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Chapter 1 

 

 

 

Introduction 

                   

 

 

Abstract 

 

Vitamins are micronutrients that often function as enzymatic cofactors or precursors thereof, 

and thus are crucial for various biological activities. The uptake of vitamins into bacterial cells 

is mediated by membrane transporters. These transporters belong to many different membrane 

protein families, one of which is the Pnu (Pyridine Nucleotide Uptake) transporter family. Pnu 

proteins transport vitamins across the membrane without hydrolysis of ATP molecules or 

transport of coupling ions. Thus, they are not classified as active transporters, but as facilitators 

of diffusion. A crystal structure of a Pnu transporter has been reported recently, providing 

detailed insights in substrate specificity and transport mechanism. This chapter describes recent 

advances in biochemical and structural characterization of Pnu transporters, which is the main 

focus of this thesis.  

The only high-resolution structures of a PnuC transporter was determined by crystallographic 

analysis. In recent years, single particle cryo-EM has rapidly emerged as alternative technique 

for high resolution structure determination. Although, this technique is not yet suitable for 

structural characterization of very small membrane proteins (such as Pnu transporters), larger 

membrane proteins are now routinely resolved structurally using cryoEM. In the last part of 

this introduction, I will also introduce an early cryo EM study on the role of SecA in bacterial 

secretion pathways, which will be further elaborated on in chapter 6.  
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General background  

 

All living cells are surrounded by a biological membrane which acts as a barrier between the 

external and the internal environment. The membrane is impermeable to most water-soluble 

molecules and is composed of a phospholipid bilayer in which protein molecules are embedded 

(integral membrane proteins). A large group of integral membrane proteins is involved in solute 

transport across the lipid bilayer (either import or export), and thus make the membrane 

selectively permeable to some compounds [1,2]. The uptake of organic micronutrients, such as 

B-type vitamins is essential in auxotrophic organisms, which are not capable of synthesizing 

these essential compounds. The B-type vitamin family includes eight different B-type vitamins 

(vitamin B1, B2, B3, B5, B6, B7, B9 and B12), of which the chemical structures are shown in 

Figure 1. Organisms that have the ability to synthesize these essentials vitamins, also often 

prefer uptake from the environment over synthesis, because the biosynthesis process of these 

complex vitamins is much more costly in term of energy use. One reported example is the 

comparison of the energetic cost for synthesis and uptake of riboflavin (vitamin B2). 25 

molecules of ATP are needed for synthesis, whereas uptake from environment only require a  

few molecules of ATP depending on the transport system [3,4]. 

 

B-type vitamin transporters  

Membrane transporters can be divided into three major groups based on their function: primary 

active transporters, secondary transporters and group translocators [1,2]. Primary active 

transport proteins use electrical, chemical or solar energy sources to translocate substrates 

across the membrane [2,5]. Secondary active transporters transport substrates into or from cells 

by coupling substrate transport to the co-or counter-transport of a secondary substrate, often 

Na+ or H+ [2,6]. These transporter proteins couple the uphill flow of one ion or molecule to the 

downhill flow of another. Thus, the energy stored in the difference in electrochemical potential 

of an ion on either side of the membrane is used to drive the transport of another compound 

[1,2,7]. Group translocators facilitate the diffusion of a substrate across the membrane, and 

couple transport to chemical modification (usually phosphorylation), which traps the 

transported molecule inside the cell.  
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Figure 1. Chemical structures of all eight B-type vitamin molecules. 

 

Transport of B-type vitamins in bacteria is mediated by diverse transporters which are present 

in the membrane as shown in Table 1. Bacterial vitamin transporters are found in a multitude 

of families of primary and secondary active transporters. Only a few of these transport systems 

have been structurally characterised [8,9,10,11,12,13,14]. 

Many vitamin transporters use ATP as energy source for accumulation of the substrate in the 

cell. These transporters belong to the ATP-binding cassette (ABC) transporter superfamily 

[2,15]. Bacterial ABC importers are classified in three different groups based on their 

structures: Type I, Type II importers, and ECF transporters. All three groups contain vitamin 

transporters [15]. In addition, an ABC transporter with a fold usually associated with export 

function was recently shown to be involved in import of vitamin B12 in M. tuberculosis [1,2]. 

Vitamin transporters are also found in several families of secondary transporters (Table 1). A 

special case is the family of Pnu (Pyridine Nucleotide Uptake) transporters, which are the main 

topic of this thesis.  

 

 

Vitamin B1 Vitamin B2 Vitamin B3 Vitamin B5 

Vitamin B6 Vitamin B7 

Vitamin B8 

Vitamin B12 



 

 12 

 

Table 1. Reported B-type vitamin transporters in prokaryotes 
B-type 

vitamin 

Name Protein name Transporter 

type 

Transporter family 

 

 

 

 B1 

Thiamine ECF-ThiT             

ThiBPQ                

PnuT                     

NiaP                 
ThiV                     

ThiT1/ThiT2   

ABC transporter 

ABC transporter                  

Putative Facilitator 

Secondary transporter         
Secondary transporter 

Secondary transporter         

ECF transporter 

Type1 ABC importer  

Pnu transporter 

MFS  
SSS 

MFS 

HMP CytX   
YkoEDC     

ThiXYZ                

Secondary transporter         
ABC transporter  

ABC transporter                  

 

Unknown 
ECF transporter 

Type1 ABC importer 

Thiazole 
                 

 

ECF-ThiW        
ThiU 

ABC transporter   
Secondary transporter         

ECF transporter 
Putative MFS 

 

 
 

B2 

Riboflavin 

  

ECF-RibU    

RibM 
RibN 

RfuABCD 

RfnT 
RibXY 

ImpX       

 

ABC transporter  

Putative facilitator               
 Unknown 

ABC transporter 

Secondary transporter 
ABC transporter                  

 Unknown               

ECF transporter 

Pnu transporter 
Unknown 

Type 1 ABC importer 

MFS 
Type 1 ABC importer 

Unknown 

 

B3 

Niacin and 

Nicotinamide 
riboside 

ECF-NiaX.   

PnuC      
NiaP 

NiaY 

ABC transporter    

Putative Facilitator   
Secondary transporter   

Unknown                             

ECF transporter 

Pnu transporter 
MFS 

Unknown 

 
B5 

Pantothenate     
 

ECF-PanT   
PanF               

      

ABC transporter   
Secondary transporter         

ECF transporter 
MFS 

 

B6 

Pyridoxin ECF-PdxU  

ECF-PdxU2    
  

 ABC transporter                 

ABC transporter                  

ECF transporter 

ECF transporter  
 

 

B7 

Biotin ECF-BioY   

YigM    

ABC transporter 

Secondary transporter   
                  

ECF transporter 

 

 

B9 

Folate ECF-FolT 

FBT 

 

ABC transporter   

Secondary transporter         

                   

ECF transporter 

MFS 

 

B12 

Cobalamin       BtuCDF 

ECF-CbrT  

RV18119c    

BtuM    
BtuN                 

ABC transporter    

ABC transporter    

ABC transporter     

ABC transporter  
Unknown                             

                                             

Type II importer 

ECF transporter 

Exporter 

ECF transporter 
Unknown 

MFS: Major facilitator superfamily, SSS:Solute sodium symporter 

Note: The table is modified from the published report [2].  
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Pnu proteins and their respective substrate 

 

Pnu transporters facilitate diffusion of their vitamin substrates [2]. The transported substrates 

are subsequently phosphorylated in the cytoplasm by soluble enzymes, but these transporters 

do not classify as group translocators, because the phosphorylation reaction is not strictly 

coupled to the transport step [1,2]. Recently, a first structure of PnuC (specific for transport of 

one of the forms of vitamin B3 (NR or Nicotinamide Riboside) was reported and provided the 

first insights in Pnu protein structure and function [1,8]. Based on this structure an evolutionary 

link was proposed between Pnu Proteins and sugar transporters of the SWEET (Sugar Will 

Eventually Efflux Transporter) family, details of which will be discussed below [16]. Pnu 

transporter family members are found mainly in firmicutes, cyanobacteria, bacteroidetes, 

xanthomonadales and actinomycetales [1]. The Pnu name comes from the first discovered 

member around 30 years ago as a transport system involved in the uptake and further utilisation 

of pyridine nucleotide [17,18,19]. The name is a misnomer, as it later turned out that the 

transport system did not take pyridine nucleotides as substrate. The Pnu family contains 

transporters that are specific for different B-type vitamins as shown in Table 1[2]. The reported 

B-type vitamin transporters PnuC, PnuT, PnuX, and PnuN are described below in more detail.  

 

PnuC 

One of the best characterized transporters of the Pnu family is PnuC.  PnuC proteins are 

responsible for NR (Nicotinamide Riboside, vitamin B3) transport across the membrane. NR is 

a precursor of cofactor NAD [1,2,20]. The pnuC gene from Salmonella typhimurium was first 

cloned in 1986 and this gene was initially reported as a NMN (Nicotinamide Mononucleotide, 

which is the phosphorylated form of NR) transporter [19,20,21,22,23,24]. Later, reports 

demonstrated that the actual substrate for PnuC is NR and not NMN [23,24,25,26,27]. More 

recent data, which are discussed in chapter 5 of this thesis showed that purified PnuC proteins 

from Haemophilus influenzae  and Lactococcus lactis bind only NR,  not NMN or nicotinamide. 

PnuC from N.mucosa has high affinity for NR, with a Kd value of 142 nM [8]. Such high affinity 

for the transported substrate is unusual for transporters mediating facilitated diffusion. For 

instance, sugar transporters from the SWEET and GLUT families which also mediate facilitated 

diffusion have lower affinities for their substrates, for instance 26µM for sucrose and 17 mM 

for glucose, 92mM for galactose, 125mM for mannose and 76mM for fructose respectively for 
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the transporters Srt 1 from  a plant fungus Ustilago maydis and  GLUT 2  from rat and human 

liver cells [28,29]. 

 

PnuT  

PnuT proteins are responsible for vitamin B1(thiamine) transport across the membrane. In 

recent years, a thiamine transporter of the Pnu family in Shewanella woodyi has been identified 

and functionally characterized [1,2,30,31,32]. PnuTSw is only capable of thiamine transport as 

a substrate, not of the phosphorylated forms of thiamine (Thiamine mono phosphate (TMP) and 

thiamine pyrophosphate (TPP) [1,2,31]. PnuTSw binds thiamine high affinity (Kd value of 12 

µM [31]. The affinity for thiamine is much lower than reported for the ECF-ThiT (Kd ∼0.1 nM) 

transporter (an ECF-type ABC transporter responsible for thiamine transport in bacterial 

system) [33]. For PnuT, the lower affinity for substrate makes sense, since it does not use ATP 

for substrate transport, whereas the ECF transporter binds and hydrolyses ATP as part of the 

transport cycle. Chapter 2 of this thesis provides a detailed biochemical characterization of 

PnuT from Shewanella woodyi [31]. Along with substrate identification, a comparison in 

transport rate for thiamine of wild-type and mutant proteins has been presented [31]. This study 

also provided information about the oligomeric state of PnuT in detergent solution, which is a 

monomer [31]. The monomeric state contrasts with the trimeric state of PnuC from N. mucosa, 

of which a crystal structure is available. However, also in this case the monomer is the 

functional unit. 

 

PnuX  
 

Riboflavin (vitamin B2) is the substrate of Pnu family proteins called PnuX [1,2]. PnuX has 

been experimentally characterized and works as facilitator [1,34,35]. Uptake of 14C-labeled 

riboflavin via PnuX from Corynebacterium glutamicum has been shown upon heterologous 

expression in E. coli, and a Km value of 11 µM was determined.  [34]. The PnuX gene has been 

identified exclusively in actinomycetes as discussed in Jaehme et al. [2].  

 

PnuN 

PnuN is predicted to transport deoxynucleosides as substrate. The pnuN gene is mainly found 

in firmicutes such as Lactobaccilus casei and Enterococcus faecalis [1,27]. The pnuN gene is 

located in an operon, also encoding a ribonucleotide reductase and a deoxynucleoside kinase, 

of which the expression is coregulated by NrdR (the Nrd repressor) [1]. This suggest that PnuN 
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could be specific for deoxynucleosides as a substrate, which subsequently could be 

phosphorylated by the kinase. Whereas, E. coli and most other organisms are only able to 

phosphorylate deoxythymidine, Lactobacilli and Bacilli have been shown to phosphorylate all 

four different deoxynucleosides [1,36]. This type of salvage pathways would require specific 

transport systems, which may be PnuN transporters in these organisms [1,2]. 

 

Structural characteristics of Pnu transporters 

Recently, a high-resolution crystal structure of the full length PnuC transporter from Neisseria 

mucosa was reported [8]. PnuCNm is a homotrimer (Figure 2a), in which each protomer has a 

core of six transmembrane (TM) helices, which consists of two structurally related triple helix 

bundles (THB) (Figure 2b) [2]. This THB dimer is connected via an inversion linker helix (TM 

4) (Figure 2b). TM 4 is located peripherally to the six-TM core and brings the two three-helix 

bundles in parallel orientation in the membrane [8]. The monomer of the PnuCNm trimer (Figure 

2c) is the functional unit for substrate transport, based on NR presence in the binding pocket of 

each monomer. In the monomer of PnuCNm, seven conserved transmembrane helices are 

labelled from 1 to 7, and an additional non-conserved N-terminal TM is numbered as TM -1 as 

shown Figure 2b. The core TMs are sequentially arranged in the three dimensional structure, as 

TM 1, TM 2, TM 3  and then TM 5, TM 6,TM 7 with a connection by TM4 in the periphery as 

shown in Figure 2b and 2c. This arrangement of two parallel three-helix bundles, connected by 

a linker helix gives PnuCNm a characteristic 3+1+3 membrane topology [8]. A similar kind of 

3+1+3 membrane topology was also observed in eukaryotic SWEET membrane transporters, a 

crystal structure of which was recently solved [37]. The pore along which substrate is 

transported is located in the centre of the six-TM core (Figure 2d) [8]. In the crystal structure 

of PnuCNm, clear electron density representing a bound substrate molecule (nicotinamide 

riboside) was seen in centre of the six-helix core of each protomer. Because, substrate was not 

added during any step of purification or crystallization, this observation indicates that substrate 

was bound to the protein during the whole purification and crystallization procedure and points 

at high affinity binding [8].  
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Figure 2. Different structural views of PnuCNm. (a) Homotrimer cartoon representation of 

PnuCNm, top view. (b) Representation of the membrane topology of a single protomer of 

PnuCNm with all helices (TM) numbered. The three helix bundles are shown in two boxes. (c) 

Side view of the protomer in the membrane (d) Protomer of PnuCNm, top sliced view at the level 

of the middle of the membrane to highlight the central pore through which NR is transported . 

The figure has been modified from [8]. 
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The substrate binding pocket of PnuC and related Pnu transporters 

The PnuCNm crystal structure has provided insight in the substrate specificity and substrate 

binding residues. One notable remark is that PnuCNm in the crystals had bound NR [8]. During 

none of the steps of purification or crystallization, NR was added, but still NR was tightly bound 

to PnuC. Apparently, NR from the expression host or from the growth medium was co-purified. 

One NR molecule was present in the centre of each six-helix core in the trimeric assembly [8]. 

The bound NR molecule interacts with residue from TMs 1, 3, 5 and 6, and binds to the most 

conserved sequence motif (WxxWxxxN/D) which is present on TM 6  [8]. The two tryptophans 

of this motif (182 and 185 in PnuCNm) interact with the aromatic nicotinamide ring, whereas 

asparagine (N189) interacts with the carboxamide group of the nicotinamide ring [8]. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Representation of the binding site of PnuC from N. mucosa and showing substrate 

interacting amino acid residues. (a) The substrate binding pocket of PnuCNm with bound NR 

molecule (yellow sticks) and the interacting residues from TM 1,3,5, 6 and 7, shown as grey 

sticks. (b) Amino acid residues in TM3 and 7 form the inner and outer gates. The figure has 

been modified from [8]. 

All the Pnu transporters show high affinity for their respective substrate. Despite differences in 

substrate specificity in the Pnu family, the transporters have similar residues in their predicted 

binding sites, and it is possible to evolve substrate specificity relatively easily [30,32]. To get 

more insights in the sequence conservation, Figure 4 shows all the conserved binding site 

residues in Pnu proteins. 

a b 
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Figure 4. Multiple sequence alignment showing conserved residues and their position in the 

respective TMs as seen in the structure of PnuC from N. mucosa. (a) Sequence alignment of 

TM6 which contains conserved motif WxxWxxxN/D is indicated in blue. The residues are also 

conserved in PnuX, PnuT and PnuN marked as X, T and N (b & c). Sequence alignments of 

TM3 and TM7, which are related by pseudo two-fold symmetry. The conserved residues are 

indicated in blue, and the bars on top of the panels represent the respective TMs. This figure is 

modified from published report [1,8]. 

 

Gating in Pnu transporters 

 

The crystal structure of PnuCNm revealed a central cavity in the 6TM core, in which the substrate 

NR is bound at a position roughly midway through the membrane. The cavity is not accessible 

to the aqueous solutions on either side of the membrane, and therefore, we refer to the 

crystallized state as a substrate-bound, occluded conformation. For transport, the cavity needs 

to become alternatingly accessible to the inside and outside solution, to allow for substrate 

release from the bound carrier, and substrate binding to the empty carrier. From the PnuCNm 

structure, it can be deduced that the intracellular gate consists of two layers of symmetry-related 

residues, which block the central cavity from cytoplasmic side. The residues are two 

tryptophans from TM3 (W106) and TM7 (W228) that form the outer layer and valine 57 (from 

TM1) and methionine 174 (from TM5) that act as inner layer [1,8]. To get access to the substrate 

binding pocket from the outside is more complex. The gate (seal) on this side of the cavity is 

very thick and is more hydrophilic. Immediately adjacent to the substrate binding pocket, the 

two symmetry related tyrosines (Y95 and Y214) that shape the cover lid of the binding site. 

The next pair of residues (asparagine (N91) and tyrosine (Y217) further close the access to the 

binding site from periplasm as shown in Figure 3b [1,8]. The connecting loop between TM2 

and TM3 and TM6 and TM7 make a lid (cap) on top of the periplasmic seal. But in these regions 

there are no conserved amino acid present [1,8]. 
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Transport mechanism of Pnu transporters and role of Pnu associated 

cytoplasmic kinases  

The available information indicates that Pnu transporters are uniporters, which follow a 

facilitated diffusion mechanism to transport the substrate [1,8,31]. It has been suggested that 

they directly interact with soluble kinases, which phosphorylate the substrate and trap it in the 

cytosol, or even that they couple transport and phosphorylation of substrate [1]. However, it is 

also possible that the transported substrates are phosphorylated by soluble kinases, without 

direct interaction, just like hexokinase phosphorylates glucose upon entry in the cell [37]. For 

each vitamin substrate of Pnu transporters, there is a specific kinase present in cytoplasm, as 

shown in Figure 5. The crystal structure of PnuCNm with bound NR provides structural insight 

in the notion that the protein translocates only unphosphorylated substrate (NR) across the inner 

membrane, as it cannot bind NMN.  Transport of NR via Pnu is followed by phosphorylation 

by a soluble kinase (NadR), which traps the product NMN in the cytosol [1]. As mentioned 

earlier, Pnu proteins do not appear to have a direct role in phosphorylation of substrate, as this 

is done by soluble kinases. NMN is further converted in to NAD by the same soluble NadR 

kinase, which is a bifunctional enzyme. The role of NadR in conversion of NR has been 

described in detail in many studies [1,13,19,21,24]. We have further characterized NadR from 

L. lactis biochemically and structurally (Chapter 3 of this thesis).  

 

An overview of Pnu mediated transport and further conversion by respective kinases is shown 

in Figure 5.  
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Figure 5. A general overview of Pnu transporters (PnuC, PnuX, PnuT and PnuN), transport mechanism 

and role of kinases for the respective substrate. Respective substrates are translocated across the inner 

membrane (IM). Respective kinases in cytoplasm convert transported substrates in final product such as 

NAD, FAD, ThMP/ThDP and dNMP with the use of ATP molecules as shown in all image. The dotted 

line shows (in case of NMN, FMN, ThMP / ThDP and dNMP) that these phosphorylated molecules are 

not the proper substrate for Pnu proteins and thus they cannot be transported. 
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Phylogeny of Pnu  proteins 

 
In the Pnu transporter family, various homologs are found with different substrate specificity. 

The genomic organization of the genes encoding these proteins helped to predict the function. 

Overall, the Pnu proteins are widely distributed among different organisms, as shown in a 

phylogenetic tree in Figure 6. As it has been mentioned earlier, the Pnu family does not have 

any homologues in eukaryotes. 
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Figure 6. Phylogenetic tree of the PnuC protein distribution among various bacterial strains. 

The maximum likelihood phylogenetic tree was constructed based on a multiple sequence 

alignment of 92 PnuC protein sequence (uniport numbers are shown in the tree) as reported 

previously [1]. The star indicates PnuC from N.mucosa,  for which a crystal structure is 

reported. This tree indicated that these proteins are widely distributed in various organisms and 

it also shows their relation with their nearest neighbours. All microorganism names: 

A0A0A8GZG7-Campylobacter insulaenigrae NCTC 12927,A0A3D8IY39-Helicobacter 

cholecystus, A0A1B1U645-Helicobacter sp. MIT 01-6242, D3UJ27-Helicobacter mustelae 

(strain ATCC 4377), A0A3D8J9V0-Helicobacter anseris, O25877-Helicobacter pylori (strain 

ATCC 700392)  R7JAG9- Fusobacterium sp. CAG:439, R7M0R0- obacterium sp. CAG:815, 

G8LV98- Clostridium clariflavum (strain DSM 19732), A3DJ47- Clostridium thermocellum 

(strain ATCC 27405) W4V0X4- Hungateiclostridium straminisolvens JCM 21531, F7K8V8- 

Lachnospiraceae bacterium 3_1_57FAA_CT1, R0C7L5- Clostridium] bolteae 90A9, 

A0A1M7JIC9- Anaerosporobacter mobilis DSM 15930, R5VTZ8- Coprococcus eutactus 

CAG:665, D8IDB3- Brachyspira pilosicoli (strain ATCC BAA-1826), E0S2U3- Butyrivibrio 

proteoclasticus (strain ATCC 51982), A0A1G6BTR3- Pseudobutyrivibrio sp. YE44, 

A0A1H9BED5 - Butyrivibrio sp. TB A0A1Y4SE06 - Lachnoclostridium sp. An131, 

A0A2L1GQ66- Desulfobulbus oralis A0A0L6JHH0 - Pseudobacteroides cellulosolvens ATCC 

35603)  F4KUX5- Haliscomenobacter hydrossis (strain ATCC 27775), A0A231QZE2- 

Cohnella sp. CIP 111063 A0A089M3Q0- Paenibacillus stellifer, A0A1I0JIE8- Paenibacillus 

sp. NFR0, A0A3S1DRL7- Paenibacillus anaericanus, A0A089IJQ4 - Paenibacillus sp. FSL 

H7-0737 ,A0A0A3HX79- Paenibacillus sp. FSL H7-0737A0A0A3IIJ4- Lysinibacillus 

odysseyi 34hs-1 = NBRC 100172, A0A1G9EZ19- Natronincola ferrireducens, F7KV33 - 

Lachnospiraceae bacterium 5_1_57FAA, R6WVM2- Dorea sp. CAG:317, C0C429- 

Clostridium] hylemonae DSM 15053 , R5TSR1 - Ruminococcus] gnavus CAG:126, D4W997- 

Turicibacter sanguinis PC909, A0A0K1W1M5 - Spiroplasma litorale, S5MHK7- Spiroplasma 

taiwanense CT-1, A0A0B3VP59- Terrisporobacter othiniensis, A0A2N6SPY5- Dolosicoccus 

paucivorans, A0A1M6QYX2- Hespellia stercorisuis DSM 15480 ,A0A1X6XBG2- 

Brachybacterium faecium, W0Q8Z9- Mannheimia varigena USDA-ARS-USMARC-1296, 

D2ZZC1- Neisseria mucosa, A0A0A3ATB9- Chelonobacter oris, Q65W60- Mannheimia 

succiniciproducens (strain MBEL55E), A6VQU3- Actinobacillus succinogenes (strain ATCC 

55618), I3D8U1- Pasteurella bettyae CCUG 2042, A0A1A7P080- Gallibacterium 

salpingitidis, A0A448TUV1 - Actinobacillus delphinicola, A0A379CAN0 - Phocoenobacter 
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uteri, A0A1H7UV12- Pasteurella skyensis, A0A1T0B3S4- Haemophilus] felis, S6EBB4- 

Avibacterium paragallinarum JF4211, G9K359- Avibacterium paragallinarum, 

A0A2M8RXE0-Caviibacterium pharyngocola, F9Q999- Haemophilus pittmaniae HK 85, 

C4GL51- Kingella oralis ATCC 51147, A0A2M8S066- Conservatibacter flavescens, 

A0A380MKR0- Suttonella indologenes, A0A238T9Z7- Kingella negevensis, F0EXW6- 

Kingella denitrificans ATCC 33394, C9PSA9- Pasteurella dagmatis ATCC 43325, 

A0A3N4WNC0- Frederiksenia canicola, B8F8B8- Haemophilus parasuis serovar 5 (strain 

SH0165, A0A1V3K3T6- Rodentibacter heylii, A0A1V3J230- Rodentibacter 

trehalosifermentans, A0A1V3JWI7- Rodentibacter sp. Ppn85, A0A1X3DG00- Neisseria 

dentiae, A0A263H9C5- Actinobacillus seminis, A0A1V2YCE2- Epulopiscium sp. 

Nuni2H_MBin001, U5J9C5- Bacillus phage vB_BanS-Tsamsa, A0A218KBU3- Bacillus phage 

PBC2, A0A3Q9R7U1- Bacillus phage pW2, V2TDE3- Acinetobacter nectaris CIP 110549, 

A0A1I3SCZ9- Thermoflavimicrobium dichotomicum, A0A1J0KRA0- Francisella sp. CA97-

1460, Q5NGX0 - Francisella tularensis subsp. Tularensis, A0A2X4WCR9- Bacillus lentus, 

A0A3G3BWH9- Exiguobacterium phage vB_EalM-132, A0A0M8QB62- Lysinibacillus 

contaminans, A0A2N5M3H3- Bacillus deserti, W7YRA6- Bacillus sp. JCM 19045, 

A0A0M3RFC3- Bacillus sp. FJAT-18017, A0A098EW97- Bacillus sp. B-jedd, A0A2N6RF49- 

Bacillus sp. UMB0899, A0A0M0G061- Bacillus marisflavi, A0A0M0X9J7- Bacillus sp. FJAT-

21945, A0A371RW13- Bacillus sp. HNG, A0A268K159- Bacillus sp. 7884-1, A0A385NUG8 

- Bacillus sp. Y1, U5LCS0- Bacillus infantis NRRL B-14911 

 

 

SemiSWEET  and SWEET transporters 

 
Recently, several structures have been reported of eukaryotic SWEET transporters and their 

bacterial homologues SemiSWEET [38,39,40,41]. The transporters from these families are 

responsible for sugar transport, and it has been reported that they have low-affinity for 

monosaccharides and disaccharides [41,42]. SWEET transporters adopt a 3+1+3 membrane 

topology which (like the full-length PnuCNm transporter) [8]. The similar topology suggests that 

they are evolutionary related. In both cases the proteins are composed of a core of six TMs 

consisting of two bundles of three helices (TM1-3 and TM5-7). In this arrangement of TMs, 

the TM 4 serves as a linker helix between the three-helix bundles [8]. SWEET transporter are 

mainly found in plants and humans, and play various important roles in pathogen sensibility, 

pollen nutrition, phloem loading and nectar secretion [7,42].  The bacterial homologues of 
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SWEET transporters are called SemiSWEET and consist of only a single Three-helix bundle. 

