum obtained for the WCu D. gigas ORP (SI 7.3), with absorption 

maxima at 295 nm (14560  80 M-1cm-1) and 407 nm (6990  40 M-1cm-1). This time extinction 

coefficients were determined relative to the concentration of tungsten. Cluster number per protein 

ratio obtained for WCu-DVU2108 was close to the expected but copper:tungsten ratio was slightly 

lower than the expected ratio of one copper atom per two tungsten atoms. These results are listed 

in Table 3.6. 

 

 

Figure 3.12 – UV–visible spectrum of DVU2108 reconstituted with CuCl2 and TTW in 50 mM Tris-HCl, pH 
7.6, 150 mM NaCl. Extinction coefficient where determined relative to tungsten concentration 

 

Table 3.6 - Protein and metal concentrations and ratios for WCu-DVU2108 

[Protein] (µM) [Cu] (µM) [W] (µM) DVU2108:Cu DVU2108:W Cu:W 

35 ± 2 33.6 ± 0.4 50.1 ± 0.2 1:0.96 ± 0.05 1:1.43 ± 0.08 1:1.49 ± 0.03 

 

Once again there were differences in the absorption spectrum between the WCu reconstituted 

DVU2108 and the reconstituted D. gigas homologue which are listed in Table 3.7. 
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Table 3.7 – Extinction coefficient and absorption maxima comparison of WCu-DVU2108 to D. gigas ORP 
reconstituted with TTW and Cu using a similar procedure. 

 WCu-DVU2108 D. gigas WCu-ORP32 

Maximum absorption 

(max) 

295 nm 407 nm 300 nm 405 nm 

ε (M-1 cm-1) 14560 ± 80 6990 ± 40 11300 5200 

 

 

3.3  Metal Titration of Apo-DVU2108 

 

Apo-DVU2108 was titrated in the presence of CuCl2 with TTMo or TTW to determine the metal 

stoichiometry of the reconstituted protein, and assess whether the protein has a preference for a 

specific metal ratio. A control experiment was performed in the absence of protein.  

 

3.3.1 Apo-DVU2108 titration with TTMo 

 

A solution containing 30 µM Apo-DVU2108 and 30 µM CuCl2 in 50 mM Tris-HCl, pH 7.6, 150 mM 

NaCl, 20% DMF was titrated with small aliquots of 0.51 mM TTMo and spectra was acquired after 

each addition. Spectra of the main Cu:Mo ratios additions are shown in Figure 3.13. 

 

 

 

Figure 3.13 – Titration of 30 µM Apo-DVU2108, in the presence of 30 µM CuCl2, with TTMo in 50 mM Tris-
HCl, pH 7.6, 150 mM NaCl, 20% DMF. Spectra of titration at specific Cu:Mo ratios. Blue: 1Cu:0Mo; Orange: 
increasing Mo concentration from lighter to darker shades of orange.  
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As we can see in this Figure, 

when the ratio of Cu:Mo reaches 

1:3, the maximum absorption 

bands shift to lower wavelengths, 

which are similar to the ones of 

the TTMo solution itself, that has 

the maximum absorption bands 

at 317 and 468 nm (Figure 3.14) 

 

We have also analyzed the 

absorbance of the shoulder 

region in MoCu-DVU2108, at 433 nm, and subtracted the contribution of excess TTMo solution 

considering the absorbance of 5 µL of that solution. This absorbance is represented as a function 

of [Mo]/[Cu] ratio in Figure 3.15, and indicates that there is a stabilization at around 2:1 metal 

ratio. In addition to that, when we examine the wavelength at which the maximum absorbance 

occurs along the titration (Figure 3.16), we observe a similar behavior: the wavelength of the 

maximum absorbance reaches the expected values at 2:1 Mo:Cu ratio followed by a stabilization 

and then a decrease to lower values.  

These results confirm that the metal cluster ratio preferred by the reconstituted protein is 

2Mo:1Cu. 

 

 

Figure 3.15 – Absorbance variation at 433 nm at each [Mo]/[Cu] ratio 

 

Figure 3.14 – Spectrum of 25.5 µM of tetrathiomolybdate solution in 
50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF. 
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The titration in the absence of Apo-DVU2108 shows very different spectra (Figure 3.17) when 

compared to the ones obtained in its presence (Figure 3.13). In solution TTMo is able to complex 

with Cu(II) and this results in a total loss of UV-visible spectra from both metal solutions at a 1:1 

ratio.37 After that the observed spectra corresponds to the TTMo spectra due to its excess in 

solution in relation to copper.  

 

 

In Figure 3.18 we present the spectra of the metal solutions involved in this experiment along with 

spectra of 1:2 metal ratio with and without DVU2108, to better analyze the differences observed. 

We can observe that in the absence of DVU2108, the wavelengths for maxima absorption 

observed for 1Cu:2Mo ratio are very similar to the TTMo solution whereas in the presence of the 

protein they are broader and at higher wavelengths.  

 

Figure 3.16 – Wavelengths at which is observed maximum absorption along the titration, for maximum 
absorption band at around 334 nm (A) and wavelengths around 482 nm (B) 

Figure 3.17 – Titration of 30 µM CuCl2 with TTMo in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF. Spectra 
of titration at specific Cu:Mo ratios. Blue: 1Cu:0Mo; Orange: increasing Mo concentration from lighter to darker 
shades of orange. 
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Figure 3.18 – Spectra of metal solutions, diluted 1:20, (CuCl2 – Blue; TTMo – Orange) used in the titration 
experiments with TTMo, 1Cu:2Mo cluster proportion in the presence (black) and in the absence of DVU2108 
(grey), in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF. 

 

3.3.2 Apo-DVU2108 titration with TTW 

 

The approach used in the TTW titration was identical to the one described before for TTMo, in 

which a solution containing 30 µM Apo-DVU2108 and 30 µM CuCl2 in 50 mM Tris-HCl, pH 7.6, 

150 mM NaCl, 20% DMF was titrated with small aliquots of 0.48 mM TTW and spectra was 

acquired after each addition. Spectra of the main Cu:W ratios are shown in Figure 3.19. 

 

 

 

Figure 3.19 – Titration of 30 µM Apo-DVU2108, in the presence of 30 μM CuCl2, with TTW in 50 mM Tris-
HCl, pH 7.6, 150 mM NaCl, 20% DMF. Spectra of titration at specific Cu:W ratios. Blue: 1Cu:0W; Yellow: 
increasing TTW concentration from lighter to darker shades of yellow  
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Figure 3.19 shows that from 1Cu:3W 

ratio there is an excess of TTW, which 

shifts the wavelength at which 

absorbance reaches a maximum from 

407 nm to 394 nm and there is also an 

increase in absorbance at 277 nm. 

