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Chapter 5 

 

Summary and perspective on vitamin B12 transport  

 

 

Abstract 

Vitamin B12 is only produced by a subset of bacteria and archaea, making 

~50% of prokaryotes auxotrophic for vitamin B12, which need to take up 

the compound by yet to identify transport systems. In 2003 and 2009, two 

systems, BtuM and ECF-CbrT, respectively, where predicted by 

Rodionov, et al. to be potential vitamin B12 transporters. BtuM has no 

sequence identity to any known protein and ECF-CbrT belongs to the 

energy coupling factor (ECF-) type ABC transporter family. Using in vivo 

growth assays with recombinant Escherichia coli strains and BtuM from 

Thiobacillus denitrificans (BtuMTd) we showed that BtuMTd indeed is a 

vitamin B12 transporter. The high-resolution crystal structure and 

spectroscopic data revealed that an unusual thiolate coordination between 

a cysteine residue and the cobalt ion of vitamin B12 allows for chemical 

modification of the substrate, which is unprecedented in vitamin B12-

transport proteins. Additionally, we confirmed that ECF-CbrT from 

Lactobacillus delbrueckii transports vitamin B12 and its precursor 

cobinamide. Kinetic studies and binding measurements reveal that the rate 

limiting step for transport by ECF-CbrT is substrate translocation and that 

the transporter is promiscuous for different vitamin B12 variants. The 

crystal structure of the complex in an apo, post-substrate release state 

shows is similar to previously resolved states of other ECF-transporters, 

with minor alterations that may point toward a slightly different 

intermediate in the transport cycle. Our results indicate that transport of 

this biologically unique and important vitamin is mechanistically not 

uniformly accomplished and potentially paves the way for the discovery 

and description of more uncharacterized vitamin B12 transporters like 

ABCD4, BtuN, and Rv1819c.  
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Summary 

All cells need to constantly and specifically exchange molecules with their 

surroundings, either to expel metabolic waste products and toxic 

compounds, or to take up nutrients to sustain growth, proliferation, and 

survival in an everchanging environment. This crucial aspect of life is 

served by membrane spanning transport proteins. These transporters must 

have a variety of different characteristics to be able to fulfil their role: In 

the direction of transport, transport proteins need to bind their substrate, 

then undergo a dynamic transition to expose the substrate loaded binding 

site to the other side. Differently from facilitating transporters, active 

transporters, which use a driving force to catalyze transport additionally 

need to render their binding site to a low affinity state to release the 

substrate. Next, reorientation of the empty carrier must occur, whilst 

preventing leakage of substrate or other cellular compounds. To avoid the 

latter, transporters alternatingly expose the substrate binding site to the 

sides of the membrane and close the substrate binding site with gates. This 

alternating access mechanism of transport is achieved by four currently 

known mechanisms. The rocker-switch mechanism, where the protein 

alternatingly opens and closes the substrate binding site around a hinge 

region, the gated pore mechanism, where gates open alternatingly with a 

fully occluded intermediate state, the elevator mechanism, which is similar 

to the gated pore, but also involves shuttling transitions of a transport 

domain through the membrane relative to a scaffold domain, and, finally, 

toppling, where the gated substrate binding site is moved from one side to 

the other by a rotation of the transporter by ~90° (1–3).  

S-components of energy coupling factor (ECF-) type ABC transporters are 

the only known membrane proteins that employ the toppling mechanism, 

which makes them a distinct group in the ABC transporter superfamily (3, 

4). ABC transporters catalyze transport of their substrates at the expense 

of ATP hydrolysis and either catalyze export or import of substrates, 

which comprise a vast variety of chemically and structurally unrelated 

compounds (4, 5). While exporters consist of nucleotide binding domains 

and transmembrane domains, importers are thought to strictly require a 

substrate binding protein. ECF-transporters that are strict importers are no 

exception from this rule and need a substrate binding protein for transport, 

which differs from other ABC-importer substrate binding proteins in that 

it is a membrane protein and topples over to move the substrate through 

the membrane (3, 4, 6). Additionally, in a subset of ECF-transporters 
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several S-components with different substrate-specificities can 

dynamically associate with the rest of the complex, which is thus referred 

to as the ECF-module (3, 6).  