They form homodimers. Recently, high-resolution crystal structures were reported for 

SemiSWEET transporters. The reported structures are from Leptospira biflexa, Vibrio sp. N418, 

Thermodesulfovibrio yellowstonii, and Escherichia coli [39,40,41]. In all the case,  the 

structures confirm that these protein form strong dimers of two symmetry-related three-helix 

bundles as shown below in Figure 7a-j. It has been shown that the SemiSWEET transporters 

take up sucrose [40]. Among all the reported crystal structures of SemiSWEETs, the E. coli 

SemiSWEET was crystallized in two different distinct conformations, an outward open and an 

inward open state as shown in Figure 7g-j [40]. The architectures of SWEET and SemiSWEET 

transporters are similar in TMs arrangement, and they both belong to the PQ-loop family 

[39,40,41]. The PQ-loop family is characterised by a highly conserved proline-glutamine motif 

(PQ loop motif) as shown below in Figure 7k. In (Semi)SWEET transporters, the loop which 

connects TM1 to TM2  is long, which is necessary because TM3 is located in between TM1 

and TM2, thus forming an arrangement TM1- TM3- TM2 in all reported SemiSWEET 

structures, as shown below (Figure 7a-j).  
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Figure 7. Structures of all reported SemiSWEET transporters. (a) Ribbon representation of the 

L. biflexa dimer (PDB: 4QNC) (one monomer is in green and the other in turquoise colour),  

with side view of membrane. (b) Top view of L. biflexa Vibrio sp. N418 dimer through the 

membrane, the three TMs are marked as TM1,TM3 and TM2, the  colour pattern  is the same 

as in panel a. (c) Ribbon representation of  SemiSWEET from Vibrio sp. N418,dimer (PDB: 

4QND) in magenta colour (d)The top view of Vibrio sp. N418 dimer through the membrane, 

the three TMs are marked as TM1,TM3 and TM2, the color pattern is the same as in panel c (e) 

Ribbon representation of the SemiSWEET protein from T.yellowstonii, dimer with side view in 

blue colour (PDB:4RNG) (f) Top view of T.yellowstonii dimer, the three TMs are marked as 

TM1,TM3 and TM2, the  colour pattern as in panel e.  (g) Ribbon representation of the E.coli 

SemiSWEET dimer in outward open conformation (PDB: 4X5N)  with side view in yellow 

colour  (h) Top view  the E.coli SemiSWEET dimer in outward open conformation  again in 

yellow colour and the three TMs are marked as TM1,TM3 and TM2, (i) Ribbon representation 

of the E.coli SemiSWEET dimer in inward open conformation (PDB: 4X5M), side view in red 

colour  (j) Top view of the E.coli SemiSWEET dimer in inward open conformation  again in 

red colour and the three TMs are marked as TM1,TM3 and TM2. (k) The conserved PQ amino 

acids (stars) among all the reported aligned SemiSWEET protein sequences from vibrio (Vibrio 

sp. N418), T.yellowstonii (Thermodesulfovibrio yellowstonii), E.coli( Escherichia coli), and 

L.biflexa (Leptospira biflexa). The darker the yellow colour, the more conservation, and  

numbers at the end indicate the amino acid residue numbers  in SemiSWEET proteins.  These 

image has been modified from reported papers [39,40,41]. 
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This PQ amino acid motif is present on the first TM of each 3TM repeat. In this motif, the 

proline residue seems to be more essential for transport of substrate than the glutamine residue. 

The proline residue is conserved in both SWEET and SemiSWEET transporters, whereas the 

glutamine is conserved only in the SemiSWEET transporters as shown in Figure 8 [1,38,39,40]. 

But in Pnu transporters, none of these two conserved amino acid (PQ) are found when aligned 

with SemiSWEET and SWEET protein sequences. 

 

 
 

 

 

 

Figure 8. Multiple sequence alignment of four SemiSWEET, two SWEET and one PnuCNm 

protein sequences. For these proteins crystal structures are available. The conserved PQ loop 

(dark blue colour background) in SemiSWEET proteins  (Vsp_SemiSWEET (Vibrio sp. N418), 

Lb_SemiSWEET (Leptospira biflexa), Ec_SemiSWEET (Escherichia coli) and 

Ty_SemiSWEET (Thermodesulfovibrio yellowstonii))  are highlighted. The Proline (P) amino 

acid is conserved in both SemiSWEET and SWEET proteins (labelled as Os_SWEET (Oryza 

sativa) and At_SWEET (Arabidopsis thaliana)) but neither of the two residues (PQ) were found 

in the PnuCNm protein, or other Pnu transporters. The numbers indicate amino acids from 

respective proteins. In both SWEET proteins and PnuCNm, only the N-terminal domain was 

used for the alignment. 
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The relation between Pnu, SemiSWEET  and SWEET transporters 

It has been revealed that (Semi)SWEET and Pnu transporters have similar structural features 

but they do not share significant sequence similarity [1].  The similar overall structures of 

SWEET and Pnu proteins as well as the use a facilitated diffusion mechanism by both 

transporter families to transport their respective substrates, suggests that they may be 

evolutionary related [1,2,8,18]. Despite similar overall structures, the loop connectivity 

between helices differs. The overall arrangements of TMs in SemiSWEET and in SWEET 

proteins are similar, whereas it is different in PnuC as shown in Figure 9a-f [8,38]. When we 

compared the SemiSWEET and Pnu membrane topology, both consist of three-helix bundles 

(Figure 9a-b and 9c-b). Within the three-helix bundle of one monomer of SemiSWEET the 

order, in which the TMs are arranged in three dimensional space is TM1, TM3 and TM2. The 

connecting loop between TM1 and TM2 is relatively long, so that TM3 can be accommodated 

between TM1 and TM2 (Figure 9b). SemiSWEET and SWEET have the same TM 

arrangements with TM3 located in between TM 1 and TM2, as shown in Figure 9e-f. In case of 

PnuCNm, TM1, TM2 and TM3 are arranged sequentially (Figure 9c, and 9d) and the loop 

between TM1 and TM2 is much shorter [1].  
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Figure 9. Structural connection between TMs and topological differences between 

SemiSWEET,  Pnu and SWEET proteins. (a) Ribbon representation of the SemiSWEET protein 

dimer (PDB: 4QNC) viewed from the top view of the membrane. The three TMs of one 

monomer are indicated as TM1, TM3 and TM2. (b) Topology of the SemiSWEET monomer 

(three-helix bundle). The loop connecting TM1 and TM 2 is longer than in Pnu proteins, and 

makes it possible for TM 3 to be arranged in between TM1 and TM2, the connecting bigger 

loop is highlighted in red dotted circle (c) The ribbon representation (PDB entry 4QTN) of  

PnuCNm protein. Viewed from top of the membrane. The TMs of the each protomer are marked 
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sequentially as TM1, TM 2 TM3 and TM 5, TM6 TM7. (d) Representation of PnuCNm 

membrane topology 3+1+3. The three-helix bundles are indicated in rectangles as TM1, TM2, 

TM3 (in one box) and TM 5, TM6 and TM7 (in another box). (e) Ribbon representation (PDB 

entry 5CTG) of a SWEET protein, viewed from top  of the membrane.  The TMs of the each 

protomer are marked sequentelly as TM1, TM 3 TM2 and TM 5, TM7 TM6. (f) Representation 

of SWEET membrane topology 3+1+3. The three-helix bundles are indicated in rectangles as 

TM1, TM3, TM2 (in one box) and TM 5, TM7 and TM8 (in another box). The connecting 

bigger loop is highlighted in the red dotted oval. The image has been adopted from published 

articles [8,38,39] 

 

The possible evolutionary mechanism 

Based on the structural similarity between SemiSWEET, SWEET and Pnu transporters, possible 

models for evolution are discussed. The differences in helical arrangement may be the result of 

a 3D domain swap [44,45]. It might be that these membrane proteins had a primordial 

homodimeric 3TM-protein ancestor. 3D domain swapping, which is a mechanism for forming 

different oligomeric proteins from their monomers, could have appeared in the primordial 

homodimer [16,45,46].  To allow for the 3D domain swap, divergence may have taken place, 

allowing two versions with different helical arrangements. The first one had a longer loop L1-

2 (SemiSWEET arrangement) and the second a short loop (SemiPnu arrangement) [1,16]. 

Subsequently, the genes for these semi transporters duplicated diverged in sequence and the end 

fusion via insertion of TM4 occurred leading to the full-length SWEET and Pnu membrane 

transporters. In chapter 5, I will discuss SemiPnu proteins, which are a missing link in the 

evolutionary hypothesis.
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Figure 9. Proposed evolution scheme of the SWEET and full-length Pnu transporters. Primordial 3TM-Protein ancestor diverged into two versions: 

SemiSWEET and putative SemiPnu. These genes duplicated, diverged in sequence and fused via insertion of TM4. In the end, the full-length of 

SWEET and Pnu transporters appeared [8,16]. The image has been adopted from published article [1]. 
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Recent development in structural biology 

For the determination of high resolution protein structures, whether it is for soluble or 

membrane proteins, X-ray crystallography has been utilized for a long time as the major 

technique, along with NMR (Nuclear Magnetic Resonance) but restricted to small proteins.  For 

a few proteins, electron crystallography was successfully applied to get their structures, in 

particular for membrane proteins. In the last five years, single particle cryo-EM  (spCryo-EM) 

has gained a lot of popularity as a tool to obtain structures of medium resolution without a 

necessity to have a crystal. The reason for this burst in the application of cryo-EM (termed cryo-

EM revolution) is the result of the considerable improvements in the hardware mainly in camera 

and also in data processing software. Another advantage of Cryo EM is that it is well suited to 

study heterogeneous biological samples. At the onset of the single particle cryo-EM revolution, 

I started to explore this technique to determine the structure of SecA protein involved in 

bacterial protein conducting channel (discussed in chapter 6). 

Structure determination of dynamic biological molecules by using cryo-EM  

Single particle cryo-EM (sp cryo-EM) is a technique which can be used to obtain (high-) 

resolution structures of a wide range of biological macromolecules. The size limit of a specimen  

which was the major hurdle in the past, is not there anymore and currently  in sp cryo-EM, 

different sizes of proteins can be analysed, ranging from  below 100 kDa (soluble and 

membrane proteins) to mDa (ribosomes and viruses particles) in molecular mass [46,47]. The 

last few years have seen a remarkable progress in the (high) resolution structures determined 

by cryo-EM. However back in 2012-2013 the technical limitations did not allow to determine 

most of the structures at the resolution better than 7-10Å, except for a few large macromolecular 

assemblies resolved up to 4 Å [48,49,50].  The development of DED (Direct Electron Detector) 

was crucial to achieve higher resolution. The DEDs are very sensitive and can detect electrons 

directly with a high frame rate and accuracy. The higher performance of the new DEDs is due 

to improved quantum efficiency as compared to previous generations of detectors [46]. 

[51,52,53,54,55,56,57,58]. Another reason for the progress is advances in the image processing 

software which have helped to achieve higher resolution by correcting for specimen motion 

[59,60,61]. Along with the software development, the advances in the computer technology in 

general (GPU-based calculations, neuronal networks, etc.)  has helped enormously by allowing 

rapid classification of millions of particles, using sophisticated algorithms [62]. In this context, 

I made an effort to learn this technique with an aim to get cryo EM structures of soluble and 
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membrane proteins. During that time microscopes were not equipped with DEDs so the 

resolution I achieved was not very high. More details about the protein structures solved by 

cryo-EM are described in chapter 6 of this thesis.  

Outline of this thesis 

The main aim of the thesis is the biochemical characterization of the transport mechanism of 

Pnu and Semi Pnu transporters. In various organisms, Pnu transporters specific for different 

substrates have been identified such as for thiamine (PnuT), nicotinamide riboside (PnuC), 

riboflavin uptake (PnuX) and de-oxynucleosides (PnuN). In case of Semi Pnu transporters the 

transported substrate has not been identified yet (more details about Semi Pnu proteins is given 

in chapter 5).  

Chapter 2: This chapter describes a biochemical and functional study of PnuT from 

Shewanella woodyi   which is responsible for thiamine (Vitamin B1) transport. The main 

conclusion is that PnuT facilitates diffusion, and does not couple transport to the co- or counter 

transport of Na+ or H+ ions 

Chapter 3: This chapter presents crystallization screening of full length PnuT and a shorter 

version of PnuT protein. Despite extensive trials, we were unable to obtain crystals that were 

suitable for structure determination. 

Chapter 4: This chapter provides structural and kinetics studies of NadR from L.lactis, a 

bifunctional enzyme that converts NR to NMN, and NMN to NAD. The main conclusion is that 

NadR may have a central binding cavity, via which the product of the first reaction (NMN) can 

be shuttled to the active site of second domain, where it is converted to NAD. 

Chapter 5: This chapter provides a preliminary characterization of SemiPnu transporters. We 

have characterized the SemiPnu protein from Gallionella capsiferriformans. We found that 

SemiPnuGc forms a dimer in detergent solution, similar to what has been reported in case of 

SemiSWEET transporters. 

Chapter 6: This study presents the first single particle Cryo-EM structure of SecA bound to 

E.coli 70S ribosomes. SecA is an ATPase and plays a key role in bacterial protein translocation 

across the membrane. In solution, SecA exists in both monomeric and dimeric states and crystal 
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structures have been solved for both conformations. The functional role of the monomer and 

dimer is controversial. We showed that full-length SecA was able to bind to the E.coli ribosome 

in both the conformations (monomer and dimer). It was concluded that SecA binds as monomer 

first and then gets dimerised on ribosomes. 
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Abstract 

Membrane transporters of the bacterial pyridine nucleotide uptake (Pnu) family mediate the 

uptake of various B-type vitamins. For example, the PnuT transporters have specificity for 

vitamin B1 (thiamine). It has been hypothesized that Pnu transporters are facilitators that allow 

passive transport of the vitamin substrate across the membrane. Metabolic trapping by 

phosphorylation would then lead to accumulation of the transported substrates in the cytoplasm. 

However, experimental evidence for such a transport mechanism is lacking. Here, to determine 

the mechanism of thiamine transport, we purify PnuTSw from Shewanella woodyi and 

reconstitute the protein in liposomes to determine substrate binding and transport properties. 

We show that the electrochemical gradient of thiamine solely determines the direction of 

transport, consistent with a facilitated diffusion mechanism. Further, PnuTSw can bind and 

transport thiamine as well as the thiamine analogues pyrithiamine and oxythiamine but does 

not recognize the phosphorylated derivatives thiamine monophosphate and thiamine 

pyrophosphate as substrates, consistent with a metabolic trapping mechanism. Guided by the 

crystal structure of the homologous nicotinamide riboside transporter PnuC, we perform 

mutagenesis experiments, which reveal residues involved in substrate binding and gating. The 

facilitated diffusion mechanism of transport used by PnuTSw contrasts sharply with the active 

transport mechanisms used by other bacterial thiamine transporters. 

This chapter has been published in:  J Gen Physiol. (2018) 150,41-50  

#Singh, R., performed the protein expression, purification, proteoliposome reconstitution, mutant 

preparation, substrate binding measurements with full length PnuTSw protein and PnuTSw mutants. 
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Introduction 

 

The ability of enzymes to catalyze complex biochemical reactions is greatly expanded by the 

use of cofactors, many of which are derived from B-type vitamins. Whereas some bacteria can 

synthesize these compounds themselves, others lack the necessary anabolic pathways and 

depend on uptake of the compounds from the environment [1]. Uptake (or salvage) is also 

preferred over de novo synthesis in organisms with complete biosynthetic pathways because it 

is energetically less costly. Thiamine (vitamin B1) is the precursor of the universal cofactor 

thiamine pyrophosphate (TPP), which is often involved in decarboxylation reactions [2]. 

Prokaryotic thiamine transport systems are poorly characterized [1] (with limited experimental 

data available only for the ATP-binding cassette (ABC) transporter ThiBPQ [3], the energy 

coupling factor (ECF) transporter ECF-ThiT [4,5,6,7,8], and very recently the transporter 

pyridine nucleotide uptake (Pnu)T [9]. 

PnuT belongs to the Pnu-type transporter family  which is broadly distributed among bacteria 

[10]. Besides thiamine transporters, the family also contains transporters for nicotinamide 

riboside (PnuC) and riboflavin (PnuX, also named RibM), as well as several uncharacterized 

proteins [1,10,11,12]. PnuC from Neisseria mucosa (PnuCNm ) is the only Pnu transporter for 

which a high-resolution structure has been determined [13]. It has a fold that is different from 

any other transport system, but distantly resembles sugar transporters of the SWEET family. 

PnuCNm is a homotrimer, but the monomer appears to be the functional unit. Each protomer of 

PnuC consists of a conserved core of seven transmembrane helices (TMs; Fig. 1), present in all 

Pnu members, and an additional N-terminal TM, which is found in only a few members. The 

nonconserved N-terminal TM is likely needed for trimerization [13]. The conserved core of 

seven TMs contains two structurally related domains of three TMs, which form a six-helix 

bundle, and a connecting peripheral TM. The substrate translocation path is predicted to be 

located in the center of the six-helix bundle (Fig. 1). Pnu transporters have been hypothesized 

to work according to a facilitated diffusion mechanism [11]. This hypothesis is based on the 

operon organization of pnu genes, which are often colocalized with kinases that phosphorylate 

the transported vitamin [10,14]. The co-occurrence of transporter and kinase genes could be 

indicative of a cytoplasmic metabolic trapping mechanism in which the transported substrates 

are phosphorylated after transport [1,10,14] Currently the only experimental evidence for 

vitamin transport by Pnu transporters comes from in vivo assays [9], which usually are not 
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sufficient to establish the mechanism of transport. To determine the mode of transport of PnuT, 

we produced and purified the PnuTSw transporter from Shewanella woodyi, reconstituted the 

protein in liposomes, and determined substrate binding and transport properties of the WT 

protein and mutants. Our data show that PnuT uses a facilitated diffusion mechanism of 

transport. This mechanism of transport contrasts sharply with the active transport mechanism 

used by other characterized bacterial thiamine transporters. The study is the first mechanistic 

characterization of a Pnu transporter. 

EXPERIMENTAL PROCEDURE 

Construction of expression plasmids 

The gene encoding PnuT from S. woodyi was obtained from Life Technologies with a 5′ NcoI 

restriction site, and a sequence coding for six histidines followed by a stop codon and a HindIII 

restriction site at the 3′ end of the gene sequence. Additionally, a Gly codon was inserted 

between the start codon and the second codon of the gene sequence. The sequence was codon-

optimized for production in Escherichia coli. The described sequence was subcloned via NcoI 

and HindIII restriction sites into a custom-made p2BAD vector to yield the final expression 

plasmid [15,16,17]. The PnuT mutants were created by quick-change site-directed mutagenesis. 

Protein production 

The expression plasmid was transformed into chemically competent E. coli MC1061 cells, and 

the protein was produced as described for PnuC from N. mucosa [13]. Cells were cultivated at 

37°C, grown until OD 600 0.07, and induced with 0.04% l-arabinose. After 2 h of induction at 

37°C, cells were collected by centrifugation (20 min, 7,446 g, 4°C), washed in wash buffer (50 

mM Tris/HCl, pH 8.0), and resuspended in buffer A (50 mM Tris/HCl, pH 8.0, 150 mM NaCl, 

and 10% glycerol). Cells were lysed by high-pressure disruption (one passage at 25 kPsi at 5°C, 

Constant Cell Disruption System Ltd.). After cell lysis, 1 mM MgSO4, PMSF, and 50–100 

mg/ml DNase were added to the suspension. Cell debris was removed by low-speed 

centrifugation (20 min, 12,074 g, 4°C). Membrane vesicles were collected by 

ultracentrifugation (150 min, 193,727 g, 4°C) and resuspended in buffer A to a final volume of 

5 ml per liter of cell culture. Subsequently, the membrane vesicles were aliquoted, flash-frozen 

in liquid nitrogen, and stored at −80°C. The total protein concentration in the membrane 

vesicles was determined by Bradford Protein Assay (Bio-Rad). 
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Protein purification 

PnuT from S. woodyi was isolated as described for PnuC from N. mucosa using n-dodecyl-β-d-

maltopyranoside (DDM) as detergent for solubilization (1%) and purification (0.05%; [13]. 

Membrane vesicles were thawed rapidly and solubilized in buffer B (50 mM Tris/HCl, pH 8.0, 

200 mM NaCl, 15 mM imidazole, 1% [wt/vol] DDM; Anatrace) for 1 h at 4°C, with slow 

rocking. Unsolubilized material was removed by centrifugation (30 min, 442,907 g, 4°C). The 

supernatant was incubated for 1 h at 4°C with gentle rocking with Ni 2+ Sepharose resin 

(column volume of 0.6 ml), which had been equilibrated with buffer G (50 mM Tris/HCl, pH 

8.0, 200 mM NaCl, 15 mM imidazole, pH 8.0). Subsequently, the suspension was poured into 

a 10-ml disposable column (Bio-Rad), and the flow-through was collected. The column material 

was washed with 20 ml of buffer C (50 mM Tris/ HCl, pH 8.0, 200 mM NaCl, 50 mM 

imidazole, pH 8.0, 0.05% DDM). PnuT protein was eluted in three fractions of buffer D (50 

mM Tris/HCl, pH 8.0, 200 mM NaCl, 500 mM imidazole, pH 8.0, 0.05% DDM) of 350, 750, 

and 650 µl, respectively. 1 mM of EDTA (final concentration) was added to the all-elution 

fraction to remove coeluted Ni2+ ions. Subsequently, the second elution fraction, which contains 

most of the protein, was further purified by size-exclusion chromatography using a Superdex 

200, 10/300 gel filtration column (GE Healthcare), equilibrated with buffer E (50 mM Tris/HCl, 

pH 8.0, 200 mM NaCl, 0.05% DDM). After size-exclusion chromatography, the fractions 

containing the protein were combined and used directly for further experiments. 

Multiangle laser light scattering coupled to differential refractive-index and UV-

absorbance measurements 

The oligomeric states of PnuTSw  was determined by size exclusion chromatography coupled to 

multiangle laser light scattering and differential refractive-index measurement (SEC-MALLS). 

SEC-MALLS was performed as described previously [15,18]. To determine the molecular 

weight of the protein, the extinction coefficient was calculated with the ExPASy ProtParam tool 

[19]. 

Reconstitution of PnuT 

PnuTSw was reconstituted in liposomes essentially according to the protocol published by 

Geertsma et al. [20]. A lipid mixture consisting of 20 mg/ml E. coli polar lipid extract and egg 

phosphatidylcholine in a ratio of 3:1 (wt/wt) in 50 mM potassium phosphate (KPi), pH 7.5, was 

extruded through a 400-nm polycarbonate membrane 11 times and subsequently diluted to 4 
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mg/ ml in 50 mM KPi , pH 7.5. The preformed liposomes were destabilized by stepwise addition 

of TritonX-100. The destabilization was followed spectrophotometrically at 540 nm, and 

TritonX-100 addition was stopped when the value reached two thirds of the initial value. 

Purified PnuT was mixed with the destabilized lipids in a lipid to protein ratio of 250 (wt/wt). 

The solution was incubated at 4°C for 30 min before Bio-Beads were added. The Bio-Beads 

were added in four steps (40 mg/ ml per addition), first for 30 min, second for 60 min, third 

overnight, and fourth for additional 120 min. Afterward, Bio-Beads were removed by filtration, 

and proteoliposomes were pelleted via ultracentrifugation (286,000 g, 25 min, 4°C), 

resuspended in 50 mM KPi , pH 7. 5, and stored at 80°C. 

Isothermal titration calorimetry (ITC) measurements 

For the experiments presented in Fig. 3 and Table 1, ITC experiments were performed using 

Nano ITC calorimeter (TA Instruments) at the constant temperature of 25°C. ITC cells were 

loaded with 200 µl of 10–18 µM PnuT in buffer F (50 mM Tris, pH 8.0, 200 mM NaCl, 0.03% 

DDM). Thiamine (3–5 µM), TMP (thiamine monophosphate; 5 µM), TPP (thiamine 

pyrophosphate; 5 µM), pyrithiamine (1.5–3 µM), and oxythiamine (5 µM; Sigma-Aldrich) were 

dissolved in buffer F at indicated concentrations and were titrated into the cell with protein in 

1-µl steps. Data were analyzed using software provided by TA instruments. For the experiments 

presented in Table 2, ITC measurements were conducted with an ITC200 calorimeter 

(MicroCal) at 25°C. Thiamine, TMP, TPP, pyrithiamine, and oxythiamine (Sigma-Aldrich) 

were dissolved in the buffer used for purification at a concentration of 1 mM to 5 mM. The 

ligand solutions were added in the indicated steps into the temperature-equilibrated ITC cells. 

The final protein concentration used for ITC measurements was 10–20 µM. Data were analyzed 

with the ORI GIN-based software (MicroCal). 

Transport assays 

Proteoliposomes were loaded with luminal buffer (50 mM KPi, pH 7.5) by three cycles of flash-

freezing in liquid nitrogen and quick thawing followed by extrusion through polycarbonate 

membranes with a pore size of 400 nm (11 passages, Avestin). For counter flow experiments, 

the luminal buffer was supplemented with 1 mM of the indicated ligand. After centrifugation 

(45 min, 285,775 g, 4°C), the proteoliposomes were resuspended in luminal buffer to a final 

concentration of 0.5 µg PnuT/µl. For each time point in the transport assays, a reaction volume 

of 100 or 200 µl of outside buffer (50 mM NaPi, pH 7.5, supplemented with [ 3H] thiamine 

[500 nM unless indicated otherwise] and 3 µM valinomycin) was incubated at 25°C while being 



 46 

stirred. For inhibition experiments, thiamine or thiamine analogues were added at a final 

concentration of 1 mM to the outside buffer. For the assays performed at different values of the 

membrane potential, a fraction of NaPi in the outside buffer was replaced by KPi to set the 

desired potassium diffusion potential. For the experiments in which the potential sodium ion 

dependence was tested, the outside buffer contained 1 mM KPi, pH 7.5, and either 50 mM NaCl 

or 50 mM choline chloride. Transport was started by adding 1 µg of PnuT, reconstituted in 

proteoliposomes to the outside buffer. At the indicated time point, 2 ml of stop buffer (ice-cold 

50 mM KPi, pH 7.5) was added, and the reaction was rapidly filtered over a BA-85 

nitrocellulose filter. After washing the filter with another 2 ml of stop buffer, the filter was dried 

for 1 h at 80°C. Subsequently, the filter was dissolved in 5 ml of Filter Count scintillation liquid 

(PerkinElmer), and the levels of radioactivity were determined using a PerkinElmer Tri-Carb 

2800 TR isotope counter. 

 

Results 

Structural properties of Pnu transporters 

PnuCNm is the only Pnu transporter, for which high-resolution crystal structure has been 

determined [13]. PnuCNm  is a homotrimer, but the monomer appears to be the functional unit. 

Each protomer has a core of six transmembrane (TM) helices, which consists of two structurally 

related triple helix bundles (THB) as shown in Fig. 1 [13]. Based on residues involved in 

substrate binding for PnuCNm, the substrate translocation path for PnuTSw  is predicted to be 

located in the center of the six-helix bundle as shown in Fig. 1. 
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Figure 1. Structural properties of Pnu transporters. (a) Sequence alignment of TM1–3 and 

TM5–7 of PnuC (N. mucosa) and PnuT (S. woodyi). Conserved residues in the substrate binding 

site and the potential gate regions are colored yellow and cyan, respectively. (b) Substrate 

binding site of PnuCNm (Protein Data Bank ID 4QTN) viewed from the membrane plane. A 

single protomer of PnuCNm is shown, with the two structurally related three-helix domains 

TM1–3 and TM5–7 colored blue and cyan, respectively, and TM4 in light gray. The 

nonconserved N-terminal TM is not shown for clarity. The residues of the binding site and 

potential gates are colored as in panel (a), and shown in stick representation. Residue numbering 

according to the sequence of PnuTSw , the numbers in brackets are from PnuCNm . The substrate 

nicotinamide riboside of PnuC is shown in black stick representation. (c) Domain structure of 

PnuCNm . The protein is viewed from the periplasmic side along an axis perpendicular to the 

plane of the membrane. The two structurally related three-helix domains TM1–3 and TM5–7 

are colored blue and cyan, respectively. 

