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Abstract 

S-components are subunits of ECF-type ABC transporters, which act as 

their membrane-embedded substrate-binding proteins. The transport 

mechanism of ECF-type ABC transporters requires toppling of the S-

component in the membrane, for which the tripartite ECF-module is 

thought to be essential. BtuM is a recently discovered solitary S-

component that catalyzes uptake of Vitamin B12 into Gram-negative 

proteobacteria, without the use of an ECF module. The mechanism of 

transport used by this solitary S-component is unclear. It may involve the 

toppling motion, but it is debated whether such movement can take place 

in the absence of an interacting membrane protein partner. Here, we 

investigated if BtuM adopts a higher oligomeric state, which could 

facilitate toppling. We find that BtuM is a monomer both in vitro and in 

vivo. Additionally, based on the recently reported crystal structure of 

BtuM, we show that the presence of an engineered C-terminal Histidine-

tag promotes dimerization, showing that engineered proteins a prone to 

exhibit artefactual behavior.   
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Introduction 

Energy coupling factor (ECF-) type ABC-transporters are a relatively 

recent addition to the versatile ATP binding cassette (ABC) transporter 

super-family. They are found only in prokaryotes, primarily in Gram-

positive bacteria of the Firmicutes group (1). ECF-transporters contain 

two ATPases and two transmembrane proteins, an architecture shared will 

all other ABC-transporters, like the type I maltose or type II vitamin B12 

(cobalamin, Cbl) importers, MalGFK or BtuCDF, respectively, which 

additionally require a soluble substrate binding protein. However, the 

membrane subunits in the ECF-type transporters have different functional 

properties. One of the transmembrane subunits has evolved into a 

membrane embedded substrate binding protein, called S-component (2–

5). In a subset of ECF-transporters, the S-component dynamically 

associates with the rest of the transporter, called ECF-module, that is 

comprised of two ATPases and the transmembrane protein ECF-T. 

Structural analyses have revealed that the S-component, which mediates 

substrate-specificity, can topple by almost 90° in the membrane, likely 

aided by ECF-T, and thereby shuttles the substrate through the membrane 

(1, 6, 7).  

Recently, BtuM from Thiobacillus denitrificans, which previously had 

been predicted to be a new type of Cbl transporter, has been biochemically 

and structurally characterized, confirming that it is indeed a novel class of 

vitamin B12 transporters (8, 9). Intriguingly, BtuMTd is a S-component 

that catalyzes Cbl-transport in vivo without an accompanying ECF-

module (9). The same has been shown before for a small group of solitary 

BioY proteins, which is an S-component that transports biotin (10). 

Differently from BtuM homologs, BioY can also be found as a non-

solitary S-component, in which case transport of the substrate depends on 

the presence of the ECF-module (1, 10). Thus, the question arises, what 

transport mechanism is used by solitary S-components. It was speculated 

that transport is achieved by toppling of the solitary S-component without 

the aid of the ECF-module (9). However, toppling of S-components in 

ECF transporters is believed to depend on the interaction with the ECF 

module, presumable via the ‘greasy’ gliding surface provided by the 

transmembrane domain ECF-T (7), which raises the question how a 

solitary protein may topple over. It is possible that solitary S-components 

form oligomeric assemblies, in which one of the two protomers could 

translocate the substrate by toppling, using the other protomer as the 
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‘gliding surface’, in analogy to the full complex. It was claimed before 

that for BioY a higher oligomeric state is the functional state (11). Because 

non-solitary S-components are known to be monomeric when dissociated 

from the full complex (12–14), we investigated if BtuMTd forms oligomers 

in vitro, using size exclusion multiangle laser light scattering (SEC-

MALLS) analyses, or in vivo, using single molecule fluorescence 

microscopy. Our findings show that BtuMTd is monomeric in vitro and in 

vivo. 

 

Results 

In vitro oligomeric state determination using SEC-MALLS 

To determine the oligomeric state, we purified a C-terminally His-tagged 

version of BtuMTd (BtuMTd_cHis8) in the apo and substrate-bound states. 

Using SEC-MALLS, we probed in detergent solution the oligomeric state. 

