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Chapter 4

Raising Nanobodies against an Energy-Coupling Factor (ECF) 
Transporter (ECF-PanT) from Lactobacillus delbrueckii

Inda Setyawati1,2, Zaid R Anshari1, Albert Guskov1, Els Pardon3,, 
Jan Steyaert3,, Dirk J Slotboom1

1Groningen Biomolecular Sciences and Biotechnology Institute, University of Groningen, Netherlands; 
2Biochemistry Department, IPB University, Indonesia; 
3Structural Biology Brussels, Vrije Universiteit Brussel, VUB, Belgium; VIB-VUB Center for Structural Biology, 
VIB, Belgium.

Experimental contributions: Els pardon and team conducted immunization and nanobody generation, 
Inda Setyawati and Zaid R Anshari conducted antigent preparation, biochemical and biophysical 
characerization.

Abstract

Mechanistic understanding of transport mediated by energy-coupling factor (ECF) transporters is limited 
because all available structures of the full complexes of four subunits are in the same conformational state. 
Other states might be energetically less favoured, which may have hampered structure determination. 
One way to overcome this obstacle is by finding appropriate ligands that stabilize an ECF transporter 
in novel conformations. In this study, we focussed on raising Nanobodies (Nbs) against the ECF 
transporter ECF-PanT from Lactobacillus delbrueckii. Nanobodies have potential  to stabilize previously 
undetected structural states of the proteins and have been extensively used as crystallization chaperones 
due to their tight binding to the target protein, which provides persistance to harsh environments such as 
detergent solution. Here, Nbs were generated by immunizing a llama with the antigen of ECF-PanT, in 
a membrane-reconstituted state. From the first round of selection, we obtained 40 unique Nbs that were 
classified into 21 families based on the sequence variation in the so-called CDR3 region, which is one 
of the variable regions in nanobodies. Up to date, we have been able to investigate nine of 40 Nbs. Using 
co-elution in gel filtration chromatography experiments, we observed the association of all nine Nbs, 
not only to ECF-PanT, but also to ECF-FolT2 or ECF-Pdx, which have identical ECF modules as ECF-
PanT but different S-components. We also characterized the inhibitory effect of the Nbs on the transport 
activity of the ECF transporters (ECF-PanT and ECF-FolT2). Three of nine Nbs were assessed further 
for their affinities of binding, revealing excellent affinity (KD in the low nanomolar range). Currently, 
not all Nbs have been extensively characterized, but one of the nanobodies (Nb 81) was successfully 
co-crystallized with ECF-PanT (see chapter 5).   
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Introduction

Energy-coupling factor (ECF) transporters constitute a group of membrane proteins included in the 
superfamily of ATP-binding cassette (ABC) transporters that couple the uptake of substrates across the  
membrane to ATP hydrolysis1–6. ECF transporters are dedicated to import of trace elements (vitamins 
and minerals) and found frequently in bacteria and archaebacteria7–11. A mechanistic understanding 
of ECF transporters is still incomplete due to a lack of structural insight into the ensemble of 
conformations adopted during the catalytic cycle. Currently there are only two conformations known 
from crystal structures. A substrate-bound state has been revealed for solitary S-components for 
vitamins3,12–16 and transition metals17 and a substrate-free state was found for full ECF complexes2,4,18–21. 
Based on the available crystal structures, and combined with molecular dynamics, biochemical and 
microbiological data, it has been proposed that S-components can adopt different orientations relative 
to the membrane, and relative to the ECF-module. Combining the available data, a working model for 
the transport postulates that a toppling motion of the S-components in the membrane can take place 
after binding the substrate2, and that conformational changes in the ECF module, instigated by binding 
and hydrolysis of ATP, are needed for the association of the S-component with and dissociation from 
the module. However, no differences were found in the conformation of ECF module in the available 
crystal structures, regardless of the presence of absence of ATP and non-hydrolyzable ATP analogues. 
Therefore, the possible role of the ECF module in the toppling and association-dissociation processes 
is still not entirely clear. 

The intermediate states of the ECF module might be energetically unstable in the detergent solution, 
which may have hampered structure determination. In this study, we tried to overcome this obstacle by 
finding appropriate ligands to stabilize the group II ECF transporter from Lactobacillus delbrueckii. 
One class of potentially powerful ligands to study previously undetected structural states of the proteins 
are nanobodies (Nbs)22–24.  