Oligomeric state of PnuTSw 

The only member of the Pnu family of known structure is the nicotinamide riboside transporter 

PnuCNm , which is a homotrimer. The nonconserved N-terminal TM of the protein constitutes 

the major part of the oligomerization interface. Many PnuC homologues (such as the proteins 

from E. coli and Paenibacillus sp.) lack the N-terminal TM and are monomeric (Jaehme et al., 

2014). The PnuT subfamily also lacks the N-terminal helix (Jaehme and Slotboom, 2015b), and 

we hypothesized accordingly that PnuT proteins are monomeric. We analyzed the oligomeric 

state of PnuTSw using static light scattering coupled to size exclusion chromatography (SEC-
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MALLS) and found that the transporter has a molecular mass of 25 kD in detergent solution, 

which agrees with a monomeric state (Fig. 2). This observation further supports the hypothesis 

that the monomer is the functional unit of Pnu transporters, and that the extra N-terminal TM 

of PnuCNm is required for oligomerization.  

 

 

 

Figure 2. Static light scattering (SEC-MAlls) analysis of PnuTSw. The elution profile of a size 

exclusion chromatography experiment is shown with a black line and calculated molecular mass 

of protein (25 kD), the detergent micelle (DDM), and protein–detergent complex in red, green 

Ligand binding to PnuTSw 

We analyzed the ligand binding affinity of purified and detergent-solubilized PnuTSw by 

isothermal titration calorimetry (Fig. 3). PnuTSw binds thiamine and the structural analogue 

pyrithiamine with affinity constants in the low micromolar range (Fig. 3a and Table 1, Kd values 
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of 12 µM and 4.4 µM, respectively) and oxythiamine with lower affinity (Kd value of 129 µM). 

In contrast, binding could not be detected for the phosphorylated thiamine derivatives TMP and 

TPP. The lack of binding may be caused by the negative charge of the phosphate group or by 

steric hindrance [13]. 

 

 

Figure 3. Substrate binding to PnuTSw. (a–c) Examples of isothermal titration calorimetry 

experiments showing (a) thiamine, (b) pyrithiamine, and (c) oxythiamine binding to PnuTSw  

Table 1. Binding of thiamine and analogues to PnuTSw determined by isothermal titration 

calorimetry 

Substrate    Dissociation constant ( Kd)                 ΔH                   ΔS 

                                    µM                                    kJ/mol               J/mol/K                                                         

Thiamine                 12 ± 5                                 −27 ± 22              5 ±71 

Pyrithiamine           4.4 ± 1                                −18 ± 6               41 ± 43 

TMP                       No binding 

TPP                        No binding 

 Oxythiamine         1.3 * 102 ± 25                      −18 ± 6               14 ± 19 

The error represents the SD obtained from three (pyrithiamine, oxythiamine) or five (thiamine) 

independent measurements.           

                        

 



 50 

Analysis of the transport mechanism 

The transport activity of PnuT transporters has been studied only by whole cell assays [9], 

which are not suitable for discrimination between mechanisms using facilitated diffusion and 

coupled transport. To establish the transport mode, we reconstituted PnuTSw into 

proteoliposomes and used a rapid filtration assay to detect transport of tritium-labeled thiamine. 

The addition of radiolabeled thiamine to the proteoliposomes did not result in detectable 

transport of the substrate. A possible explanation for the apparent lack of transport is that 

facilitated diffusion leads to internalization of insufficient amounts of radiolabel for detection. 

The transport of positively charged thiamine generates a positive-inside membrane potential, 

which impedes transport of subsequent molecules. In combination with the small internal 

volume of the liposomes (∼14 aL for liposomes extruded through polycarbonate filters with a 

pore size of 400 nm, which have a diameter of ∼300 nm; [20],  and the low concentration of 

radiolabeled substrate used (0.5µM), the internalized amount radiolabel would not lead to 

scintillation signals above the background level. We hypothesized that the accumulation of 

thiamine inside the lumen of the proteoliposomes could be enhanced by a transmembrane 

voltage (negative inside). Indeed, the generation of a valinomycin-mediated potassium 

diffusion potential resulted in robust uptake of thiamine in the proteoliposomes (Fig. 4a). More 

negative voltages yielded higher accumulation levels, consistent with the transport of a 

positively charged substrate. When control liposomes were used that did not have protein 

reconstituted, voltage-dependent uptake was not observed. 

The uptake rates and accumulation level of thiamine were not affected by imposing inward- or 

outwarddirected H+ gradients, indicating that thiamine transport is not coupled to proton 

transport (Fig. 4b). Transport was also not dependent on a sodium ion gradient, as the 

replacement of Na+ with choline did not eliminate transport (Fig. 4c). The lack of proton and 

Na+ coupling is consistent with a facilitated diffusion mechanism. 

One of the key aspects of facilitated diffusion is that the direction of transport depends solely 

on the electrochemical substrate gradient. To confirm bidirectionality, we first accumulated 

thiamine inside the liposomes by applying a membrane voltage, and then added the 

protonophore carbonyl cyanide-p-trifluoromethoxyphenylhydrazone (FCCP), which dissipates 

the membrane potential (Fig. 4 d). Thiamine was released from the liposomes after addition of 

FCCP. 
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Figure 4. Thiamine transport by PnuTSw reconstituted in proteoliposomes. (a) Transport 

measured at different voltages across the liposomal membrane: −110 mV (black circles), −55 

mV (open circles), −40 mV (black triangles), −22 mV (open triangles), and 0 mV (black 

squares). The gray dashed line shows the thiamine association to protein-free liposomes 

(membrane voltage −110 mV). In the latter case, the scale of the y-axis is pmol of thiamine per 

250 µg lipids. (b) Transport measured at different external pH values: pH 5.5 (squares), pH 6.5 

(circles), pH 7.5 (triangles), and pH 8.5 (inverted triangles). The internal pH was 7.5 in all cases. 

(c) Transport measured in the presence (open circles) of absence (black circles) of external Na+ 

. In the latter case, sodium chloride was replaced by choline chloride. (d) Demonstration of 

bidirectionality of thiamine transport. The luminal and external pH were identical (pH 7.5). 

Closed circles: The membrane voltage was clamped at −110 mV using valinomycin at the onset 

of the experiment, and FCCP was added after six minutes. Open circles: Valinomycin was 
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added only after 6 min. Inverted triangles: No valinomycin was present, and FCCP was added 

after 6 min. All error bars indicate the SD from three experiments. 

Kinetic parameters 

We determined the dependence of the initial rates of thiamine transport on the concentration of 

thiamine to derive values for Km and Vmax. The data were fitted to the Michaelis-Menten 

equation (Fig. 5), yielding values of 14 ± 7 µM for the Km and 5.0 ± 0.7 pmol thiamine * pmol 

PnuT−1 * min−1 for the Vmax . The Vmax value suggests that thiamine transport is very slow with 

only five turnovers per minute, but we argue that the experimentally determined value for the 

turnover number is likely an underestimation. First, the amount of active protein in the 

liposomes is difficult to determine. We estimated the amount of protein used for the transport 

assay from Coomassie staining of reconstituted PnuT, and calculated the turnover numbers 

based on the unlikely assumption that all of the protein used in the reconstitution procedure 

remained active. Therefore, we likely overestimated the amount of active protein, which leads 

to an underestimation of the turnover number. Consistently, we did not detect significant 

binding of radiolabeled thiamine to PnuT to the proteoliposomes, in contrast to what was 

expected if all protein had remained active. Second, accurate determination of initial rates of 

transport was difficult because of the small internal volume of the liposomes used for these 

experiments. With multiple proteins present per liposome, only a few turnovers by each of them 

already leads to a concentration of internalized thiamine close to the thermodynamically 

achievable accumulation, which leads to underestimation of the maximal rate of transport. 

Third, the orientation of the reconstituted protein in the liposomes is not known and could have 

affected the maximal rates of transport. 
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Figure 5. Determination of Km and Vmax of PnuTSw reconstituted in proteoliposomes for 

thiamine transport. The error bars indicate the SD calculated from three independent 

experiments. The 95% confidence interval is indicated. 

 

Inhibition of transport by thiamine analogues 

We tested whether the presence of an excess of unlabeled thiamine analogues during the 

transport assay inhibited the uptake of radiolabeled thiamine into the proteoliposomes (Fig. 6 

a). The phosphorylated thiamine derivatives TMP and TTP did not inhibit transport, indicating 

that the ability of thiamine to interact with the transporter was lost upon phosphorylation of the 

substrate, consistent with the binding experiments using ITC (Table 1). In contrast, the 

unphosphorylated thiamine analogues oxythiamine and pyrithiamine blocked transport. This 

result indicates that the compounds either are transported substrates themselves or are 

nontransported binders. To discriminate between these possibilities, we performed a series of 
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counter flow assays, in which we first loaded the proteoliposomes with a high concentration of 

the unlabeled inhibitor, and then diluted them in a buffer with a low concentration of 

radiolabeled thiamine (Fig. 6b). Only transported substrates allow the distribution of the label 

over the internal and external compartments, which leads to an apparent accumulation of the 

label in the proteoliposome lumen according to the concentration gradient. TMP or TPP in the 

proteoliposome lumen did not trigger accumulation of the label, consistent with the lack of 

inhibition observed. In contrast, both pyrithiamine and oxythiamine led to counter flow of 

thiamine, indicating that the compounds are transported substrates of PnuT rather than 

inhibitors that bind only. The lack of transport of phosphorylated forms of thiamine is consistent 

with the hypothesized facilitated diffusion mode of transport, and metabolic trapping by 

phosphorylation. 

 

Figure 6. Competitive inhibition of thiamine transport by PnuTSw reconstituted in 

proteoliposomes by thiamine analogues. (a) [3H] thiamine uptake in the presence of 1 mM of 

thiamine analogues. TMP (open triangles), TPP (open circles), oxythiamine (black inverted 

triangles), and pyrithiamine (black squares). Positive control with no additions (black circles). 

(b) Counter flow of [3H] thiamine into proteoliposomes loaded with 1 mM thiamine (black 

inverted triangles), pyrithiamine (black circles), oxythiamine (open circles), TMP (open 

triangles), and TPP (black squares). All error bars indicate the SD from three experiments. 
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Mutagenesis 

PnuTSw contains all the conserved sequence motifs found in the Pnu transporter family (Fig. 1 

a). The crystal structure of PnuCNm has provided the first clues about the function of the motifs 

[13]. The WxxW(x) 3 D/N motif in TM6 is involved in ligand binding in PnuC Nm (yellow 

residues in Fig. 1 b). Two tryptophan residues at the C-terminal ends of TM3 and TM7 are 

hypothesized to form the internal gate (Fig. 1b; W88, W199, PnuT numbering), and two 

tyrosines may be part of the external gate (Y77, Y188). Mutation of the tryptophans (positions 

159 and 162) in the WxxW(x) 3 D/N motif to alanine destabilized the protein in detergent 

solution, which prevented purification. In contrast, the mutants W159F and W162F could be 

purified, and neither of the mutations affected thiamine binding, indicating that the tryptophans 

are not strictly required for binding. Thiamine binding could not be detected in a mutant of the 

aspartate from the motif (D166A; Table 2), consistent with a predicted role of the residue in 

substrate binding in PnuTSw , similar to what was observed in the crystal structure of PnuCNm . 

Mutation of the proposed gate residues W88, W199, Y77, and Y188 did not affect the binding 

of thiamine (Table 2). 

Table 2. Binding of thiamine to PnuTSw mutants determined by isothermal titration calorimetry. 

 

     PnuTSw mutant               dissociation constant Kd 

                                                        µM 

   Y159F                                        23 ± 2  

   Y162F                                        26 ± 3 

   Y188A                                        21 ± 2 

   Y77A                                         17 ± 2 

   D166A                                      No binding 

  W199A                                      12 ± 1 

  W88A                                        13 ± 2 

 The error represents the SD obtained from three independent measurements. 
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 Intriguingly, W88A was unable to transport thiamine, even though thiamine binding was 

unaffected. This result is consistent with the proposed role of W88 as cytoplasmic gating 

residue (Fig. 7). For residue W199, which is related to W88 by pseudosymmetry, mutation was 

less detrimental, with roughly 30% activity remaining for the W199A mutant. Mutation of the 

proposed periplasmic gating residues Y77 and Y188 had much less effect on activity, 

suggesting that the periplasmic gating is more complex. Indeed, the crystal structure of PnuC 

revealed that the periplasmic gate is much “thicker” than the cytoplasmic one, and involves 

many more residues [13]. 

 

Figure 7. Initial rates of thiamine transport by PnuTSw mutants reconstituted in 

proteoliposomes. The error is the SD from three experiments. 
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Discussion 

It has been proposed that Pnu transporters operate by a facilitated diffusion mechanism 

[12,21,22,], where the transport is solely driven by the electrochemical gradient of the substrate. 

Our experiments on purified and reconstituted PnuTSw are consistent with this hypothesis. A 

negative-inside membrane potential drove the accumulation of the positively charged substrate 

thiamine, and transport was not coupled to protons or sodium ions. A facilitated diffusion 

mechanism usually is combined with a mechanism to trap the transported substrate in the cell, 

which leads to a sustained low cytoplasmic substrate concentration, a maintained inward 

directed substrate gradient, and the prevention of substrate loss by efflux [23]. Phosphorylation 

of thiamine by various thiamine kinases may lead to trapping of compound in the cytoplasm 

[10,23]. Such trapping requires that the phosphorylated thiamine derivatives (TMP and TPP; 

Table 1) are not substrates for PnuTSw . Indeed, neither TMP nor TPP could bind to PnuT SW 

(Fig. 1c), consistent with the putative trapping mechanism. In contrast, the ECF-type ABC 

transporter ECF-ThiT, which is found only in organisms lacking PnuT, does accept 

phosphorylated thiamine analogues as substrates [6]. Such broader substrate specificity may be 

a selective advantage in some conditions. However, the price paid for the broader substrate 

specificity is that ATP hydrolysis is required to accumulate the substrate in the cell, which 

makes the transport essentially unidirectional. 

Transporters that work according to a facilitated diffusion mechanism are typically low-affinity, 

high-capacity transport systems, such as the mammalian glucose transporters of the GLUT 

family, which exhibit affinities in the mM range [22]. Low-affinity, high capacity transporters 

are suitable for transport of compounds (such as sugars) present in high concentrations and 

needed in large quantities. PnuTSw has a Km value for thiamine transport of 14 µM (Fig. 5). 

Compared with the GLUT transporters, PnuTSw is a high-affinity transport system, but the 

qualification “high-affinity” is relative. Compared with other thiamine transport systems, which 

are found in different organisms, the affinity of PnuTSw is low. The ECFtype ABC transporter 

ECF-ThiT has a binding affinity for thiamine that is five orders of magnitude higher than that 

of PnuTSw (Kd ∼0.1 nM; [6,24,25]. Similarly, the ABC transporter ThiBPQ binds thiamine with 

nanomolar affinity [26]. The ECF and ABC transporters bind thiamine to their membrane-

embedded S-components and periplasmic binding proteins, respectively, followed by transport 

into the cytoplasm. Expression of large amounts of the high-affinity binding proteins allows for 

scavenging of the limited amounts of substrates from the environment, which may yield a 
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selective advantage [5,7,26]. The high-affinity binding of thiamine to the ABC and ECF 

transporters comes at a price, because ATP hydrolysis is needed to release the substrate in the 

cytoplasm at useful rates [27,28]. In contrast, the lower-affinity–facilitated diffusion 

mechanism used by PnuT does not require hydrolysis of ATP, and therefore is energetically 

cheaper.  

S. woodyi, as well as several other marine organisms of the γ-proteobacteria that contain PnuT 

proteins (Alteromonas, Shewanella, or Glaciecola), are found in a marine environment with 

typically low thiamine concentrations (picomolar range) [10,29]. It is therefore questionable 

whether PnuT proteins are primarily used for uptake of thiamine. As S.woodyi appears to 

encode the complete metabolic pathway for synthesis of thiamine, it is possible that the 

organism uses PnuT for the release of surplus unphosphorylated thiamine. Release of vitamins 

by facilitators from the Pnu family may be of use to engineer vitamin production strains that 

secrete increased amounts of the compounds. This idea has been tested for the production of 

riboflavin, using the riboflavin-specific Pnu transporter PnuX from Corynebacterium 

glutamicum [12]. PnuX showed similar substrate affinity as PnuTSw with a reported Km value of 

11 µM, determined in whole cells [12]. The value indicates that the micromolar affinity may be 

a general property of Pnu transporters rather than a peculiarity of PnuTSw . The similarity in 

structure, sequence, and genomic colocalization with specific kinases between PnuT and Pnu 

transporters of different substrate specificity suggests that the transport mechanism might apply 

more generally to the Pnu transporter family. 
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Abstract 
 
Bacterial membrane transporters play important physiological roles, for instance in uptake of 

vitamins. The pyridine nucleotide uptake proteins (Pnu transporters) are responsible for the 

transport of different B-type vitamins in a number of bacterial species. PnuT protein, as 

described in chapter 2 facilitates the transport of thiamine (vitamin B1). In this chapter the focus 

is on the crystallization screening of the PnuT protein from Shewanella woodyi. Despite 

extensive screening, crystal of sufficient quality for structure determination were not obtained. 
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Introduction 

 
Thiamin is essential for various metabolic and regulation steps [1,2,4]. The chemical structure 

of thiamin can be described as a combination of thiazole ring and a pyrimidine moiety, linked 

via a methylene group [4,5,6]. In prokaryotes various thiamin transporters have been identified 

based on sequence analysis, and several high resolution crystal structures of proteins with bound 

thiamin have been reported [5,6,7,8,9,10,11]. Nevertheless only a few reported thiamin 

transporters have been experimentally characterized. Up to date the confirmed membrane 

proteins involved in thiamin transport are – primary active ABC type transporters ThiBPQ and 

ThiXYZ, the energy coupling factor (ECF) transporter ECF-ThiT and Pnu type transporter 

PnuT which transports thiamin by the facilitated diffusion [3,5,7,8,9,10,11,12,13]. In stark 

contrast to ABC and ECF thiamin specific transporters, which rely on ATP hydrolysis for the 

transport of their substrate, PnuT is a facilitator. PnuT belongs to recently discovered Pnu type 

transporter family which is shown to be responsible for transport of different B-type vitamins 

[1,4,14], including nicotinamide riboside (vitamin B3 – by PnuC) and riboflavin (vitamin B2 – 

by PnuX) [1,14] The only crystal structure of a Pnu transporter is that of PnuC from Neisseria 

mucosa [14]. This structure has provided the first insight into the substrate binding and overall 

arrangements of transmembrane domains of Pnu transporters. In this chapter I give an overview 

of the crystallization screening of the full length and truncated PnuT proteins from   Shewanella 

woodyi.  

 

EXPERIMENTAL PROCEDURE 

Cloning and protein expression 

Cloning and protein expression of PnuTSw have been described in the method section of chapter 

2 in this thesis. The truncated PnuTSw (16-amino acid deletion from N-terminus of protein) was 

cloned in the same way with Nco1 and Hindi III restriction sites as was done to clone the full 

length protein in  p2BAD vector [15]. The PnuT protein from Shewanella woodyi (PnuTSw)was 

purified by using the protocol described by Jahme M et al. with some small modifications [14].  

Membrane vesicles were thawed rapidly and solubilized in buffer A (50 mM Tris/HCl, pH 8.0, 

200 mM NaCl, 10 mM imidazole, 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM, 

Anatrace)) for 1 h at 4°C, while gently rocking. After solubilization, the insolubilized material 

was removed by centrifugation (30 min, 442,907g, 4°C). The supernatant was incubated for 60 

minutes at 4°C under gently rocking with Ni2+ - sepharose resin (column volume of 0.6 ml), 
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which had been equilibrated with equilibration buffer B (50 mM Tris/HCl, pH 8.0, 200 mM 

NaCl, 15 mM imidazole pH 8.0). Subsequently, the suspension was poured into a 10ml 

disposable column (Bio-Rad) and the flow through was collected. The column material was 

washed with 20 ml of buffer C (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 50 mM imidazole, 

0.05% DDM or another detergent. The protein was eluted in buffer D (50 mM Tris/HCl, pH 

8.0, 200 mM NaCl, 500 mM imidazole pH 8.0, 0.05% DDM) in three elution fractions with 

volumes of 350, 750 and 650 µl respectively. EDTA (final concentration 1 mM) was added to 

all elution fractions to remove co-eluted Ni2+ ions. Subsequently, the second elution fraction 

which contained most of the protein (as measured by absorption at 280 nm) was purified further 

by size-exclusion chromatography using a superdex 200, 10/300 gel filtration column (GE 

Healthcare), equilibrated with buffer E (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 0.05% DDM). 

After size-exclusion chromatography, the fractions containing the protein were combined and 

used directly for further experiments. 

Protein Crystallization 

For the full length PnuTSw  protein the initial protein crystallization trials were done using the 

commercial screens MCSG-1, MCSG-2, MCSG-3, MCSG-4 screens (Microlytic, Burlington, 

Massachusetts, USA) and Memgold-1, Memgold-2, Morpheus-1, Morpheus-2, Mem Meso, 

Mem Sys, Mem Start, Midas, Structure-1, Structure-2 and shotgun screens (Molecular 

Dimensions, UK) using  the Mosquito crystallization robot (TPP LabTech, UK). The 

crystallization trials were set up using sitting drop MRC 2 plates with drop 1:1 and 1:1.25 

protein: precipitant volume ratio. Different protein concentrations were used for crystallization: 

2.0 mg/ml, 3.0 mg/ml, 4.0 mg/ml and 5.0mg/ml.  Additionally, the crystallization trials were 

performed with protein samples obtained in different detergents, specifically OG, NG and DM. 

Furthermore, the crystallization setups were performed at different temperatures, namely 4°C, 

10°C and 16°C. Besides, the crystallization trials were also done in  LCP medium (lipidic cubic 

phase) with the monoolein as a host lipid  [16,17,18,19]. For LCP crystallization, PnuTSw was 

purified in DDM detergent, and the final protein concentration used was   5 mg/ml or 8 mg/ml.  

The crystallization set up was done with Gryphon robot and crystallization screening plates 

were incubated at room temperature (25°C) and 16°C.  

Data collection, Structure determination and refinement  

 

The diffraction data were collected at 100K at the PX beam line at SLS ( Villigen, Switzerland) 

and  at the beam line ID29 (ESRF, Grenoble) 
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Results 

Detergent and buffer screening 

For membrane proteins, a detergent is one of the key components for protein extraction and 

further protein purification [20]. The choice of detergent is one of the most critical parameters 

impacting membrane protein stability and the chosen detergent should be used with the 

concentration above  its  critical micelle concentration in the respective buffer [20].   

In the study described in this chapter the main focus was on the optimization of purification and 

detergent choice to increase the stability of PnuT (as shown in Table 1), in its  full length or 

truncated form, for crystallization. The idea was to screen for a suitable stabilizing condition 

with short chains detergent to promote crystallization [20,21] by maintaining its monodisperse 

state during the complete procedure from initial extraction from crude membranes to the final 

purification step [22]. The most common method to assess the stability and monodispersity of 

a membrane protein is the elution profile during size exclusion chromatography (SEC) [22]. 

With SEC, it is possible to judge the quality of a purified protein from the shape of the eluted 

protein peak profile. Furthermore it is possible to detect whether a protein is aggregating, as 

large aggregates elute in the void volume of the column [23].  

We tested the stability of full length and truncated PnuT in different detergents and different 

buffers as shown in Table 1 and Table 2. n-Dodecyl- β-maltoside (DDM) was used for the initial 

solubilization and purification steps, and later it was exchanged with other detergents during 

the washing step when the protein was associated with the Ni-sepharose during affinity 

chromatography. Detergents with different chain length were tested including DDM, decyl-

maltoside (DM) nonyl-glucoside (NG), octyl-glucoside (OG), octyl thiol-glucoside (OTH), 

dodecyl dimethylamine oxide (LDAO), lauryl maltose neopentyl glycol (LMNG), cyclohexyl-

maltoside (cymal 5 and cymal 6), n-Octyl- β -D-thioglucopyranoside (OM), n-Nonyl- β -D-

maltopyranoside (NM) and n-Undecyl- β -D-maltopyranoside (UDM) as shown in Table 2. The 

most stable preps were obtained in NG and OG detergents, albeit the yield was somewhat lower 

than in case of DDM. The protein was not very stable in LDAO, OTG, LMNG NM, OM, Cymal 

5-6, and UDM detergents.  NG and OG have often been used for successful crystallization of 

small membrane proteins, as the micelle size is small and therefore posed less steric problems 

in crystal formation than for instance the large micelle size of DDM. 
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Table 1.  Buffer screening for PnuTSw purification with DDM (0.05%) detergent. 
 
 

 Buffer reagent Composition Protein stability (Based 
on SEC purification) 

1 Tris/HCl* 50 mM-Tris/HCl, 
pH 8.0 

150 mM-NaCl 

Stable without any 
aggregates 

2 Hepes 50 mM-Hepes, 
pH 7.5 

150 mM-NaCl 

Less yield, aggregates 
on SEC step 

3 Mes 50 mM-Mes, 
pH 6.5 

150 mM-NaCl 

Unstable 

4 Na-citrate 50 mM-Na-citrate, 
pH 6.0 

150 mM-NaCl 

Unstable 

5 Kpi 50 mM-Potasium-
phosphate 

pH 7.0 
150 mM-NaCl 

Stable (but only used 
for uptake experiment) 

* Note: 50 mM-Tris/Cl,150 mM-NaCl,DDM (0.05%) was found suitable buffer for protein 
purification.  
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Table 2. Various detergents used for PnuTSw protein purification:  
 

 Detergent used for 
protein purification 

% used during 
purification 

Protein stability 
(Based on SEC 

purification) 

Used for 
crystallization 

1 DDM (n-Dodecyl- β -D-
maltopyranoside 

 

0.05 Stable Yes (only in 
LCP) 

2 DM (n-Decyl- β -D- 
maltopyranoside 

0.15 Stable Yes 

3 NG (n-Nonyl- β -D-
glucopyranoside 

0.4 Stable Yes 

4 OG (n-Octyl- β -D-
glucopyranoside 

1.0 Stable Yes 

5 OTH (n-Octyl- β -D-
maltopyranoside) 

1.0 Unstable No 

6 Cymal-5 0.12 Unstable No 
7 OM (n-Octyl- β -D-

thioglucopyranoside) 
1 Unstable No 

8 NM ( n-Nonyl- β -D-
maltopyranoside) 

0.8 Unstable No 

9 Cymal-6 0.28 Unstable No 

10 LDAO 
(Lauryldimethylamine-N-

oxide) 

0.023 Unstable No 

11 LMNG ( Lauryl maltose 
neopentyl glycol 

0.001 Unstable No 

12 UDM (n-Undecyl- β -D-
maltopyranoside 

0.029 Unstable No 
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Crystallization optimization 

Initial needle shape crystals for the full length PnuTSw purified in OG detergent were obtained 

at 4°C in the D9 screen condition of commercial screen MSCG-3. The condition contains only 

1.6M sodium citrate (Figure 1). Unfortunately, these crystals never diffracted better than 15-20 

Å. An optimization was done around the original condition using different precipitant to protein 

ratios in the drop (1:1 and 1:0.5, precipitant  protein), with different protein concentrations (3 

mg/ml, 4 mg/ml and 5 mg/ml), with addition of substrate (1mM thiamin), and at different 

temperatures (4°C, 10°C, 16°C). Further optimizations were done around the original condition 

in hanging drops instead of sitting drops. Surprisingly, crystals were only obtained using the 

protein preparations of 4 mg/ml protein concentration, and only with one ratio (1.0:0.5  

precipitant : protein). The obtained crystals of  PnuTSw  in hanging drops diffracted between 

10-15 Å. Addition of the substrate did not improve the diffraction. Additionally, co-

crystallization was also done with thiamine-like compounds such as pyrithiamin and 

oxythiamin (for which , the  binding affinity measurements were done using  ITC as described 

in chapter 2), but this also did not help to improve the diffraction. As the next optimization step 

the additive and detergent screen (Hampton research) was used, however neither additions 

yielded any suitable crystals. Increasing the temperature to 10°C and 16°C during 

crystallization also did not have any effect. All the optimization trials are summarized in Table 

3 and Table 4.  