For the apo protein, we observed a symmetrical elution profile pointing 

towards a single oligomeric species (Figure 1a). The determined profile 

profile pointing toward a single oligomeric species (Figure 1a). The 

determined weight was ~23 kDa, which is close to the theoretical 

molecular weight of 22.9 kDa, and thus apo BtuMTd_cHis8 is monomeric 

(Figure 1a). In contrast, the substrate-loaded protein exhibited an elution 

profile that had an additional shoulder at a slightly earlier elution volume 

(Figure 1b). The measured molecular weight of the protein in the main 

peak was 23 kDa, but the earlier eluting species was determined to be ~46 

kDa, and thus contained dimeric BtuMTd_cHis8 (Figure 1b). Because the 

crystal structure of Cbl-bound BtuMTd_cHis8 showed that the imidazole 

moiety of the last, C-terminal His-tag histidine side chain can insert into 

the binding pocket of a neighboring BtuMTd molecule in the crystals, and 

make contact with the cobalt ion of Cbl (9), we concluded that the dimer 

formation upon substrate-binding may be an artefact. Therefore, we 

engineered a tobacco edge virus (TEV-) cleavage site between the native 

protein sequence and the His-tag (BtuMTd_cTEV-His8). We conducted 

the same experiments with TEV-cleaved BtuMTd (BtuMTd-cut) and found 

that both apo and substrate-loaded BtuMTd-cut eluted with symmetrical 

elution profiles during SEC-MALLS resulting in monomeric species of 

~23 kDa under both conditions (Figure 1c and d). 
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In vivo oligomeric state determination using single-molecule 

fluorescent bleaching microscopy 

The SEC-MALLS results in combination with the crystal structure 

indicate that BtuMTd exists as a monomer in vitro (9). To further 

corroborate that BtuMTd is monomeric, we aimed to investigate the 

oligomeric state of BtuMTd in vivo. In vivo experiments do not suffer from 

potential effects of the detergent micelle on the oligomeric state. We used 

single-molecule fluorescent bleaching microscopy, which requires the 

presence of a fluorescent Ypet protein, which was fused C-terminally to 

BtuMTd_cHis8 (BtuMTd_cHis8-Ypet) including a flexible linker (15). 

Because the His-tag is wedged in between BtuMTd and Ypet we reason 

that the last histidine residue is sterically blocked by Ypet from binding to 

Figure 1: SEC-MALLS analysis of BtuMTd. The Rayleigh ratio is plotted against the elution 

volume (black) and molecular weights (MW) of the protein (red, thick), the micelle (red, thin), and 

the conjugate (light grey) are shown for regions of interest. a) BtuMTd_cHis8 in its apo state elutes 

as a single peak followed by an empty n-dodecyl--D-maltoside (DDM) micelle. The measured 

MW is ~23 kDa (theoretical MW is 22.9 kDa). b) same as a) but with vitamin B12-bound protein. 

A shoulder appears at an earlier elution volume showing partial dimer formation of ~46 kDa. c) 

same as in a) but with His-tag free BtuMTd-cut after TEV treatment, resulting also in a monomer. 

d) same as in b) but with His-tag free BtuMTd-cut after TEV treatment. In the absence of the His-

tag no partial dimer formation occurs. 
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Cbl of a second BtuMTd molecule. We used an E. coli triple knock out 

strain (E. coli  FEC) like previously described (9, 16, 17). In brief, 

deletions of btuF and btuC abolish endogenous Cbl uptake, and deletion 

of the Cbl-independent methionine synthase forces the strain to synthesize 

L-methionine via a Cbl-requiring route. Thus, the strain depends on a Cbl 

transporter when no L-methionine is supplied in the growth medium. The 

fusion affected activity of BtuMTd (Figure 2) but nonetheless expression 

was present allowing for in vivo oligomeric state determination. We 

expressed BtuMTd_cHis8-Ypet at low levels to obtain single foci that are 

required for analysis with ISbatch (batch-processing platform for data 

analysis of live-cell single-molecule microscopy images) (18) and 

followed bleaching of the fusion protein in the absence or presence of 2 

mM Cbl in the growth medium. This method allows to determine the 

number of protomers in a complex, which is equal to the number of 

bleaching steps and can be derived from the expression n = Ifoci Istep
-1 

(where n is the number of protomers and I is the intensity of the foci and 

the bleaching step, respectively) (19). Thus, we expect for monomeric or 

dimeric BtuMTd_cHis8-Ypet one or two bleaching steps, respectively (and 

so on for higher oligomers). When BtuMTd_cHis8-Ypet was expressed 

without the presence of Cbl and was thus in its apo form, we only could 

Figure 2: Growth assay with BtuMTd_cHis8-Ypet. The E. coli triple knock-out strain carrying 

the indicated expression constructs in the presence of either 1 nM vitamin B12 or 50 mg ml-1 L-

methionine. Expression of BtuMTd_cHis8 (positive control, black line) leads to growth in the 

presence of vitamin B12, whereas BtuMTd_C80S_cHis8 (negative control, grey line) cannot sustain 

growth under these conditions. Expression of BtuMTd_cHis8-Ypet also cannot support growth in 

the presence of vitamin B12 (red line) and only in the presence of L-methionine (blue line) these 

cells grow. 
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find single bleaching step events and hence observed only monomeric find 