A nanobody is a small antigen-binding fragment of   ̴15 kDa that is derived from an antibody that contains 
only a heavy-chain (Figure 1). It is approximately ten times lighter than a conventional antibody25 and 
found in camelids and sharks as a variable VHH domain of their antibodies as shown in Figure 1. 
Due to their small and compact structures, Nbs are able to access cavities or clefts on the surfaces of 
proteins23. Compared to a conventional antibody, a Nb exhibits superior stability and is easily produced 
recombinantly (e.g. in Escherichia coli). Nbs have been extensively used as crystallization chaperones 
due to their resistance to additives, and extremes of pH and temperature26. 

Structurally, a nanobody consists of four framework (FR) domains which are less sequence variable 
and three highly variable loops CDR1, CDR2, and CDR3. These loops contribute to the antigen-
interacting surface, called paratope, which determines the Nb antigen-binding specificity25. The length 
and sequence of the loops affect how tightly and specifically the nanobodies bind to their antigens27.  
Here, the sequence variation in the CDR3 region was used to classify the nanobodies generated from the 
same antigen in different families that may potentially attach to a distinct epitope of the antigen.    
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Figure 1. Schematic features of conventional antibody, camelid antibody and nanobody. Nanobody is a single 
domain of variable chains found in camelids. Constant domain of the heavy chain, CH; Variable domain of 
the heavy chain, VH; N-terminal variable domain of the heavy chain-only antibody, VHH; Variable domain 
of the light chain, VL.

Here, we investigated Nbs against ECF-PanT. Using co-elution in gel filtration chromatography 
experiments, we were able to demonstrate the association of the Nbs, not only to ECF-PanT, but also to 
ECF-FolT2 or ECF-Pdx, which have identical ECF modules as ECF-PanT but different S-components. 
In addition, we tested whether binding of the Nbs inhibited the transport activity of the ECF transporters 
(ECF-PanT and ECF-FolT2). A few Nbs were assessed further for their affinities of binding, showing 
excellent affinity (KD in the low nanomolar range) for all of them. Up to date, not all Nbs have been 
extensively characterized, but one of the nanobodies (Nb 81) was successfully co-crystallized with 
ECF-PanT (Figure 2) and the structural information brought new insight on the dynamics of subunit 
interactions in ECF-PanT and ECF-FolT2.  

Results

For nanobody generation, a llama (Lama glama) was immunized with 800 µg ECF-PanT which had 
been reconstituted into liposomes consisting of a mixture of E. coli polar lipids and phosphatidylcholine 
(1:3 w/w ratio), at the protein to lipid ratio of 1:125 (w/w). An immune library was constructed after 
RNA purification and cDNA synthesis from blood lymphocytes collected from the immunized llama. 
To select the Nbs from the immune library, a phage display selection was established consisting 
of 7*109 independent Nb clones (so-called a phage display library). The selection for binders was 
performed using either solid-phase immobilized ECF-PanT proteoliposomes or proteoliposomes that 
were captured on anti-Strep-tag mAbs coated plates. 

From the solid phase selections shown in Table 1, 46 randomly selected clones were screened using 
ELISA, of which 29 were positive. In addition, from the strep-captured selections, also 46 clones were 
screened, which yielded 38 positive clones. In total, 67 clones of 92 were found to be positive in ELISA. 
The positive clones were subsequently sequenced, which revealed 40 unique Nbs that were classified 
into 21 families. A family was defined as a group of nanobodies which has high similarity of amino acids 
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in the CDR3 region. By default, we assumed that nanobodies belonging to the same family bind to the 
same target epitope26,28 because CDR3 loops with identities in length and <20% sequence variations27 

have previously been found frequently to bind the same antigen epitope26 (Table 1). How many times a 
family was identified after ELISA and sequence analysis was defined as well, and named “occurrence”. 
It gives an indication of potentially high affinity binders. We also took a few clones along that give low 
signals in the ELISA screen (Nb 80, Nb 85 and Nb 93), as it is possible that they still might be specific 
binders. 

Expression and purification of soluble Nbs

In order to purify Nbs, we used E. coli WK6 cells as host for recombinant expression. Not all expression 
plasmids were successfully transformed as described in Table 1. In total, 31 (out of 40) recombinants 
were transformed into E. coli WK6, the inserts were sequenced and the sequences were matched to the 
early databases (immune and phage display libraries) by sequencing. The immune library was generated 
when the genetic information of the nanobodies was extracted from lymphocyte cDNA. On the other 
hand, the phage display library resulted from the selection of the nanobodies against the antigen by 
phage display and confirmed by ELISA measurement, these results were also cross-checked to the 
immune library. 