These wavelengths are characteristic 

of the TTW solution (Figure 3.20).  

 

When we analyze the absorbance 

values at 407 nm and subtract the contribution of excess TTW solution, according to the 

absorbance for 5 µL, we clearly observe a stabilization beginning at about 1Cu:2W ratio (Figure 

3.21 - A). If we analyze the wavelengths around 407 nm for which there is a maximum absorbance 

we observe that the wavelengths shift to lower values after a 2.5 metal ratio (Figure 3.21 – B). 

The shifts at the maximum absorption band at around 295 nm was not analyzed since it is too 

close to the absorbance band of the protein (280 nm). These results show that when we replace 

molybdenum with tungsten the preferred cluster metal ratio in DVU2108 is maintained (1:2).  

 

 

Similarly to what was observed in the TTMo titration, the spectra in the absence of protein in the 

TTW titration are very different from the ones in its presence (Figure 3.22). After 1:1 ratio of copper 

and tungsten there is an excess of TTW in solution and the observed spectra corresponds mainly 

to the TTW solution. In the absence of protein, until a 1:1 Cu/W ratio it is observed a complete 

loss of UV-visible spectrum, similar to what occurred when TTMo was used (Figure 3.17).  

 

Figure 3.21 – A - Variation of absorbance at 407nm at each [W]/[Cu] ratio. B – Wavelengths 
around 407 nm at which is observed maximum absorption along the titration. 

Figure 3.20 – Spectrum of 24 µM of tetrathiotungstate solution 
in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF). 
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In Figure 3.23, it is shown the spectra of the metal solutions used in this experiment along with 

spectra of 1Cu:2W ratio with and without protein. Once again we can observe that in the absence 

of protein the maximum absorption bands shift to lower wavelengths, namely around 407 nm, and 

become identical to the Cu:TTW solution spectrum at the same ratio (1:2).  

 

Figure 3.23 – Spectra of metal solutions, diluted 1:20, (CuCl2 – Blue; TTW – Yellow) involved in the titration 
experiments with TTW, 1Cu:2Mo cluster proportion in the presence (black) and in the absence of DVU2108 
(grey), in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF. 

 

3.4 Differential Scanning Calorimetry 

 

Studies made for D. gigas ORP showed that a W-reconstituted protein was more stable than a 

Mo-reconstituted in the NMR experiments.32 To analyze this hypothesis for DVU2108 we have 

Figure 3.22 – Titration of 30 µM CuCl2  with TTW in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF. 
Spectra of titration at specific Cu:W ratios. Blue: 1Cu:0W; Yellow: increasing TTW concentration from lighter 
to darker shades of yellow  
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used Differential Scanning Calorimetry, which as the name suggests, is a calorimetric technique 

that can determine the melting temperature (Tm) of the denaturation process, as well as, the 

energy involved in this process (ΔH).  

 

In Figures 3.24 and 3.25, the results obtained for each protein are presented, Apo-DVU2108, 

MoCuDVU2108 and WCuDVU2108, respectively. Protein concentrations used in this experiment 

were 0.747 mg/mL for the Apo-DVU2108 and 0.656 and 0.747 mg/mL for the Mo and W-

reconstituted proteins, respectively.  

 

 

Figure 3.24 – Apo-DVU2108 (0.747 mg/mL) DSC analysis in 50 mM TrisHCl, pH 7.6, 150mM NaCl. Acquired 
data (full line); Simulation (dashed line) 

 

Table 3.8 – DSC results for Apo-DVU2108 and reconstituted proteins (MoCu-DVU2108 and WCu-
DVU2108) 

Variable Apo-DVU2108 MoCu-DVU2108 WCu-DVU2108 

Tm (ºC) 65.6 ± 0.2 72.1 ± 0.6 72.1 ± 0.7 

ΔH (kJ/mol) 352 ± 17 370 ± 69 363 ± 73 

 

Figure 3.25 – A - MoCu-DVU2108 (0.656 mg/mL) DSC analysis in 50 mM TrisHCl, pH 7.6, 150mM 
NaCl. Acquired data (full line); Simulation (dashed line). B - WCu-DVU2108 (0.747 mg/mL) DSC 
analysis. Acquired data (full line); Simulation (dashed line). 
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These results show that reconstituted DVU2108, whether with TTMo or TTW, are more stable 

than its Apo form since they both display higher Tm (with an increase of 6ºC). We can therefore 

state that not only do they endure higher temperatures without conformation loss but they also 

need higher energy to unfold. We can note that MoCu-DVU2108 needs a slightly higher energy 

to promote denaturation. 

 

The model used for the simulation in all three proteins was the two stated scaled. This model 

takes in account one transition from one state to the other38, which in this case is the native state 

transitioning to the denatured state.  

 

A PAGE analysis was performed for the samples used in the DSC 

analysis and is shown in Figure 3.26. When we compare all the 

samples, we can see that for the reconstituted proteins there is still 

some amount of Apo-DVU2108 since there is a slight band identical 

to the Apo-DVU2108 band in lane 3. This analyzes indicates that the 

results obtained could be different from the real values for these 

proteins but are close since the amount of Apo-protein seems small, 

and metal cluster might be lost during electrophoresis 

 

 

 

 

 

 

 

3.5 NMR assignment of Desulfovibrio vulgaris Hildenborough Apo-DVU2108 

 

NMR is a technique with multiple applications, including structure determination of proteins. In 

order to determine the solution structure of a protein using NMR, we first need to obtain its 

“fingerprint”, that is, a Heteronuclear Single Quantum Correlation spectrum (HSQC), that is unique 

for each protein for each sample conditions. 

A 2D 1H-15N-HSQC gives us the correlation between the proton and the nitrogen atoms in amides 

whether involved in the peptide bond of each protein residue, except for proline, or in the side 

chains of asparagine, glutamine and tryptophan. For Apo-DVU2108, and according to its amino 

acid sequence (Figure 3.27), we can determine how many backbone HN resonances we expect 

to observe in its HSQC spectrum. This protein has 119 residues with 5 of them being prolines. 

Since the first residue is not involved in a peptide bond it will not produce a HSQC resonance, 

thus we expect 113 resonances corresponding to amide protons, and 17 resonances 

corresponding to the side chains of 4 asparines, 4 glutamines and 1 tryptophan. Figure 3.28 

shows the 2D 1H-15N-HSQC of Apo-DVU2108 prior to the chemical shift assignment. In this 

Figure 3.26 – 10% PAGE 
after Coomassie staining. 
Gel was run during 1h at 
150V. (Lane 1 – MoCu-
DVU2108; Lane 2 – WCu-
DVU2108; Lane 3 – Apo-
DVU2108) 
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session the procedure used for the sequential assignment of this protein will be explained step 

by step. 