ECF-type ABC transporter are a relatively recent addition to ABC-

transporters. These systems were formally described for the first time in 

2009 and it was concluded from genomic context analyses that the 

substrates are in large parts micronutrients, like B-type vitamins (6). One 

of the predicted substrates is vitamin B12 (cobalamin) (6). Cobalamin is 

an intriguing molecule from a chemical, metabolic, and transporter point 

of view. It is considered the largest and most complex ‘small molecule’ 

(7). Probably because of its complexity and thus its energetically costly 

biosynthesis, only a small number of prokaryotes can synthesize 

cobalamin de novo, leaving ~50% of prokaryotes vitamin B12 auxotrophs, 

which require an uptake system (8). However, until recently the only 

characterized cobalamin transporter was the Escherichia coli ABC 

transporter BtuCDF, and not all cobalamin auxotrophs carry a homolog. 

Instead, a subset of these auxotrophic bacteria has the genes for the 

predicted vitamin B12 specific ECF-transporter, ECF-CbrT (8–10). 

Using an E. coli triple knock out strain (E. coli FEC) that no longer can 

import cobalamin via BtuCDF due to genomic deletions of btuF (substrate 

binding protein) and btuC (transmembrane domain), and requires the 

vitamin to be able to synthesize L-methionine because the independent 

route is also abolished by deletion of metE (cobalamin independent 

methionine synthase, MetE), we showed that ECF-CbrT from 

Lactobacillus delbrueckii is a vitamin B12 transporter (10, 11). In vitro 

experiments with into proteoliposomes reconstituted ECF-CbrT and 

substrate binding studies, allowed for the further elucidation of substrate 

specificity, transport kinetics, and determination of the rate limiting step 

of transport: As expected for an ABC transporter, the system strictly 

requires the presence of Mg-ATP to fuel transport. ECF-CbrT catalyzes 

the uptake of several cobalamin analogs (cyano-cobalamin, hydroxyl-

cobalamin, methyl-cobalamin, and 5’-deoxyadenosylcobalamin; the latter 

two are the physiological active variants) and the cobalamin precursor 

cobinamide, but not the structurally related compound hemin (7). Uptake 

occurs with a KM of 2.1 ± 0.4 nM and Vmax of 0.06 ± 0.01 nmol mg-1 s-1. 

Because the S-component CbrT binds its substrates with a affinities that 

are in the same range, the rate limiting step for transport is substrate 

translocation and not substrate capture (10). 
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A high-resolution X-ray structure of the full ECF-CbrT complex was 

determined at 3.4 Å resolution and showed the same overall conformation 

as previously determined structures of other ECF-transporters (10, 12–16). 

ECF-CbrT is in the apo inward-oriented, post substrate release state and 

exhibits subtle differences to previous structures (10, 12–16). First, one of 

the gating loops (loop L3) of CbrT occludes the predicted binding site, 

which may represents an intermediate state in the transport cycle, which 

is marginally closer to resetting of the transporter compared to other 

structures (10, 12–16). After substrate release, at which state all gating 

loops are pried open, these loops eventually have to close, because the S-

component has to topple back to expose its binding site to the exterior of 

the cell. If the gates would remain open during reorientation, the 

hydrophilic binding site would be exposed to the hydrophobic membrane 

environment, which would make toppling impossible. Secondly, the ECF-

CbrT structure shows when compared to the structure of ECF-FolT2 (15), 

which both have exactly the same ECF-module, that different S-

components (CbrT and FolT2) are accommodated by flexibility in the 

transmembrane domain relative to its cytosolic coupling domain of ECF-

T (scaffold protein in the ECF-module) (10). 