Next, we used 16 clones for a first screening in an expression test. The sequences of the 16 clones 
covered all the distinctive big families (Figure 2). We cultivated the transformants in 3 mL of growth 
medium and extracted the soluble Nbs from the periplasm by osmotic shock, resulting in crude extracts. 
The crude extracts were evaluated by Western blot to check for expression of nanobodies of the expected 
size. Protein levels as detected by Western blot analysis are shown in Figure 2a. Only in one case (Nb 
60) was expression not observed in the small-scale batch culture. 
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Table 1 Phage display properties of ECF-PanT Nbs from the naïve library

Family Reference 
number Nanobodies Occurrence

Selection conditions in which the family 
is found Transform to 

E. coli WK6
Solid phase coated Anti-strep 

captured

1

CA14358 58

20 v v

fail

CA14359 59 fail

CA14360 60 v

CA14361 61 fail

CA14362 62 v

CA14363 63 v*

2

CA14370 70

12 v v

v

CA14371 71 v

CA14372 72 v

CA14373 73 v

CA14374 74 fail

CA14375 75 v

CA14376 76 v

CA14377 77 v

3

CA14388 88

6 v v

v

CA14389 89 v

CA14390 90 v

4
CA14383 83

3 v v
v

CA14384 84 v

5
CA14368 68

2 v  
v

CA14369 69 v

6 CA14367 67 1 v  v

7 CA14379 79 1 v  fail

8 CA14381 81 1 v  v

9 CA14386 86 1 v  v

10 CA14387 87 1 v  fail

11 CA14391 91 1 v  v

12 CA14396 96 1 v  v

13 CA14397 97 1 v  v

14

CA14364 64

4  v

v

CA14365 65 v

CA14366 66 v

15 CA14382 82 3  v v*

16
CA14394 94

2  v
v

CA14395 95 v

17 CA14378 78 1  v fail

18 CA14380 80 1  v v

19 CA14385 85 1  v v

20 CA14392 92 1  v v

21 CA14393 93 1  v v

v* sequences were not matched to the  phage display library
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Figure 2. A. Western blots against His-tag of different Nbs overexpressed in small amount of culture, B. 
alignment of Nbs from different families, and C. variable loops of Nb 81 with CDR1 (blue), CDR2 (green) 
and CDR3 (red). The size of the bands of the PageRuler Plus molecular weight marker (in kDa) and a 10x-his-
tagged EcfA band as a positive control shown in panel A. The grey background (panel B) on the sequences 
of Nb 81 indicate that the residues were involved in the binding interactions between ECF-PanT and Nb 81 
in the crystal structure29.
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To further assess the properties of the nanobodies, we selected nine Nbs from different families. Figure 
2b provides an overview of the sequence alignment of the nine Nbs used in this study. To do the 
characterization, we needed milligram quantities of high-purity Nbs. For most Nbs expression in 1−3 L 
of culture was required to obtain sufficient amounts. However, the expression of Nb 69 was much higher, 
and adequate amounts of pure protein could be isolated (1.3 mg) from 250 mL of culture (Table 2). In all 
cases, we extracted Nbs with the same technique of osmotic shock treatment, and subsequently purified 
them on a Ni-NTA sepharose gravity flow column. To remove the imidazole that was used for elution, 
we exchanged the buffer using a desalting column.

 Table 2. Properties of ECF-PanT Nbs from the naïve library

Nbs MWa 
(kDa) ɛ (g/L )b

Yield 
(250 mL of 

culture) 

