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3. Abbreviations 

 

CNTs                  Concentrative nucleoside transporters             

E.coli                  Escherichia coli 

EDTA                 Ethylenediaminetetraacetic acid  

GFP                    Green fluorescent protein 

IPTG                  Isopropyl β-D-1-thiogalactopyranoside  

kDa                    Kilodalton = 1000 grams/mole 

hENT1               Human equilibrative nucleoside transporter 1 

IMPs                  Integral membrane proteins  

LB                      Luria broth 

NA                     Nucleoside analog 

NB                     Nanobody 

NBTI                  S-(4- nitrobenzyl)-6-thioinosine 

Ni-NTA             Nickel NTA 

PAGE                 Polyacrylamide gel electrophoresis 

PCR                   Polymerase chain reaction 

PMSF                Phenylmethylsulfonyl fluoride 

TES                   (Tris, EDTA and sucrose) 

TMD                  Transmembrane domain  
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4. Introduction  

 

4.1 Membrane proteins 

 

Membrane proteins plays a key role in biochemical and biophysical processes at molecular level. 

Membrane proteins are of high importance in therapeutics due to its critical role in regulation of 

cellular processes (Denisov and Sligar 2016). Human genome codes for nearly 30% of proteins that 

are embedded in membranes but only 2% of the known protein structures falls into membrane protein 

category (Park and Lee 2005). Membrane proteins can be classified into two groups. Peripheral 

membrane proteins (PMPs) and integral membrane proteins (IMPs). PMPs are loosely attached to 

membrane proteins or lipid head group through Van der waals or electrostatic interactions whereas 

IMPs spread across the membrane and are classified in two types, α-helical and β-barrels. The α-

helical IMPs are the best studied and more abundant. However, protein with less transmembrane 

helices (TMHs) are more prevalent than the TMHs with more helices. Therefore, there is a correlation 

between the length of a protein and number of TMHs (Punta et al. 2007). The α-helical IMPs contain 

about 20 residues and are hydrophobic whereas the β-barrels constitute β-sheet and their residues is 

polar and hydrophobic. IMPs plays a crucial role in transporting ions, proteins and RNA across the 

membranes (Figure 1). They also receive and send chemical signals and hence helps in attaching the 

cells and anchoring proteins to their location inside the cell (Hedin et al. 2011).The first membrane 

protein structure was reported back in 1985, resolved by x-ray crystallography. In the last decade, 

only a small number of high resolution membrane protein structures have been solved. It is evident 

that membrane protein expression is a problem in achieving sufficient amount of protein in an active 

form for the higher resolution structural determination. There are many factors that limit heterologous 

expression of membrane proteins, including mRNA or protein stability, host codon bias but 

membrane protein is not limited to only these factors but also additional problems. First of all there 

is a huge chance of overexpression of IMPs because of the cellular membrane machinery that limit 

the expression. Second is folding of the IMPs, which is a challenging task where some protein 

residues are exposed to environment while other remains buried in the protein interior. Third, is 

finding the suitable expression host for proper structure and stability of the target protein (Hedin et 

al. 2011). So due to all these reasons it is not surprising that membrane protein require an expression 

host for sufficient membrane proteins expression in order to support the structural studies. Membrane 

https://paperpile.com/c/uyS0Gl/QJ21
https://paperpile.com/c/uyS0Gl/a1RO
https://paperpile.com/c/uyS0Gl/M4ol
https://paperpile.com/c/uyS0Gl/dsom
https://paperpile.com/c/uyS0Gl/dsom
https://paperpile.com/c/uyS0Gl/dsom
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proteins are of a high importance for biology and medicine since many are important drug targets and 

they represents a challenging class of proteins in areas of overexpression and purification (Drew et 

al. 2001). Membrane proteins mostly shows loss of function outside of its phospholipid environment, 

which make it hard to work with these type of proteins. Understanding the structure of membrane 

proteins are vital to understand the molecular mechanism of these proteins and their interaction with 

lipids and other nucleic acids (Denisov and Sligar 2016). Membrane proteins need an expression host 

systems such as yeast, Pichia pastoris, insect cells, bacteria and mammalian cells. It is important to 

make expression system that could produce recombinant eukaryotic membrane proteins in stable and 

efficient way. Currently, baculovirus-mediated gene delivery to insect cells is one of the efficient 

eukaryotic expression systems for structural biology, where the heterologous protein is expressed at 

a specific phase of the viral life cycle (Hanson et al. 2007).   