Using the same recombinant E. coli FEC strain as before, we also 

showed, that BtuM from Thiobacillus denitrificans (BtuMTd) that was 

predicted in 2003 is a vitamin B12 transporter (8, 17). The transporter has 

no sequence similarity to any other known protein but, intriguingly and 

surprisingly, the high-resolution X-ray crystal structure at 2.0 Å resolution 

revealed, that BtuMTd is structurally similar to S-components. It does not 

make use of an ECF module, and therefore qualifies as a solitary S-

component, capable of ECF-module independent transport, as evidenced 

by the heterologous expression in the growth assay, and absence of an 

ECF-module in the original host. Additionally, BtuM homologs do not 

carry an interaction motif, that is used by non-solitary S-components to 

interact with ECF-T. Because solitary S-components presumably use a 

toppling mechanism to achieve transport (17), it is disputed whether a 

protein partner, like for example in a multimer, is required to facilitate the 

toppling movement. Therefore, we investigated the oligomeric state with 

in vitro (SEC-MALLS; size exclusion chromatography-multi angle laser 

light scattering) and in vivo (single-molecule fluorescent microscopy) 

experiments, which strongly suggest that BtuMTd is monomeric.  
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The crystal structure of BtuMTd additionally revealed an unprecedented 

binding mode of vitamin B12 that is linked to chemical modification of 

the substrate prior to transport, which is a rare feature among membrane 

transporters (17). The main distinguishing feature in the binding mode of 

BtuMTd is the cysteine to cobalt ion ligation on the -face (see chapter 3, 

Figure 1a for schematics of vitamin B12 architecture and nomenclature) 

of the corrin ring. This for native proteins unprecedented interaction, 

replaces the intramolecular coordination of the cobalt ion, that makes use 

of the 5,6-dimethylbenzimidazole ribonucleotide moiety, resulting in 

conversion of cobalamin into its base-off conformation. The cysteine 

residue is invariably conserved among BtuM homologs and is essential for 

transport activity. The cysteine to cobalt ion ligation also results in 

decyanation of cyano-cobalamin at the -axial position. To study this 

enzymatic modification and to prevent interference from base-on to base-

off conversion, cobinamide instead of cobalamin was used for assays with 

detergent solubilized BtuMTd. Cobinamide lacks the 5,6-

dimethylbenzimidazole ribonucleotide moiety and therefore mimics the 

base-off conformation of cobalamin. The decyanation reaction is slow 

with an apparent time constant of   = 12.0 ± 0.7 minutes and the only 

critically involved residue appears to be the conserved cysteine residue. 

Because cobinamide binding could also be measured with isothermal 

titration calometry (ITC), which is an assay that probes much quicker 

events, it was concluded that substrate binding with a KD between 0.58 – 

0.65 M and decyanation are separate events. A mutant version of 

BtuMTd, where the cysteine is replaced with a serine, still binds 

cobinamide (albeit with a ~10-fold lower affinity), but cannot modify the 

substrate, further corroborating that events are separate. Additionally, this 

mutant can no longer bind cobalamin, which implies that the cysteine is 

also involved in converting the vitamin into its base-off conformation (17). 

In conclusion, two previously predicted vitamin B12 transporters were 

structurally and biochemically characterized. This study sheds light on the 

diversity of membrane transport for cobalamin and it illustrates, that in 

vivo screening is a powerful tool to both screen and pivotally characterize 

novel vitamin B12 uptake systems. While ECF-CbrT appears to be a 

‘conventional’ ABC-transporter uptake system, which could be 

characterized with standard methodology, BtuMTd required and will 

require a diverse approach to elucidate its function that, next to its 

transporter activity, also includes enzymatic activity. This work may form 

the basis to better understand transport by solitary S-components, the 
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potential involvement of cellular redox potential in transport (see below), 

and how molecular machines have evolved to serve the individual uptake 

needs of various types of cells for vitamin B12.  