Binding assay by co-elution Percentage 
inhibitionc

ECF-PanT ECF-FolT2 ECF-Pdx

65 13.333 12.95 ND Binding ND Binding 32 ± 6d

67 13.522 14.44 ND Binding ND Binding 27 ± 8d

69 14.754 19.94 1.3 mg Binding ND Binding 37 ± 0e

72 13.047 16.96 0.5 mg Binding ND ND 86 ± 0f

81 14.962 33.92 0.4 mg Binding Binding ND 37 ± 3f

84 13.889 18.45 ND Binding ND Binding 19 ± 9d

86 13.741 24.41 ND Binding ND Binding 94 ± 1d

89 13.958 23.95 ND Binding ND BInding 3 ± 5d

91 13.635 22.46 ND Binding ND Binding 12 ± 10d

aMolecular weight (Mw) includes His6 and EPEA tags.
a,b Theoretical Mw and extinction coefficient (ε) were calculated by the ExPAsy ProtParam Tool.
cLoading Mg2+-ATP and the Nb into the lumen of proteoliposomes was conducted by freezing-thawing cycles for three times.  
dInibition was measured to the reconstituted ECF-PanT with 5 µM of the respective Nb in the lumen of the proteoliposomes.
eInhibition was measured to the reconstituted ECF-PanT with 1 µM of the respective Nb in the lumen of the proteoliposomes.
fInhibition was measured to the reconstituted ECF-FolT2 with 5 µM of the respective Nb in the lumen of the proteoliposomes.
All binding assays were performed in duplicate and the error bars indicate the standard deviation (s.d.).
ND: not determined
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Figure 3. Assessment of Nb 65 binding to ECF-PanT by gel filtration and SDS-PAGE. A) Gel filtration 
profiles of Nb65-coeluted ECF-PanT (solid line), ECF-PanT (dotted line) and Nb 65 (thick dashed line). 
B) The SDS-PAGE analysis with fractions of co-eluted-imidazole Ecf-PanT (E1 and EN1), gel filtration 
fractions from the left peak of ECF-PanT elution (E2 and E3), gel filtration fractions from the left peak of Nb 
65-coeluted ECF-PanT (EN2 and EN3), gel filtration fractions from the right pick of Nb 65-coeluted ECF-
PanT (EN4 and EN5), gel filtration fractions from the peak of Nb 65 (N1 and N2), and the PageRuler Plus 
molecular weight marker in kDa (M).

Assessment of Nbs binding by co-elution 

We used gel filtration chromatography to monitor the binding Nbs to the ECF transporters. We evaluated 
the elution profile of ECF-PanT, Nb-bound ECF-PanT and Nb alone. To ensure all the ECF-PanT 
molecules were saturated with Nb, we added a threefold excess of the Nb which is shown by a retention 
peak eluting after the peak of Nb-bound ECF-PanT (Figure 3A). In some cases (Nbs 65, 81, 86 and 
91), we observed differences in elution volumes between ECF-complexes (ECF-PanT or ECF-Pdx) 
and Nb-bound ECF complexes (Figure 3A, 6A and 6C), which might indicate a dimerization of Nb-
bound ECF complexes. For Nb 81, dimerization is consistent with the crystal structure of Nb 81-bound 
ECF-PanT (Chapter 5). However, the shifted volume from the gel filtration profile was not confirmed 
yet for all nine nanobodies at this stage. In addition, to confirm the co-elution of Nbs with the ECF-
transporter, we conducted SDS-PAGE analysis. For each of the nine Nbs tested, a protein of 13‒15 kDa 
eluted along with ECF PanT complex, strongly indicating that binding took place in the experimental 
conditions (Figure 3‒5). This method was also used to detect whether the Nbs bound ECF-FolT2 or 
ECF-Pdx which have identical ECF modules as ECF-PanT, but different S-components (specific for 
folate and putatively pyridoxine, respectively (Figure 6)). The ability of all nine Nbs to bind these ECF 
transporters showed that the epitopes were located on the ECF module, and not on the S-component 
(Table 2). 
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Figure 4. Assessment of ECF-PanT binding without Nb (A), with Nb 65 (B), Nb 67 (C), Nb 69 (D), Nb 72 (E) 
and Nb 81 (F) by gel filtration and SDS-PAGE. The left curves are gel filtration profiles of the Nbs-coeluted 
ECF-PanT (solid line), ECF-PanT (dotted line) and the right figures are SDS-PAGE analysis with fractions of 
Nbs-coeluted Ecf-PanT. The PageRuler Plus molecular weight marker in kDa (M) is shown.
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Figure 5. Assessment of ECF-PanT binding with Nb 84 (A), Nb 86 (B), Nb 89 (C) and Nb 91 (D) by gel 
filtration and SDS-PAGE. The left curves are gel filtration profiles of the Nbs-coeluted ECF-PanT and the 
right figures are SDS-PAGE analysis with fractions of Nbs-coeluted Ecf-PanT. The PageRuler Plus molecular 
weight marker in kDa (M) is shown.
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Figure 6. Assessment of ECF-Pdx binding with Nb 65, Nb 86 and Nb 91 (A), Nb 67, Nb 84 and Nb 89 (B) and 
ECF-FolT2 binding with Nb 81 (C) by gel filtration and SDS-PAGE. The left curves are gel filtration profiles 
of the Nbs-coeluted ECF-Pdx or ECF-FolT2 and the right figures are SDS-PAGE analysis with fractions of 
Nbs-coeluted Ecf-PanT. The PageRuler Plus molecular weight marker in kDa (M) is shown.