 

 

Figure 3.27 – DVU2108 119 long amino acid sequence 

 

There is a wide range of strategies one can use to determine the structure of a protein due to the 

variety of NMR spectra and depending on protein labelling.39 Here we have used a 13C, 15N-

labelled Apo-DVU2108 and a combination of two- and three-dimensional spectra which allows 

the backbone resonance assignment of proton, nitrogen and carbon chemical shifts: 2D 1H-15N 

HSQC, 3D HNCO, 3D HN(CA)CO, 3D CBCANH 3D CBCA(CO)NH.31 The program used for 

spectra analysis and backbone and side-chain assignment was CARA™.40 

 

 

Figure 3.28 – 2D 1H-15N HSQC spectrum of 1 mM Apo-DVU2108 in 20 mM sodium phosphate, pH 7.0, 100 
mM NaCl, 1 mM sodium azide, 1 mM DTT and 10 % 2H2O. Spectrum acquisition was carried out at 298 K 
on a Bruker AvanceIII 600 MHz spectrometer equipped with a TCI cryoprobe 

 

The protein sequential assignment relies on the resonance frequency of HN(i) and N(i) observed 

in the 2D 1H-15N HSQC since this spectrum is the foundation of 3D spectra used for this purpose.22 
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The 3D HNCO spectra correlates the HN(i) and N(i) 

of a residue (i), with the carbonyl group of the 

previous residue (i-1), C(i-1), of a spin system 

(Figure 3.29). In Figure 3.30, it is shown a 5 residue 

long fragment, each with its respective previous 

carbonyl resonance, which is the one that is marked 

and centered (the line in the middle of each strip 

should pass through the center of the spherical 

peak). At this stage we still cannot know the residue 

type nor their arrangement in terms of sequence 

therefore more information is required.  

 

 

Figure 3.30 – 3D HNCO carbon dimension of spin systems 4, 26, 31, 34, 81 belonging to a sequential 
fragment. 

Figure 3.29 – 3D HNCO magnetization 
transfer 



 

34 

 

To that purpose, we have analyzed a 3D HN(CA)CO 

spectra that correlates the HN(i) and N(i) with the C(i) 

of the same residue, and thus we can identify the 

carbonyl group of the residue corresponding to the 

chosen spin system (Figure 3.31). Due to the 

similarity in size of the J couplings constants used for 

magnetization transfer in 13C-, 15N-labelled proteins 

of C(i-1) and C(i), both resonances are detected in 

this kind of spectrum.41 Figure 3.32 shows the carbon 

dimension of the 3D HN(CA)CO spectrum for the same fragment.  

 

Just as a remark, the name of the experiment is formed by the nuclei involved and reveals the 

pathway of magnetization transfer. Spins in parenthesis correspond to nuclei through which the 

magnetization is transferred but there is no chemical shift evolution.41 

 

Figure 3.32 – 3D HN(CA)CO carbon dimension of spin systems 4, 26, 31, 34, 81 belonging to a sequential 
fragment 

Figure 3.31 – 3D HN(CA)CO magnetization 

transfer 
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Taking into account that this is a five-residue 

fragment in a 119 residue long protein, one might 

think that sequential assignment would be 

possible just with this information, but carbonyl 

groups have a narrow ppm range, not differing 

considerably for each residue type, which would 

lead to uncertain alignment. Thus, once again, 

more data is required.  

 

Apart from glycine all amino acids have both alpha (CA) and beta (CB) carbon atoms in their 

structure. Chemical shift information from these atoms can help to overcome the ambiguity of the 

previous experiments since they have a much wider ppm range when compared to carbonyl 

groups, and differ significantly for each residue type. In addition, the chemical shift values of CA 

and CB vary with secondary structure.  

For instance, serine and threonine have the CB resonance at lower field than the CA unlike all 

other residue types, a distinctive property that makes the identification of these residues simpler.  

 

A 3D CBCA(CO)NH experiment allows us to obtain for each spin system with a detectable HN, 

the chemical shifts of CA(i-1) and CB(i-1) of the previous residue. (Figure 3.33).  

 

Figure 3.33 – CBCA(CO)NH magnetization 
transfer 
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Figure 3.34 – 3D CBCA(CO)NH carbon dimension of spin systems 4, 26, 31, 34, 81 belonging to a sequential 

fragment 

Similar to the strategy used for the carbonyl atom, 

we have the chemical shift of both CA and CB of the 

previous residue, so now we need the chemical 

shifts of the same atoms but of the residue itself. This 

information can be obtained with a 3D CBCANH 

spectra. In this spectra, the CB resonance is a 

negative peak whereas CA resonance is positive.  

Just as the 3D HN(CA)CO detected the previous 

carbonyl group in addition to the one of itself, this 

spectrum will detect the CA(i-1) and CB(i-1) in 

addition to CA(i) and CB(i) (Figure 3.35). 

  

 

Figure 3.35 – 3D CBCANH magnetization 
transfer 
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Figure 3.36 – 3D CBCANH carbon dimension of spin systems 4, 26, 31, 34, 81 belonging to a sequential 
fragment 

At this point we have, for each backbone spin system detected in the 2D 1H-15N HSQC, the 

chemical shifts of the following atoms: HN(i), N(i), CO(i-1), CO(i), CA(i-1), CB(i-1), CA(i) and CB(i). 

So now we have the information needed to start the sequential assignment. Figure 3.37 shows 

the alignment of the five-residue long fragment that now can be positioned in the sequential order 

81-34-26-31-4. 
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Figure 3.37 – 3D CBCANH spectra of spin systems 4, 26, 31, 34, 81 belonging to a sequential fragment 
already aligned 

Now that the sequential alignment is done, we need to assign each spin system to its residue 

type. CARA™ matches the chemical shifts obtained of the assigned atoms (C, CA and CB) to the 

residue database in order to predict the amino acid type. Fragment assign is ranked in relation to 

the matching quality by green bars and fitness percentage. Larger fragments will give better 

predictions (Figure 3.38). 
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Figure 3.38 – Assignment predictions 

For the chosen fragment the assignment prediction given by CARA™ seems accurate. And thus 

the fragment 81-34-26-31-4, can be assigned to T36-H37-A38-V39-D40 of Apo-DVU2108. The 

assigned fragment is shown in Figure 3.39.  