 

Perspective on vitamin B12 transport 

The future in vitamin B12 transport potentially holds intriguing 

fundamental discoveries, but also particular questions, that are discussed 

in the following paragraphs, will further our understanding of specific 

systems. Fundamentally, new cobalamin transporters that evaded 

detection or characterization, could vastly expand our understanding of 

membrane protein transport. For example, humans possess an ABC-

transporter, ABCD4, that transports vitamin B12 (18). A study showed 

that it is localized in the lysosomal membrane of the cell. ABCD4 then 

transports cobalamin, which has been liberated from its protein-chaperone 

by proteolysis inside the lysosomal compartment, into the cytosol of the 

cell (18, 19). This casual notion has serious consequences on what we 

believe is true about ABC-transporters. Mammals are thought to 

exclusively have ABC-exporters (5), but, because the lysosomal 

compartment is devoid of ATP, the nucleotide binding domains of 

ABCD4 must be in the cytosol and, thus, direction of transport cannot be 

that of an ABC-exporter. Therefore, ABCD4 could be a mammalian ABC-

importer. Hence, not only in bacteria, where BtuN may be a periplasm 

spanning vitamin B12 transporter, BtuM may add the redox potential as a 

driving force for transporters, or Rv1819c that may be an ABC importer 

with an exporter type fold (all see below), but also in humans with 

clinically relevant targets, curiosity driven basic research will result in 

findings, which will shape and further our basic understanding of 

membrane (ABC) transporters. 

ECF-CbrT 

Although the group II ECF-transporter for vitamin B12, ECF-CbrT, has 

been intensively structurally and biochemically characterized (10), several 

key questions remain. Because there are also group I homologs of the 

system, called CbrTUV (6), it is likely and tempting to assume that these 

systems also represent functional vitamin B12 transporters. This remains 

to be shown. An attempt to detect activity of CbrTUV from Brochothrix 
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thermosphacta in E. coli FEC failed however (Figure 1a), potentially 

due to poor expression behavior. Using homologs from other organisms is 

a promising route to circumvent this problem. Next, the location of the 

cobalamin binding site in CbrT has only been hypothesized based on the 

common structural architecture of S-components and the presence of a 

deep cavity in CbrT in the context of the full complex structure, which is 

decorated with conserved amino acid residues (10). A mutational analysis 

or an X-ray structure of CbrT in complex with cobalamin will show the 

location and, in the case of the latter, how vitamin B12 is bound. The 

binding mode is of particular interest in light of the unusual binding mode 

of BtuMTd (17), although there is experimental evidence hinting that 

neither base-off conversion, nor direct interaction with the cobalt ion 

Figure 1: Growth assay with CbrTUV from Brochothrix thermosphacta and spectra of 

substrate bound Lactobacillus delbrueckii CbrT. a) Growth assay with E. coli FEC expressing 

the predicted group I ECF-transporter for vitamin B12, CbrTUV, showing that it cannot sustain 

growth in the presence of cobalamin (red), similar to the negative control (blue). In contrast, when 

expressing CbrTUV in the presence of L-methionine (black), cells grow. b) Absorption spectra of 

CbrT, bound to cyano-cobalamin (black) compared to 15 M unbound substrate (red). c) same as 

in b) but with hydroxyl-cobalamin. 
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occurs (Figure 1b and c). Thus, CbrT may exhibit a for substrate binding 

proteins ‘conventional’ binding mode, which does not allow for 

modification of the substrate. Finally, because cobalamin strongly absorbs 

visible light, ECF-CbrT in combination with size exclusion co-elution 

experiments may be a suitable model system to investigate under which 

conditions dissociation of CbrT from the full complex occurs, similar to 

what has been done for ECF-RibU in the past (20). In short, the current 

working model of ECF-type transport assumes, that ATP-binding leads to 

release of the S-component from the ECF-module. If ECF-CbrT is purified 

in the presence of ATP and cobalamin, released CbrT would bind Cbl, 

which is detectable due to the strong absorption of the vitamin at 361 nm.  