Nbs inhibit pantothenate and folate transport 

The inhibitory effects of different Nbs were tested in uptake assays using proteoliposomes that 
contained the purified and reconstituted full complexes ECF-PanT or ECF-FolT2, and the respective 
radiolabelled substrates pantothenate and folate. To test whether the transport of pantothenate into the 
proteoliposomes was inhibited by the Nbs, we added the Nb (concentrations between 1 and 5 µM)  both 
in the lumen of proteoliposomes and in the external solution. By loading the Mg2+-ATP in the lumen of 
proteoliposomes and providing radiolabelled pantothenate on the outside, only the transport activity of 
ECF-PanT present in a right-side-out orientation (the ATPases located in the inside) was measured.  The 
ECF-PanT can adopt also opposite (inside-out) orientation30, but these molecules remained invisible 
in the transport assay.    
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To rank the inhibitory effect, we calculated the percentage of inhibition by comparing initial transport 
rates of Nb-exposed proteoliposomes and proteoliposomes without Nb, both in the presence of Mg2+-
ATP. As the negative control, we loaded Mg2+-ADP in the lumen of proteoliposomes which cannot 
support transport by ECF-PanT. The results in Table 2 and Figure 7 show that Nb 86 almost completely 
inhibited the transport to the level background (96 % of relative inhibition, Figure 7A), while the other 
Nbs caused partial on no inhibition. 

From the co-elution assay (Figure 3‒6, Table 2), we suspected that all nine Nbs would bind to the ECF 
module. To confirm that the inhibition by Nb 86 was indeed caused by binding to the ECF module, we 
first made use of an assay in which 5 µM Nb 86 was added only in the external solution instead of on 
both sides. We did not observe any inhibition of the activity of reconstituted ECF-PanT with Nb 86 
supplemented in the external solution (Figure 8B). This result shows that Nb 86 does not inhibit the 
right-side-out oriented ECF-PanT transporters by binding to the external part. 

Second, we also validated that the epitope of Nb 86 is located on the ECF module by testing folate 
transport by ECF-FolT2 with the same approach as above. We observed that the inhibition of the activity 
of ECF-FolT2 (in contrast to ECF-PanT) by Nb 86 to was not complete but only around 82 % (Figure 
8C).  Nonetheless, also in this case the nanobodies inhibited from the lumen of the proteoliposomes.

Nb 81 which was revealed to cause dimerization of the ECF-PanT molecules in the crystal structure 
(Chapter 5), did not fully inhibit the transport (only 37 %) as shown in Figure 7B. To exclude the 
possibility that the Nb was incompletely incorporated in the proteoliposome’s lumen, we repeated the 
experiment for Nb 81 with an increased number of freezing-thawing cycles (six times instead of three) 
before the extrusion through polycarbonate filters. It has previously been shown that the number of 
freeze-thaw cycles plays an important role in the completeness of the exchange of the lumenal buffer31. 
With the same approach, we compared also the inhibitory effect of the ECF-FolT2 for the folate 
transport by Nb 81. From the result in Figure 9, we observed a different level of inhibition between 
EFC-PanT and ECF-FolT2 when the lumen Nb 81 presents at concentrations of 3 and 7.7 µM. The Nb 
81 resulted around 80 % of inhibition in the uptake activity of the ECF-PanT at the both concentrations 
(Figure 9a). However, the ECF-FolT2 was inhibited more strongly, and at 7.7 uM of Nb uptake was at 
the background level (Figure 9b).
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Figure 7. Transport assay for pantothenate (A and B) and folate (C) in the presence of Nbs, in reconstituted 
proteoliposomes of ECF-PanT and ECF-FolT2, respectively. (a) The proteoliposomes were loaded with 
Mg2+-ATP (full circles), Mg2+-ATP and 5 μM lumen and external Nbs (respective shapes), and Mg2+-ADP 
(open circles). Loading Mg2+-ATP and the Nb into the lumen of proteoliposomes was conducted by freezing-
thawing cycles for three times. All experiments were performed in duplicate and the error bars indicate the 
standard deviation (s.d.).
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Figure 8. Transport assay for pantothenate (A and B) and folate (C) in the presence of Nb 86, in reconstituted 
proteoliposomes of ECF-PanT and ECF-FolT2, respectively. The proteoliposomes were loaded with Mg2+-
ATP (full circles), Mg2+-ATP and 5 μM lumen and external Nb 86 (red diamond), Mg2+-ATP and 5 μM 
external Nb 86 (blue diamond), and Mg2+-ADP (open circles). Loading Mg2+-ATP and the Nb into the 
lumen of proteoliposomes was conducted by freezing-thawing cycles for three times. All experiments were 
performed in duplicate and the error bars indicate the standard deviation (s.d.).

Figure 9. Transport assay for pantothenate (A) and folate (B) in the present of Nb 81, in reconstituted 
proteoliposomes of ECF-PanT and ECF-FolT2, respectively. The proteoliposomes were loaded with Mg2+-
ATP (full circles), Mg2+-ATP and 3 μM  Nb 81 (full squares), Mg2+-ATP and 7.7 μM Nb 81 (full triangles), and 
Mg2+-ADP (open circles). Loading Mg2+-ATP and the Nb into the lumen of proteoliposomes was conducted 
by freezing-thawing cycles for six times. All experiments were performed in duplicate and the error bars 
indicate the standard deviation (s.d.). 