 

 

Figure 3.39 – 3D CBCANH carbon dimension of the fragment composed by T36, H37, A38, V39, D40. 
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Even with all this information sometimes CARA™ 

cannot correctly assign the spin systems to the 

right residue, as there can still exist some 

ambiguities. In order to overcome this issue we 

can acquire and analyze other spectra, such as 

3D HNHA, 3D HBHA(CBCACO)NH, 3D 

(H)C(CCO)NH, 3D H(CCCO)NH and 3D (H)CCH-

TOCSY31. The combination of the 3D HNHA and 

3D (H)CCH-TOCSY spectra provides additional 

information on the side chain residues which may solve some ambiguities that could exist. The 

complete assignment of protons and carbons of the aliphatic side chains can be assigned through 

the analysis of the 3D (H)CCH-TOCSY spectra. For that, we first used the 3D HNHA spectra 

which will provides us with the chemical shift of the alpha proton (HA(i) linked to the alpha carbon) 

(Figure 3.40) of each residue.  

 

 

Figure 3.41 – 3D HNHA carbon dimension of the fragment composed by T36, H37, A38, V39, D40 

Figure 3.40 – 3D HNHA magnetization transfer 
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With a 3D (H)CCH-TOCSY spectrum we can link the CA(i) and HA(i) chemical shifts that we 

already have, to the rest of the side chain nuclei. Using this strategy, it is possible to better identify 

the residue type of each spin system improving the assignment prediction or confirm it, and obtain 

the chemical shift of the side chain protons that is essential for structure determination. Figure 

3.42 shows the 3D (H)CCH-TOCSY spectrum for Valine 39 whose structure is shown in Figure 

3.43. 

 

Figure 3.42 – 3D (H)CCH-TOCSY spectra of Valine 39 



 

42 

 

Since the 3D (H)CCH-TOCSY detects the carbon and proton for each aliphatic residue (Figure 

3.44), all protons have correlation peaks with all the carbons of that specific residue.  

 

After doing this for every spin system we will hopefully have assigned all the residues, except for 

the first residue and prolines, with the final result being a 2D 1H-15N HSQC such as the one 

presented in Figure 3.45. 

 

 

 

Figure 3.44 – 3D (H)CCH-TOCSY magnetization transfer Figure 3.43 – Valine structure. Adapted from 36 

Figure 3.45 – 2D 1H-15N HSQC spectrum of 1 mM Apo-DVU2108  in 20 mM sodium phosphate, pH 7.0, 
100 mM NaCl, 1 mM sodium azide, 1 mM DTT and 10 % 2H2O. Spectrum acquisition was carried out at 
298 K on Bruker AvanceIII 600 MHz spectrometer equipped with a TCI cryoprobe 
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Aside from the amides that have no HSQC signal, some can undergo exchange with solution 

buffer and therefore are not detected and cannot be assign. However, we can assign their other 

atoms without the 1H/15N resonance if we have the assignment made for their succeeding residue, 

as for these residues we have the i-1 chemical shifts of C, CA, CB, HA, which will allow us to 

assign them to their respective residue.  

 

In order to perform structure calculations we need all the chemical shifts we can obtain. Up to 

now, we have the backbone and aliphatic side chains, only lacking the aromatic side chains of 

histidines, phenylalanines, tyrosines and tryptophan and the amides of asparagines, glutamines 

and the NH of the tryptophan ring.  

Tryptophan side chain amide has a distinctive resonance usually around 10 ppm at the 1H 

dimension. The remaining amides have a signal in the HSQC spectrum and can be assign if we 

already have all the other atoms assign for those residues, especially the CB(i) and CG(i) for 

glutamines and the CA(i) and CB(i) for asparagines. Since this amides are also linked to a 

carbonyl group we can use the 3D HNCO and 3D CBCA(CO)NH like before but this time the 

chemical shifts will correspond to the side chain carbons (Figure 3.46), the CB, CG and CD for 

glutamine and CA, CB and CG for asparagine. 

 

 

Both asparagine and glutamine residues have two protons linked to the side chain nitrogen atom, 

thus there will be two resonances with the same shift in the nitrogen dimension corresponding to 

the two protons. The 3D CBCA(CO)NH spectrum will allow us to assign these signals to the 

correct residue, using the side chain carbons we already have assigned. With that we will also be 

able to assign the CD(i) of glutamine and the CG(i) of asparagine since the chemical shift in 3D 

HNCO spectrum will correspond to those carbon atoms. 

 

Due to the resonance of the imidazole ring in histidines (Figure 3.47), their side chain amides will 

have different chemical shifts when compared to the other amides. We can detect them through 

2D 1H-15N HSQC type spectrum with an INEPT constant optimized for 2J detection.42,43 Figure 

3.48 shows the pattern obtained for His84. 

 

Figure 3.46 – Asparagine and glutamine structure. Adapted from 36 
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In order to assign the proton and carbon atoms of aromatic side chains, we have used a 

combination of a 2D 1H-13C HSQC with a 3D 13C-edited NOESY spectra. Unlike all the other 

spectra used previously the NOESY is a spatial-type spectrum. It relies on the proximity (up to 7 

Å) of atoms regardless of its involvement in a chemical bond. The more backbone and side chain 

atoms assigned of each residue the better we can assign the aromatic atoms resonances.  

 

To assign these resonances, we have to examine the 13C-edited NOESY of each peak and 

correlate the observed resonances with all the chemical shifts we already have from the aromatic 

side chain containing residues. If the resonances match it means they are from the same system. 

Keep in mind that the NOESY spectrum will have resonances other than the ones from that 

particular residue corresponding to neighbor (but not just sequentially close) residues. Figure 3.49 

- A shows almost all the resonances already assign and Figure 3.49 - B is the 13C-edited NOESY 

spectrum from the HD2/CD2 HSQC peak of Tyr88 whose structure is shown in Figure 3.49 - C. 

 
 
 
 
 
 
 
 
 

 

Figure 3.47 – Histidine structure. Adapted from 36 

Figure 3.48 – His84 amide pattern 
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At the end of the resonance assignment that was described above, we were able to assign only 

101 of the 113 expected backbone NH resonances probably due to exchanges with solution 

buffer, similar to what occurred for the Apo-form of the homologous protein from D. gigas.6 From 

the complete sequential assignment it was possible to locate residues that had no NH resonance 

in four regions of the protein: 4 residues at the N-terminal (Asn10, Leu12, Phe20, Gly21), 5 

residues in a loop region that compromises the residues 47-52, two residues Val72-Lys75 and 

His118. The amide proton resonances of the residues of a loop region were poorly defined, which 

is located at the same region in other homologous proteins6,8. The assignment was made for 4 of 

the 5 existent prolines and the first residue yielding an assignment percentage of 97.4 % in the 

terms of residues (116 of 119) and 94% in terms of 1H, 15N and 13C detectable in NMR. For the 

remaining residues, G50, A51 and P74, no atom could be assigned. The 1H, 13C and 15N chemical 

shifts have been deposit in the BioMagResBank (http://www.bmrm.wisc.edu) under BMRB 

accession number 26618. Just as a note, this assignment was further improved and is the one 

that is deposited in the BMRB. This data will be published in Biomolecular NMR Assignments with 

the title: Resonance assignment of DVU2108 that is part of the Orange Protein complex in 

Desulfovibrio vulgaris Hildenborough (SI 7.7) (the manuscript is in Press since 15 Sept 2015) 

Table 3.9 shows the percentage of assignment achieved for each atom and for protein backbone 

and side chain resonances. A list of all the atoms from all residues assigned is shown in 

Supporting Information 7.6. 