Figure 3: Single molecule in vivo oligomeric state determination. a) In the apo state (n = 376), 

BtuMTd_cHis8-Ypet foci have a mean intensity of 462.7 intensity unit (IU,  = 133.7 IU), which 

bleach with a mean step size intensity of 395.1 IU ( = 108.6 IU. b) In the presence of 2 mM Cbl 

(n = 799), the mean foci intensity is 617.8 IU ( = 197.7 IU), which bleach with a mean step size 

intensity of 529.4 IU ( = 224.6 IU). Because low expression may hamper dimer formation, the L-

arabinose concentration was increased in the presence of substrate (1 ng apo and 7.5 ng with Cbl). 

In both cases foci bleach in a single steps, meaning that BtuMTd is monomeric. c) As a positive 

control LacY_eYFP was probed under the same condition as apo BtuMTd. The foci of n = 726 

trajectories of the positive control, LacY-eYFP, have a mean intensity of 521.7 IU ( = 174.4 IU) 

and bleach with a mean step intensity of 441.7 IU ( = 145.5 IU). Thus LacY is monomeric under 

the tested conditions as expected (20). 



On the role of modifications for the oligomeric state of the 

vitamin B12 transporter BtuM 

 

 125 

find single bleaching step events and hence observed only monomeric 

BtuMTd (Figure 3a). Because normally the inducer concentration is 

chosen such that only one focus per cell appears to facilitate analysis, low 

expression levels may hamper oligomerization in the presence of 

substrate. Therefore, the L-arabinose concentration was increased when 

Cbl was added to BtuMTd_cHis8-Ypet expressing cells. Also under these 

conditions we only observe single bleaching step events, indicating that 

no higher oligomer is present (Figure 3b). As a monomeric control, we 

used LacY (20) fused to eYFP (LacY-eYFP) and also observed As a 

monomeric control, we used LacY (20) fused to eYFP (LacY-eYFP) and 

also observed only the expected monomeric species (Figure 3c).  

 

Discussion 

We investigated the oligomeric state of the solitary S-component, BtuMTd 

with two techniques, SEC-MALLS and in vivo single-molecule 

fluorescent bleaching experiments. SEC-MALLS analysis shows that apo 

BtuMTd is monomeric, but partial dimer formation occurs in the substrate-

bound state of the His-tagged construct. If the affinity-tag is absent, no 

dimerization is present, which can be explained by crystal contacts in the 

structure of BtuMTd. In the crystal, two BtuMTd molecules align almost 

antiparallel, and the His-tag of one BtuMTd binds to the bound Cbl 

substrate of the other BtuMTd protein and vice versa (9). The partial dimer 

formation in detergent solution likely is a similar artificial assembly, 

because it can only be observed when Cbl, the anchoring point of the His-

tag, is bound to BtuMTd. Therefore, the addition of the His-tag causes an 

artefact. The unnatural nature of the change in oligomeric state was 

corroborated using an in vivo approach, which showed that BtuMTd is 

monomeric under substrate-free and substrate-bound conditions. Although 

the fusion to a fluorescent Ypet protein affects the activity of BtuMTd, the 

in vivo oligomeric state determination is of value, since in vivo 

experiments offer a more physiological environment, especially for 

membrane proteins that otherwise are kept in detergent solution. It is 

possible that the Ypet fusion may sterically interfere with dimer formation, 

forcing BtuMTd to be monomeric in the single-molecule experiments, but 

there is also the possibility that the Ypet fusion interferes with the 

proposed toppling mechanism of transport (9), not affecting the 
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oligomeric state, and only thereby rendering BtuMTd inactive in the growth 

assay. If the latter is true, the microscopy results are valid.  

In conclusion, only the complementary use of techniques, ruling out 

methodological effects on the oligomeric state (detergent micelles and 

membrane environment on the one hand, and unmodified BtuMTd and 

Ypet fusion protein on the other hand), allows for the conclusion that 

BtuMTd is monomeric. The results also demonstrate, that modifications 

can greatly alter the behavior of a protein, in unexpected ways as 

demonstrated by the His-tag binding to the substrate that is bound to a 

second BtuMTd molecule (9), or the fusion to a fluorescent protein. 