Affinity analysis

As we wanted to further test the properties of three Nbs (69, 81 and 86) selected from the previous 
characterization, we measured the affinities by ITC. The ITC assay of the Nbs against the ECF-PanT 
was not possible because we could not purify sufficient amounts of ECF-PanT to reach the required 
concentration. Therefore, the binding affinity of Nbs for the ECF transporters was determined by 
making use of ECF-Pdx which could be produced in higher amounts (yield of   ̴1 mg/mL of pure protein 
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from 1 L of culture). The binding affinities are presented in Table 3.  The three Nbs showed equilibrium 
dissociation constants (KD) in the low nanomolar range which provides a great possibility for further 
application in studies of the ECF transporter mechanism. To test whether the two Nbs (69 and 86) are 
able to bind the ECF module simultaneously, we performed the ITC assay by titrating purified Nb 69 to 
Nb 86-bound ECF-Pdx. To do this experiment, we prepared the Nb 86-bound ECF-Pdx complex from 
co-elution of Nb 86 and ECF-Pdx in the gel filtration column, resulting in a fraction of purified complex 
Nb 86-bound ECF-Pdx. The ITC data (Table 3) still indicated a low nano molar affinity binding between 
Nb 69 and the complex,   ̴6 nM  with approximately one binding site. Due to a very similar molecular 
weight of the two Nbs, we were not able to confirm this result by SDS-PAGE analysis after co-elution 
in the gel filtration.  

Table 3 Nb Affinities by ITC binding assays with ECF-Pdx

Ligand Sample cell KD (nM) Binding site (number)

Nb 69 ECF-Pdx 1.3 ± 0.3 a 0.9 ± 0.05

Nb 81 ECF-Pdx 1 ± 0.0 a 0.7 ± 0.14

Nb 86 ECF-Pdx 5.5 b 0.6

Nb 69 Nb86-bound ECF-Pdx 6.0 ± 1.1 a 0.9 ± 0.03
aBinding assays were performed in duplicate and the error bars indicate the standard deviation (s.d.).
bBinding assay was performed in singlet.

Discussion

For Nb selection, we reconstituted the antigen (ECF-PanT) into a lipid environment to maintain a native 
conformation of the ECF transporters. As we show in chapter 5, indeed Nb 81 did not induce an artificial 
conformation ECF-PanT. The ratio of protein to lipids in the reconstitution was 1:125 (w/w), aimed to 
provide liposomes containing complexes in both orientations, right-side-out and inside-out. By this 
approach, we expected to have varied epitopes exposed for llama Nbs binding following immunization. 

The ECF-PanT Nbs library has a high diversity based on the sequencing results of the randomly picked 
clones. We classified the NBs in 21 distinct families based on the sequence of the CDR3 regions. 
We analyzed the ECF-PanT epitopes of the highly divers naïve Nb library using size exclusion 
chromatography by co-eluting the Nbs with distinct ECF complexes, however containing the identical 
ECF module. All nine tested Nbs from diverse families, bound not only to ECF-PanT, but also to ECF-
FolT2 or ECF-Pdx showing that the epitopes were located on the common ECF module. One of them, 
Nb81, was extensively characterized, and a crystal structure has been solved in complex with ECF-PanT, 
tightly binding the ECF-PanT on the ECF module epitope (chapter 5). In fact, because the ATPases of 
the ECF module protrude away from the membrane, it gave a higher chance for the Nbs to attach to this 



104

surface when reconstituted ECF-PanT was immunized to the llama. 

We show here that binding Nbs to the ECF module affects transport by ECF-PanT to different extents. 
It is important to validate further whether the amount of encapsulated Nbs was sufficient to bind the 
all ECF modules oriented with the ATPase subunits in the lumen of proteoliposomes. In case of Nb 81 
it was confirmed that by increasing the number of freezing-thawing cycles to six instead of three, the 
extent of transport inhibition was increased. It suggests that more Nb was entrapped in the lumen. 

Not only the freezing-thawing factor, but also the ratio between protein and lipids of the reconstitution 
seems affect the level of inhibition. Unfortunately, we did not yet show this conclusively by comparing 
the ratio for the same complex. Here, we speculate that Nb81 inhibited more ECF-FolT2 reconstituted 
in a ratio of protein:lipids 1:250 (w/w) than ECF-PanT reconstituted with 1:500 ratio(w/w) (Figure 
4). Here, we observed that at the concentration 7.7 µM, Nb was not sufficiently present in the lumen 
of proteoliposomes to inhibit all reconstituted ECF-PanT in a ratio 1:500 (w/w). From the above 
explanation, we need further validation to see the inhibitory effect of the Nbs toward the transport 
activity of ECF-PanT and ECF-FolT2. 