Next, the seeding technique was applied in order to obtain better packed crystals. The crystals 

of PnuTSw protein purified in OG detergent were used as seeds. Fresh hanging drops were set 

up with two protein concentrations (3 mg/ml and 4 mg/ml). 4-6 days old PnuTSw crystals were 

crushed and used as seeds in the fresh drops, either by streaking or by pipetting diluted  crushed 

crystals. Unfortunately, seed-generated crystals also showed a maximum diffraction limit 

around 15 Å. Large volume drops were set up with protein and precipitant volumes of 

0.5µl:1.0µl (original volumes), 0.75µl:1.5µl, 1.0µl:2.0µl 1.5µl:3.0µl at 4°C, but crystal 

appeared only in the original condition and in the larger drop with  the same ratio (0.75µl:1.5µl), 

for other ratios no crystals were observed. Bigger crystals obtained from the larger drop showed 

the same diffraction limit around 15Å. To increase the odds of getting the better packed crystals 

further crystallization trials were performed using the lipidic cubic phase (LCP) technique with 

all the commercial screen as mentioned above in protein crystallization section in experimental 

method. For LCP crystallization PnuTSw was purified in DDM detergent and screening was set 
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up with 5 mg/ml and 8 mg/ml protein concentration with monoolein as a host lipid (Table 5). 

Also with this method,  no crystals were  obtained, possibly because the protein concentration 

was too low (since for the full length protein, it was not possible to concentration further as it 

was precipitating over 8mg/ml ). To verify that our  LCP crystallization setup works well, we 

tested it with the SemiSWEET protein (SemiSWEET protein from Vibrio sp N418), of which 

a structure was solved previously by using the LCP method [24]. For this control protein, we 

successfully obtained better diffracting (around 5-7 Å)  protein crystals [24]. 

After extensive crystallization trials with the full length PnuTSw protein, we decided to make a 

truncated protein – 16 amino acids were removed from N-terminus, which may be flexible, and 

potentially may hinder packing of the molecules in a crystal. The  PnuC protein from Neisseria 

mucosa crystal structure, of which a crystal structure is available, has a longer N-terminal 

extension, which forms an extra TM (named TM-1). This truncated protein was purified and 

detergent optimization  and initial protein crystallization was done in the similar way as  was 

done for the full length PnuTSw  protein.  Interestingly, for this truncated form of PnuTSw, only 

NG was a suitable detergent to obtain diffracting crystals. The initial hit was obtained with 

Memgold 2 screen, H-3 condition (100 mM ADA pH 7.0, 31% PEG 600) at a protein 

concentration of 3 mg/ml (Table 6).  Optimization was done around the original condition and 

the majority of crystals showed diffraction between 15-17 Å  except a few crystals for which 

the maximum diffraction was around  10 Å. Further optimization attempts were done using the 

additive and detergent screens in the same way as for the full-length protein, however no well 

diffracting crystals were obtained. Crystallization trials were also performed with the higher 

temperature (10 oC and 16 oC instead of 4 oC) but no crystals appeared at higher temperatures. 

LCP was tried as well for the truncated protein purified in the detergent  DDM with the different 

protein concentrations (5 mg/ml and 10 mg/ml (Table 7)). However no crystals were obtained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 69 

 

 

 

 

 

Figure 1.  Full length PnuTSw  protein crystal image in D9 (MCSG 3) condition. The obtained 
(as shown in figure) PnuTSw protein crystal used for diffraction measurement. 
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Table 3. Conditions  used for PnuTSw protein crystal optimization in OG as a detergent with 
hanging drop technique 
 

Ratio used 
(protein: 
precipitant) 

Detergent 
used in 
purification 

Protein 
concentration  
used (mg/ml) 

 Screening around obtained crystallization 
condition with different salt concentration at 
4oC 

 
 
 
 
   1:1 
 

 
 
 
 
 OG 
 

 
3.0 

1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

 
4.0 

1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

5.0 1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

 
 
 
 
  0.5:1 
 

 
 
 
 
 OG 
 

 
3.0 

1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

 
4.0 

1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate* 

5.0 1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

*Note: star indicates the only condition where crystals appeared in that ratio after 4-6 days. 
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Table 4. Conditions  used for PnuTSw protein crystal optimization in NG as a detergent with 
hanging drop technique 

 
Ratio used 
(protein: 
precipitant) 

Detergent 
used in 
purification 

Protein 
concentration  
used (mg/ml) 

 Screening around obtained crystal condition 
with different salt concentration at 4oC 

 
 
 
 
 
 

1:1 
 

 
 
 
 
 
 

NG 
 

 
3.0 

1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

 
4.0 

1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

5.0 1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

 
 
 
 
 
 

0.5:1 

 
 
 
 
 
 

NG 
 

 
3.0 

1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

 
4.0 

1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

5.0 1.0M 
Sodium 
citrate 

 1.3M 
Sodium 
citrate  

1.5M 
 Sodium 
citrate 

1.6M 
Sodium 
citrate 

Note: similar set was done with DM as detergent and also with higher temperature (10 and 
16oC) but none of these conditions yielded any crystal.  
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Table 5. Conditions used for PnuTSw  protein crystallization by the LCP method. 
 

    
 Protein concentration  

used (mg/ml) 
Detergent used for 

purification 
Purification condition (used for 

LCP crystallization set up) 
1  

5 
 

DDM (0.05%) 
50 mM-Tris/HCl, 

pH 8.0 
150 mM-NaCl 

2               
                   8 

DDM (0.05%) 50 mM-Tris/HCl, 
pH 8.0 

150 mM-NaCl 
 

 

 

Table 6. Condition used for S-PnuSw protein crystal optimization in NG as a detergent with 
hanging drop technique. 
 

Ratio used 
(protein: 
precipitant) 

Detergent 
used in 
purificatio
n 

Protein 
concentration 
used (mg/ml) 

 Screening around obtained crystal condition with 
different PEG 600 concentration, with constant 
100mM ADA, pH 7.0 buffer at 4oC 

 
 
 
 

1:1 
 

 
 
 
 

NG 
 

 
3.0 

 
27% PEG    

600 

 
29% PEG 
600 

 
31%PEG    
600 

 
33% PEG    

600 
 

4.0 
 

27% PEG    
600 

 
29% PEG    

600 

 
31%PEG    
600 

 
33% PEG    

600 
5.0  

27% PEG    
600 

 
29% PEG    

600 

 
31%PEG    
600 

 
33% PEG    

600 
 
 
 
 

0.5:1 
 

 
 
 
 

NG 
 

 
3.0 

 
27% PEG    

600 

 
29% PEG    

600 

 
31%PEG    
600 

 
33% PEG    

600 
 

4.0 
 

27% PEG    
600 

 
29% PEG    

600 

 
31%PEG    
600 

 
33% PEG    

600 
5.0  

27% PEG    
600 

 
29% PEG    

600 

 
31%PEG    
600 

 
33% PEG    

600 
Note: Similar set was done with OG (since the full length got crystallized in OG only) as a 
detergent and for NG different temperatures were tried (10 and 16oC) but none of these 
conditions yielded any crystal. 
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Table 7. Conditions used for S-PnuTSW  protein crystallization by the LCP method. 
 

 
 Protein concentration  

used (mg/ml) 
Detergent used for 

purification 
Purification condition (used for LCP 

crystallization set up) 
1  

5 
 

DDM (0.05%) 
50 mM-Tris/HCl, 

pH 8.0 
150 mM-NaCl 

2               
                   10 

DDM (0.05%) 50 mM-Tris/HCl, 
pH 8.0 

150 mM-NaCl 
 

 

 

 

Discussion 

In chapter 2 of this thesis, I described a biochemical study of the full length PnuT protein from 

Shewanella woodyi (substrate identification, oligomeric conformation in detergent solution, 

transport of thiamin in proteoliposomes, effect of single mutant on rate of thiamin transport), 

and here I describe the extensive crystallizations trials done to obtain well diffracting protein 

crystals of full-length and truncated PnuTSw. Despite the extensive detergent screening, trial 

with different protein concentrations and protein:screen ratios, none of conditions yielded well 

diffracting crystals and the best diffraction was around 15 Å resolution. Only with the truncated 

protein, the maximum diffraction up to 10 Å was obtained in H-3 condition (Memgold 2 

screen). 

In conclusion, this chapter provides information on the stability of PnuTSw protein in various 

detergents which could be further tested for crystallization trails perhaps using nanobodies 

which potentially can lock the protein in a certain conformation which can pack better. This 

approach can also be helpful to try single particle cryo-EM technique along with protein 

crystallization, as it will increase the molecular weight of the protein (indeed, it will increase 

protein mass (still less than 100kDa in total) which is smaller for cryo EM (around 200kDa is 

preferable), but never the less, it would be worth to try once) making such analysis more 

feasible.  
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Abstract 

NadR is a bifunctional enzyme that converts nicotinamide riboside (NR) into 

nicotinamide mononucleotide (NMN), which is then converted into NAD. Although a 

crystal structure of the enzyme from the Gram-negative bacterium Haemophilus 

influenzae is known, structural understanding of its catalytic mechanism remains 

unclear.  Here, we purified the NadR enzyme from Lactococcus lactis and established 

an assay to determine the combined activity of this bifunctional enzyme. The 

conversion of NR into NAD showed hyperbolic dependence on the NR concentration, 

but sigmoidal dependence on the ATP concentration. The apparent cooperativity for 

ATP may be explained because both reactions catalysed by the bifunctional enzyme 

(phosphorylation of NR and adenylation of NMN)  require ATP. The conversion of 

NMN into NAD followed simple Michaelis-Menten kinetics for NMN, but again with 

the sigmoidal dependence on the ATP concentration. In this case the apparent 

cooperativity is unexpected since only a single ATP is used in the NMN 

adenylytransferase catalysed reaction. To determine the possible structural 

determinants of such cooperativity we determined the crystal structure of NadR from 

L.lactis (NadRLl).  Co-crystallization with NAD, NR, NMN, ATP and AMP-PNP 

revealed a ‘sink’ for adenine nucleotides in a location between two domains. This sink 

could be a regulatory site, and / or it may facilitate the channeling of substrates between 

the two domains.  

This chapter is being prepared for publication. 
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Introduction 

 

Membrane proteins mediate essential physiological processes, one of which is the 

cellular uptake of ions, bulk solutes, and micronutrients, such as including vitamins 

[1,2]. In many cases bacteria either lack complete biosynthesis pathways for vitamins 

or prefer their delivery from the extracellular environment because uptake is 

energetically more favorable then synthesis [1,2,3]. Nicotinamide riboside (NR, a form 

of vitamin B3) is one of the most commonly used precursors for biosynthesis of NAD 

[1,2]. In some prokaryotes NR is taken up by PnuC membrane transporters via a 

facilitated-diffusion transport mechanism as introduced in chapter one of this thesis 

[4,5,6,7,8]. Recently a high resolution crystal structure of PnuC from Neisseria mucosa  

with a bound NR molecule was reported [9,10]. The substrate specificity of the PnuC 

protein for NR has been confirmed for homologues from Escherichia coli, 

Haemophilus influenzae, Haemophilus parainfluenzae, S. typhimurium, and Neisseria 

mucosa [5,6,10,11,12].  

In some organisms, such as Clostridium thermocellum and Nostoc punctiforme, the 

pnuC gene clusters with nadR [1,2]. NadR converts NR into nicotinamide 

mononucleotide (NMN) and subsequently into NAD [15], and thus is involved in 

metabolic substrate trapping of NR in the cytoplasm as phosphorylation prevents the 

escape of the uncharged substrate. The gene encoding PnuC in Enterobacteria is located 

in an operon with the genes for the NAD biosynthesis protein NadA (quinolinate 

synthase) and the expression is regulated by NadR. In this case the bifunctional NadR 

enzyme acts additionally as transcription factor due to the presence of an N-terminal 

DNA binding motif [13]. NadR  is present in many microorganisms including Gram-

positive and Gram-negative bacteria [14]. NadR was initially thought to have a 

regulatory as well as a transport function: the transport function was incorrectly 

assumed because NadR senses the internal NAD pool in order to repress essential genes 

for NAD biosynthesis and to regulate transport via PnuC in response to cellular NAD 

levels [16,17,18,19]. A structure of NadR from Haemophilus influenzae (NadRHi) has 

been determined, and the protein consists of two distinct domains separated by a short 

flexible linker probably necessary for the movement of domains to perform both 

enzymatic steps [20,21]. Each domain has a specific catalytic activity: the N-terminal 

domain possesses an NMN adenylyl transferase (EC 2.7.7.1) activity (NMNAT 
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domain) and the C-terminal  domain is a ribosylnicotinamide kinase (EC 2.7.1.22) 

(RNK domain) [20,22]. Structurally the NMNAT domain is similar to archaeal 

NMNAT whereas the RNK domain is similar to yeast thymidylate kinase [23]. For 

NadR of E.coli it has been shown experimentally that the NMNAT domain is indeed 

responsible for the transfer of the AMP moiety from ATP to NMN [24].  A crystal 

structure of the E.coli NMNAT domain of NadR with NAD  bound has been reported 

[25]. NadR from S. typhimurium has been showed to be a NAD dependent repressor 

for various genes [nadB, nadA-pnuC, and pncB]  involved in de novo biosynthesis of 

NAD and niacin salvage [16,26,27, 28,29,30]. Additionally, there are some indications 

that NadR interacts with the PnuC membrane protein during transport of NR molecule 

[31], however so far there is no experimental evidence for such direct interaction.  

The most characterized (both biochemically and structurally) NadR enzyme is the 

protein  from  the Gram-negative bacterium Haemophilus influenzae.  Here, we report 

the first structural and biochemical characterization of NadR protein from a Gram-

positive bacterium (Lactococcus lactis), and compare it with the Gram-negative 

ortholog.  

 

EXPERIMENTAL PROCEDURE 

Cloning 

The gene encoding NadRLl  was cloned in the p2BAD vector [32] using the restriction 

sites Sac1 and Kas1 with the sequence coding for an N-terminal twin strep tag 

(WSHPQFEK-(GGGS)2-GGS-SA-WSHPQFEK) downstream of the second promotor. 

The plasmid was transformed into competent cells of the E. coli strain MC1061. 

 

Protein expression and purification  

Protein overexpression was done in the E.coli MC1061 strain transformed with the 

expression plasmid. Cells were cultivated in five-liter flasks containing 2 L luria bertani 

(LB) medium with the composition of 10 g NaCl, 10 g  Tryptone and 5 g yeast extract 

per litre. The E.coli cells with p2BAD plasmid were grown at 37˚C, 200rpm to an 

OD600 of 0.6. Once the OD reached 0.6, induction was done with 0.04% arabinose. 

After induction cells were grown further for another 3 hr at 37˚C. After 3 hr of 

induction, cells were collected by centrifugation (20 min, 7,446g, 4˚C), washed in wash 

buffer (50 mM Tris/Cl, pH 7.5) and resuspended in the buffer A (50 mM Tris/HCl, pH 
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7.5, 150 mM NaCl, and  10% glycerol). Cells were lysed by high-pressure disruption 

(Constant Cell Disruption System Ltd, UK, one passage at 25 kPsi for E. coli cells at 

5˚C). After cell lysis, 1 mM MgSO4, 0.2mM PMSF, and 50-100 mg ml-1 DNase were 

added. Cell debris was removed by low-speed centrifugation (20 min, 12,074g, 4˚C). 

To remove crude membranes and other impurities, the supernatant was centrifuged for 

45 min, 193727g, 4˚C. The clear supernatant was used for further protein purification. 

The clear supernatant was passed through a streptavidin resin column (volume 1 ml) 

which was pre-equilibrated with buffer B (50mM Tris/HCl, pH 8.0 and 1mM EDTA). 

The flow through was collected for gel electrophoresis. Once supernatant was passed, 

the column material was washed with 20 CV of wash buffer C (50 mM Tris/HCl pH 

8.0, 200 mM NaCl, 1mM EDTA). NadR was eluted in three fractions (E1,E2 and E3) 

of 350, 750 and 600µl respectively with elution buffer D (50 mM Tris/HCl pH 8.0, 150 

mM NaCl, 1mM EDTA and 1 mM des-thiobiotine). Elution fraction E2 contained the 

highest amount of protein as measured by absorbance at 280 nm using a nanodrop 

machine. This fraction was further purified by size-exclusion chromatography with 

column Superdex 200, 10/300 gel filtration column (GE Healthcare), equilibrated with 

buffer E (50 mM Tris/HCl pH 8.0, 150 mM NaCl). 

After size-exclusion chromatography, the fractions containing the NadR protein were 

combined and used directly for ITC and kinetics measurements. For crystallization, the 

protein was concentrated with a Vivaspin 500 concentrator with a molecular weight 

cutoff of 30 kDa (Sartorius stedim) to a final concentration of 17 mg ml-1. 

 

Isothermal calorimetric titration (ITC) measurements for substrate specificity 

ITC measurements were conducted with an ITC200 calorimeter (MicroCal) at 25˚C. 

The substrates nicotinamide riboside (Niagen TM, Chromadex), NMN (Sigma 

Aldrich), NAD (Sigma Aldrich) and nicotinamide were dissolved in the buffer which 

was used for protein purification. The substrate concentration used for ITC 

measurements varied from 1 mM to 5 mM as a final concentration. The ligand solutions 

were added into the temperature-equilibrated ITC cell filled with ~300 µl of protein 

with the concentration of 10-50µM. The final obtained data were analysed with the 

ORIGIN-based software (MicroCal). 
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Lactate dehydrogenase (LDH) Coupled NADH measurements assay  

NadRLl kinetics was assayed using Lactate dehydrogenase (LDH) Coupled NADH 

measurements using a Jasco spectrophotometer (Cary Vin 100) with a quartz cuvette. 

The measurements were done by varying the concentration of NR, in the reaction buffer 

F (100 mM Tris/HCl pH 7.5) containing 10 mM Mg-ATP, 150 mM lactic acid, 10 µl 

of LDH and NadRLl protein with a concentration of 1.0mg/ml, with a final volume of 

200µl. The same reaction was also performed, by varying the concentration of Mg-ATP 

(up to 10 mM) while keeping NR concentration constant at 1 mM in the presence of 

150 mM lactic acid, 10 µl of LDH and 1.0mg/ml of  NadRLl protein in the buffer F with 

the final volume of 200µl. For NMN measurements, we varied the concentration up to 

5 mM, and we used 10 mM Mg-ATP, 150 mM lactic acid, 10µl of LDH, and 0.1mg/ml 

NadRLl protein in the buffer F with the same reaction volume of 200 µl. The reaction 

was further studied with the fixed amount of NMN (1 mM) and varying Mg-ATP 

concentrations, as described for NR. The reaction was started by the addition of NadR 

protein to all other pre-mixed components (incubated at 25˚C for 1 min)  and NADH 

absorbance was measured at a wavelength of 340 nm. As controls, each component was 

removed one by one (with the appropriate volume compensation by addition of buffer) 

during the kinetics measurements. 

The specific enzyme activity was calculated by using the formula as shown below: 

 

 

                    𝐴"# =	
&	×	()*+		×	,---

.//-	×	(0+1	×	2
 

 
where: 

𝐴"# is initial specific activity (µmol min-1 mg-1) 

𝛿 is Initial slope of increase in absorbance (min-1) 

𝑉567 is Total reaction volume (µl) 

𝑉879 is Added diluted enzyme volume (µl), 

𝐶 is Protein stock concentration (mg ml-1) 

 

Vmax and Km values  were determined using either classical or modified (when the 

substrate inhibition was observed) Michaelis-Menten equations: 
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Where,  

𝑉- is Initial specific activity measured in initial step of reaction (µmol min-1 mg-1),  

𝑉FG6  is Maximal possible specific rate of reaction (µmol min-1 mg-1),  

𝑆 is Substrate concentration (mM),  

𝐾F is Michaelis-Menten constant (mM)  

𝐾J is Substrate Inhibition constant (mM)  

The Hill fitting parameters were calculated using the following equation: 

𝑉- =
𝑉FG6 	× 	𝑆

7

𝐾F
7 + 𝑆7

 

 
Where 𝑛  is  the Hill coefficient . 

Origin Pro v8.0724 Software from OriginLab Corporation was used for the non-linear 

fitting of data according to this equation. 

 

Crystallization 

The initial crystallization trials were done with the commercial screens such as MCSG 

(Microlytic, Burlington, Massachusetts, USA) and Membrane Gold (Molecular 

Dimensions, UK) using  the mosquito crystallization robot (TPP LabTech, UK). Initial 

crystals were obtained at 4˚C but the diffraction was limited to  7-10 Å resolution. After 

the first round of optimization we improved the diffraction up to 5 Å resolution. Further 

optimizations were set up as vapour-diffusion sitting drops (1:1 ratio, 0.1µl) at 16°C 

with the protein concentration of 17 mg ml-1. Diamond shaped crystals were obtained 

within 3-5 days. These crystals diffracted to around 3 Å resolution. As the final 

optimisation the additive screen (Hampton Research) was used to obtain the crystals 

with the diffraction limit of 2-3 Å resolution. The crystallization conditions were as 

follows: 1M (NH4)2SO4, 100mM Na Citrate pH 6.5,10mM MgCl2 and 10% glucose or 

1M (NH4)2SO4, 100mM Hepes pH 7.0 and 10% CaCl2. Co-crystallization with NR, 

NMN, NAD, Mg-ATP and with Mg-AMP-PNP was performed. In the NR-bound state, 

the co-crystallization condition was 1M (NH4)2SO4, 100mM Na Citrate pH 6.5, 5mM 

NR, 10mM MgCl2 and 10% glucose. In NMN bound co-crystallization condition, all 
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the components as mentioned above remained the same except NR was replaced by 

addition of 5mM NMN. The NAD bound co-crystallization condition also remained 

same with addition of 5mM NAD along with 5mM Mg-AMP-PNP. All the crystals 

were flash frozen in liquid nitrogen for further X-ray diffraction analysis. 

Static light scattering and refractive index measurements  

Determination of the oligomeric state of purified NadRLl was performed as described 

[36]. Briefly, the Superdex 200 column used for the SEC-LS analysis was equilibrated 

with SEC buffers (50 mM Tris/HCl, pH 8.0, 150 mM NaCl or 50 mM Tris/HCl, pH 

8.0, 150 mM NaCl, 5 mM ATP, 1 mM NMN, filtered through 0.1 µm pore size VVLP 

filters (Millipore)) and subsequently the buffer was recirculated through the system for 

16 h at 0.5 ml/min. Purging of the refractometer was switched off, when the baselines 

were stable and the detector reading was set to zero. 200 µl of protein solutions (0.5 

mg/ml) with and without substrates accordingly were injected and the data from the 

three detectors were imported by the ASTRA software package (Wyatt Technologies). 

The experiments were done at room temperature, but the differential refractometer was 

precisely set at 30 °C. 

Data collection, Structure determination and refinement  

The diffraction data were collected at 100K at the PX beam line at SLS (Villigen, 

Switzerland) and at beam line ID29 (ESRF, Grenoble). Collected data were processed 

with XDS package [33]. Molecular replacement was performed with Phaser [34] using 

NadR from H.influenzae  (PDB code 1LW7) as a starting model. Refinement was 

performed in Phenix [35] with the manual corrections in Coot [36]. The final models 

were deposited in PDB databank under 6GYE  for NadR with NR, 6GYF for NadR 

with NMN, and 6GZO for NadR with NAD/AMP-PNP. 
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Results  

Multiple sequence alignment of NadR 

To compare the NadRLl protein sequence with the proteins from different organisms we 

did a multiple sequence alignment (Clustal W2). In contrast to many homologues, 

NadRLl  lacks the N-terminal DNA binding domain (Figure 1, corresponding to amino 

acid residues 1 to 59 in the H. influenza sequence, also known as HTH domain 

responsible for DNA binding). NadR protein sequences from Gram-negative bacteria 

are more similar to each other (54.7% sequence identity between NadREc (NadR protein 

from E.coli) and NadRSt (NadR protein from S.typhimuriam)) than to the sequences 

from Gram positive bacteria (26.4% identity between NadRLl and NadRBs (NadR 

protein Bacillus sp).  