A 

C 

Figure 3.49 – A - 2D 1H- 13C HSQC spectra close up in the aromatic region assigned. B - 13C-edited 
NOESY of HD2/CD2 resonance from Tyr88. C - Tyrosine structure. Adapted from 36 

B 
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Table 3.9 – Assignment Report for Apo-DVU2108 

          Shifts 
Atom 

Total Found Missing % 

H 635 600 35 94.5 

C 502 483 19 96.2 

N 132 114 18 86.4 

Backbone 601 558 43 92.9 

Side Chain 664 639 25 96.2 

 

 

3.6 Conformation of Pro, Cys and His in Apo-DVU2108 

 

With the chemical shifts for histidine, proline and cysteine residues we can have structural 

information of their side chains such as conformational, protonation and redox state.  

 

The pattern of histidine side chain amide resonances allow us to determine their tautomeric state 

depending on the protonation of the amides in the imidazole ring the resonance will create a 

different pattern (Figure 3.50). The pattern obtained for His84 (Figure 3.48) shows that the four 

resonances are between 150 and 200 ppm which is indicative of a fully protonated histidine at the 

sample pH, which was neutral (7.0).43 

 

 

Proline has a distinctive structure since its nitrogen atom involved in the peptide bond is part of a 

five-side ring. This characteristic creates a cis-trans isomerization in proline according to the 

positioning of its alpha-carbon relative to the alpha-carbon on the previous residue (Figure 3.51). 

In native proteins these amino acids exist either in their cis or trans conformation, and as an 

equilibrium in unfolded proteins.44  

 

Figure 3.50 – Schematic diagram adapted from42 showing the expected 1H-15N-HMQC 
spectrum of the imidazole-ring for each of the three possible protonation states of a 
histidine residue. Reprinted from 43 
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The conformation of proline residues affects the chemical shift of the carbon atoms present in the 

ring since the environment around them will be different. In the cis conformation the gama-carbon 

will be at a higher field and the beta-carbon at a lower field when compared to the trans isomer 

(SI 7.8). Therefore, the chemical shift difference between those two carbon atoms (ΔCβγ) in a 

proline residue can be an indication of its isomer. The trans isomer has an average ΔCβγ of 4.5 

ppm, whereas 9.6 ppm is the average value for cis conformation.45 

 

In Apo-DVU2108 the assignment was made for four of the five existent prolines: Pro15, Pro18, 

Pro95, Pro109. Table 3.10 shows the ΔCβγ obtained for each one of these residues.  

 

Table 3.10 – Chemical shift different between the CB and CG of assigned proline residues  

 Pro15 Pro18 Pro95 Pro109 

ΔCβγ (ppm) 3.499 6.402 4.416 4.626 

 

As you can see prolines 15, 95 and 109 are clearly trans isomers whereas Pro18 arises some 

uncertainties. However, since this is a folded protein, the existing residues should be in the same 

conformation and thus Pro18 is most probably also in a trans conformation, but might be in a 

more dynamic region (backbone could experience different conformations).  

 

In the cysteine residues, the reduced state (free) and the oxidized one (disulfide bridge) can be 

distinguished after its assignment using the beta-carbon chemical shift, which are very sensitive 

to the redox state of the sulfur (SI 7.9). Thus, we can point out their involvement or not in a 

disulfide bridge before we have a full structural model. From 24 to 32 ppm the cysteine is reduced 

(-SH) and from 34 to 52 ppm it is involved in a disulfide bridge (-S-S-), whereas between those 

areas it could be either.46 DVU2108 is the only protein in the Orange Protein family to have two 

cysteine residues in its sequence, as point out in the Introduction. These two cysteine residues 

where assigned and their beta carbon shifts was found to be 27.53 ppm and 28.66 ppm for C29 

and C90, respectively. As we can see, by comparing these values the two residues are clearly 

Figure 3.51 – Proline fragments in trans and cis conformations. Reprinted from 44  
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not involved in a disulfide bridge since the beta-carbon chemical shift is below 32 ppm, which 

might also be expected as DTT was present in the protein NMR sample buffer. 

 

 

 

3.7 Determination of the secondary structure of Apo-DVU2108 

 

The chemical shifts values are dependent of the type of residue and their surrounding 

environment and, with the help of bioinformatic tools we can predict the protein secondary 

structure. The program Torsion Angle Likeliness Obtained from Shift and Sequence Similarity, or 

simply TALOS+, is a program that relates 1H, 15N and 13C chemical shifts with backbone torsion 

angles φ and ψ. It also takes into account the residue type and its neighbors in the sequence.47 

Figures 3.52 and 3.53 show the results obtained for Apo-DVU2108 using this program. In figure 

3.52 the size of each bar represents the probability of a residue to be in a beta-sheet (blue bars) 

or an alpha helix (red bars). It also shows the random coil index along with secondary chemical 
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shifts (RCI-S2). The first corresponds to residue flexibility and the second is the difference 

between the observed chemical shifts of a particular residue and its random coil value.48 

 

 

 

In Figure 3.53 the green represents a consistent prediction, yellow an ambiguous one and in blue 

the dynamic residues. In gray are the ones that have no classification. The program also 

generates Ramachandran maps for each residue.   

 

 

 

The C-terminal region (R115-H118) in Apo-DVU2108 as shown to be dynamic which is usually a 

relatively dynamic region in most proteins. There seems to be another dynamic region in this 

protein with three residues displaying that behavior, N44, M45 and Q49. This region could be 

interacting with the metal cluster in the native protein has shown in the studies with D. gigas ORP 

Figure 3.52 – RCI-S2 value for Apo-DVU2108 is shown as a function of residue number on top and the 
predicted secondary structure (red, α-helix; blue, β-sheet) on the bottom. 

Figure 3.53 – Sequence of Apo-DVU2108 with residues for which no prediction is 
obtained marked in light grey, consistent predictions in green, ambiguous predictions 
in yellow, and dynamic residues in blue. 
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where possible regions for interaction with the metal cluster were determined32. Nonetheless, 

these are mere hypothesis and further investigation is necessary.  