Methods

Expression and purification of Antigen ECF-PanT

We used reconstituted ECF-PanT for the immunization of llama, prepared by the following expression 
and purification methods. 

To express the ECF-PanT, the genes encoding ECF-PanT were cloned in a p2BAD vector and 
transformed into E. coli strain MC1061 for the expression. Those genes were initially engineered with 
an N-terminal His8 tag on the ecfA, TEV protease cleavage site and C-terminal Strep tag on the panT. 
To overexpress the ECF-PanT, a batch fermentation was performed in 2 L of LB Miller Broth with 0.1 
mg/mL ampicillin in a 5 L flask, at 37 oC and continuous shaking at 200 rpm. After the stationary phase 
at OD600 around 0.8, the vector was induced with 0.1 mg/mL of L-arabinose and the temperature was 
switched to 25 oC for three hours. Then, cells were harvested subsequently by centrifugation for 15 min 
at 6268 x g, 4 oC to pool the cell pellet. We extracted membrane vesicles by lysing the pellet using high-
pressure disruption (Constant Cell Disruption System Ltd, UK, two passage at 25 kPsi). 1 mM MgSO4 
and around 50–100 µg/mL of DNAase were added to the cells before disruption. To remove unbroken 
cell debris, we centrifuged the disrupted pellet for 30 min at 12074 x g, 4 oC. The membrane vesicles 
were pooled after the following ultracentrifugation (120 min, 1937272 x g, 4 oC) and suspended in 50 
mM kPi pH 7.5. To extend the shelf life, we stored the membrane vesicles at -80 oC after flash freezing 
in liquid nitrogen. 
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To purify ECF-PanT, the membrane vesicles were solubilized in 1 % (w/v) of n-dodecyl-β-D-
maltopyranoside (DDM, Anatrace) solution containing 300 mM NaCl and 50 mM kPi pH 7.5. The 
solubilization took place for an hour at 4 oC. To remove non-solubilized protein, centrifugation was 
conducted for 30 mins, 286286 x g, 4 oC. The next purification step was mixing the protein with nickel-
Sepharose resin. Before that, we equilibrated the resin with an equilibration buffer containing 50 mM 
kPi pH 7.5, 150 mM NaCl, 50 mM imidazole pH 7.5 and 0.05 % (w/v) DDM. The incubation with the 
nickel resin took place for 45 minutes with gentle rocking at 4 oC. The ECF-PanT was eluted from the 
Ni-Sepharose column using an elution buffer containing 500 mM imidazole pH 7.5 combined with 50 
mM KPi pH 7.5, 150 mM NaCl, and 0.05 % (w/v) DDM. The fraction containing pooled ECF-PanT 
was subsequently purified with the size-exclusion chromatography using a Superdex 200 10/300 gel 
filtration column (GE Healthcare) with a buffer containing 50 mM KPi pH 7.5, 150 mM NaCl and 
0.05 % (w/v) DDM. The purified fractions after size-exclusion chromatography were used directly for 
reconstitution. The purified ECF-PanT was reconstituted in E. coli polar lipids-phosphatidylcholines 
(1:3 w/w ratio) mixture, with the protein to lipids ratio 1:125 (w/w), using established methods31. 

Nbs Generation

After immunization of one llama with 800 µg of reconstituted ECF-PanT, a purification of total RNA 
and a synthesis of cDNA were conducted from peripheral blood lymphocytes. From the cDNA, Nbs 
encoding open reading frames were amplified by PCR and cloned into a pMESy4 vector after a pelB 
pre-signal (MKYLLPTAAAGLLLLAAQPAMA). The signal directs Nbs to the periplasmic space when 
they were expressed as previously described26. These constructs were also modified by introducing a 
C-terminal His8 and EPEA tags via PCR. These constructs subsequently transformed to E. coli TG1 to 
performed phage display selections.

The Nbs selection was performed by two approaches of phage display, solid phase and strep-captured 
selections. By the solid phase approach, we used ECF-PanT as a solid phase coated in a coating buffer 
(NaHCO3 pH 8.2), then the selections were done in PBS buffer. However, in the strep-captured selection, 
the ECF-PanT was trapped via anti-strep mAb in 50mM KPi pH 7.5, and selections were done in 50 
mM KPi pH 7.5. After the selections, the gained clones were screened further using the two similar 
approaches and only positive clones were sequence analyzed. 