  
                                                        
L.lactis        ----------------------------------------------------ML  

M.tuberculosis  ------------------------------------------------------------  

Bacillus sp.    ------------------------------------------------------------  

S.typhimurium   MSSFDYLKTAIKQQGC---TLQQVADASGMTKGYLSQLLNAKIKSPSAQKLEALHRFLGL  

E.coli          MSSFDYLKTAIKQQGC---TLQQVADASGMTKGYLSQLLNAKIKSPSAQKLEALHRFLGL  

S.flexneri      MSSFDYLKTAIKQQGC---TLQQVADASGMTKGYLSQLLNAKIKSPSAQKLEALHRFLGL  

S.plymutica     MRQFDYLKASIKQKNC---TLQQVADASGMTKGYLSQLLNDKIKSPSAQKLEALHRFLGL  

Y.frederiksenii MLQFDYLKTAIKQKGC---TLQQVADASGMTKGYLSQLLNDKIKSPSAQKLEALHRYLEL  

H.influenzae     MGFTTGREFHPALRMRAKYNAKYLGTKSEREKYFHLAYNK-----HTQFLRY--QEQIM  

H.parassuis     MTNFAYLQQKRKQLKLKVNDVCEQA---GVTRAYFNQLVSGKIKNPSATKLGALHKVLNI  

 

       

 

L.lactis        KSKLSGKNIGIYFGTFAPLHTGHQQQIYKCASLNDGVLLVVSGYDNDRGA--------QI  

M.tuberculosis  ------MTHGMVLGKFMPPHAGHVYLCEFARW-VDELTIVV-GSTA------------AE  

Bacillus sp.    ---MTIGKVGMYGGKFYPVHMGHVAAMIRASTMVDELHVIV-SYDDRFEREVILQDAKIP  

S.typhimurium   EFPRRQKNIGVVFGKFYPLHTGHIYLIQRACSQVDELHIIM-GYDDTRDRGLFEDSAMSQ  

E.coli          EFPRQKKTIGVVFGKFYPLHTGHIYLIQRACSQVDELHIIM-GFDDTRDRALFEDSAMSQ  

S.flexneri      EFPRQKKTIGVVFGKFYPLHTGHIYLIQRACSQVDELHIIM-GFDDTRDRALFEDSAMSQ  

S.plymutica     EFPRREKKVGVVFGKFYPLHTGHIYLIQRACSQVDELHVIL-CHDEPRDRELFENSSMSQ  

Y.frederiksenii EFPRREKKVGVVFGKFYPLHTGHIYLIQRACSQVDELHIIL-CFDEPRDRELFENSSMSQ  

H.influenzae    S-KTKEKKVGVIFGKFYPVHTGHINMIYEAFSKVDELHVIV-CSDTVRDLKLFYDSKMKR  

H.parassuis     V-EEQNQRVGVIFGKFYPVHTGHINMIYEAFSKVDMLHVIV-CTDTERDLQLFRDSKMKR  

                         *   * * * * **           * 

     Phosphate binding residue 

 

 

 

L.lactis        GLPLEKRFRYLREAFNDEEN-IKVSMLNENDLPEMPNGWDEWANRLFELIHHNTLERDLS  

M.tuberculosis  PIPGAQRVAWMRELFPFDRV-VHLANENPRPWEHPD-FWDIWKASLQGV---LATRPDFV  

Bacillus sp.    HIPYYIRLRWWTELTKQLP-HVYVHAVEEI----QTGQFTDWEKGAAAMKAAVGKEIDIV  

S.typhimurium   QPTVSDRLRWLLQTFKYQKN-IRIHAFNEEGMEPYPHGWDVWSNGIKAFMAEKGIQPSWI  

E.coli          QPTVPDRLRWLLQTFKYQKN-IRIHAFNEEGMEPYPHGWDVWSNGIKKFMAEKGIQPDLI  

S.flexneri      QPTVPDRLRWLLQTFKYQKN-IRIHAFNEEGMEPYPHGWDVWSNGIKKFMAEKGIQPDLI  

S.plymutica     QPTVSDRLRWLLQTFKYQKN-IHIHSFDEQGIEPYPHGWNVWSDGMKAFMEQKGIVPSFI  

Y.frederiksenii QPTVSDRLRWLLQTFKYQKN-IHIHSFDEHGIEPYPHGWDVWSHGVKKFMGEKGIVPNFI  

H.influenzae    MPTVQDRLRWMQQIFKYQKNQIFIHHLIEDGIPSYPNGWQSWSEAVKTLFHEKHFEPSIV  

H.parassuis     MPTNEDRLRWMQQIFKYQQKQIFIHHLVEDGIPSYPNGWEGWVERVKELFAEKHIQPTLV  

               AMPPNP binding residue                    * 
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                                     NadR  NMNAT domain 

                                     NadR  NMNAT domain 
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L.lactis.       VTFYVGELEYAAELKKRFPADGNQYAVEIADRHDISLSATQIRE-NPQEHWTHINRVFRR  

M.tuberculosis  ---FGAEPYNA-DFAQVLG---ARFVAVD-GRTVVPVTATDIRA-DPLGHWQHIPRCVRP  

Bacillus sp.    ---FSSEPAYSGYFDKLYPS--AAHVVLDAGRDAYRISGKELRNEGPMKHWELLPDVVKP  

S.typhimurium   ---YTSEEADAPQYLEHLG---IETVLVDPERTFMNISGAQIRE-NPFRYWEYIPTEVKP  

E.coli          ---YTSEEADAPQYMEHLG---IETVLVDPKRTFMSISGAQIRE-NPFRYWEYIPTEVKP  

S.flexneri      ---YTSEEADAPQYMEHLG---IDTVLVDPKRTFMSISGAQIRE-NPFRYWEYIPTEVKP  

S.plymutica     ---YSSETQDAPRYREHLA---TETILIDPERSFMNISGRQIRQ-DPFRYWDYIPTEVKP  

Y.frederiksenii ---YSSESQDAPHYHEQFG---IETILIDPQRSFMNISGRQIRR-DPFRYWDYIPTEVKP  

H.influenzae    ---FSSEPQDKAPYEKYLG---LEVSLVDPDRTFFNVSATKIRT-TPFQYWKFIPKEARP 

H.parassuis     ---FSSEIQDKEPYEKYLN---LEVHLVDPERNSFNVSATKIRN-NPFQYWRFIPKDVRP  

                      *                        *      NAD binding residue 

 

 

 

 

 

 

                              Linker 
L.lactis        HFSKIVTVMGSASTGKSTLVRRLARSINAPFSEEYAREY-EEAFNIDDDELKMDDYARMI  

M.tuberculosis  AFVKRVSIIGPESTGKTTLAQAVAEKLRTWV---PERAKMLRELNGGS--LIGLEWAEIV  

Bacillus sp.    YFAKKVVIVGTESCGKSTLANNLATLYNTAYVEEYGRTF-YDEIGGCEGITIEEDYPRIA  

S.typhimurium   FFVRTVAILGGESSGKSTLVNKLANIFNTTSAWEYGRDYVFSHLGGDEMALQYSDYDKIA  

E.coli          FFVRTVAILGGESSGKSTLVNKLANIFNTTSAWEYGRDYVFSHLGGDEIALQYSDYDKIA  

S.flexneri      FFVRTVAILGGESSGKSTLVNKLANIFNTTSAWEYGRDYVFSHLGGDEIALQYSDYDKIA  

S.plymutica     FFVRTVAILGGESSGKSTLVNKLANIFNTTSAWEYGRDYVFSHLGGDEMALQYSDYDKIA  

Y.frederiksenii FFVRTVAILGGESSGKSTLVNKLANIFNTTSAWEYGRDYVFSHLGGDEMALQYSDYDKIA  

H.influenzae    FFAKTVAILGGESSGKSVLVNKLAAVFNTTSAWEYGREFVFEKLGGDEQAMQYSDYPQMA  

H.parassuis     FFVKTIAILGGESSGKTVLVSKLANVFNTTSAWEYGREFVFEQLGGDEQAMQYSDYPQMA  

                 *       *  * **  *    *            * 

      NAD binding residue. Walker A motif     
 

 

    

L.lactis        TGQYDANSREVNSPANQGIVFLDTDAIVTRVYAKLYLPREDFEQLEPLFKKTIADERMDL  

M.tuberculosis  RGQIASEEALAR--DADRVLICDTDPLATTVWAEFLAGGC-----PQELR-DLARRPYDL  

Bacillus sp.    FEHKNRESRELK--RANKVLIIDTEAIVTQYFSIAYLGKR-----QPVLDEIAKLQNYDL  

S.typhimurium   LGHAQYIDFAVK--YANKVAFIDTDFVTTQAFCKKYEGRE-----HPFVQALIDEYRFDL  

E.coli          LGHAQYIDFAVK--YANKVAFIDTDFVTTQAFCKKYEGRE-----HPFVQALIDEYRFDL  

S.flexneri      LGHAQYIDFAVK--YANKVAFIDTDFVTTQAFCKKYEGRE-----HPFVQALIDEYRFDL  

S.plymutica     LGQAQYVDFAVK--YANKVAFIDTDFVTTQAFCKKYEGRE-----HPFVQALIDEYRFDL  

Y.frederiksenii LGQAQYVDFAVK--YANKVAFIDTDFVTTQAFCKKYEGRE-----HPFVQALIDEYRFDL  

H.influenzae    LGHQRYIDYAVR--HSHKIAFIDTDFITTQAFCIQYEGKA-----HPFLDSMIKEYPFDV  

H.parassuis     LGHKRYVDYAMK--HAHKVAIIDTDYITTQAFCIQYEGKP-----HPFLDSMIKEYPFDV  

                                      **    *                             * 

          NAD binding residue             Walker B motif   NAD binding residue      
 

 

 

L.lactis        ILVIPPITEYIDDGFRHMEWEESRHEFHEELMRQLAEFGLMDKVVILDDEGDHRDQEGYL  

M.tuberculosis  TLLTTPDVPWDADDGRCVPG—ARGTFF---AEQALRAAGRSFVV----------ITGGWE  

Bacillus sp.    WLFLEPDVEWVDDGTRSFGEQEVRERNNGILKDLFREHGVSYQI----------ISGNYT  

S.typhimurium   VILLENNTPWVADGLRSLGSSVDRKAFQNLLVEMLKENNIEFVHV---------KEADYD  

E.coli          VILLENNTPWVADGLRSLGSSVDRKEFQNLLVEMLEENNIEFVRV---------EEEDYD  

S.flexneri      VILLENNTPWVADGLRSLGSSVDRKEFQNLLVEMLEENNIEFVRV---------EEDDYD  

S.plymutica     VILLENNTPWVADGLRSLGAPTDRKAFQHLLEEMLRANNIEYAHV---------ESSDYE  

Y.frederiksenii VILLENNTPWVADGLRSLGSDRDRKSFQKLLEQMLRSNNIEYVHV---------ESADYD  

H.influenzae    TILLKNNTEWVDDGLRSLGSQKQRQQFQQLLKKLLDKYKVPYIEI---------ESPSYL  

H.parassuis     TILLSNNTKWVDDGLRSLGSQKQRQRFQQLLKKLLEKYNVPYIEI---------ESPSYL  

                            *  *       * 
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L.lactis        TRYHHAIDAVHEYTGVKIDRLSY----------- 379 

M.tuberculosis  ERLSVSLRAVEELVRARR---------------- 323 

Bacillus sp.    -RLEKAVRLIDELIRE------------------ 344 

S.typhimurium   GRFLRCVELVKEMMGEQG---------------- 410 

E.coli          SRFLRCVELVREMMGEQR---------------- 410 

S.flexneri      SRFLRCVELVREMMGEQR---------------- 410 

S.plymutica     ERFLRCVELVKQLLAADASRLVGATTE------- 419 

Y.frederiksenii ERFLRCVELVQQLLAADLQRLARPSVLSEIQQED 426 

H.influenzae    DRYNQVKAVIEKVLNEEEISELQNTTFPIKGTSQ 421 

H.parassuis     DRYNQTKAVIEAILNEESIALTFKNQNEKSE--- 423 

                                         * 

Figure 1. Multiple sequence alignment of NadR proteins from selected organisms. The 

amino acid residues are colored based on conservation, darker colors indicate better 

conservation. The amino acid residues indicated with asterisks are conserved in all the 

aligned NadR sequences. Organisms names: L.lactis (Lactococcus lactis), 

M.tuberculosis (Mycobacterium tuberculosis), Bacillus sp. (Bacillus sp.),    

S.typhimurium (Salmonella typhimurium), E.coli (Escherichia.coli), S. flexneri 

(Shigella flexneri), S. plymutica (Serretia plymutica), Y.frederiksenii (Yersenia 

frederiksenii), H.influenzae (Haemophilus influenzae), and H.parassuis (Haemophilus 

parassuis). The bars on top show the locations of the two distinct domains of NadRLl . 

The green bars below the alignment indicate NAD binding residues,  the red bars walker 

A and walker B motifs, and the yellow bars the phosphate binding site. The linker 

between the domains in violet. 

 

Substrate specificity of NadR 

We performed ITC measurements to study substrate binding to NadRLl.  We tested the 

binding of NR, NMN, NAD, ATP  and AMP-PNP (a non-hydrolysable ATP analogue). 

The measured binding affinities for Mg2+-complexed ATP and AMP-PNP  are 63 µM 

and 13 µM respectively (Table 1). Surprisingly, no binding for the nicotinamide 

nucleotide substrates was detected. One possible explanation is that these substrates 

were bound very tightly to the protein during protein production in E.coli, and stayed 

attached during the protein purification steps. To circumvent this potential problem, we 

tried different unfolding-refolding protocols (including the use of urea and guanidium 

chloride up to four molar in concentration) of the purified protein in the absence of any 

substrate. However upon treatment with denaturants the protein stability decresased as 

the protein could not be refolded (observed during size-exclusion chromatography). We 

also tried to perform mass-spectrometry on the purified protein in solution and on 

NadRLl protein crystals to determine whether there were tightly bound nucleotides, 

                                     NadR  RNK domain 
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however the results were inconclusive (although in the protein crystals we detected 

some traces of NR and NMN).  

Table 1.  Substrate binding studied by ITC with full length NadR protein from L.lactis. 

Substrate Dissociation constant - KD (µM) 
ATP 63 ±0.90 

 AMP-PNP 13±1.3 
NR No Binding 

NMN No Binding 
NAD No Binding 

Nicotinamide No Binding 
Nicotinic acid No Binding 

            The error represents the upper and lower values from two measurements.  
 

Michaelis - Menten  Kinetics  

To investigate the kinetics of the NadRLl catalyzed reaction we used a lactate 

dehydrogenase (LDH) coupled assay. LDH was used to reduce the product NAD of the 

NadRLl- catalyzed reaction to NADH, the concentration of which can be measured by 

the absorption at 340 nm.  The NadRLl activity was determined in the presence of 

different concentrations of NR, NMN and Mg2+-complexed ATP. The Michaelis-

Menten equation, a substrate inhibition model, or the Hill model [37] was fitted to the 

data. 

In measurements at constant ATP concentration (10 mM) the conversion of NR to NAD 

followed showed hyperbolic dependence on the NR concentration, which could be 

analyzed using the Michaelis -Menten equation, with  KM = 0.35±0.05 mM and Vmax = 

0.32±0.01 µmol min-1 mg-1 (Figure 2A). The same experiment was performed with the 

fixed NR concentration of 1 mM, while varying the concentration of Mg-ATP. The Hill 

equation was fitted to the data, yielding KM = 5.2±0.9 mM for ATP and Vmax of 

0.33±0.05 µmol min-1 mg-1 with a Hill coefficient of 2.3±0.48 (Figure 2B). The value 

of the Hill coefficient implies that more than one molecule of ATP is cooperatively 

involved in NR conversion by NadRLl protein.  The apparent cooperativity could be 

caused by the two -step catalysis, in which ATP is used for conversion of both NR to 

NMN, and NMN to NAD.  To test this possibility, we also performed kinetic 

measurements using NMN as the substrate, and thus only  following the second step, 

the conversion of NMN to NAD.  At constant ATP concentration (10 mM) and varying 

concentration of NMN (up to 5mM), the conversion of NMN to NAD followed 

Michaelis-Menten kinetics, with  KM = 0.35±0.04 mM for NMN and Vmax of 

1.25±0.04 µmol min-1 mg-1 (Figure 3A).  The previously reported KM value for NMN 
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conversion by the  NadRHi protein is lower (0.14 mM) [21]. The discrepancy could be 

because the concentration of NMN used previously was varied only up to 1 mM with 

0.2mM of ATP present during that experiment. It could be that during NMN conversion 

the amount of ATP which is used in reaction is limiting, since no Km or Vmax values for 

ATP were reported. Another reason could be that a slightly different protocol was used, 

or it simply reflects the differences in protein activity among different organisms.  The 

same experiment was performed using a fixed NMN concentration of 1 mM while 

varying the concentration of Mg-ATP up to 10 mM. The Hill equation was fitted to the 

data yielding KM of 5.2±0.58 mM, for ATP with Vmax of 1.2±0.12 µmol min-1 mg-1 and 

Hill coefficient of 2.2±0.28 (Figure 3B). Again, the Hill coefficient is an indication that 

more than one molecule of ATP is utilized during NMN conversion, which is surprising 

because only a single ATP molecule is used in the reaction from NMN to NAD.  

 

Table 2.  Km and Vmax determination of full length NadR protein from L.lactis for 

nicotinamide mononucleotide (NMN) and nicotinamide riboside (NR) in presents of 

constant concentration ATP (10mM) 

 Km, mM Vmax, µmol min-1 mg-1 

NR 0.35±0.05 0.32±0.01 

NMN 0.35±0.04 1.25±0.04 

The error is the standard derivations of the three independent measurements. 
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Figure 2:   Km  & Vmax determination of NadR from L.lactis for nicotinamide riboside 

(NR) at the constant ATP concentration of 10mM (Figure 2A) and ATP at the 

constant NR concentration of 1mM (Figure 2B). 
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Table 3.  Km, Vmax and the Hill coefficient determination of full length NadR protein 

from L.lactis for ATP in presence of constant concentration of NR or NMN (1mM ) 

 

 Km, mM Vmax, µmol min-1 
mg-1 

The Hill 

coefficient 

NR 5.2±0.9 0.33±0.05 2.3±0.5 

NMN 5.2±0.6 1.2±0.1 2.2±0.3 

The error is the standard derivations of the three independent measurements. 
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3B 

 
Figure 3. Km and Vmax determination using substrates nicotinamide mononucleotide (at 

constant ATP concentration of 10mM) (Figure 3A) and ATP (at constant NMN 

concentration of 1mM) (Figure 3B). 

 
Dependence of the kinetics of NAD production on the NadRLl concentration 

To investigate further the reactions catalyzed by NadRLl, we measured kinetics with 

NR as a substrate using different amounts of protein. First we used 1mM NR with two 

different concentrations of protein (1.0mg/ml and 10.0mg/ml).  An increase in 

absorbance at 340 nm form NADH production was measured during the time course of 

the reaction (6 min in total). With the lower protein concentration (1.0mg/ml) we 

observed lag phase, which can be explained because first the NadR protein converts 

NR to NMN as an intermediate product, which accumulates to some extent; 

subsequently, the conversion of NMN to NAD takes place that results in an increase in 

absorbance. With the ten-fold increase in protein concentration (10.0mg/ml of protein), 

we observed that reaction goes faster (Figure 4A), and there is no visible build-up phase 

meaning that the rate of NMN production is not limiting the second step. When the 

reaction with 1.0 mg/ml protein was allowed to run longer (more than 1h), gradually 

the amount of product reached almost the same level (based on NADH absorbance) 

(Figure 4B).  
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4A

 
4B 
 

Figure 4. Time course of NADH formation with nicotinamide riboside as a substrate 

at two different protein concentrations as 0.5mg/ml (black line) and 5.0mg/ml (red 

line).  In Figure 4B the time scale (up to 90 minutes) of the experiment with 0.5mg/ml 

(black line) was extended.  
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Oligomeric state of NadR 

Singh et al. [23], speculated that NadRHi may presumably work as a tetramer based on 

the crystal packing they observed in the structure of NadRHi.  This idea was 

corroborated by analytical centrifugation experiments, however the results showed 

some heterogeneity in the mass of complex [23]. A tetrameric arrangement creates a 

closed barrel with the cavity at the center and with the active sites of both domains (per 

monomer) facing away from the cavity [23]. To check the oligomeric state of NadRLl  

we used Multiangle laser light scattering coupled to Size-exclusion chromatography 

(SEC-MALLS) as this techniques has been successfully used to determine oligomeric 

states of proteins [8,9,38,39]. SEC-MALLS showed that NadRLl with and without 

substrates is a monomeric protein with an average mass of 47.3 kDa in solution (Figure 

5A and 5B). Notably, the presence of substrate affected the elution volumes. A possible 

explanation can be that protein without substrate is conformationally more flexible, 

while binding to substrate makes it more globular, which yields a delayed elution 

volume. 
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5A 
 

 
5B 
 

 
 

Figure 5. Oligomeric state of full length NadR protein from L.lactis in solution. Static 

light scattering (SEC-MALLS) analysis of NadR without substrates (Figure 5A) and in 

presence of 5 mM ATP and 1 mM NMN (Figure 5B). 
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Crystal structures of NadR 

NadRLl crystallized as a homodimer in the P6422 space group. The structure was solved 

using the structure of NadRHi (Pdb code: 1LW7) as input for the molecular replacement. 

After several rounds of refinement intertwined with the manual model building the final 

model of NadRLlwas obtained (see Table 4 for the detailed statistics on data collection 

and refinement). Each molecule of NadRLl is comprised of two domains – an N-

terminal NMNAT domain (residues 8-177) folded in a Rossmann-like fold and a C-

terminal RNK domain (residues 178-379) (Figure 6).  In the previously reported 

NadRHi crystal structure it has been suggested that NAD is bound to NMNAT domain, 

however we do not observe any NAD molecules bound to NadRLl.  The clamshell-like 

binding site is rather squeezed and the so-called nicotinamide recognition loop is open 

(Figure 6B). The ATP-binding site of the NMNAT domain is equally distorted (Figure 

5C), and we observe a bound sulphate ion at the position where the b- or g-phosphate 

of ATP is expected to be located.  The RNK domain also has no substrate bound, with 

the positions of essentially conserved side chains of Walker A (187 to 195 amino acid) 

and Walker B (254 to 260 amino acid) motifs of NadRLl and NadRHi superimposing 

well (Figure 6C, also see Figure 1 for the sequence alignment). The lid region (residues 

304-318) has fallen back into the binding site (Figure 6C), thus neither ATP nor NR 

has enough space to bind. 

Interestingly, we observed strong positive density in the region between two domains, 

whenever we added substrates for co-crystallization. In one of the collected datasets, 

we observed a mixture of NAD and AMP-PNP bound at this location in the calculated 

electron density (Figure 6D). Additionally, we obtained the structures in the presence 

of NMN and NR, which both have bound substrates at the similar area. This novel 

‘binding site’ is very different from the canonical binding sites in NMNAT and RNK 

domains, and is formed by side chains of K65,Y69, R177, H178, Y240, N248, and 

R293 (Figure 6D).  
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Figure 6.  Crystal structure of NadRLl. (A) Overall fold in secondary structure cartoon 

representation, NMNAT domain in red and RNK domain in yellow; unresolved loops 

are shown as dashed lines. (B) Superposition of NadRLl  with  NadR from H.influenzae 

(cyan), the movements of nicotinamide-recognition loop and one of the helixes forming 

the binding site are shown with arrows; (C) ATP-binding site in the RNK domain: the 

lid loop is in red; a  sulphate ion is likely present in the position of ATP phosphate; 

essentially conserved Lys and Asp residues of Walker A and B motifs are shown as 

sticks (numbering from NadRLl, with NadRHI numbers in brackets); (D) the novel 

‘binding’ site: NAD (orange) and AMP-PNP (gray) molecules and the interacting 

amino acid residues  are shown as sticks.  

 

Table 4. Crystallization parameter  for solved  NadRLl  crystal with respective 
substrates. 
 

 NadR NR NadR NMN  NadR NAD AMPPNP  

Pdb code 

Data collection 

           6GYE 6GYF 6GZO 

Space group P 64 2 2 P 64 2 2 P 64 2 2 

Unit cell dimensions    
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  a, b, c (Å) 
165.14  165.14  

196.55 

165.09  165.09  

193.05 

167.32  167.32   

192.81 

  α, β, γ (°) 90.0, 90.0, 120.0 90.0, 90.0, 120.0 90.0, 90.0, 120.0 

Resolution range (Å) 
47.4 - 2.3  

(2.33 - 2.30)* 

47.83 - 2.70  

(2.76 - 2.7)* 

45.74 – 3.00  

(3.09 – 3.00)* 

Rmerge (%) 16.6 (>100)* 13.1 (>100)* 9.4 (>100) * 

cc1/2 99.8 (29.4)* 99.8 (33.0)* 99.8 (72.5) * 

I/σI 12.5 (0.9)* 11 (0.6)* 5.6 (1.7) * 

Completeness (%) 100 (100)* 100 (99.9)* 100 (99.4)* 

Redundancy 13.5 (13.4)* 13.4 (13.1)* 6.5 (6.4)*  

    

Refinement    

Resolution (Å) 47.4 - 2.3 47.83 - 2.70 45.74 - 3.00 

No. of reflections 70441 41577 32439 

Rwork/Rfree 0.18/0.21 0.20/0.24 0.19/0.24 

Number non-hydrogen 

atoms 
6446 6109 5993 

  Protein 6084 6042 5838 

  Ligands / Ions 36 /60 44 / 23 88 / 5 

  Water 266 0 0 

B-factors    

  Protein 70.9 86.5 118.8 

  Ligand /Ions  109.7 / 115.1 98.6 / 101.1 135.9 / 178.3 

  Water 67.1 - - 

R.m.s. deviations    

  Bond lengths (Å) 0.008 0.009 0.009 

  Bond angles (°) 0.958 1.054 1.275 
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Discussion 

The NadR protein is involved in different functions: NAD biosynthesis and 

transcriptional regulation. The NadR proteins from Haemophilus sp.  and most Gram-

negative bacteria, contain a DNA-binding domain at the N terminus, which is absent in 

the NadRLl protein. Absence of this domain in  L.lactis suggests that NadRLl is not 

involved in transcriptional regulation. Here we provide a biochemical study of NadRLl 

along with crystal structures. We found sigmoidal dependence on the concentration of 

ATP, both for the conversion of NR to NAD and for the conversion of NMN to NAD. 

Whereas the sigmoidal behavior could be explained for the reaction in which NR is 

converted into NAD, because two molecules of ATP are used, the sigmoidal behavior 

is not expected for the conversion of NMN. Possibly there is a regulatory site where 

ATP binds. The positive density observed between the two domains could be such a 

site.  

Along with the biochemical and kinetics data, we solved crystal structures of full length 

NadRLl protein in the presence of various substrates. The only available crystal structure 

of NadRHi contains bound NAD in both the domains. Here, we observe electron density 

for an NAD molecule at a different site, located between the two domains, whereas the 

predicted active sites are unoccupied. Although we cannot completely rule out  that the 

new binding site is an artefact of crystallization, another explanation is that this site is 

a sort of a transfer hub between two domains. After the RNK domain has performed 

phosphorylation of nicotinamide riboside to produce NMN, the latter has to be 

transported to the NMNAT domain, where the consequent conversion into NAD takes 

place. Such a depot site might be of use to temporarily keep an intermediate substrate 

to prevent its diffusion away from the protein.  The site may also have a function for 

allosteric regulation, which could explain the sigmoidal dependence of the conversion 

of NMN to NAD on the ATP concentration. 
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Abstract 
 

Membrane transporters play an important role in substrate transport across the lipid bilayer, 

with B-type vitamins forming an important class of substrates. Pnu (Pyridine Nucleotide 

Uptake)  transporters are specialized in B-type vitamin transport. PnuT is involved in thiamine 

(vitamin B1) transport, PnuX in riboflavin (Vitamin B2) transport and PnuC in nicotinamide 

riboside (vitamin B3) uptake. Pnu transporters consist of two homologous domains, each 

containing three transmembrane helices, which together surround the translocation pore. 

SemiPnu proteins have been recently reported, and consist only of three transmembrane 

helices, related to the domains of full Pnu transporters. They may be an evolutionary relict, and 

could form homodimers. Here, we focus on the biochemical characterization and 

crystallization of a SemiPnu protein from Gallionella capsiferriformans (GC). Although we 

were unable to determine a substrate that could be transported by this protein, and could not 

solve a crystal structure, we managed to determine the oligomeric state of the protein, which 

indeed is a homodimer. 
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Introduction 

 
 

The transport of small molecule substrates (such as vitamins, sugars and amino acids) into 

cells, and export of waste products, signalling molecules or components of extracellular 

matrices out of the cell, are essential properties of living organisms [1]. Membrane transporters 

play key roles in these cellular transport steps [1,2,3,4,5]. In prokaryotic and eukaryotic 

organisms, there are numerous different transporters present in the lipid bilayer [6,7,8]. In this 

chapter, I will focus on transporters found in bacteria that are responsible for uptake of B-type 

vitamins. In the past few years the structural and functional properties of transporters for B-

type vitamins have begun to emerge. Among them are Pnu (Pyridine Nucleotide Uptake) 

transporters. The Pnu name is a misnomer, and originates from the first member that was 

discovered over 30 years ago, as a potential transport system involved in uptake and utilization 

of pyridine nucleotides [9,10]. The Pnu family transporters are involved in uptake of vitamin 

B1 (Thiamine), vitamin B2 (riboflavin) and vitamin B3 (nicotinamide riboside (NR) [1,11,12]. 

The respective transporters are named as PnuT, PnuX and PnuC [1,11,12].  Pnu type 

transporters are present in various bacterial species, especially in actinomycetes, bacteroidetes, 

cyanobacteria, firmicutes, xanthomonadales and alteromonadales [1] and these proteins 

transport their vitamin substrates by a facilitative diffusion mechanism [12]. Transport is linked 

to metabolic trapping in the cytoplasm by phosphorylation [13,14]. For each vitamin, there are 

specific kinases present in the cytoplasm which regulate transport activity indirectly [14].  