BtuMTd 

BtuMTd supposedly represents a novel class of transporter. Not 

surprisingly, many basic questions remain to be answered (17). The most 

puzzling and unresolved finding is that BtuMTd binds cobalamin only 

when added before solubilization, but with such high affinity that it stays 

bound throughout the purification and subsequent experiments, such as 

crystallization or electron spray mass spectrometry. We excluded that the 

essential cysteine is modified in the apo protein using mass spectrometry, 

which may prevent substrate binding, leaving the major difference 

between the unpurified and purified protein the membrane environment. 

Extensive ITC binding studies with different cobalamin analogs were 

carried out on crude membrane vesicles containing overexpressed BtuMTd 

in analogy to CbrT binding studies, but no binding could be observed. To 

rule out that too low expression levels obscure binding detection, 

cobinamide, whose binding to BtuMTd can be detected with ITC, was used 

as a positive control in the crude membrane vesicle ITC experiments. 

Because cobinamide binding was not observed with crude membrane 

vesicles, the expression level may be too low to use this type of 

experiment. Therefore, binding studies in reconstituted systems may be 

more suitable, but two questions remain: does BtuMTd retain its ability to 

bind cobalamin during the purification procedure that precedes 

reconstitution, and is the defined proteoliposome environment suitable to 

support binding (see below)? At this point, the only statement that can be 

made with relative certainty, is that the -ligand prevents cobalamin 

binding to apo BtuMTd in detergent solution in contrast to cobinamide that 

lacks it and binds to BtuMTd. This means that conversion of cobalamin to 

base-off is part of the binding step and suggests that BtuMTd binds its 
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substrate with an induced fit binding mode. This mode is in contrast to a 

conformational selection binding mode, where BtuMTd only binds 

cobalamin that already has adopted the base-off conformation. This mode 

however seems to be unlikely, because at physiological pH cobalamin 

essentially exists only in the base-on conformation and it is still bound by 

insolubilized BtuMTd.  

All studies with BtuMTd concerning ligand binding and enzyme kinetics 

were carried out with cobinamide (17), however it is not clear if it is a 

transported substrate. Growth assays in the presence of cobinamide were 

performed, but the experimental setup of the assay and interpretation of 

the results are not straight forward and unconvincing, respectively (Figure 

2a). Therefore, an in vitro transport assay is required. BtuMTd was 

reconstituted into proteoliposomes and activity was observed with 57Co-

cobinamide (not with 57Co-cobalamin), but the molar ratio of activity 

never exceeded one (Figure 2b). Thus, it cannot be distinguished between 

substrate binding and transport. Considering the working hypothesis that 

BtuMTd may be a high-affinity facilitator, showing in vitro uptake would 

be extremely challenging. Nonetheless, experiments with whole cells, 

right side out vesicles and counter-flow experiments were conducted, 

however unsuccessfully.  

Figure 2: Growth assay of BtuMTd with cobinamide and uptake assay with reconstituted 

BtuMTd. a) Growth of E. coli FEC in the presence of 1 nM Cbi. Cells expressing BtuCDF (black 

line) or BtuMTd (red line) grow readily or ‘intermediate’, respectively. Cells expressing mutant 

BtuMTd_C80S (blue line) and cells carrying the empty expression vector (grey line) show poorer 

growth. b) Uptake assay without proton and sodium gradient and with 57Co-cobinamide (0.25 M 

radiolabeled, four times diluted) and reconstituted BtuMTd (1.5 g per time point) in 

proteoliposomes. The molar ratio does not exceed one, showing that there is either no accumulation 

or only binding of substrate to the protein. 
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Finally, based on the cysteine-ligation and the proposed thiolate-mediated 

decyanation of cobalamin, which implies a redox-mechanism, another 

hypothesis is, that BtuMTd may use the redox potential of the cell to bias 

translocation of the substrate toward the inside of the cell. The reducing 

environment inside the cell allows to break the cysteine to cobalt ion bond 

between BtuMTd and cobalamin, thereby ‘pulling’ the substrate inside the 

cell. A way to measure this hypothesis may be to include reduced 

glutathione inside proteoliposomes, or use a system to maintain a 

NAD/NADH+ ratio in the proteoliposome lumen, which would mimic the 

reducing properties of the cellular compartment.  