 

 

 

Figure 1.  Functions of membrane proteins. A. IMPs plays a very diverse roles: they transport energy during 

photosynthesis and cellular respiration, transport molecules across membranes, catalyze chemical reactions 

and transmit extracellular signals. B. Two types of IMPs with their α-helical bundles and β-sheet. Adopted 

from (Hedin et al. 2011). 

 

Low heterologous expression level, crystallization difficulties and low protein stability in detergent 

micelles are some of the key obstacles in getting the membrane protein structure at the atomic level. 

Hence, it is a laborious process to set up screenings series for expression conditions, detergents and 

homolog proteins that could lead to eventually membrane protein crystals with diffraction qualities. 

https://paperpile.com/c/uyS0Gl/abwq
https://paperpile.com/c/uyS0Gl/abwq
https://paperpile.com/c/uyS0Gl/QJ21
https://paperpile.com/c/uyS0Gl/YJEI
https://paperpile.com/c/uyS0Gl/dsom
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In early 2000, GFP (green fluorescent protein) fused technology emerged that could help membrane 

proteins in early stage preparation (Drew et al. 2001). The C-terminally fused GFP acts as an indicator 

of folding because it can only fold correctly if the upstream membrane protein is inserted into the 

membrane which helps not only  in correlation of  fluorescence count of correctly integrated IMPs 

but also analyze the overexpressed membrane protein using fluorescence instead of Western blot (Lin 

et al. 2016). However, scientist needs the design fused technology based on their own research needs 

where N and C terminal orientation of the membrane protein is selected upon their research demand 

(Xie et al. 2009). 

 

4.2 Nucleoside transporters 

Nucleoside transporters (NTs) were identified and cloned for the first time about 20 years ago 

(Griffiths et al. 1997). Since then it has come to limelight of researchers around the globe focusing 

on identification of substrate selectivity, specificity, tissue expression and subcellular localization. In 

human, NTs belong to two major solute carrier families (SLC), The SLC28 concentrative nucleoside 

transporters (CNTs) and SLC29 equilibrative nucleoside transporters (ENTs). CNTs are comprised 

of three members CNT1, CNT2 and CNT3. Their distribution in cell varies as CNT1 transports 

pyrimidine, CNT2 transports purine whereas CNT3 transports both purine and pyrimidine 

nucleosides (Young et al. 2013). SLC29 consists of four human equilibrative nucleoside transporter 

members (hENT1-4) (Figure 2). The facilitative transport of nucleosides and nucleobases are 

mediated by ENTs with different specificities (Figure 2b). ENT1 and ENT3 transports purine and 

pyrimidines while ENT2 transports nucleobases in addition to purine and pyrimidines. ENT4 

transports organic cations and adenosine. All ENTS are located on the plasma membrane while ENT3 

is localized at lysosomal membrane (Young et al. 2013).These transporter proteins play a vital role 

in absorption, elimination and distribution of important nucleoside analog drugs. Nucleosides are 

essential active biological molecules and are precursors of nucleotides. They play important roles in 

metabolism and cell signaling. Three natural analogs of nucleosides plays an essential role in antiviral 

therapy (lamivudine) and anticancer therapies (gemcitabine, cytarabine) (Boswell-Casteel and Hays 

2017). Both SLC28 and SLC29 transport natural nucleosides and also other nucleoside analogs that 

are used to treat cancer, HIV and other viral diseases. Both transport families have some features in 

common that they express in the same cell types and tissues but the major difference is that ENTs are 

bidirectional while CNTs are not. Therefore, the different substrate specificity and modes of their 

action could support complementary role in modulation of nucleoside bioavailability (Pastor-Anglada 

and Pérez-Torras 2018). 

  

https://paperpile.com/c/uyS0Gl/abwq
https://paperpile.com/c/uyS0Gl/Lq4b
https://paperpile.com/c/uyS0Gl/Lq4b
https://paperpile.com/c/uyS0Gl/d6rX
https://paperpile.com/c/uyS0Gl/M7mr
https://paperpile.com/c/uyS0Gl/tYef
https://paperpile.com/c/uyS0Gl/tYef
https://paperpile.com/c/uyS0Gl/Py1e
https://paperpile.com/c/uyS0Gl/Py1e
https://paperpile.com/c/uyS0Gl/jnGp
https://paperpile.com/c/uyS0Gl/jnGp
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Figure 2. hNT protein functions. (A) hCNT substrate selectivity and Na+-nucleoside coupling ratio. (B) 

hENT substrate selectivity and their pharmacological inhibitors. Apparent affinity constants (μM) of NT 

substrates are shown in parenthesis. ND means those are Not Determined. Adopted from (Pastor-Anglada and 

Pérez-Torras 2018). 