 

Recently, a high-resolution crystal structure of the full length PnuC transporter (responsible for 

vitamin B3 transport) from Neisseria mucosa has been reported [2]. PnuC is a homotrimer  in 

which each protomer has a core of six transmembrane (TM) helices, which consists of two 

structurally related triple helix bundles (THB) [2].  This THB dimer is connected via an 

inversion linker helix (TM 4). TM4  is located peripherally to the six-TM core and brings the 

two three-helix bundles in parallel orientation in the membrane [1,2,15].  The pore along which 

substrate is transported is located in the center of the six-TM core [2,3,12]. In the crystal 

structure of PnuC, clear electron density representing a bound substrate molecule (nicotinamide 

riboside) was seen in center of the six-helix core of each protomer. Because substrate was not 

added during any step of purification or crystallization, this observation indicates that substrate 

was bound to the protein during the whole purification and crystallization procedure and points 

at high affinity binding [2]. The membrane topology of the PnuC protein is known as 3+1+3 
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membrane topology [2,3,5,]. When viewed from the top, the six TMs in the core have a 

sequential arrangement with TM2 positioned between TM1 and TM3, then peripheral TM 4, 

followed by a second THB, this time with TM6 positioned between TM5, TM7 [2,15].  

A similar overall domain organization has been reported in SWEET transporters. SWEET 

stands for Sugar Will Eventually Efflux Transporters, and these transporters are present in 

eukaryotes and responsible for sugar transport [3,12,16,17,18,19,20,21,22]. In both Pnu 

transporters and SWEETs, the N-terminus of TM1 is located on the extracellular side of the 

membrane while the C terminus is intracellular [2,15]. Despite the similar domain organization, 

the arrangement of the helices in the core differs between Pnu and SWEET transporters. In 

SWEETs the core helices are not arranged sequentially in structure, but TM3 is located 

between TM 1 and TM 2, and TM7 between TM5 and TM6. The differences in helical 

arrangement have been hypothesized to be a result of a 3D domain swap [15,16] that took place 

in the course of the divergent evolution of the proteins. This evolutionary hypothesis suggests 

that ancestors of the Pnu and SWEET proteins contained only 3 TMs, and would form dimers 

[1,11,15]. These proteins were named SemiSWEET and SemiPnu. SemiSWEET proteins are 

present in bacteria and responsible for sugar transport. These proteins have been structurally 

characterized, and form indeed dimers, with a helical arrangement similar to the full-length 

SWEETs (with TM3 located between TM 1 and TM 2). Sequences of SemiPnu proteins have 

also been found in databases [15], but no experimental data is available about these putative 

transporters.  In this chapter, we provide an initial biochemical study of SemiPnu proteins from 

different organisms. We conclude that SemiPnu proteins indeed form dimeric assemblies, but 

we were unable to determine substrate specificity and transport mode, nor were we able to 

solve a high-resolution structure. 

 

EXPERIMENTAL PROCEDURE 

 

Cloning 

The genes coding for SemiPnu proteins from Gallionella capsiferriformans (GC) Ralstonia 

metallidurans (RM), Desulfurobacterium thermolithotrophum (DT) and Pseudomonas putida 

(PP) were synthesized and purchased from Life technologies and delivered in a pMA-T vector 

(a vector without promoters and only used for cloning). All gene sequences were codon 

optimized for protein production in Escherichia coli. SemiPnu from Gallionella 

capsiferriformans  was subcloned via NcoI and Hind III restriction sites into a custom made 

p2BAD vector for protein expression[23].  
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Protein expression 

The expression plasmid was transformed into chemically competent E. coli MC1061 cells and 

the protein was produced as described for PnuC by Jaehme et al, with some modifications [2]. 

Briefly, cells were grown at 37°C, 200rpm to an OD600 of 0.07, after which cells were induced 

with 0.04% L-arabinose for another 3h at same temperature. After 3 hr of induction, cells were 

collected by centrifugation (20 min, 7,446g, 4°C), washed in wash buffer (50 mM Tris/HCl, 

pH 8.0) and suspended in the buffer A (50 mM Tris/HCl, pH 8.0, 150mM NaCl, and 10% 

glycerol). Cells were lysed by high-pressure disruption (Constant Cell Disruption System Ltd, 

UK, one passage at 25 kPsi at 5°C. After cell lysis 1 mM MgSO4, PMSF (phenylmethylsulfonyl 

fluoride) and 50–100 mg/ml DNase were added to the cells supernatants. Subsequently, the 

remaining cell debris was removed by low-speed centrifugation (20 min, 12,074g, 4°C). 

Membrane vesicles were collected by ultracentrifugation (150 min, 193,727g, 4°C) and 

suspended in buffer A to a final volume of 5 ml per 1 L of cell culture. The membrane vesicles 

were aliquoted, flash frozen in liquid nitrogen and stored at -80°C. The total protein 

concentration in the membrane vesicles was determined by Bradford Protein Assay (Bio-Rad). 

 

Protein Purification 

The SemiPnu protein from Gallionella capsiferriformans (SemiPnuGc) was purified by using 

the protocol described by Jaehme et al. with some small modifications [2]. Membrane vesicles 

were thawed rapidly and solubilised in buffer B (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 10 

mM imidazole, 1% (w/v) n-dodecyl-β-D-maltopyranoside (DDM, Anatrace)) for 1 h at 4°C, 

while gently rocking. After solubilization, the unsolubilized material was removed by 

centrifugation (30 min, 442,907g, 4°C). The supernatant was incubated for 45-60 minutes at 

4°C under gently rocking with Ni2+ - sepharose resin (column volume of 0.6 ml), which had 

been equilibrated with equilibration buffer (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 15 mM 

imidazole pH 8.0). Subsequently, the suspension was poured into a 10ml disposable column 

(Bio-Rad) and the flow through was collected. The column material was washed with 20 ml of 

buffer C (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 50 mM imidazole, 0.05% DDM). The 

protein was eluted in buffer D (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 500 mM imidazole 

pH 8.0, 0.05% DDM ) in three elution fractions with volumes of 350, 750 and 650 µl 

respectively. EDTA (final concentration 1 mM) was added to the elution fractions to remove 

co-eluted Ni2+ ions. Subsequently, the second elution fraction which contained most of the 

protein (as measured by absorption at 280 nm) was purified further by size-exclusion 

chromatography using a superdex 200, 10/300 gel filtration column (GE Healthcare), 
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equilibrated with buffer E (50 mM Tris/HCl, pH 8.0, 200 mM NaCl, 0.05% DDM). After size-

exclusion chromatography, the fractions containing the protein were combined and used 

directly for further experiments. 

 

Maximum likelihood phylogeny analysis 

The evolutionary history was inferred using the Neighbour-Joining method and Maximum 

Parsimony method [24, 25]. The percentage of replicate trees in which the associated taxa 

clustered together in the bootstrap test (1000 replicates) are shown next to the branches [24] 

The evolutionary distances were computed using the Poisson correction method [26]. 

Evolutionary analyses were conducted in MEGA7 [27]. Along with maximum likelihood 

analysis a 3D-model for SemiPnuGc was created by Phyre 2 server [28]. This server use the 

reported PnuC protein crystal structure (PDB: 4QTN) as a reference and generates a model for 

the SemiPnuGc  protein. 

 

Multiangle laser light scattering coupled to differential refractive-index and UV-

absorbance measurements 

The oligomeric state of SemiPnuGc protein in detergent solution was determined by size-

exclusion chromatography coupled to multiangle laser light scattering and differential 

refractive index measurement (SEC-MALLS). SEC-MALLS was performed as described 

previously [29,30,31] To determine the molecular weight of the protein, the extinction 

coefficient was calculated with the ExPASy ProtParam tool [32]. 

 

Size exclusion chromatography based protein substrate interaction study 

The Ni-affinity protein purification was done in same way as described above in the protein 

purification section. The protein was first purified by Ni2+ - sepharose chromatography and 

then the sample was divided into aliquots of equal volume. Each aliquot was mixed with a 

different vitamin substrate. The vitamins were dissolved in the SEC buffer and after mixing 

with the protein, the final concentration was 10 µM. An equal volume of buffer was added in 

control sample, and all samples were incubated for 15 minutes on ice. After incubation, the 

protein was purified further by SEC. 

 

Isothermal titration calorimetry (ITC) measurements for substrate binding 

ITC measurements were conducted with an ITC200 calorimeter (MicroCal) at 25°C. All the 

substrates were dissolved in the same buffer as used for protein purification. In the syringe, the 
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final substrate concentrations were between 0.1mM and 5mM. The ligand solution was added 

stepwise into the temperature equilibrated ITC cell filled with 300µl of protein in same buffer 

and at concentrations between  10-50µM. The first ITC binding experiments started with 

0.1mM of substrate concentration in syringe and with 10µM protein concentration in the cell. 

Depending on previous ITC binding experiment results, this substrate and protein 

concentration was increased. When no binding was seen in the previous experiment, then the 

substrate concentration was increased to 5 mM in the syringe and the protein concentration to 

50µM in the cell. All these experiments were repeated twice or three times. The control 

measurements include titration of each substrate in to buffer, and also titration of just buffer in 

to protein solution. Data was analysed with the ORIGIN-based software (MicroCal). The best 

fitting curve obtained after measurements used to determine the kinetics parameters 

(dissociation constant Kd  value, stoichiometry ratio (n)). The dissociation constant (Kd) is 

defined as 1/KA,.  

 

Protein Crystallization Screening 

The initial protein crystallization trials were done with the commercial screens: MCSG -1, 

MCSG-2, MCSG-3, MCSG-4 screen (Microlytic, Burlington, Massachusetts, USA) and 

Memgold-1, Memgold-2, Morpheus-1, Morpheus-2, Mem Meso, Mem Sys, Mem Start, Midas, 

Structure-1, Structure-2 and shotgun screens (Molecular Dimensions, UK) using  the Mosquito 

crystallization robot (TPP LabTech, UK). With all these commercial screen the protein 

crystallization set up was done with sitting drop MRC 2 plates, using multiple drop ratios (1:1 

0.5:1 and 1:1.25 protein : precipitant). For SemiPnuGc  protein  crystallization setup, different 

concentration of purified protein (purified in OG detergent) was used: 3.5mg/ml, 5mg/ml, 

10mg/ml and 12mg/ml. A similar screening setup was done when SemiPnuGc was purified in 

detergents NG and DM. With SemiPnuGc, the initial set up with all these commercial screens 

were done at  4°C and 10°C. Later with similar condition in all three respective detergents,  the 

crystallization set up  was also done at a higher temperature of 16°C. Finally, protein 

crystallization was also done with a LCP (lipidic cubic phase) set up using monoolein as lipid  

as described by Caffrey M [33,34,35,36]. For LCP, SemiPnuGc was purified in the detergent 

DDM, and the final protein concentrations used were 10mg/ml and 15mg/ml. The 

crystallization set up was done using a Gryphon robot and crystallization screening plates were 

incubated at room temperature (25°C) and 16°C.  

 

 



 109 

Results 

Protein sequence alignment and homology modeling: 

Five SemiPnu protein sequences were previously reported [15]. To search for additional 

SemiPnu sequences in the uniprot database (www.uniprot.org) we used the NCBI (national 

center for biotechnology information) protein BLAST server. We used the SemiPnuGc  protein 

from the organism Gallionella capsiferriformans,  which is 77 amino acids long, for  the 

BLAST analysis. A multiple sequence alignment of the identified homologues is shown in 

Figure 1. The length of the identified proteins was checked and sequences were selected that 

had a length between 72 to 120 amino acid residues, which is at most half the length of full 

Pnu proteins (for instance, PnuCNm is 238 aa in length, and PnuT (Chapter 2 in this thesis) is  

235 aa). The protein sequences were also analyzed by software that predicts the location of 

membrane helices, and the membrane topology (http://octopus.cbr.su.se/)  

(http://www.cbs.dtu.dk/services/TMHMM/). Like the previously reported five different 

SemiPnu proteins (including SemiPnuGc ) all the homologous proteins shown in Figure 1,  have 

three predicted  transmembrane helices (3-TMs) [15]. The membrane topology of SemiPnuGc 

with three transmembrane helices was predicted by two different servers as shown in Figure 2.  
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Figure 1.  Multiple sequence alignment of SemiPnu proteins from various organisms with their uniport identifier indicated. The consensus 

sequence is shown below the alignment. The multiple sequence alignment was made using the EMBL-Clustal W server, and sequences were 

displayed with the MView program. The strains marked with three asterisks (in yellow) were used for experimental study (as described in this 

chapter)  
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Figure 2. The membrane topology was predicted by using Octopus and TMHMM software for 

the SemiPnuGc  protein.  The software predicted three membrane helices (red bars) for the 

SemiPnuGc monomer.. Connecting loops located extra- and intracellularly and depicted in 

magenta and blue, respectively. 

The N-terminus is predicted to be located on the extracellular side and the C-terminus in the 

cytoplasm. With the identified SemiPnu protein sequences, a maximum likelihood distance 

tree was constructed (Figure 3). The reference protein sequence of Gallionella 

capsiferriformans is closest neighbor with the sequence from Gallionellales RIFOXYB12. The 

proteins from these two species are the closest neighbor of SemiPnu sequences form 

Gallionellales GWA2 and Gallionellaceae CG1. Their next closest neighbor is the 

Hydrogenophilales CG18 protein, which indicates that they shared a common ancestor before 

bifurcating and evolving their different protein sequences. It can be inferred from the tree that 

the group of SemiPnu sequences from these 5 species exhibit similarity with a group of proteins 

from four species of bacteria called Thiobacillus spp, Azospira spp, Thiotrichales spp and 

Hydrogenophilales spp. and a ground water metagenome. These two groups were bifurcated 

and separately evolved in to two directions. The presence of homologues of the reference 

protein sequence in many species of bacteria indicates its possible widespread physiological 

role.  
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Figure 3. The evolutionary history of SemiPnus was inferred by using the Maximum 

Likelihood method. The analysis involved 121 protein sequences as mentioned in Figure 1.  All 

positions containing gaps and missing data were eliminated. The evolutionary phylogenetic 

tree analysis was conducted in MEGA7 software. The indicated star represents the strain which 

was used in this study. 

 

 

We compared the sequences of the two structurally related parts of PnuC (TM 1-3 & TM 5-7) 

with the SemiPnuGc  amino acid sequence (TM 1-3) (Figure 4). All though there is very little 

sequence conservation, we found two tryptophans (shown in green) conserved between TM-3 

of the first repeat of PnuC and TM-3 of SemiPnuGc  and between TM-6 of the second repeat 

and TM-2 of SemiPnuGc. To get more structural information on SemiPnuGc we made a 

structural homology model based on the crystal structure of PnuC protein. The model shows 

that SemiPnuGc forms a homodimer of two triple helix bundles as shown in Figure 5.   
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                                       Helix - 1 (PnuCNm)                          Helix - 2 (PnuCNm)                                      Helix – 3(PnuCNm) 

                                       Helix - 1 (SemiPnuGc)                     Helix - 2 (SemiPnuGc)                                  Helix - 3 (SemiPnuGc)   

 

PnuCNm        WLASVAAVTGILCVVFVG-KGKISNYLFGLISVSLYAYVSTFKLY---GEMMLNLLVYVPVQFVGFAMWRKHM 

SemiPnuGc      LVEWIGCATGLCGAALLALNNRYSGWGFVLFLLSNVAWIY-FGLLTHATGMVVMQIGFTATSLMGVWRWMIVT 
 

 

 

PnuCNm         PTLDGVTVVVSIVAQVLMILRYREQWALWIVVNILTISLWAVAWFKNGETSLPLLLMYVMYLCNSVYGYINWTKLVKRH 

SemiPnuGc      LVEWIGCATGLCGAALLALNNRYSGWGFVLFLLSNVAWIY-FGLLTHATGMVVMQIGFTATSLMGVWRWMIVTR— 
      

                                      Helix - 5 (PnuCNm)                          Helix - 6 (PnuCNm)                                      Helix – 7(PnuCNm) 

                                      Helix - 1 (SemiPnuGc)                     Helix - 2 (SemiPnuGc)                                  Helix - 3 (SemiPnuGc)   

  

 

Figure 4.  Sequence alignment of PnuCNm (Neisseria mucosa) and SemiPnuGc (Gallionella capsiferriformans ) proteins. (a) Sequence alignment 

of TM1–3 and TM 5–7 of PnuCNm  with predicted TM 1-3 of SemiPnuGc. Conserved residues in the substrate binding site from PnuCNm protein 

(green and yellow) were compared with the SemiPnuGc protein sequence. Only the two tryptophans indicated in green are conserved.  The sequence 

alignment was done by AlignMe software [38,39] 
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Figure 5. Structural homology model of SemiPnuGc protein from Gallionella Capsiferriforms 

ES-2 generated by Phyre 2 software based on the PnuC crystal structure as reference (PDB 

4QTN) (a) Top view from periplasmic side of the membrane. SemiPnuGc dimer with 

transmembrane helices marked TM-1, TM-2, TM-3 for each monomer (b) Side view from 

membrane plane (c) Top sliced view through the centre of membrane.  

 

 

 

 

 

 

 

 

 

The SemiSWEETs are similar in size as the SemiPnu proteins, and contain around 100 amino 

acids. SemiSWEETs also contain three transmembrane helix and form homodimers. When we 

compare the protein homology model of SemiPnuGc to the Vibrio sp SemiSWEET crystal 

structure (PDB: 4QTN) the TMs arrangements are different. In the SemiPnuGc model the TMs 

are spatially arranged in a sequential way (TM 1 adjacent to TM 2, which in turn is next to TM 

3  for each monomer),  whereas in case of all  reported SemiSWEET structures the TMs are 

arranged in the order TM1-TM3-TM2.  The connecting loop between TM 1 and TM 2 is longer 

in SemiSWEETs because it has to cover a longer distance to pass by TM 3 as shown in Figure 

6ab. The structure of Vibrio sp SemiSWEET was also compared with the crystal structure of 

full length PnuCNm protein and similar differences are in loop connection and TM arrangements 

were found (Figure 6cd). 
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Figure 6. Structural comparison of (Semi)SWEET and PnuC proteins. (a) Ribbon representation of the SemiSWEET protein dimer ((PDB: 4QNC) 

viewed from the cytoplasmic side of the membrane. The three TMs of one monomer are indicated as TM1, TM3 and TM2. (b) Topology of the 

SemiSWEET monomer (three-helix bundle). The loop connecting TM1 and TM 2 is longer than in Pnu proteins, and makes it possible for TM 3 

to be arranged in between TM1 and TM2. (c) Ribbon representation of PnuC (PDB: 4QTN), viewed from the cytoplasmic side of the membrane. 

The transmembrane helices in the two THBs are marked as TM1, TM2, TM3 and TM5, TM6 and TM7. (d) PnuC adopts a 3+1+3 transmembrane 

topology. The three-helix bundles are indicated in rectangles (TM1, TM2, TM3 are in one box and TM5, TM6 and TM7 are the next box).(e) 

Ribbon representation of full length SWEET protein (PDB: 5CTG) viewed from the cytoplasm. The different TMs are indicated as TM1, TM 3 

TM2, TM 4  and  TM 5, TM7 and TM 6. (f) The topology of full the length SWEET protein ( three-helix bundles in rectangles). 
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Oligomeric conformation study of Semi Pnu protein in detergent solution 

SemiPnuGc  from the organism Gallionella capsiferriformans was used for  determination of 

the oligomeric structure in detergent solution. The protein is 77 amino acid residues in length 

with a predicted MW 9.4 kDa. The protein was produced in E. coli, solubilized from 

membranes using the detergent DDM and purified by Ni2+ affinity and Size exclusion 

chromatography as shown in Figure 7a.  The purity of the protein preparation was assessed by 

SDS polyacryamide gel electrophoresis (Figure 7b). The peak fraction from the elution of the 

size exclusion column (indicated in Figure 7b,) was taken for further analysis by SEC-MALLS 

for oligomeric structure determination. Figure 7c shows the elution profile of the size exclusion 

chromatography analysis of this fraction using the light scattering at an angle of 90 degrees as 

detected signal. There is a main peak eluting at ~12.5 ml and a shoulder around ~11.0 ml. The 

shoulder is characteristic for this type of analysis of membrane proteins, and contains excess 

detergent micelles without protein[29,30]. The main peak contained the protein fraction, and 

was used for calculation of the Molar mass. The molecular mass obtained by SEC-MALLS 

was 18 kDa (Figure 7c).  Since the molar mass calculated from the protein sequence 

corresponds to 9.44 kDa the SEC-MALLS results shows that the SemiPnu protein is a dimer 

in detergent solution. The dimeric structure is likely important to make a translocation pore 

(also shown in Figure 5a and 5b), similar to what was observed in the SemiSWEET proteins. 
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7c   

   

 
 

Figure 7.  Size exclusion profile of SemiPnuGc with loaded SDS polyacrylamide gel for 

respective fractions, and SEC-MALLS study in detergent solution. (a) SEC profile for 

SemiPnuGc protein. (b) SDS gel of SEC-purified SemiPnuGc protein (fractions 10,11,12 

loaded). (c) SEC-MALLS study of purified protein (fraction number 11) in detergent solution. 
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Substrate binding measurements by ITC 

We reasoned that the substrate(s) of SemiPnu proteins may be the same as those of full Pnu 

proteins. Therefore, we tested the binding of B-type vitamins to the SemiPnuGc protein from 

Gallionella capsiferriformans using isothermal titration calorimetry (ITC). ITC is a suitable 

technique for determining the dissociation constants (Kd) in nanomolar to micromolar range 

and it has been successfully used for detecting binding of small molecules or specific ligands 

to membrane protein, such as binding of nicotinamide riboside (vitamin B3), riboflavin 

(vitamin B2), and thiamine (vitamin B1) to PnuC, PnuX and PnuT, respectively [2,12]. We 

tested thiamine (vitamin B1) as substrate, and used a range of substrate and protein 

concentrations during the experiment to allow for detection of binding, but we could not get 

any signal indicating specific thiamine binding (Fig 8a). Similarly, we tested nicotinamide 

riboside (vitamin B3) as substrate but results were same, there was no binding for nicotinamide 

riboside (Fig 8b). We then tested other vitamins including riboflavin (B2), pyridoxin, biotin 

and niacin. But again, we could not measure any binding as shown in Figures 8c-f. For each 

substrate, ITC binding experiments were performed using multiple concentrations of substrate, 

but in none of the tested conditions we could observe any binding. These results indicate that 

either the SemiPnuGc  protein binds vitamin substrates with very low affinity, which could not 

be detected by the ITC method, or that the binding site is occupied by tightly bound and co-

purified ligand, or that the substrate is different than the tested vitamins. In the latter case 

identification of the substrate may be as difficult as finding a needle in a haystack.  

Because all ITC measurements with SemiPnuGc protein gave negative results, we also tested 

full-length PnuC proteins for substrate binding as positive controls. PnuC from Nesisseria 

mucosa has been shown by ITC to bind NR as substrate, which was also consistent with the 

substrate density seen in the high resolution crystal structure [2].  We now also tested NR 

binding to PnuC proteins from L.lactis and H.influenzae and found that both proteins bind NR 

with affinity in the micromolar range (KD values of 12.6µM and 8.2µM for the PnuC proteins 

from L.lactis  and H.influenzae respectively as shown in Figure 9a and 9d). The related 

substrates NMN (phosphorylated form of NR) and nicotinamide, did not bind to these two 

PnuC proteins (Figure 9bcef), showing a narrow substrate specificity, similar to what was 

observed for Neisseria mucosa PnuC. 
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Figure 8: ITC measurements to detect substrate binding to the SemiPnuGc protein. panels a-f represent ITC profiles for different vitamin 

substrate, respectively thiamine (vitaminB1), nicotinamide riboside (vitamin B3), riboflavin (vitaminB2), folate(vitamin B9), biotin(vitamin B7) 

and niacin(vitamin B3). 
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Figure 9: ITC measurements to detect substrate binding to full length PnuC proteins. Panels a-c represent experiments for L.lactis PnuC with 

NR, NMN and nicotinamide respectively and  panels d-f represent ITC traces for H.influenzae  PnuC with NR, NMN and nicotinamide, 

respectively.
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Substrate identification by SEC profile 

As an alternative to ITC we also tested another method for substrate identification: co-

purification of tightly bound substrates during Size exclusion chromatography. We prepared 

vitamins solution and mixed them with the SemiPnuGc protein after affinity purification on the 

Ni-sepharose column. The mixture was then loaded onto the SEC column. Some vitamins (for 

instance riboflavin and folate) absorb at 410nm allowing bound substrates that co-elute with 

the protein to be detected. In this way, we hoped to find some indication about the substrates 

of the SemiPnu transporter. The elution volume from the gelfiltration column might also give 

an indication of a change in protein conformation upon substrate binding to the protein.  

We tested thiamine (vitamin B1), NR (vitamin B3), folate (vitamin B9), riboflavin (vitamin 

B2), and niacin (vitamin B3) for co-elution or protein peak shift during SEC purification. 

SemiPnuGc was purified, equally distributed in several fractions, and mixed with potential 

substrates (10 µM final vitamin concentration). The samples were incubated for 15 minutes on 

ice and then loaded one-by-one on the SEC column.  The chromatograms did not show any 

peaks with absorbance at 410 nm co-eluting with the protein peak. There were also no changes 

in elution volume of the protein peak measured at 280 nm in the presence or absence of the 

tested compounds as shown in Figure 10.  
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Figure 10. Substrate identification by SEC profile analysis. Chart, a-f show  SEC purification 

profiles of SemiPnuGc incubated with control (no vitamin mixed) thiamine, NR, folate, 

riboflavin, and niacin respectively. 

 

 

Protein Crystallization screening 

Finally, we attempted to crystallize SemiPnuGc. Since the full-length PnuC protein was 

crystallized with the tightly bound substrate NR, even though the compound was not added 

during any stage of protein purification or protein crystallization [2], we reckoned that a crystal 

structure might also provide information on the substrate of SemiPnuGc.. 

SemiPnuGc was purified successfully the different detergents shown in Table 1. For 

crystallization trials of SemiPnuGc we used the detergents NG, OG and DM in buffers of several 

different compositions indicated in Table 2. DDM was not used in these trials, as DDM is 

unlikely to be a suitable detergent for crystallization of small proteins [37].  For screening of 

crystallization conditions, protein concentrations between 3.5 and 12 mg/ml were used, and 

incubations at three different temperatures were tried (4°C , 10°C and 16°C). Despite extensive 
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attempts, we did not find any protein crystals using the commercial screens available in lab (in 

total 15 screens of 96 conditions each, see methods).  

The SemiSWEET proteins, which are also small hydrophobic of around 100 amino acid in size 

[3,4,15,16], were all crystallized by the LCP (lipidic cubic phase) method, so we also tried this 

method for the SemiPnuGc protein. The conditions used for LCP crystallization of SemiPnuGc 

are shown in Table 3. Again, we did not observe any crystal formation.  

As no crystallization hits were obtained in any of the tested conditions, it seems that SemiPnuGc 

is recalcitrant towards crystallization.  We therefore initiated the expression and purification of 

related SemiPnu proteins from  Ralstonia metallidurans (RM), Desulfurobacterium 

thermolithotrophum (DT) and Pseudomonas putida (PP). However, none of these were stable 

in detergent solution, as indicated by aggregation during size exclusion chromatography. 

 

 

 

 

 

Table 1. Detergents used for protein purification:  

 

 Detergent used for protein 

purification 

CMC 

(Critical micelle 
concentration)* 

Protein stability 

(Based on SEC 
purification) 

Used for 

crystallization 

1 DDM (n-Dodecyl- β -D-

maltopyranoside 

 

0.0087% Stable Yes (only in 

LCP) 

2 DM (n-Decyl- β -D- 

maltopyranoside 

0.087% Stable Yes 

3 NG (n-Nonyl- β -D-

glucopyranoside 

0.20% Stable Yes 

4 OG (n-Octyl- β -D-

glucopyranoside 

0.053% Stable Yes 

5 Cymal-5 0.12% Unstable No 

6 Cymal-6 0.28% Unstable No 

7 LDAO (Lauryldimethylamine-

N-oxide) 

0.023% Unstable No 

8 LMNG ( Lauryl maltose 

neopentyl glycol 

0.001 % Unstable No 

9 UDM (n-Undecyle- β -D-

maltopyranoside 

0.029% Unstable No 

• CMC information was mentioned as reported by Stetsenko A et al. [40] 
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Table 2. Protein crystallization set up condition with different combinations of detergents and 

buffers. 