Expression analysis 

The expression test was conducted from small volume (3 mL) cell culture in the same media and 
condition as explained below. However, to detect the Nb present from low volume of culture, we 
used a periplasmic or crude extract instead of a purified fraction. To confirm the expression quality 
of the Nbs Western blot against His-tag was used. Prior Western blot, the proteins were separated by 
electrophoresis on 12 % polyacrylamide gels. Subsequently, the separated proteins were transferred 
into polyvinylidene (PVDF) membrane in Trans-Blot® SD Semi-Dry Transfer System (Bio-Rad). The 
proteins were detected by primary antibodies against 4xHis-tag (Qiagen) and secondary antibodies anti-
mouse (Qiagen). To visualize the proteins on PVDF membrane, we used chemiluminescence with the 
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Western light kit (Tropix, Inc) in the LAS-3000 imaging system (Fujifilm). 

Nbs expression and purification

The Nbs were expressed in the cells of E. coli strain WK6 (su-) instead of TG1 as described previously26. 
Briefly, 1-L cultures in Terrific Broth were grown to an OD600 of 1.0–1.2 at 37 oC and induced with 
1 mM isopropyl-b-D-thiogalactoside (IPTG). After induction, cells were growth at 25 oC for 4 hours, 
and harvested by centrifugation for 15 min at 6268 x g, 4 oC. The Nbs were extracted from periplasmic 
space by osmotic shock using TES (Tris EDTA Sucrose) buffer. From the periplasmic extract, the 
Nbs were purified further using Ni-Sepharose column. Non-specific proteins were washed away using 
subsequently 10 mL of 1 M NaCl in the NaPi pH 6 and 30 mL of 1 M NaCl in the NaPi pH 7 buffers. To 
elute the Nbs from the Ni-Sepharose column, an elution buffer containing 300 mM imidazole, 50 mM 
KPi pH 7.5 and 150 mM NaCl was used, and after that  the imidazole was removed without delay from 
the Nb fraction by using desalting column (GE Healthcare).

Co-Elution of ECF complexes and Nbs 

The purified Nb from the previous step was co-eluted with Ni-Sepharose fraction of ECF-PanT with a 
buffer containing 50 mM Tris HCl pH 7.5, 150 mM NaCl and 0.05 % (w/v) DDM, by the size-exclusion 
chromatography on a gel filtration column (Superdex 200 10/300, GE Healthcare) as described above. 
The Nb presence in the purified complex fraction was confirmed by SDS-PAGE analysis (around 20 μL 
of purified fractions). We used 15 % polyacrylamide gels to separate protein domains from the purified 
fraction. 

Reconstitution of ECF-PanT or ECF-FolT2 into proteoliposomes, and radiolabeled uptake assay

The reconstitution of purified ECF-PanT or ECF-FolT2 in proteoliposomes was performed as described 
above. We reconstituted 5 µg of purified ECF-PanT with 2.5 mg of E. coli lipids into proteoliposomes 
(ratio 1:500, w/w) in 250 µL of 50 mM KPi pH 7.5. Into each 5 µg of the ECF-PanT, we added an 
excess of single Nb (final concentration 5 µM) together with Mg2+-ATP at final concentration 10 
mM, followed by three consecutive cycles of flash-freezing in liquid nitrogen and thawing at room 
temperature , followed by washing step with 50 mM KPi, pH 7.5.  In the external assay buffer, 5 nM of 
D-[2,3-3H] pantothenic sodium salt (American Radiolabeled Chemicals) and 95 nM of non-radiolabeled 
pantothenic acid were added for ECF-PanT uptake assay and 5 nM of [3,5,7,9-3H] folic sodium salt 
(American Radiolabeled Chemicals) and 95 nM of non-radiolabeled folic acid were added for ECF-
FolT2 uptake assay respectively. On the other hand, for the reconstitution of ECF FolT2, we used lipids 
in ratio 1:250 (w/w) instead of 1:500 (w/w). Our data showed that the ratio 1:500 was not sufficient to 
accumulate folate in the lumen of proteoliposomes when the duration of uptake assay took place for less 
than five minutes. 
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Binding Assay by Isothermal Titration Calorimetry (ITC)

The nanobody-binding assay was performed by titration of 79−100 μM purified Nbs with the 6−12 μM 
purified ECF-Pdx. The purification steps for the nanobody and ECF-Pdx were performed as described 
above. Both proteins were diluted in the gel filtration buffer containing 50 mM KPi pH 7.5, 150 mM 
NaCl and 0.05 % (w/v) DDM.   The titration of nanobody was done in 2 μL step additions to the 300 
μL of ECF-Pdx in the cell of nanoITC (TA Instruments) at 25 oC. The data obtained were analyzed with 
NanoAnalyze software (TA).
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