BtuN 

In the same study that predicted BtuM as a new vitamin B12 transporter, 

another protein, BtuN, was also predicted as such (8). From an amino acid 

sequence point of view, BtuN is fascinating. The protein has no sequence 

similarity to any other known protein, it comprises four predicted 

transmembrane helices, carries large extracellular loops, and a mirrored 

architecture. We probed BtuN from Pseudomonas stutzeri in the growth 

assay with E. coli FEC, but found it to not support cobalamin dependent 

growth (Figure 3a). This could have several reasons next to not being 

cobalamin transporter. For example, btuN from P. stutzeri has a high GC-

content (70%) that may interfere with expression in E. coli FEC. Because 

btuN is co-localized with btuB (encodes the outer membrane active 

cobalamin transporter, BtuB) and carries large periplasmic loops, it may 

form a periplasmic space spanning complex with BtuB, which likely 

would require co-expression of the two genes from the same organism 

during the growth assay. However, another simple way to show 

implication in cobalamin transport, could be to show co-elution during 

purification. However, initial purification experiments showed that both 

expression and purification conditions require optimization. 

Rv1819c 

Rv1819c from Mycobacterium tuberculosis experienced growing 

attention since it was shown that it constitutes a vitamin B12 transporter 

in this organism (21). Because cobalamin uptake plays a role during M. 

tuberculosis pathogenesis, Rv1819c is of pharmacological interest (22). 

But also from a basic science perspective, the transporter is intriguing. 

Because from its predicted secondary structure, Rv1819c falls into the 
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ABC-exporter fold. Therefore, Rv1819c may represent a new type of 

ABC-import with the exporter-type fold, that may be independent of a 

substrate binding protein (no genetic co-localization with a substrate 

binding protein, which would make it the first importer without one). 

Additionally, if Rv1819c really exhibits the ABC-exporter fold, it could 

mean, that direction of transport in ABC-exporters is determined on which 

side of the membrane the high affinity and low affinity binding site is 

located.  

The activity of Rv1819c as a cobalamin transporter was confirmed in the 

growth assay (Figure 3a), and, moreover, with the Walker B motif 

glutamate-mutant it was shown that transport is ATP-dependent (Figure 

3b). This mutant is known to inhibit ATPase hydrolysis in ABC 

transporters, and thereby inactivating transport. Because the major novelty 

lies in the elucidation of the structure of Rv1819c, we aimed for a single 

particle cryo-EM approach (in collaboration with Dr. C. Gati, Stanford 

University), which is hampered by the poor biochemical performance of 

the protein. Purification requires the presence of high amounts of 

detergent, several times above the critical micelle concentration, which 

causes a detrimentally high background during cryo-EM imaging. In an 

attempt to circumvent laborious purification optimization, the E. coli 

homolog YddA was probed for cobalamin transport. YddA is an ABC-

Figure 3: Growth assay with BtuN from Pseudomonas stutzeri and Rv1819c from 

Mycobacterium tuberculosis. a) E. coli FEC expressing BtuN from P. stutzeri (red line) or 

carrying the empty expression vector (pBAD24, blue line) cannot grow. Only in the presence of 25 

mg ml-1 L-methionine the BtuN expressing strain grows (black). b) Expression of M. tuberculosis 

Rv1819c in E. coli FEC supports growth in the presence of 1 nM cobalamin (red line). In contrast, 

the ATP hydrolysis incapable mutant version Rv1819c_E578G cannot support cobalamin 

dependent growth (black line), showing that substrate transport is ATP dependent. 
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transporter of unknown function and was tested in the growth assay, but 

did not support cobalamin dependent growth.  
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