 
 Detergent (final %) used 

for protein purification 

Purification condition (used for crystallization set up) 

1 DM (0.15%) 50mM-Tris/HCl, pH 8.0,  

150mM-NaCl  

50mM-Tris/HCl, pH 7.0  

150mM-NaCl 

2 DM (0.15%) 50mM-Hepes,  
pH 7.5  

150mM-NaCl  

50mM-Hepes, 
 pH 7.0 

150mM NaCl  

3 NG (0.4%) 50mM-Tris/HCl, pH 8.0 

150mM-NaCl 

50mM-Tris/HCl,  

pH 7.0  
150mM-NaCl  

4 NG (0.4%) 50mM-Hepes, 

 pH 7.5 
150mM-NaCl  

50mM-Hepes,  

pH 7.0  
150mM-NaCl  

5 NG (0.4%) 50mM-Mes, 

 pH 6.5 

150mM-NaCl  

50mM-Mes, 

 pH 6.0 

150mM-NaCl  

6 NG (0.4%) 50mM-Na-citrate,  

pH 6.0 

150mM-NaCl  

50mM-Na-citrate,  

pH 5.0 

150mM-NaCl 

7 OG (1%) 50mM-Tris/HCl, pH 8.0,  
150mM-NaCl 

50mM-Tris/HCl,  pH 7.0  
150mM-NaCl 

8 OG (1%) 50mM-Hepes,  

pH 7.5  
150mM-NaCl 

50mM-Hepes, 

 pH 7.0 
150mM NaCl 

9 OG (1%) 50mM-Mes, 

 pH 6.5 
150mM-NaCl 

50mM-Mes, 

 pH 6.0 
150mM-NaCl 

10 OG (1%) 50mM-Na-citrate,  

pH 6.0 

150mM-NaCl 

50mM-Na-citrate, pH 5.0 

150mM-NaCl 

 

 

 

Table 3. LCP protein crystallization conditions. 

 

 Detergent (final %) used for 

protein purification 

Purification condition (used for LCP crystallization set up) 

1 DDM (0.05%) 50mM-Tris/HCl,  
pH 8.0  

150mM-NaCl  

50mM-Tris/HCl, 
 pH 7.0  

150mM-NaCl 

2 DDM (0.05%) 50mM-Hepes, 
 pH 7.5  

NaCl 150mM 

50mM-Hepes, 
 pH 7.0  

150mM-NaCl 

3 DDM (0.05%) 50mM-Mes,  

pH 6.5 
150mM-NaCl  

50mM-Mes, 

 pH 6.0 
150mM-NaCl 
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Discussion 

Recent crystal structures have provided detailed information about the architecture of Pnu, 

SWEET and SemiSWEET proteins, substrate specificity and evolution [2]. The full length 

SWEET and Pnu transporters share a domain structure, in which two homologous bundles of 

three transmembrane helices (TMs) are connected via an additional TM, giving rise to a 3+1+3 

membrane topology. The two bundles of 3TMs form a pseudo symmetrical hexa-helical core. 

Surprisingly, the connectivity between the helices in the SWEET proteins is different from that 

of Pnu transporters. It is likely that the proteins arose via gene duplication of an ancestral gene 

coding for a 3TM bundle, which formed a 6TM homodimer. These 3TM proteins diverged into 

two branches, in which a 3D domain swap took place, leading to different connectivity between 

the helices. Finally, insertion of the linker TM (TM4) and gene fusion took place both in the 

SWEET branch and in the Pnu branch.  

3TM versions of the SWEET proteins (SemiSWEETs) are still found in nowadays organisms, 

and these proteins are well characterized. They form homodimeric assemblies with the SWEET 

connectivity.  Based on genome sequence analysis, we have also identified 3TM versions of 

the Pnu branch: SemiPnu proteins. Multiple Sequence alignment shows that these proteins do 

not have the so-called PQ-motif, which is conserved in the SemiSWEET and SWEET proteins, 

but which is absent from the Pnu transporter family. The SemiPnu proteins were shown to be 

homodimers, and the connectivity between the TMs is predicted to be identical to the full length 

Pnu transporters. SemiPnu proteins are predicted to be transporters, possibly for vitamins, as 

for the full Pnu transporters. We tried to determine substrate specificity for SemiPnuGc,  but we 

could not detect binding of any vitamin. We tested nicotinamide riboside, thiamine, riboflavin, 

niacin, folate, and biotin as possible substrates for the SemiPnuGc protein.  

Along with the SemiPnuGc protein we have also investigated the substrate specificity of the full 

length PnuC protein from two different organisms (L.lactis and H.influenzae) (Figure 9). PnuC 

binds only NR, not NMN or nicotinamide, showing that it has narrow substrate specificity. 

 

 

 

 

 

 

 



 138 

In conclusion, we investigated the oligomeric conformation for the SemiPnu protein from 

Gallionella capsiferriformans in detergent solution and found it is a homodimer, which 

correlated with reported oligomeric state of SemiSWEET proteins. The dimeric state suggests 

that the SemiPnuGc protein could use a similar transport mechanism in which they might form 

a pore in membrane along the symmetry axis of the dimer to transport the substrate across the 

membrane. More detailed structural and functional insight for these transporters will help to 

understand mechanism, types of transported substrate and could open new possibilities for 

future use. 
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Abstract 
 
SecA is an ATP-dependent molecular motor pumping secretory and outer membrane proteins 

across the cytoplasmic membrane in bacteria. SecA associates with the protein-conducting 

channel, the heterotrimeric SecYEG complex, in a so-called posttranslational manner. A recent 

study further showed binding of a monomeric state of SecA to the ribosome. However, the true 

oligomeric state of SecA remains controversial because SecA can also form functional dimers, 

and high-resolution crystal structures exist for both the monomer and the dimer. Here we 

present the cryo-electron microscopy structures of Escherichia coli SecA bound to the 

ribosome. We show that not only a monomeric SecA binds to the ribosome but also that two 

copies of SecA can be observed that form an elongated dimer. Two copies of SecA completely 

surround the tunnel exit, providing a unique environment to the nascent polypeptides emerging 

from the ribosome. We identified the N-terminal helix of SecA required for a stable association 

with the ribosome. The structures indicate a possible function of the dimeric form of SecA at 

the ribosome. 

 

This chapter has been published in:  J Biol Chem. (2014) 289,7190-9 
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Introduction 

Protein translocation across the cytoplasmic membrane and insertion into the membrane are 

mediated by a universally conserved membrane-bound heterotrimeric Sec translocase, the 

protein conducting channel. Sec translocase in bacteria is called the SecYEG complex, in 

which subunit Y forms a translocation channel [1,2,3]. The SecYEG complex can be directly 

associated with the translating ribosome in a cotranslational manner or with SecA in a 

posttranslational manner [1,2]. SecA is an essential cytoplasmic protein in bacteria that, 

together with another partner, SecB, which is not essential, targets preproteins to the SecYEG 

translocon [4]. The majority of substrates for SecA-dependent protein translocation are 

secretory periplasmic and outer membrane proteins with less pronounced hydrophobic signal 

sequences than the signal recognition particle (SRP)-dependent2 substrates [1,2]. SecA is a 

multidomain protein consisting of two nucleotide-binding domains (NBD1 and NBD2), two 

helical scaffold domains (HSD-I and HSD-II), a polypeptide cross-linking domain (PPXD), 

and a helical wing domain. ATP binds at the interface of NBD1 and NBD2 (1). Crystal 

structures of SecA from different species vary in the position of the PPXD relative to the helical 

wing domain. The PPXD is either packed against the helical wing domain [5,6,7] or shifted 

away from it toward NBD2 [8,9]. The cleft between the PPXD and NBD2 is referred to as the 

clamp, and, depending on the position of the PPXD, it can be in an open [5], partially open [8], 

or closed form [10]. The PPXD has been proposed to interact with preproteins [11,12,13,14]. 

Purified SecA exists in an equilibrium between a monomeric and dimeric form with an 

estimated dissociation constant, Kd, of 1 nM, as determined with the fluorescence cross-

correlation spectroscopy method [15]. Artificially covalently linked dimeric SecA is functional 

in protein translocation [3,16,17,18,19,20]. Dimeric SecA dissociates into monomers in the 

presence of anionic phospholipids [21,22], and signal peptides have been shown to either 

dissociate the dimeric form [22,23] or promote oligomerization [21]. Several in vitro 

translocation studies have also indicated that SecA functions as a dimer [16,19,24]. Attempts 

to generate a stable monomer by truncation and sitespecific mutagenesis were not successful 

because they resulted in severe loss of SecA activity, further supporting the view that the 

dimeric form is functional [22,25,26]. Although it is accepted that SecA is dimeric in the 

cytosol and that high resolution structures exist for both the monomer and the dimer 

[5,6,7,8,9,10], the inability to define the exact role for the second copy in the dimer strongly 
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favors the view that the monomeric form is functional. However, despite major research, the 

true oligomeric state of SecA remains highly controversial [18]. This is further complicated by 

the different models suggesting association of both the monomeric and dimeric forms of SecA 

to the SecYEG translocon [27,28,29,30], although the structure of the SecA-SecYEG complex 

suggests a 1:1 interaction [10]. The structure of the SecA-SecYEG complex was a major 

achievement, but it failed to explain the observed interactions between SecA and SecYEG 

during translocation [10,31,32,33]. SecA alone has also been suggested to promote protein 

translocation independently of SecYEG [34,35,36]. SecA has been shown to interact with 

translating ribosomes [37] and, recently, Huber et al. [38] suggested that the monomeric form 

of SecA binds to the ribosomes through L23 protein on the polypeptide tunnel exit. Here in 

this chapter, we determined the cryo-electron microscopy structures (cryo-EM) of both the 

single and double copies of SecA bound to the 70S ribosome at 10.3 Å and 8.8 Å resolution, 

respectively. We identified two SecA-binding sites at the tunnel exit of the ribosome that 

display different affinities for the two SecA molecules. We found that the N-terminal helix of 

SecA is required for stable association with the ribosome. 

 

EXPERIMENTAL PROCEDURE 

Purification of E.coli 70S Ribosomes 

Ribosomes were purified using a standard sucrose gradient preparation [39]. In brief, 2 liters 

of Escherichia coli cells were grown to 0.8, A600 in LB medium at 37 °C in an incubator shaker. 

Cells were harvested and lysed in lysis buffer (40 mM Hepes (pH 7.6), 500 mM potassium 

acetate, 25 mM magnesium acetate, 2 mM 2-mercaptoethanol, 0.1% protease inhibitor pill/ml, 

and 250 mM sucrose) using a cell disruptor. The cleared lysate was applied to a sucrose cushion 

(750 mM sucrose in lysis buffer), and ribosomes were pelleted by ultracentrifugation in a 

Beckmann TLA 100.4 rotor at 42,000 rpm for 2 h 30 min (4 °C). The ribosome pellet was 

dissolved in lysis buffer. Crude ribosomes were further purified using a 10 ml 10– 40% sucrose 

gradient in lysis buffer. Gradients were centrifuged in a Beckmann SW40-Ti rotor at 30,000 

rpm for 4 h (4 °C), and 0.5 ml fractions were collected using a gradient station (BioComp 

Instruments, Canada). 70S fractions were pooled and concentrated by ultracentrifugation. The 

final pellet of 70S ribosome was dissolved in ribosome buffer (40 mM Hepes (pH 7.6), 50 mM 

potassium acetate, 25 mM magnesium acetate, 5 mM DTT, 0.1% protease inhibitor pill/ml, 0.1 

units/ml RNAsin, and 125 mM sucrose).  
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Purification of full length SecA protein 

An N-terminally His-tagged E. coli construct was obtained from “the National BioResource 

Project, National Institute of Genetics, Japan: E. coli” [40]. SecA was overexpressed in E. coli 

BL21 (DE3) cells and purified using a standard nickel affinity purification method. Briefly, 6 

liters of bacterial culture was induced with 1 mM isopropyl 1-thio--Dgalactopyranoside and 

grown for 4 h at 37 °C. The cleared lysate in SecA buffer (50 mM Hepes (pH 7.6), 300 mM 

NaCl, 0.1% protease inhibitor pill/ml, and 10 mM imidazole) was applied to a nickel-

nitrilotriacetic acid resin, and bound proteins were eluted with 250 mM imidazole in SecA 

buffer. Imidazole was removed by dialysis overnight against SecA binding buffer (50 mM 

Hepes (pH 7.6), 100 mM potassium acetate, 5 mM magnesium acetate, and 0.1% protease 

inhibitor pill/ml) at 4 °C. Purified SecA was concentrated to 2.6 mg/ml and stored at 20 °C. 

SecA residues 2–38 were removed in the ΔN38 SecA construct using full-length SecA as a 

template in the PCR with the following primers:  

DelN-SecA, ATCTTTATTTTCAGGGCGCCATGTCCGACGAAGAACTGAAAGGG 

(forward) and GTGCGGCCGCAAGCTTGTCGACTTATTGCAGGCGGCCAT GGC 

(reverse). The purified PCR product was cloned in a pBADM11 vector (EMBL Heidelberg) 

containing an N-terminal His tag using ligation-independent cloning. ΔN38 SecA was 

transformed into BL21 (DE3) cells. 6 liters of bacterial culture was induced with 0.05% 

arabinose and grown overnight at 20 °C in an incubator shaker. His-tagged ΔN38 SecA protein 

was purified using the same procedure as for full-length SecA. Fulllength SecA cDNA was 

cloned in a pLATE51 vector (Thermo Scientific) with an enterokinase site in between the His 

tag and SecA. Briefly, full-length SecA was amplified with lic-seca- 

EK (GGTGATGATGATGACAAGATGCTAATCAAATTGTTAACTAAAGTTTTCG, 

forward) and lic-seca (GGAGATGGGAAGTCATTATTGCAGGCGGCCATGGCAT, 

reverse) primers using full-length SecA as a template in the PCR. The purified PCR product 

was cloned into the pLATE51 vector using ligation-independent cloning. The His-tagged 

protein with the enterokinase site was purified as above. After purification, the His tag was 

cleaved off with enterokinase (New England Biolabs) according to the manual of the supplier. 

Lysine residues at positions 625 and 633 in full-length wild-type SecA (wtSecApLate51) were 

substituted by alanine using site-directed mutagenesis (New England Biolab) with the 

following primers:  

SecAK625A, ATTGAACACCCGTGGGTGACTGCAGCGATTGCCAACGCCCAGCGT 

(fw) and ACGCTGGGCGTTGGCAATCGCTGCAGTCACCCACGGGTGTTCAAT (Rv);  
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SecAK633A, GCGATTGCCAACGCCCAGCGTGCAGTTGAAAGCCGTAACTTCGAC 

(Fw) and GTCGAAGTTACGGCTTTCAACTGCACGCTGGGCGTTGGCAATCGC (Rv).  

Ribosomal Co-sedimentation Assay 

Purified 70S ribosomes were incubated with the indicated amount of SecA in ribosome buffer 

at room temperature for 10 min. Reactions were layered on top of a 200 l sucrose cushion (750 

mM sucrose in ribosome buffer). Ribosomes were pelleted in a Beckmann TLA 100 rotor at 

45,000 rpm for 2 h 45 min (4 °C). Pelleted ribosomes were analyzed by SDS-PAGE and 

Coomassie staining. Gels were scanned and quantified using an Odyssey imaging system 

(LiCOR Biosciences GmbH, Germany). 

 In Vitro Reconstitution of SecA Ribosome Complexes 

Purified E. coli 70S ribosomes were reconstituted in vitro with purified His-tagged SecA. 

Briefly, 0.3 M 70S ribosomes were incubated with 5.5 M SecA in ribosome buffer and 

incubated at room temperature for 10 min. Reconstituted samples were immediately applied to 

grids 

Electron Microscopy, Image Processing, and Modeling 

 
As described previously [41], 3.5 l of reconstituted samples were applied to 2-nm carbon-

coated holey grids (Jena Biosciences). Grids were frozen in liquid ethane using a Vitrobot (FEI) 

and stored in liquid N2. Micrographs were recorded under low-dose conditions (25 

electrons/Å2) on a Tecnai G2 Polara TEM operated at 300 kV with 39,000 nominal 

magnifications at a defocus in the range of 1.0– 4.5 m. Micrographs were scanned on a 

Heidelberg Primescan D8200 drum scanner, resulting in a pixel size of 1.24 Å on the object 

scale. The data were analyzed by determination of the contrast transfer function using 

CTFFIND software [42]. The data were further processed with the SPIDER software package 

[43]. After automated particle picking followed by visual inspection, 240,000 particles were 

selected for density reconstruction. The dataset was sorted [44] using reconstructions of 

unprogrammed (empty) ribosomes as initial references. The sorting steps were performed at a 

pixel size of 2.44 Å/pixel, and reference volumes were filtered from 15 Å to 20 Å. Densities 

for the 30S and 50S subunits were isolated using binary masks. SecA densities were used as 

such without applying any mask. Low-resolution structures were determined from cryo-EM 

data recorded at a Tecnai T12 TEM (FEI) equipped with a 4K camera (FEI). About 8000 

particles were used for three-dimensional reconstructions. Models were generated with a Swiss 

homology server and adjusted manually with Coot [45]. Initial docking of x-ray structures and 
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cryo-EM maps was performed using Chimera [46]. All Figures were generated using Chimera 

[46]. 

 

Results 
 
SecA Binds to the 70S Ribosome 

We studied SecA interaction with the ribosome by ribosomal cosedimentation assay. 1.6 M of 

E. coli ribosomes, purified by sucrose density gradient, were incubated with 8 M purified N-

terminally His-tagged E. coli SecA. Binding reactions were pelleted through a sucrose cushion, 

and pellets were analyzed by SDS-PAGE and Coomassie staining. SecA strongly cosedimented 

when incubated with ribosomes (Fig. 1A). Almost no binding of SecA was detected when the 

salt concentration was increased to 500 mM, thus confirming the salt-sensitive, specific binding 

of SecA to the ribosome (Fig. 1A) proposed recently (38). SecA binding to ribosomes almost 

showed saturation when a 5-fold molar excess of SecA was used because binding did not 

increase significantly when the SecA concentration was increased to a 10-fold molar excess 

(Fig. 1B). To rule out that the strong binding of SecA to ribosomes is not due to the His tag 

present on SecA, the His tag was cleaved from SecA protein using enterokinase protease as 

described under “Experimental Procedures.” Both the His-tagged and His tag-cleaved SecA 

showed comparable binding to the ribosome (Fig. 1C), ruling out the possible role of the His 

tag on SecA interaction with the ribosome.  
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Figure 1. SecA binds to the ribosome. Binding reactions were pelleted through a sucrose 

cushion and analyzed on a 15% (A and B) or 10% (C) SDS-PAGE with Coomassie Blue 

staining. A, cosedimentation assay using 1.6 µM purified 70S ribosomes with a 5-fold molar 

excess of SecA as indicated. SecA specifically cosediments with ribosomes (lane 4). No 

binding was observed at high salt concentrations (lane 5), and SecA alone did not sediment 

(lane 2). Lane 3 shows 1.6 µM of 70S ribosomes pelleted alone. 1.6 µM SecA alone was 

applied on the gel as a control (lanes 1 and 6). RPS1, ribosomal protein S1. B, about a 5-fold 

molar excess of SecA is required to saturate ribosome binding. Ribosomes were incubated with 

increasing concentrations of SecA protein as indicated (lanes 2–5). Binding was almost 

saturated when SecA was present in a 5-fold molar excess (lane 4) and increasing the SecA 

concentration to a 10-fold excess did not significantly increase binding (lane 5). SecA alone 

did not sediment (lane 7). Lane 6 shows 1.6 µM 70S ribosomes pelleted alone. 1.6 µM SecA 

alone was applied on the gel as a control (lane 1). C, the His tag does not influence SecA 
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binding to the ribosome. 1.6 µM purified 70S ribosomes were incubated with the indicated 

amounts of SecA. Both the His-tagged (lane 6) and His tag-cleaved SecA (lane 7) show 

comparable binding and equally cosedimented with ribosomes, suggesting no influence of the 

His tag on ribosome binding. Both the His-tagged and His tag-cleaved SecA alone did not 

sediment (lanes 3–4). Lane 5 shows 1.6 µM 70S ribosomes pelleted alone. 1.6 µM each of the 

His-tagged and His tag-cleaved SecA proteins were applied on the gel as a control (lanes 

1 and 2). 

 

 

Cryo-EM Reconstruction of SecA Bound to the 70S Ribosome 

To obtain a three-dimensional structure of SecA bound to the ribosome, we employed cryo-

EM and single particle reconstruction. 70S ribosomes were reconstituted in vitro with an excess 

of His-tagged SecA. Cryo-EM grids were prepared using the reconstituted complex, and 

micrographs were recorded with a Tecnai G2 Polara (FEI) electron microscope. Data were 

processed using SPIDER software [43]. For simplicity, the terms 1 SecA-70S and 2 SecA-70S 

are used for the single (monomeric) and double copies (dimeric) of SecA bound to the 70S 

ribosomes. SecA1 and SecA2 are used for the two SecA molecules in the 2 SecA structure, 

where SecA1 is equivalent to monomeric SecA in 1 SecA. A preliminary reconstruction 

showed additional density near the polypeptide tunnel exit (Figure 2A) when compared with 

the empty ribosome, demonstrating that SecA is indeed bound in the structure. The EM density 

distribution analysis suggested more density on one side of the tunnel exit (Figure. 2A), 

indicating heterogeneity in the dataset, and, therefore, computational sorting was applied. In 

brief, two rounds of sorting were applied to segregate different homogenous populations of 

particles. In the first round, empty particles were sorted out from SecA-bound particles. In the 

second round, only SecA-bound particles generated from the first round were further sorted 

into two distinct populations. Empty ribosome with no density at the tunnel exit was used as a 

counterreference for both rounds to minimize reference-biased sorting. Surprisingly, the 

sorting analysis resulted in three distinct structures: no density at the tunnel exit site, empty 

70S (17% particles) (Figure 2B); with density at one side of the tunnel exit, corresponding to 

one copy of SecA-bound 70S (1 SecA-70S, 35% particles) (Figure 2C); and with density on 

both sides of the tunnel exit, two copies of SecA-bound 70S (2 SecA-70S, 48% particles) 

(Figure 2D). SecA-bound 70S subdatasets were refined further, yielding final resolutions of 

10.3 and 8.8 Å, respectively (Figure 3). 
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Figure 2. In silico sorting of the SecA dataset. A, the total dataset containing ∼240,000 

particles was sorted in silico into three different populations (B–D) using a low-resolution, 

empty 70S ribosome structure as a reference. A sorting analysis resulted in segregation of three 

distinct 70S populations: with no SecA density visible, empty (∼42,000 particles) (B), with 

density for one molecule of SecA, 1SecA-70S (∼83,000 particles) (C), and with density visible 

for two molecules of SecA, 2SecA-70S (∼115,000 particles) (D). 
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Structure of the Single Copy of SecA Interacting with the 70S Ribosome 

SecA is a cytoplasmic protein consisting of several domains (Figure 4A). ATP binds at the 

interface of two nucleotide binding domains (NBD1 and NBD2). High-resolution crystal 

structures of SecA from different species exist in three different conformations: the so called 

open [5] (PDB code 1M74), partially open [8] (PDB code 1TF2), and closed [10] (PDB code 

3DIN) states. The main differences between these structures are large-scale movements 

observed for the entire PPXD. The only SecA crystal structure available from E. coli [9] (PDB 

code 2FSF) is in an open conformation that is not complete. Therefore, homology models of 

E. coli SecA were built using the Swiss homology server [47], provided with an open, a 

partially open, and closed conformation (PDB codes 1M74, 1TF2, and 3DIN) as templates. 

Docking of these three structures in the isolated density of 1 SecA showed that SecA bound in 

this structure is similar to the open conformation (1M74). Thus, the SecA homology model in 

the open conformation (generated using PDB code 1M74 as a template) was docked into the 1 

SecA density using a rigid body followed by manual fitting in Coot (Fig. 4A and supplemental 

Figure S1). The molecular model of TnaC stalled 50S ribosome [48] (PDB code 2WWQ) fit 

well in the 50S EM densities of both SecA-bound structures (1 SecA and 2 SecA-70S) (Figure 

5). The resulting models identified the N-terminus of SecA in close vicinity to, and, 

presumably, interacting with, ribosomal protein L23 at the tunnel exit site (Figure 4B). These 

results indicate that a single copy of SecA interacts with the ribosome via the proposed 

universal binding platform provided by L23 protein [49] on the tunnel exit site (Figure 4B). 

This is also consistent with recent studies indicating cross-linking of SecA to L23 protein [38].  
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Figure 3. Cryo-EM reconstructions of SecA bound to the 70S ribosome. A, cryo-EM 

structure of monomeric SecA bound to the 70S ribosome (1SecA-70S). The 30S small 

ribosomal subunit and the 50S large subunit are shown in yellow and gray, respectively. 

Additional density at the tunnel exit site, shown in red, represents monomeric SecA. B, the 

same as A but rotated upwards by 90° around the horizontal axis. C, cryo-EM structure of 
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two copies of SecA bound to the 70S ribosome (2SecA-70S). The density at the tunnel exit 

site represents two copies of SecA. The ribosomal subunits and SecA are shown in the same 

colors as in A. D, same as C but rotated upwards by 90° around the horizontal axis. 

 

 

 

	

	

	

	

	

	

Figure 4. Molecular model of monomeric SecA bound to the 70S ribosome (1SecA-70S). A, 

fitting of the E. coli SecA model in an open conformation into the density of the SecA 

monomer. The EM density for SecA is shown in transparent red, and the domains of SecA are 

colored as shown in the schematic. The small image shows the orientation of the SecA-

ribosome complex. B, the N-terminal helix of SecA is in close proximity to the ribosomal 

protein L23 at the tunnel exit site and, therefore, is presumably involved in interactions with 

the 70S ribosome. The L22, L23, and L24 proteins are shown in magenta, gray, and purple, 

respectively. A ribbon model of the TnaC nascent chain [48] (PDB code 2WWQ) is shown 

in red for tunnel orientation. The small image shows the orientation of the SecA-ribosome 

complex. 
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Figure 5. Fitting of the TnaC-stalled 50S model (PDB code 2WWQ) in 1SecA (A) 

and 2SecA density maps (B). Ribosomal proteins L22, L23, L24, and L29 present at the exit 

site tunnel are colored in magenta, gray, purple, and gold/yellow, respectively. A ribbon model 

of the TnaC nascent chain in the tunnel is shown in red. The tunnel exit is marked with a white 

asterisk. 

 

 

Structure of the Double Copies of SecA Interacting with the 70S Ribosome 

The volume of the density corresponding to SecA in the 2 SecA structure is roughly twice as 

large as that of the 1 SecA structure (Figure 6A). Therefore, two copies of the SecA model 

were fit into the density (Figure 6B). However, in contrast to the 1 SecA structure, the open 

conformation of SecA did not fit into the two copies of SecA in the 2 SecA density. On the 

contrary, two molecules of SecA in the partially open conformation (generated using PDB code 

1TF2 as a template) fit well into the SecA density of the 2 SecA structure, suggesting that the 

PPXD domain adopts a different conformation when SecA is present in two copies on the 

ribosome (Figure 6). Fitting of the models into the density revealed a back-to-back arrangement 

of the two SecA molecules when bound to the ribosome (Figure 6, B and C), with the two 

copies being related by an approximate 2-fold symmetry (Figure 6B). Both molecules of SecA 

only fit into the density when placed in this arrangement. Attempts to fit them in different ways 

were not successful. The SecA1 and SecA2 monomers interact with each other using their 
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NBD2 domains (Figure. 6C). Interestingly, as in SecA1 , the SecA2 molecule also appears to 

interact with the ribosome, utilizing its N-terminal helix, which is in close proximity to the 

ribosomal proteins L22 and L24 on the opposite side of the tunnel exit compared with SecA1 

(Figure 6, E–G). This suggests that both SecA molecules in the 2 SecA structure bind to the 

ribosome using their N termini. These findings are also supported by experiments from Huber 

et al. [38], where the authors found that SecA can also weakly cross-link to the L22 protein, 

although they propose that this interaction is not specific. 