 

4.3 Human equilibrative nucleoside transporter (hENT1) 

Human equilibrative nucleoside transporter (hENT1) is a 456 residue protein with molecular weight 

of 50 kDa. hENT1 and hENT2 are broad selectivity proteins and hENT1 is highly sensitive to 

pharmacological inhibition by adenosine analog nitrobenzylthioinosine (NBTI) (Marcé et al. 2006). 

hENT1 consists of 11 transmembrane domains (TMDs) with extracellular C terminus and an 

intracellular N terminus (Figure 3). This transporter is highly expressed in heart, brain, skeletal 

muscle and the renal epithelia (Baldwin et al. 2004).  hENT1 is confirmed to be glycosylated and 

majority of its TMD domains are critical for nucleoside transport. TMD 3-6 region of hENT1 are 

known to be effective for NBTI interactions. NBTI is effective against hENT1 at nanomolar 

concentrations, if you compare it with other isoforms where they needed NBTI in micromolar range 

that is comparatively higher range that makes hENT1 different from other isoforms due to its 

sensitivity to NBTI (Löffler et al. 2007). hENT1 is localized on plasma membrane where it transports 

various nucleosides including adenosine and inosine. Hence, hENT1 plays a critical role in adenosine 

receptor regulation by helping in extracellular adenosine uptake. Dipyridamole is a classic example 

https://paperpile.com/c/uyS0Gl/jnGp
https://paperpile.com/c/uyS0Gl/jnGp
https://paperpile.com/c/uyS0Gl/YFwy
https://paperpile.com/c/uyS0Gl/xCRX
https://paperpile.com/c/uyS0Gl/TcIT
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that is used clinically as a vasodilator. The pharmacological role of dipyridamole is likely considered 

due to inhibition of hENT1 adenosine uptake, which as a result increases the extracellular adenosine 

availability for receptors (Furihata et al. 2014). Finding structural and functional knowledge of 

hENT1 is important in understanding the vast pathological and physiological functions of hENT1 

transporter. Better understanding of nucleoside analogs interactions with hENT1 could be essential 

in compound development with effective uptake properties (Rehan et al. 2017). ENTs expression is 

predictive for drug efficacy. They could be used as a biomarker in cancer treatment but currently 

there is a lack of sufficient knowledge about the structure and function of these ENTs. At present, we 

have only crystal structure information about vibrio cholera CNT (vcCNT), which shares about 14 

% sequence identity with hENT1. Therefore, hENT1 have a great priority for structural and 

biochemical investigation (Huang et al. 2017).  

  

Figure 3. Predicted topology of hENT1. Figure shows 11 transmembrane segments with N-terminus in the 

cytoplasm and C-terminus outside the cell. Glycosylation site is located at the N-terminus of the cell. The 

residues in the green and yellow are resistant to NBTI and vasodilator inhibitors. The rest of the TMS are 

involved in formation of translocation channel.   Adapted from (Baldwin et al. 2004).  

 

Gemcitabine is a cytidine analog, which is widely used as a chemotherapeutic for numerous cancers. 

Gemcitabine is a prodrug (Figure 4). In addition, gemcitabine must be metabolized to its active form 

and hence, majority of the gemcitabine cellular uptake is done by hENT1. Inside the cell, gemcitabine 

is phosphorylated by deoxycytidine kinase (dCK) to monophosphate (dFdCMP) and here it is 

https://paperpile.com/c/uyS0Gl/E5WY
https://paperpile.com/c/uyS0Gl/9G7Y
https://paperpile.com/c/uyS0Gl/u3uL
https://paperpile.com/c/uyS0Gl/xCRX
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/deoxycytidine-kinase
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phosphorylated further by pyrimidine nucleoside monophosphate kinase (UMP-CMP kinase) to give 

gemcitabine diphosphate (dFdCDP) (de Sousa Cavalcante and Monteiro 2014)  

 

 

 

 

Figure 4. Chemical structure of gemcitabine and its prodrugs. Adopted from (Qi et al. 2016) 

 

Therefore, hENT1 plays an important role in gemcitabine transportation inside the cell, which make 

hENT1 a predictive biomarker in different cancer therapies (Kim et al. 2018).  