 

Besides TALOS+ there are other programs that can predict a protein secondary structure with 

chemical shift information. Collaborative Computing Project for NMR, or CCPN, is a program for 

NMR data analysis and deposition. Among other aspects this program can create a secondary 

structure prediction using the Chemical Shift Index (CSI). CSI method takes in account the 

chemical shift difference between the acquired shift data and random coil shifts, which depending 

on the atom, is directly related to secondary structure. For example, when the HA chemical shift 

is upfield shifted regarding the random coil shift it is in a helical conformation and in a beta-sheet 

conformation when downfield shifted. Figure 3.54 shows the CSI for some of the assigned atoms 

and the corresponding secondary structure.49  

 

 

Figure 3.54 – Prediction of secondary structure of Apo-DVU2108 based on chemical shifts of 13CA, 13CB, 
13CO and 1HA. Figure was prepared in CCPN Analysis. 

This prediction is in correlation with the previous one made by TALOS+ where it shows three 

main alpha helix regions and five beta-sheet areas. 

 

 

 

 

 

 

 

 



 

51 

 

3.8  Structural Model of Apo-DVU2108 

 

A structural model of Apo-DVU2108 (Figure 3.55) was created simply by using its primary 

sequence and the deposited structure of D. gigas Apo-ORP, that has 48% homology with 

DVU2108, obtained by X-ray crystallography10 (PDB code: 2WFB), in the Swiss Model tool via 

Expasy web server. 

 

 

The obtained model is very similar to D. gigas ORP, as expected, and shows five beta-sheet and 

three main alpha-helixes and a smaller one, which supports the secondary structure predictions 

made in the previous chapter. Analysis of this structure also shows that the two cysteine residues 

are not in close proximity to make a disulfide bond with each other (data not shown), confirming 

the previous NMR results concerning this two residues.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.55 – Structural model for Apo-DVU2108 from D. 
vulgaris Hildenborough. Picture generated by Chimera™ 
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4. Discussion 

 

StrepDVU2108 expression and purification in a Desulfovibrio vulgaris Hildenborough 

strain. The expression and purification of StrepDVU2108 under anaerobic conditions in D. 

vulgaris Hildenborough, with and without metal supplementation (Cu and Mo), showed similar 

and interesting results that raised new questions concerning the native form of DVU2108.  

The concentration of metals used in metal supplementation of POSTGATE C medium had a minor 

influence in the strain growth since the optic densities throughout the process and the cellular 

mass obtained were slightly lower in comparison to the expression in POSTGATE C. 

Nevertheless, protein concentration was quite similar in both growth conditions even though it 

was not possible to obtain a pure sample of DVU2108 (Table 4.1).  

 

Table 4.1 – Results comparison from the two growths 

Medium Growth 
Volume (L) 

Final 
OD600 nm 

Cellular 
Mass (g) 

[Protein] 
(mg/mL) 

POSTGATE C 12 0.727 20 0.30 

POSTGATE C + Cu and Mo 12 0.599 17 0.39 

 

The spectra obtained for protein sample in both growths were very similar and showed distinct 

absorption bands that could be from a Fe-S protein33 (Figure 4.1) with no evidence of contribution 

from a MoCu-DVU2108 (SI 7.11). In addition, iron concentrations in both protein samples were 

higher than the ones of molybdenum and copper (Table 4.2) which is in agreement with the 

acquired spectra.  

 

 

Figure 4.1 – UV-visible spectrum of protein sample after concentration from both growths. Full line – 
POSTGATE C medium supplemented with Mo and Cu; Dashed line – POSTGATE C medium. 

 

 

 



 

53 

 

Table 4.2 – Metal concentrations and ratios (normalized to Mo concentration) obtained for both growths.  

Medium [Mo] (µM) [Cu] (µM) [Fe] (µM) Metal ratios 

POSTGATE C 0.5 13.50 41.4 1Mo:30Cu:92Fe 

POSTGATE C + Cu and Mo 0.7 1.96 14.9 1Mo:2.7Cu:20Fe 

 

The protein sample of the POSTGATE C metal supplementation approach seems to have a 

higher Fe-S cluster-to-protein ratio with a more intense absorption bands at 400 and 550 nm. Due 

to the number of contaminants observed in SDS-PAGE analysis of both growths we are unable 

to determine if it is DVU2108 that has an iron-sulfur cluster or one of the contaminant proteins. 

Pulldown experiments in D. vulgaris Hildenborough with a strep tagged DVU2108 had similar 

purification results, where they identified the contaminants (SI 7.10).16 A raw identification of the 

contaminating proteins obtained for both growths accordingly to their molecular mass is shown in 

Figure 4.2.  

 

Figure 4.2 – Contaminating proteins from both growths. SDS-PAGE of POSTGATE C growth on the left; 
SDS-PAGE of POTGATE C supplemented with Cu and Mo on the right.  

 

Proteins DVU2103, DVU2104 and DVU2109 belong to the ORP multiprotein complex in D. 

vulgaris Hildenborough and it has been proposed that DVU2108 interacts directly with DVU2103 

and DVU210416, which caused them to be co-purified with DVU2108. Even though DVU2103 

seems to have two 4Fe-4S clusters in its structure (Carreira and Pauleta, unpublished data), its 

concentration is negligible in comparison to DVU2108 and other contaminating proteins and thus 

its contribution to the UV-visible spectrum cannot be taking into account. On the other hand, 

DVU0847 is an adenyl sulfate reductase with 12 non-hemic irons and a strong absorption band 

at 372 nm50, which could explain the higher iron concentration on both samples but not the 

spectrum. On the top of both lanes 1 is the larger contaminant, DVU1834 which is a pyruvate 

carboxylase. This kind of proteins have a biotin site51 that binds strongly to streptavidin, and this 

interaction is the foundation of strep tagged purification principle, which explains the high 

concentration of this protein after the purification process. Even though this protein has a single 
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manganese ion in each subunit it does not contribute to the absorption spectra of the protein 

sample.52   

A future suggestion to improve this first purification step will be the use of a higher amount of 

NaCl, which might disrupt a protein complex that is formed with DVU2108. As for the 

contamination with pyruvate carboxylase, the only way to separate might be to use a second 

chromatographic step using a gel filtration chromatography.  

This analyze increase the possibility that DVU2108 could be a Fe-S cluster containing protein 

since the concentrations of molybdenum and copper are very low. However, some of the 

contaminants could be wrongly identified and there are others which were not identified at all and 

may be contributing to the UV-visible spectrum and metal content of the protein sample.  