 

 

Figure 6. Molecular model of two copies of SecA bound to the 70S ribosome (2SecA-

70S). A, the orientation of two molecules of SecA bound to the 70S ribosome. B, fitting of the 

two E. coli SecA homology models in partially open conformation into the 2SecA density 

(shown in transparent red). SecA1 and SecA2 bind to the 70S ribosome in a back-to-back 
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arrangement, where SecA2 is rotated ∼180° relative to SecA1 around the vertical axis, 

producing an approximate 2-fold symmetry. The domains of SecA are colored as in Figure 

4. C, close-up view of the interaction between two SecA molecules in the back-to-back 

arrangement. Helix 22 might interact with helix 16 in both molecules. D–G, views of the 

complex after inward rotation by 90° around the horizontal axis. D, the orientation of two 

molecules of SecA bound to the 70S ribosome. E–G, the N-terminal (Nt) helix of both SecA 

molecules is in close proximity to the ribosomal protein L23 for SecA1 (E and F) and to 

L22/L24 for SecA2 (F and G). The color scheme is the same as before. 

 

The N-terminal Region of SecA Is Required for Stable Interaction with the Ribosome 

 
To address the role of the N-terminal helix in ribosomal interaction in more detail, residues 2–

38 were deleted, resulting in a His-tagged ΔN38 SecA construct. The ribosomal 

cosedimentation assay showed no significant binding of ΔN38 SecA protein to the ribosome 

(Figure 7A). Additionally, no SecA density was observed when a low-resolution ribosome 

structure was determined using 70S ribosomes reconstituted with His-tagged ΔN38 SecA 

(Figure 7C). Purified His-tagged ΔN38 SecA protein was soluble and displayed a similar 

behavior as full-length SecA when analyzed with circular dichroism spectroscopy (Figure 7D). 

These results are in conflict with Huber et al. [38], who showed that the α-helical linker domain 

(residues 616– 668) of SecA is required for binding to the ribosomes. We repeated the ribosome 

binding experiments with a SecA variant where lysine 625 and 633 are replaced with alanine 

(SecA[K625A/K633A]), as used earlier by Huber et al [38]. The ribosomal cosedimentation 

assay showed a slight decrease in binding of the SecA[K625A/K633A] protein to the ribosome 

as compared with wild-type SecA protein (Figure 7E). However, we could not fit the SecA 

model into the density when this α-helical domain was placed in close vicinity to L23 protein 

on the ribosome. Upon careful examination of the various crystal structures of SecA available 

from the PDB, we found that this α-helical linker lies close to the N terminus of SecA. In one 

of the structures from Bacillus subtilis (PDB code 2IBM), the minimum distance between the 

α-helical linker domain and the N-terminus of SecA is as small as 3.5 Å. Considering the close 

proximity of the N terminus of SecA to the helical linker domain, it is possible that replacing 

residues in this helical linker domain might affect the stability of the N terminus, resulting in a 

decrease in binding to the ribosome (as observed by Huber et al. [38 and by this study] . 
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Figure 7. The N-terminal helix of SecA is required for stable interactions with the 

ribosome. A, deletion of residues 2–38 at the N terminus of SecA (ΔN38 SecA) severely 

reduces binding to the ribosome. The cosedimentation assay shows binding of full-length SecA 

to the 70S ribosome as before in Figure 1 (lane 4), whereas binding is almost abolished with 

ΔN38 SecA (lane 10) under the same conditions. Binding of full-length SecA is salt-sensitive 

(lanes 5–6), as shown before in Figure 1 Lanes 3 and 9 contain 1.6 µM 70S ribosomes pelleted 

alone. Both of the SecA and ΔN38 SecA alone did not sediment (lanes 2 and 8). 1.6 µM each 

of the SecA and ΔN38 SecA proteins were applied on the gel as a control (lanes 1 and 7). B, 

low-resolution reconstruction of the 70S ribosome reconstituted with full-length SecA. Density 

in the red color at the tunnel exit site represents SecA bound in the 70S structure. The structure 

is reconstructed from SecA-bound particles (about 80%, 5500 particles) consisting of both the 

monomeric and dimeric forms, sorted from empty ribosomes (about 20%), and filtered between 

20 and 25 Å. C, low-resolution reconstruction of the 70S ribosome reconstituted with ΔN38 

SecA. No SecA density is visible in the structure. The structure is reconstructed from about 

6000 particles without any sorting (because there was no SecA density visible in any of the 

reconstructions) and filtered between 20 and 25 Å. The color scheme is the same as before. 
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The asterisk marks the polypeptide tunnel exit. D, CD spectra of SecA and ΔN38 SecA, as 

indicated. E, binding of K625A/K633A SecA to the ribosome. 1.6 µM purified 70S ribosomes 

were incubated with wild-type SecA (lane 3) or with SecA (K625A/K633A) (lane 4) as 

indicated. Binding reactions were pelleted through a sucrose cushion and analyzed on a 10% 

SDS-PAGE with Coomassie Blue staining. Both the wild-type and SecA (K625A/K633A) 

proteins alone did not sediment (lanes 5 and 6). 1.6 µM wild-type and (K625A/K633A) SecA 

proteins were applied on the gel as a control (lanes 1 and 2). 

 

Two SecA Binding Sites on the Ribosome 

 

Our structures revealed two forms of SecA bound to the ribosome (Figure 3), i.e. both the 

single copy (monomeric) as well as the double copies (dimeric). However, it is not clear 

whether SecA interacts with the ribosome first in a monomeric form, followed by recruitment 

of the second monomer, which then results in a dimer, or whether preformed SecA dimers bind 

to the ribosome. Because the oligomeric state of SecA is highly debated and conflicting 

evidence has been proposed about the functional state of SecA [3,16,17,18,19,20], this aspect 

was investigated further. We reasoned that if monomeric SecA binds to the ribosome, 

disrupting dimer formation should not inhibit binding to the ribosome. This was investigated 

by two different approaches. First, we titrated SecA protein concentration into the 

reconstitution with 70S ribosomes because lowering the concentration would shift the 

equilibrium toward the monomeric form. Low-resolution structures were reconstructed to 

visualize 70S-bound SecA. Interestingly, lowering the SecA concentration to half (about a 9-

fold molar excess) resulted in only monomeric SecA being visible in the structure (data not 

shown). Lowering the SecA concentration further resulted in no SecA density visible in the 

structure. This result indicates that the single copy of SecA (monomeric, SecA1 ) can stably 

bind to the ribosome. Second, the detergent n-dodecyl--maltoside (DDM) was used to disrupt 

dimers of SecA, as shown previously [22]. When SecA was pretreated with 0.05% DDM before 

reconstitution with the ribosome, low-resolution 70S reconstruction showed no density for 

SecA (Figure 8B). This probably suggests that dissociation of SecA dimers into monomers 

results in loss of binding to the ribosome. However, when SecA was allowed to bind to the 

ribosome and 0.05% DDM was added only after binding, the density corresponding to the 

single copy of SecA (monomeric, SecA1 ) was visible in the 70S structure (Figure 8C). Further 

increasing the DDM concentration to 0.1% resulted in no SecA density being visible in the 

structure (Figure 8D). These results further support the notion that SecA binds to the ribosome 
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at two different sites formed by the ribosomal proteins L23 and L22/L24, respectively (Figure 

6). Additionally, these results indicate that the two binding sites present on the ribosome 

display different affinities for SecA (Figure 6). However, this might change when a signal 

peptide is present. As observed by Huber et al. [38], SecA binds strongly to a ribosome 

translating the SecM nascent chain, a known substrate for SecA. At the concentrations used in 

our experiments, SecA would mainly be present in a dimeric form, and so it is surprising to see 

a stable monomeric form of SecA (SecA1 ) bound in our structure. Docking of the dimeric 

SecA models (PDB codes 2IBM, 2IPC, and 2FSF) in our 2 SecA structure resulted in only one 

of the two copies fitting in the density (supplemental Figure S2). This suggests that SecA might 

initially interact with the ribosome as a dimer and that the binding to the ribosome leads to the 

dissociation of the second copy of SecA (SecA2 ), which later reassociates to form a new 

elongated dimeric form present in our structure (2 SecA-70S). These results also suggest that 

the observed dimer interface/interaction formed between two SecA molecules, when bound to 

the ribosome in the 2 SecA-70S structure, is rather weak and represents an arrangement without 

any productive interaction. This could also explain why the dimeric interface in our structure 

(2 SecA) is different from the crystal structures of SecA.  

 

 

 

Figure 8. SecA displays different affinities for the two binding sites on the ribosome. Low-

resolution structures of 70S ribosome reconstituted with SecA under different conditions. 

About 6000–8000 particles were used for the three-dimensional reconstruction using a non-

translating 70S ribosome as a reference. Sorting was applied to segregate the SecA-bound 70S 

from unbound 70S using an empty 70S ribosome. Structures are filtered between 20 and 25 

Å. A, 70S structure with SecA bound under the same conditions as before. The structure is 

reconstructed from SecA-bound particles (about 80%), consisting of both the monomeric and 

dimeric form sorted from empty ribosomes (about 20%). B, SecA was pretreated with 0.05% 
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DDM before addition to 70S ribosomes in the same buffer as in A. The structure is 

reconstructed from about 6500 particles without any sorting because there was no SecA density 

visible in any of the reconstructions. C, SecA was incubated with 70S ribosomes as in A, and, 

after binding, 0.05% DDM was added to the reaction, followed by 5 min of incubation at room 

temperature before freezing the grids. The structure is reconstructed from SecA-bound particles 

(about 55%) consisting of mainly the monomeric form sorted from empty ribosomes (45%). D, 

the same as C, but DDM was increased from 0.05 to 0.10%. The structure is reconstructed from 

about 6500 particles without any sorting because there was no SecA density visible in any of 

the reconstructions. No binding was observed when SecA was pretreated with 0.05% DDM 

(B). When the same amount of DDM was added after binding of SecA, only one copy of SecA 

was observed (C), indicating dissociation and selective removal of one copy from the two 

copies of bound complex. The color scheme is the same as before. 

 

Implications for SecA Binding to the Ribosome 

Our study identified two SecA binding sites in the immediate vicinity to the ribosome tunnel 

exit. A first SecA monomer (SecA1) binds to the ribosome through an interaction with the L23 

protein, followed by binding of a second molecule (SecA2 ) to the L22/ L24 proteins, resulting 

in two copies of SecA bound to the ribosome (Figure 4 and 6). Upon superimposition of the 

ribosome bound cryo-EM model of trigger factor (TF) [50] with SecA, no steric clashes 

between monomeric SecA and TF were observed, although both bind to the L23 protein near 

the tunnel exit (Figure 9A).  This observation suggests that both the TF and monomeric SecA 

could possibly bind to the ribosome simultaneously without competition. However, this state 

would prevent binding of a second copy of SecA. In this case, both the monomeric SecA and 

TF can simultaneously scan for their respective substrates emerging from the tunnel exit. When 

a substrate has been recognized by monomeric SecA, it might lead to recruitment of the second 

copy of SecA at the tunnel exit by displacing TF. Interestingly, SRP also binds to the L23 

protein [51,52]. Superimposing molecular models of SecA and SRP reveal a steric clash, 

suggesting competition between monomeric SecA and SRP for binding to the L23 protein 

(Figure 9B). This suggests that monomeric SecA directly competes with SRP for binding to 

the ribosome and that either SecA or SRP can bind to the ribosome at any given time. 

Surprisingly, our in vitro binding assays showed a strong affinity of SecA toward the non-

translating/empty ribosomes. This unusually high affinity is a result of the lack of competition 

from other factors such as SRP, SecYEG, and peptide deformylase (PDF) present inside the 
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cell. In a recent report, Wu et al. [53] studied competitive binding of SecYEG to the ribosome 

and SecA. However, further studies are required to study the molecular interplay between 

SecA, the ribosome, and the SecYEG translocase during protein sorting and translocation in 

the presence of other targeting and processing factors such as SRP, TF, PDF, and methionine 

aminopeptidase [49]. 
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Figure 9. Superimposition of the 2SecA-70S, trigger factor, and signal recognition particle 

models. A, both the TF and SecA1 could bind simultaneously to the ribosome via L23 protein 

without steric hindrance, although it would prevent binding of the second copy of SecA 

(SecA2) to the ribosome. SecA1 is colored in blue, SecA2 in red, TF in green, and L23 in gray. 

B, binding of both the SecA1 and SRP to the ribosome could cause steric hindrance, thus 

suggesting competition between monomeric SecA and SRP for binding to the L23 protein. 

Only either SecA or SRP can bind to the ribosome at any given time. SRP is colored in green, 

and SecA and L23 are shown as in A. C, schematic of SecA binding to the ribosome. The first 

molecule interacts with the ribosome via the L23 protein, whereas the second one interacts 

with L22/L24 proteins at the polypeptide tunnel exit. Two copies of SecA completely surround 

the tunnel exit and might provide a unique environment for the incoming nascent polypeptides. 

The color scheme is the same as before, except that the L23 protein is shown in black. 

 

 

Conclusion 

 In conclusion, we show that not only a SecA monomer binds to the ribosome but, also, that 

two copies of SecA can be observed in an elongated shape. Two copies of SecA completely 

surround the tunnel exit and might provide a unique environment to nascent secretory 

preproteins emerging form the ribosomal tunnel (Figure 9C). Our structures suggest a possible 

function of the dimeric form of SecA at the ribosome and will provide a framework for further 

research in the protein sorting and translocation field. 
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 Supplemental Figures S1 - S2 

Supplemental Figure S1. Modeling of a single copy of SecA in the 1 SecA-70S structure. A 

stereo-view representation of the fitting of SecA homology model (generated from the PDB id 

1M74 in an open conformation) in the 1 SecA density with a cross-correlation value of 0.45 

calculated with Chimera (A-B). Alternative fitting of SecA model by placing Lysine 625 and 

633 in the close proximity to L23 protein (C-G), or with a rigid body followed by manual fitting 

(A,B and H). The cross-correlation values for C-H are 0.07, 0.15, 0.19, 0.23, 0.27, and 0.45, 

respectively. The highest cross-correlation is only obtained when the N-terminus of SecA is in 

the close proximity to L23 protein (A-B and H). The EM density for SecA is shown in grey 

color mesh, the SecA model is in red, protein L23 is in grey, Lysine 625 and 633 are in yellow, 

and two regions important for SecA binding in L23 protein are in cyan (EIK) and blue 

(FEVEVE). 
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Supplemental Figure S2. Modeling of the two SecA molecules in the 2 SecA-70S structure. 

A stereoview representation of the fitting of the two SecA homology models (generated from 

the PDB id 1TF2 in a partially open conformation) in the 2 SecA density with a cross-

correlation value of 0.61 calculated with Chimera (A-B). Docking of the dimeric structures of 

SecA (PDB id; 2IPC, 2FSF, and 2IBM) in the 2 SecA density resulted in only one of the two 

copies of SecA present in the dimer fitting into the density (C-E). The cross-correlation values 

for C-E are 0.36, 0.37, and 0.37, respectively. The EM density for SecA is shown in grey color 

mesh. SecA1 and SecA2 homology models in the partially open conformation are colored in 

red, two monomers of dimeric 2IPC, 2FSF, and 2IBM structure are in blue (2IPC1 , 2FSF1 , 

and 2IBM1 ), and green (2IPC2 , 2FSF2 , and 2IBM2 ), respectively.  
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                                                         Summary  

The main aim of this thesis was to study structural and function aspects of various B-type 

vitamin transporters. The objectives were to obtain mechanistic information by characterising  

them in vitro. The Pnu transporter family was recently discovered and  is responsible for B-

type vitamin transport into bacterial cells. The Pnu name comes from Pyridine Nucleotide 

Uptake transporter which stems from the original interpretation of data suggesting that the 

proteins are involved in nucleotide uptake. The family contains membrane transporters which 

are specific vitamin B3 or Nicotinamide riboside (PnuC), vitamin B1 or Thiamin (PnuT) and 

vitamin B2 or riboflavin (PnuX). Recently, a crystal structure has been solved of PnuC with 

bound Nicotinamide riboside (NR). This structure has provided insights in Pnu protein 

architecture and function. PnuC transports only the unphosphorylated substrate NR across the 

membrane. In the cytoplasm the kinase NadR is present to phosphorylate the vitamin into NMN 

and NAD. Similarly, kinases for Phosphorylation of thiamine and riboflavin, transported by 

PnuT and PnuX, respectively) are present. Pnu transporters are not similar neither at the 

sequence level nor in the transport mechanism to other well characterized transporters, like 

ECF-transporters. The Pnu transporters family is only found in bacteria and these transporters 

mediate transport by the mechanism of facilitated diffusion. For the thiamine transporter (PnuT) 

a biochemical study has been done. In this thesis we have attempted to obtain more information 

about these B-type vitamin transporters, specifically their overall structure, substrates and 

similarity with other similar transporters such as SWEET (Sugar Will Eventually Efflux 

Transporters) and SemiSWEET. An overview of structures, substrate specificity, role of soluble 

kinases, and topology relationship among them have been discussed in chapter 1 of this thesis. 

In chapter 2, biochemical experiments are presented for teh Thiamine transporter PnuTSw. The 

study was done with purified PnuT protein from Shewanella woodyi (PnuTSw).  In this chapter, 

substrate binding (using ITC technique) was done with purified PnuTSw protein. The binding 

affinity measurements for thiamine and also for thiamine analogues  is  discussed in detail. The 

transport activity of PnuT was determined by reconstituting it into proteoliposomes. The PnuT 

protein activity in various condition has been discussed in detail, including the effect of pH, 

cationions and mebrane potential, along with demonstration of directionality of transport. We 

found that PnuT facilitates diffusion to transport substrate without the co- or counter transport 

of Na+ or H+ ions. Here, we also reported a comparison study on rate of thiamine uptake with 

wt-protein with various PnuTSw mutants, and it was shown that PnuTSw is monomeric in 
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detergent solution.  For the Pnu transporter, this kind of detailed in vitro functional experiment 

was done for the first time. 

Further we have investigated different condition to crystallize full length PnuTSw and also a 

truncated version, from which 16 amino acids were removed from the N-terminus with the aim 

to determine a high resolution crystal structure. Different detergents were used for purification 

and also for protein crystallization, but we were unable to obtain well diffracting protein 

crystals. In chapter 3 of this thesis, all the screening conditions used for protein crystallization 

are discussed in detail.  

Besides the study of Pnu transporters, we have presented a structural and functional study on 

the NadR protein from L.lactis. NadR is a soluble kinase, which converts NR (vitamin B3) to 

NMN and then further NMN to NAD. We analysed the kinetics of conversion and also solved 

high resolution crystal structures of full-length NadR from L.lactis. Crystal structures were 

solved with various substrates  (NAD, NMN, NR and AMP-PNP). The kinetic results indicated 

that NadR  uses NR and NMN as substrate and converts them to NAD as final product. The 

conversion of NR to NMN and NMN to NAD take place in two different domains, the RNK 

and NMNAT domains, which are clearly seen in the crystal structure. NadR is monomeric with 

or without substrate. The NadR results are discussed in chapter 4 of the thesis. 

We provide preliminary data for the characterization of SemiPnu transporters. In chapter 5, 

preliminary efforts are made to study SemiPnu from Gallionella capsiferriformans. Despite 

extensive trials we were unable to determine the substrate specificity of SemiPnuGc. 

Structurally, We found that SemiPnuGc forms a dimer in detergent solution, similar to what has 

been reported for SemiSWEET transporters. We also tried protein crystallization with 

SemiPnuGc protein but we could not manage to obtain any protein crystals. All the preliminary 

results about SemiPnu proteins are discussed in chapter 5 of thesis. In this chapter 6 we present 

a structural characterization of SecA by using cryo- EM. We report the first cryo-EM structure 

of SecA bound to the E.coli 70S ribosome. We show that full-length SecA bound to the 

ribosome in two conformations, as monomer and dimer. We demonstrate that the N-terminus 

of SecA plays an important role in stable binding with 70S ribosomes. It was concluded that 

SecA binds as monomer first and then gets dimerised on ribosomes. 
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Samenvatting 

Het belangrijkste doel van dit proefschrift was het bestuderen van de structurele en functionele 

aspecten van verschillende B-type vitamine transporteiwitten. De doelstellingen waren het 

verkrijgen van mechanistische informatie door deze transporteiwitten in vitro te karakteriseren. 

De Pnu transporteiwit familie was recent ontdekt en is verantwoordelijk voor B-type vitamine 

transport in bacteriële cellen. De naam Pnu komt van Pyridine nucleotide opname (Pyridine 

nucleotide uptake in het Engels), welke afkomstig is van de originele interpretatie van data die 

suggereert dat deze eiwitten betrokken zijn bij de opname van nucleotiden. De familie bestaat 

uit membraan transporteiwitten welke specifiek zijn voor vitamine B3/nicotinamideriboside 

(PnuC), vitamine B1/thiamine (PnuT) en vitamine B2/riboflavine (PnuX). Recent is de 

kristalstructuur van PnuC met gebonden nicotinamideriboside (NR) opgehelderd. Deze 

structuur heeft inzicht geleverd in de architectuur en functie van het PnuC eiwit. PnuC 

transporteert alleen het niet-gefosforyleerde substraat NR over de membraan. In het cytoplasma 

is de kinase NadR aanwezig die de vitamine fosforyleert in NMN en NAD. Daarnaast zijn er 

ook kinases aanwezig voor de fosforylering van thiamine en riboflavine, welke getransporteerd 

worden door respectievelijk PnuT en PnuX. Pnu transporteiwitten zijn op het vlak van sequentie 

of transportmechanisme niet vergelijkbaar met andere goed-gekarakteriseerde 

transporteiwitten, zoals de ECF transporteiwitten. De familie van Pnu transporteiwitten is alleen 

te vinden in bacteriën en deze transporteiwitten maken transport mogelijk via het mechanism 

van gefaciliteerde diffusie. Voor het thiamine transporteiwit (PnuT) is een biochemische studie 

uitgevoerd. In dit proefschrift hebben wij geprobeerd om meer informatie te verkrijgen over 

deze B-type vitamine transporteiwitten, met name over de globale structuur, substraten en de 

overeenkomsten met vergelijkbare transporteiwitten zoals de SWEET (Sugar Will Eventually 

Efflux Transporter, wat Engels is voor Suiker Zal Uiteindelijk Uitstromen Transporteiwit) en 

semi-SWEET transporteiwitten. Een overzicht van de structuren, substraatspecificiteit, de rol 

van oplosbare kinases en topologie verbanden tussen deze transporteiwitten is beschreven in 

hoofdstuk 1 van dit proefschrift.  

In hoodstuk 2 worden de biochemische experimenten met het thiamine transporteiwit PnuTSw 

gepresenteerd. Dit onderzoek was uitgevoerd met gezuiverd PnuT eiwit afkomstig van 

Shewanella woodyi (PnuTSw). In dit hoofdstuk werd substraatbinding uitgevoerd met gezuiverd 

PnuTSw, waarbij gebruik werd gemaakt van de ITC technologie. De bindingsaffiniteitmeetingen 

voor thiamine en ook voor thiamine analogen wordt in detail bediscussieerd. De 
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transportactiviteit van PnuT werd bepaald door middel van reconstitutie van het transporteiwit 

in proteoliposomen. De activiteit van PnuT onder verschillende condities is in detail 

bediscussieerd, inclusief het effect van pH, de aanwezigheid van kationen en 

membraanpotentiaal, samen met een demonstratie aangaande de richting van het transport. Wij 

hebben gevonden dat PnuT diffusie mogelijk maakt waarbij het substraat wordt getransporteerd 

zonder co- of tegentransport van Na+ of H+ ionen. Daarnaast rapporteren wij een 

vergelijkingsonderzoek waarin de snelheid van thiamine opname tussen wild type en 

verscheidene PnuTSw mutanten wordt onderzocht, waaruit bleek dat PnuTSw als monomeer 

aanwezig is in een detergent oplossing. Voor een Pnu transporteiwit was het de eerste keer dat 

zo’n gedetailleerd in vitro functionaliteitsonderzoek werd uitgevoerd. 

Daarnaast hebben we verschillende condities onderzocht voor het kristalliseren van het gehele 

PnuTSw eiwit en een verkorte variant, waarin 16 aminozuren van de N-terminus zijn verwijderd 

om zo een kristalstructuur met een hogere resolutie te verkrijgen. Verschillende detergenten 

werden gebruikt voor de zuivering en ook voor de eiwitkristallisatie, maar wij waren niet in 

staat om goed diffracterende kristallen te verkrijgen. In hoofdstuk 3 van dit proefschrift worden 

alle screeningscondities gebruikt voor de eiwitkristallisatie in detail besproken. 

Naast het onderzoek aan de Pnu transporteiwitten, hebben wij ook onderzoek gedaan naar de 

structuur en functie van het NadR eiwit afkomstig van L. lactis. NadR is een oplosbare kinase, 

dat NR (vitamine B3) omzet in NMN en vervolgens in NAD. Wij hebben de kinetiek van deze 

omzetting geanalyseerd en ook een hoge resolutie kristalstructuren van het gehele NadR eiwit 

afkomstig van L. lactis verkregen. Deze kristalstructuren zijn verkregen met verscheidene 

substraten (NAD, NMN, NR en AMP-PNP) gebonden aan NadR. De resultaten aangaande de 

kinetiek laten zien dat NadR NR en NMN gebruikt als substraten en omzet in NAD als het 

uiteindelijke product. De omzetting van NR in NMN en van NMN in NAD vindt plaats in twee 

verschillende domeinen, de RNK en NMNAT domeinen, welke duidelijk zichtbaar zijn in de 

kristalstructuur. NadR is een monomeer in de substraat-gebonden en substraat-vrije toestand. 

De resultaten aangaande NadR worden beschreven in hoofdstuk 4 van dit proefschrift. 

Wij leveren preliminaire data aan voor de karakterisatie van SemiPnu transporteiwitten. In 

hoofdstuk 5 van dit proefschrift zijn preliminaire pogingen gedaan om het SemiPnu 

transporteiwit afkomstig van Gallionella capsiferriformans te bestuderen. Ondanks uitgebreide 

pogingen waren wij er niet toe in staat de substraatspecificiteit van SemiPnuGc te bepalen. Op 

het vlak van structuur hebben wij gevonden dat SemiPnuGc als dimeer voorkomt in detergent 
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oplossing, wat vergelijkbaar is met wat er gerapporteerd is voor de SemiSWEET 

transporteiwitten. Wij hebben ook eiwitkristallisatie met het SemiPnuGc eiwit geprobeerd uit te 

voeren, maar wij hebben het niet voor elkaar gekregen om eiwitkristallen te verkrijgen. Alle 

preliminaire data aangaande de SemiPnu transporteiwitten wordt bediscussieerd in hoofdstuk 5 

van dit proefschrift. In hoofdstuk 6 presenteren wij de structurele karakterisatie van SecA door 

middel van cryo-EM. Wij beschrijven de eerste cryo-EM structuur van SecA gebonden aan het 

70S ribosoom afkomstig van E. coli. Wij laten zien dat het gehele SecA eiwit in twee 

conformaties aan het ribosoom bindt, als monomeer en als dimeer. We tonen aan dat de N-

terminus van SecA een belangrijke rol speelt in de stabiele binding met 70S ribosomen. Er is 

geconcludeerd dat SecA eerst als monomeer bindt en vervolgens dimeriseert op de ribosomen. 
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