Therefore suitable control experiments must be included to show that any 

non-natural modifications are not altering the native properties of a 

protein, which has been done here with the complementary approach of 

techniques.  

Investigation into the oligomeric state of S-components has been done for 

the biotin-specific, isolated S-component BioY from Rhodobacter 

capsulatus (BioYRc), RibU (riboflavin-specific), ThiT (thiamin-specific), 

and BioY from Lactococcus lactis (BioYLl) (11–14, 21). Only for BioYRc, 

Figure 4: Consensus sequence of BtuM homologs. BtuM homologs (224 in total) were identified 

and aligned using the iterative jackHMMER search engine (30). Conservation scores were assigned 

in Jalview (31) ranging from high (blue) to low (grey) with the corresponding consensus sequence 

of all homologs. The part of the sequence corresponding to helix H1 in BtuMTd is marked (between 

red lines) showing that the A-X-X-X-A motif is not part of the BtuM homolog consensus sequence. 
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Kirsch et al. and Finkenwirth et al. claimed that the S-component exists 

as a higher oligomer (11, 21). However, the authors prepared homo 

BioYRc tandem fusion proteins and only with these fusions a higher 

oligomeric state occurred that otherwise could not be observed (11). In 

contrast, the homologous BioYLl was shown to be monomeric, like ThiT 

and RibU (12–14). Because S-components share a highly conserved fold 

(12, 14, 22–26), and in combination with our results, showing that non-

physiological modifications can result in non-natural behavior, we 

hypothesize that BioYRc is also monomeric.  

But the question remains what properties make solitary S-components and 

non-solitary S-components, which strictly require an ECF-complex for 

transport, so different (9, 10, 17)? For example, the Cbl-specific S-

component CbrT strictly requires an ECF-module, whereas Cbl-specific 

BtuMTd does not (9, 17). One difference is an interaction motif between 

S-component and the transmembrane domain of the ECF complex. S-

components that require the full complex have a conserved motif (A-X-X-

X-A where ‘X’ is any amino acid) in the first transmembrane helix H1 (5, 

14), which is absent in BtuMTd. A multi-sequence alignment of all 

identifiable BtuM homologs (now 224 homologs, previously 131 (9)) 

shows that none of these carries this motif (Figure 4). Therefore, it appears 

that BtuM homologs have evolved to transport substrate independently of 

an ECF-module and are a distinct within the family of S-components. 

Additionally, because BtuMTd appears to have lost the necessity for an 

ECF-module and also features enzymatic activity, decyanating cyano-

cobalamin before transport (9), the S-component fold seems to be a 

versatile chassis for a variety of functions, ranging from membrane-

embedded high affinity substrate binding proteins for structurally and 

chemically diverse compounds, over solitary, independent transporters, to 

enzyme-like function (1, 5, 9, 10). Similarly, also the over 800 G-protein 

coupled receptors (GPCRs), of which all structures solved have a 

conserved fold, have a hugely diverse set of different ligands (27). Thus, 

also the GPCR fold allows for a variety of functions and it seems, although 

the diversity of structural folds in membrane proteins may be limited due 

to membrane environment constraints (28, 29), their functionality may not 

follow this restriction. 
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Materials and Methods 

Sequence analysis 

BtuMTd sequences and alignments were obtained as described before (9, 

30). The sequences were aligned in Jalview (31) to obtain the consensus 

sequence of BtuM homologs. 

Molecular methods 

The expression plasmid for BtuMTd_cHis8 (pBAD24_B tuMTd_cHis8) 

was constructed before (9). The pBAD24_BtuMTd_cTEV-His8 expression 

vector was constructed using restriction cloning with overhanging primers 

(forward primer with NcoI-site 5’-

GGTCCATGGGTCTGAATCTGACCCGTCGTCAGCAGATTGC-3’ 

and reverse primer with TEV-His8 site, stop-codon, and HindIII-site 5’-

AATAAGCTTTCATTAGTGGTGGTGATGGTGATGATGATGTCCC

TGAAAGTACAGATTCTCACGTTCACGACGGGTG-3’) to insert the 

TEV cleavage site with NcoI and HindIII restriction sites. The vector for 

the expression of the fluorescently tagged BtuMTd 

(pBAD24_BtuMTd_cHis8-Ypet) was constructed using the Gibson 

Assembly kit (NEB) and a flexible linker (15) was inserted after the His-

tag and Ypet (BtuMTd_GibsAssem forward primer 5’-

AGCAGGAGGAATTCACCAATGGGTCTGAATCTGACC-3’, 

BtuMTd_ GibsAssem reverse primer 5’-

GCCGACATATGATGGTGATGGTGGTG-3’, Ypet_GibsAssem 

forward primer 5’-CACCATCATTCGGCTGGCTCCGCTGC-3’, 

Ypet_GibsAssem reverse primer 5’-

GATCCCCGGGTACCATCATTAGAGCTCTTTGTACAATTCATTC

ATACCC-3’, the backbone forward primer 5’-

TGGTACCCGGGGATCCTC-3’, and the backbone reverse primer 5’-

TGGTGAATTCCTCCTGCTAGC-3’). All constructs were checked by 

sequencing for correctness. 