 

4.4 Nanobodies as drugs in clinical use and as tools for structural and cell biology 

There is a huge requirement of binders that could recognize their desired target as potential protein 

based therapeutics. Antibodies and their variants are very useful but they have certain limitations 

e.g.  poor production feasibility and low solubility are the major obstacles. In comparison, the single 

domain, hyper-variable, antigen-binding areas of homodimeric, heavy-chain-only antibodies 

(HCAbs) naturally observed in camelids (camels, lama) and sharks contains superior physico-

chemical characteristics (Doshi et al. 2014).The regular size of normal antibodies is about 160 kDa 

https://paperpile.com/c/uyS0Gl/HWlu
https://paperpile.com/c/uyS0Gl/l9yZ
https://paperpile.com/c/uyS0Gl/4FwH
https://paperpile.com/c/uyS0Gl/sQRI
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with its fragment sizes (Fab 55 kDa, scFv 28 kDa). Nanobody (Nb) with single-domain in comparison 

have a very small size of 15 kDa (Figure 5). Raising of Nbs in camelids are similar to extraction from 

other conventional animals. Different immunization routes are used by researchers to successfully 

induce Nbs response in camelids. Camelids are large animals compared to other outbred animals, 

though immunization in camelids is demanding but very practical (Hassanzadeh-Ghassabeh et al. 

2013). Nbs are used for different purposes in modern research. Nbs are very useful due to their use 

as chaperones for crystallization of challenging proteins such as membrane proteins. They lock 

proteins in specific conformation and have the ability to stabilize the proteins’ flexible regions that 

are in contact with solvents which pave a way for crystallization process. Due to smaller size of Nbs, 

it also make it suitable affinity capture reagents. Monovalent binding of Nbs helps in mild elutions 

environment, which is efficient while working with sensitive molecules. For studying protein-protein 

interaction, Nb affinity captures have also been used (Hassanzadeh-Ghassabeh et al. 2013). In 

therapeutics, they can be effective as neutralizing agents, as receptor-ligand antagonists and as 

vehicles for effector transport (Van Audenhove and Gettemans 2016).    

 

Figure 5. Antibodies and their fragments versus Nanobody (Nb). Traditional antibodies (160 kDa), antigen 

binding (fragments), fab 65 kDa, single-chain variables scFv 28 kDa. Single-domain Nbs molecular size is 15 

kDa and can be derived from heavy-chain antibodies only (HCAbs). Adapted from (Doshi et al. 2014).  

 

In recent developments, The United States Food and Drug Administration (FDA) has approved the 

first nanobody therapeutic for the treatment of acquired thrombotic thrombocytopenic purpura 

(aTTP) in adults. Cablivi is the first FDA approved therapy specifically indicated for the treatment of 

aTTP patients (http://www.news.sanofi.us/2019-02-06-FDA-approves-Cablivi-R-caplacizumab-

https://paperpile.com/c/uyS0Gl/TKrF
https://paperpile.com/c/uyS0Gl/TKrF
https://paperpile.com/c/uyS0Gl/TKrF
https://paperpile.com/c/uyS0Gl/z6IH
https://paperpile.com/c/uyS0Gl/sQRI
http://www.news.sanofi.us/2019-02-06-FDA-approves-Cablivi-R-caplacizumab-yhdp-the-first-Nanobody-R-based-medicine-for-adults-with-acquired-thrombotic-thrombocytopenic-purpura-aTTP
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yhdp-the-first-Nanobody-R-based-medicine-for-adults-with-acquired-thrombotic-

thrombocytopenic-purpura-aTTP)  

 

4.5 Crystallization 

Structure resolution of IMPs is one of the major obstacles in structural biology. In the early 1970s, 

electron crystallography emerged as a thriving method for structural determination of IMPs in their 

native lipid environment. This method was producing atomic structure of IMPs by combining both 

diffraction and imaging techniques. This method requires two-dimensional (2D) crystals in the first 

place and is limited to fewer atomic structures determined to date (Cheng 2018).  In structural 

biology, the most prominent technique is X-ray crystallography and most of the membrane protein 

structures were determined through this technique. X-ray is a well established from data access to 

structure determination but crystallization remains a major challenge for membrane proteins (Cheng 

2018). Another technique used in structural determination of membrane proteins is nuclear magnetic 

resonance (NMR). There are about 500 membrane protein structures in the protein data bank (PDB) 

of 100,000 structures, Out of which 16 % is solved by NMR. The major problem are high amount 

of hydrophobic amino acids and lower overexpression level of IMPs that restrict structural 

determination. Hence, membrane mimetic has to be a part of the protein preparation for both x-ray 

crystallography and NMR methods. Right membrane mimetic is important in membrane proteins, 

which is difficult in comparison to other soluble proteins. Many factors are important where 

detergents, lipids and their concentrations and protein to surfactant ratios are some of the key aspects 

to consider (Kaptein and Wagner 2015).    