Unfortunately, the supplementation of Mo and Cu to the POSTGATE C medium in order to 

increase the metal uptake by DVU2108 was unsuccessful and surprisingly reveled an even lower 

amount of both metals. We do not know the reasons for these results, the cluster may have not 

been formed, DVU2108 may have lost it in the purification process or did not even incorporate it 

in the first place and so further investigation is necessary.  

 

Apo-DVU2108 metal-cluster reconstitution and Metal Titration The native orange protein from 

D. gigas was successfully isolated and exhibited a Cu-Mo cluster with a metal ratio of two 

molybdenum atoms per copper atom.5 This same metal ratio was found to be the preferred ratio 

for metal incorporation in Apo-DVU2108 as shown by titration with TTMo and TTW. In addition, 

protein-assisted reconstitution revealed that the Apo-form of DVU2108 is capable of cluster 

incorporation (1Cu-2Mo and 1Cu-2W) in similar conditions as used in recent studies for 

reconstitution of Apo-ORP from D. gigas32. In both reconstitution and titration experiments the 

metal cluster incorporation by Apo-DVU2108 was performed in the presence of oxygen, at room 

temperature and, for titration only, in a stirring solution indicating a great stability of the 

reconstituted DVU2108 which was later confirmed in DSC experiments. Reconstituted DVU2108 

is even more stable than the Apo-DVU2108 and can endure temperatures up to 72ºC before total 

loss of conformation. This results suggest that in StrepDVU2108 expression and purification the 

hypothesis of cluster loss or failed incorporation are less likely to have happened, if the native 

cluster is in fact a Mo-Cu as it was suggested in prior studies on D. gigas ORP.  

As stated before in Introduction, DVU2108 belongs to COG1433 which has sequence similarity 

with NifB and NifX, two proteins that may have a role in the biosynthesis of a MoFe cofactor in 

nitrogen fixation. NifB is an iron-sulfur containing protein and has been demonstrated to be a 

precursor in the cofactor biosynthesis, whereas NifX is thought to be involved in the transfer of 

MoFe cofactor to dinitrogenase reductase or to other proteins that complete the cofactor 

synthesis.15 This suggests that DVU2108 may be involved in a similar process where it is a 

precursor for the synthesis of a MoCu cofactor, since it is able to bind to such cluster, or a FeS 

cofactor since neighbor proteins are proposed to have a FeS cluster (Carreira and Pauleta, 

unpublished data) and there is the possibility that DVU2108 is an iron-sulfur protein as well or 

might be involved in the transfer of a FeS cluster.  
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NMR assignment and Structure of Desulfovibrio vulgaris Hildenborough Apo-DVU2108. 

The assignment yield of 94 % of the NMR detectable atoms in Apo-DVU2108 allowed us to 

elucidate structural aspects unknown until now. Secondary structure predictions revealed the 

existence of 5 beta-sheets (β1-5) and 3 main alpha-helixes (α1-3) and a smaller helix with 3 

residues long (Figure 4.3).  

 

 
Figure 4.3 – Structural model for Apo-DVU2108 from D. vulgaris Hildenborough. Blue – alpha helix; Green 
– beta sheets. Picture generated by Chimera™ 

Secondary structures were numbered according to their type and position in the protein sequence: 

β1 (1-8), β2 (25-30), β3 (35-40), α1 (52-61), β4 (65-70), α2 (74-82), β5 (84-90), α3 (95-102). 

Despite some differences in length, the regions of these secondary structures are consistent in 

both TALOS+ and CCPN predictions, as well as, in the model obtained from the D. gigas Apo-

ORP structure. Figure 4.4 shows the sequence alignment of DVU2108 homologous for which the 

structure has been deposited.  

 

 

Figure 4.4 – Sequence alignment of DVU2108 with homologues with known and deposited structure.  

All four structures show the same type of conformation: five or six β-sheets between the three α-

helixes, one on the opposite side of the other two (Figure 4.5), with the arrangement of secondary 

structure elements being β1-β2-β3-α1-β4-α2-β5-α3. MTH1175 has the same ordering but with 

the extra β-sheet located after its α3 helix. 
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Figure 4.5 – Comparison of DVU2108 to similar structures from the ORP family. Secondary structures are 
labeled by their number in their respective structure and by color in all proteins (Blue – alpha helix; Green – 
beta sheets). This figure was generated with CHIMERA with PDB codes for each protein except DVU2108: 
D. gigas ORP - 2WFD, MTH1175 - 1EO1 and TM1290 – 1RDU. 

 

The five β-sheets in Apo-DVU2108, D. gigas Apo-ORP and TM1290 are very similar in terms of 

their orientation wherein the first three sheets are antiparallel with β1 and β3 oppositely oriented 

in relation to β2. The remaining sheets, β4 and β5, are parallel with each other and oriented in 

the same direction as β1 and β3. In MTH1175 the first five sheets display the same arrangement 

as the other proteins but it possesses an extra β-sheet, β6, antiparallel to β5 which is atypical in 

β-α-β motifs that usually have parallel oriented sheets9, just like it happens for the β4-α2-β5 motifs 

found in all four proteins. TM1290 has a distinctive 310-helical turn between β1 and β2 sheets and 

a well-structured loop connecting it to β1. Helices α1 and α2 are placed nearer one side of the β-

sheets, specifically β1, β4 and β5, which leaves β2 and β3 (and β6 in MTH1175) sheets more 

exposed to the solvent.  

The first residues of the large loop connecting β3 to α1 in Apo-DVU2108 and D. gigas Apo-ORP 

form a small α-helix which is not present in the other structures. Later in that same loop there is 

a flexible region that is poorly defined in D. gigas Apo-ORP (residues 52-55), MTH1175 (46-52) 

and TM1290 (45-51) structures. This same region was classified as flexible in Apo-DVU2108 by 

TALOS+ secondary structure prediction, namely residues N45, M46 and Q49 and residues G50 

and A51 did not had a detectable HN resonance in the 1H-15N HSQC. This may be an interaction 

site between these proteins and their corresponding physiological binding partners,8 where in 

DVU2108 could be with DVU2103 or DVU2104 which are the two proteins in the multi protein 
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complex for which DVU2108 has a direct interaction.16 Comparative NMR studies of D. gigas Apo-

ORP with its reconstituted form has shown that this flexible site includes the residues most 

affected by metal cluster incorporation32 (Figure 4.6).  

 

 

  

This regions in D. gigas Apo-ORP structure are in direct contact with the solvent, indicating that 

the metal cluster binding site is located on the protein surface. This results raise the possibility 

that the flexible region in Apo-DVU2108 might also be involved in the binding of its metal cluster 

instead of interacting with partner proteins (Figure 4.7), thus future experiments are needed to 

establish its role. 