Overexpression, purification, TEV-cleavage and SEC-MALLS 

analysis 

Substrate-free or substrate-bound BtuMTd_cHis8 and BtuMTd_cTEV-His8 

were overexpressed and purified in DDM and K-Pi buffer as previously 

described (9). TEV cleavage was initiated with Ni2+-NTA immobilized 
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protein after washing by the addition of 500 l SEC-buffer and 30 l TEV 

protease (Promega, 8,000 units). The reaction was incubated for 21 hours 

at 4°C on a moving platform. Cleaved protein was eluted without 

imidazole and used for SEC purification as described (9). SEC-MALLS 

was performed as described before (13, 32). The analysis of the data 

requires the extinction coefficient of the protein. For apo protein the amino 

acid derived extinction coefficient (ε280 = 40,910.0 M-1 cm-1, Protparam 

online tool) was used. Because cobalamin absorbs strongly at 280 nm and 

binding to BtuMTd changes the spectrum (9) of the substrate, the extinction 

coefficient was determined experimentally. The absorption of Cbl-bound 

BtuMTd was measured at 280 nm with purified protein in buffer 

supplemented with 50 μM Cbl and the protein concentration was 

determined using a bicinchoninic acid (BCA). The resulting extinction 

coefficient of BtuMTd bound to Cbl at 280 nm calculated with Lambert-

Beer’s law is ε280 = 53581.9 M-1 cm-1. 

Cell preparation for microscopy 

Escherichia coli MC1061 (33) carrying pBAD24_BtuMTd_cHis8-Ypet or 

_LacY-eYFP were pre-cultured overnight in EZ rich defined medium 

(Teknova) supplemented with 0.2% (v/v) glycerol and 100 g ml-1 

ampicillin at 37°. The pre-culture was used to inoculate the main culture 

in a 1:1,000 ratio that was supplemented with 1 ng ml-1 (apo) or 7.5 ng ml-

1 (Cbl) L-arabinose. The main culture (500 μl) was grown at 37°C until 

visible growth could be detected by eye. For apo BtuMTd and LacY 

formaldehyde (Sigma Aldrich) was added to a final concentration of 3.7% 

(v/v) and the culture was incubated for ten minutes at room temperature. 

Cells were washed once with the same volume EZ medium and used for 

imaging. For substrate-bound BtuMTd cells were first washed in three-

times the volume of a 2 mM cyano-cobalamin (Acros Organics) and 50 

mM K-Pi pH 7.0 solution with 15 minutes incubation at 37°C prior to 

formaldehyde addition. Cells were washed with the 2 mM cyano-

cobalamin and 50 mM K-Pi pH 7.0 solution and used for imaging.  

Growth assay 

The growth assay with BtuMTd_cHis8, BtuMTd_C80S_cHis8, and 

BtuMTd_cHis8-Ypet was done as described before (9, 17). 
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Single molecule microscopy for in vivo oligomeric state 

determination 

High Precision 24x60 mm cover slips were cleaned by sonication in 5 M 

KOH for one hour, washed extensively with ddH2O, dried, and 

functionalized by addition of 0.1% (w/v) in ddH2O poly-L-lysine solution 

(Sigma-Aldrich) for five minutes at room temperature. Residual poly-L-

lysine solution was removed by rinsing with ddH2O. After drying, a 

droplet of cell suspension was applied and imaged on a home-build, fully 

automated, inverted single molecule microscope (Olympus IX-81, apo 

BtuMTd and LacY or Olympus IX-83, substrate-bound BtuMTd) for 100 

ms with 1 frame ms-1. Excitation was provided by a coherent laser at 514 

nm (Sapphire). Data analysis was conducted in ImageJ with the ISbatch 

plugin on flattened and discoidal filtered images (18). Obtained 

trajectories were binned and plotted in Matlab. Fitting with normal 

distribution was done in OriginPro8. 
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