 

 

Figure 4.7 – Structure comparison between Apo-DVU2108 and D. gigas ORP with residues affected by the 
binding of the metal cluster in orange and the flexible site in Apo-DVU2108 in blue.  

 

The electrostatic surface potential of ORP from D. gigas and DvH is similar (Figure 4.8) with a 

more negative region on one side of the structure and a more positive region on the opposite 

side. The proposed binding site for the metal cluster is located on the positive side in D. gigas 

Figure 4.6 – Sequence alignment of the DVU2108 homologues. The orange squares indicate the affected 
residues by metal cluster incorporation in D. gigas ORP, the asterisk signals the region where the flexible 
site is present.  
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ORP, which is as expected due to the negative charge of the cluster.32 Interestingly, the flexible 

region identified in DVU2108 also corresponds to a positive surface.  

 

 

Figure 4.8 – Protein surfaces colored according to the electrostatic potential (blue positive and red negative). 
Apo-DVU2108 was prepared in Chimera™ and D. gigas Apo-ORP was reprinted from 32  

 

Since both structures are very similar (with a relatively high sequence homology), by comparing 

them it is possible to propose that the metal cluster binding site in DVU2108 is on a region of the 

protein with more positive residues that create a positive surface. Further investigation for the 

reconstituted DVU2108 is required to confirm this hypothesis for the location of the metal cluster 

binding site.  

 

 

5. Conclusion 

 

The Apo form of Desulfovibrio vulgaris Hildenborough ORP homologue, DVU2108, is capable of 

incorporating the unique molybdenum-copper cluster found in native ORP from D. gigas in a 

protein-assisted reconstitution with the same metal to metal ratio: two molybdenum atoms for 

each copper atom and cluster to protein ratio (1:1). This metal cluster incorporation was shown 

to improve the protein stability since the reconstituted form endures higher temperatures before 
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loss of conformation than its Apo form according to DSC results. Despite this ability, and even 

though it was not possible to fully isolate the native DVU2108, the results obtained in this study 

raise the possibility of DVU2108 being an iron-sulfur protein or being involved in the transfer of 

an FeS cluster. Nevertheless, the metal cluster binding site is proposed to be the same as for D. 

gigas ORP since the amide resonances that could not be identified in the 1H-15N HSQC and 

dynamic residues are located in a similar region as in D. gigas, region that was then identified as 

the one affected by the incorporation of the metal cluster. Secondary structure predictions and 

the structural model for Apo-DVU2108 revealed a similar structure to other proteins in the ORP 

family for which structure is known: MTH1175, TM1290 and particularly D. gigas ORP. The 

resonance assignment will enable us to perform protein titrations to identify the interaction surface 

with the other ORP complex proteins.  
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7. Supplementary Information 

 

7.1 POSTGATE C Medium 
 
 

Table 7.1 – POSTGATE C Medium Components 

Brand Components Chemical 
formula 

Quantity 
(per L) 

SIGMA Potassium phosphate monobasic KH2PO4 0.5 g 

SCHARLAU Ammonium chloride NH4Cl 1 g 

PANREAC Sodium sulfate Na2SO4 4.5 g 

LABCHEM Magnesium sulfate heptahydrate MgSO4·7H2O 0.06 g 

SCHARLAU Calcium chloride dihydrate CaCl2·2H2O 0.04 g 

SIGMA Sodium lactate – 60% Na-Lactate 60% 5.3 ml 

SCHARLAU Yeast extract - 1 g 

SIGMA Iron(II) sulfate heptahydrate FeSO4·7H2O 0.004 g 

RIEDEL-DE HAEN tri-Sodium citrate dihydrate C6H5Na3O7·2H2O 0.3 g 

ALFA AESER Ascorbic acid C6H8O6 0.1 g 

SIGMA Thioglycolic acid C2H4O2S 0.1 g 

 
 

7.2 MoCu Reconstituted ORP from D. gigas  
 
 

 
Figure 7.1 – UV-visible spectrum of MoCu reconstituted ORP from D. gigas. Reprinted from 32 
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7.3 WCu Reconstituted ORP from D. gigas 
 

 
Figure 7.2 – UV-visible spectrum of WCu reconstituted ORP from D. gigas. Reprinted from 32 

 
 

7.4 UV-visible spectra for TTMo titration to Apo-DVU2108 
 

 
Figure 7.3 – Titration spectra with TTMo in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF. Spectra 
acquired after each addition.  A - Titration of 30 µM Apo-DVU2108, in the presence of 30 μM CuCl2, with 
TTMo. B - Titration of 30 µM CuCl2 with TTMo. 
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7.5 UV-visible spectra for TTW titration to Apo-DVU108 
 

 
Figure 7.4 – Titration spectra with TTW in 50 mM Tris-HCl, pH 7.6, 150 mM NaCl, 20% DMF. Spectra 
acquired after each addition.  A - Titration of 30 µM Apo-DVU2108, in the presence of 30 μM CuCl2, with 
TTW. B - Titration of 30 µM CuCl2 with TTW. 
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7.6 Chemical Shift list of all the atoms from all residues assigned 
 

Table 7.2 - Chemical shift list of all assigned atoms created by CCPN analysis (residues 1-30). 
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Continuation of Table 7.2 (residues 31-60) 
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Continuation of Table 7.2 (residues 61-90) 
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Continuation of Table 7.2 (residues 91-119) 
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7.7 Published Paper 
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7.8 Proline conformations as a function of its 13Cβ and 13Cγ chemical shifts 

 

 
Figure 7.5 – Number of occurrence of Proline conformations as a function of its 13Cβ and 13Cγ chemical 
shifts, plotted in 0.5 ppm intervals. Reprinted from 45  

 
 

7.9 Distribution of cysteine Cβ chemical shifts according to their redox state 

 

 
Figure 7.6 – Distribution of cysteine Cβ chemical shifts as a function of redox state. Reprinted from 46 
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7.10 StrepDVU2108 purification contaminants 
 

 

Figure 7.7 – Recurrent copurified proteins defined as “contaminants” in streptrap purification. In black 
rectangles are the possible contaminating proteins found in this works purification of StrepDVU2108. 
Adapted from 16 

 

 

7.11 Protein sample spectra superimposed with MoCu-DVU2108 

spectra 

 

 

Figure 7.8 – UV-visible spectrum of protein sample after concentration from both growths superimposed with 

MoCu-DVU2108. Black full line – POSTGATE C medium supplemented with Mo and Cu (0.39 mg/ml); Black 
dashed line – POSTGATE C medium (030 mg/ml); Grey full line – MoCu-DVU2108 (± 0.15 mg/ml) 