 

However, single particle electron cryomicroscopy (cryo-EM) has become a versatile technique for 

studying the structure of macromolecules at a very high resolution. For large protein assemblies cryo-

EM has gained near atomic resolution with high symmetry and same goes with macromolecular 

complexes and ribosome. Cryo-EM has achieved 4-5 Å resolution for large macromolecules. The 3D 

reconstruction resolution is refined by orientation and other microscopic parameters. The near-atomic 

structures for larger proteins determined so far by cryo-EM have a molecular weight size of a mega-

Dalton. However, processing the images of small proteins are challenging compared to larger targets 

(Wu et al. 2012). Many of the IMPs have a size of smaller than 100 kDa that make them a hard target 

for 3D structure determination due to physical and technological issues in trying cryo-EM for such a 

small size proteins. In practice, Cryo-EM has been used for 3D structure determination only to a 

resolution of 20 Å (Lederkremer et al. 2001).Smaller protein embedded in vitreous ice is hard to 

visualize with a limited electron dose (Wu et al. 2012). Megabodies (Mbs) are antibody chimaeras 

http://www.news.sanofi.us/2019-02-06-FDA-approves-Cablivi-R-caplacizumab-yhdp-the-first-Nanobody-R-based-medicine-for-adults-with-acquired-thrombotic-thrombocytopenic-purpura-aTTP
http://www.news.sanofi.us/2019-02-06-FDA-approves-Cablivi-R-caplacizumab-yhdp-the-first-Nanobody-R-based-medicine-for-adults-with-acquired-thrombotic-thrombocytopenic-purpura-aTTP
https://paperpile.com/c/uyS0Gl/3N4x
https://paperpile.com/c/uyS0Gl/3N4x
https://paperpile.com/c/uyS0Gl/3N4x
https://paperpile.com/c/uyS0Gl/iWzU
https://paperpile.com/c/uyS0Gl/WxXr
https://paperpile.com/c/uyS0Gl/dTjU
https://paperpile.com/c/uyS0Gl/WxXr
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that are built from nanobodies (Nbs) and grafted into large scaffold proteins (Jan Steayert 

laboratory).These Megabodies could stabilize the conformation of small protein in helping the 

structure determination using cryo-EM (Laverty et al. 2019). In order to obtain structural information 

at high resolution of hNTs, Nbs are of a key importance. It is crucial to obtain purified proteins in 

milligram quantities from well diffracting crystals for the structural studies of ENTs. Intrinsic 

hydrophobic nature restrict the structural studies of membrane proteins so it’s important to select 

suitable conditions outside the membrane environment in order to maintain the protein in its native 

form after its isolation from the membranes. Despite its central role in a variety of physiological and 

pathophysiological conditions in humans, structure of hENT family remains unknown, owing to their 

hydrophobic nature (Rehan and Jaakola 2015). 

 

5. Aims of the study 

The aim of current work was to find suitable Nanobodies (Nbs) that may serve as crystallization 

chaperone to facilitate the structural studies of hENT1 transporter protein. 

My specific aims were 

1. Aim 1 To express and purify a host of hENT1-targeting Nanobodies (Nbs)  

2. Aim 2  Affinity screenings for hENT1 and Nbs using NBTI binding assays 

3. Aim 3  Affinity screening of Nbs using SEC-MALS 

4. Aim 4  Biophysical screening of Nbs using thermofluor 

5. Aim 5 Crystallization and cryo-EM of hENT1-Nb complex 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/uyS0Gl/mkDd
https://paperpile.com/c/uyS0Gl/LO95
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6. Materials and Methods 

 

6.1 Generation of nanobodies against hENT1 

Nanobodies (Nbs) play a key role in the stabilization of proteins and are used as a crystallization 

chaperones in structural biology for the hydrophobic proteins such as hENT1. Therefore, Nbs were 

raised against our membrane protein hENT1 by “The Steyaert laboratory” in Brussels, Belgium. They 

immunize lama with hENT1 with inhibitor (NBTI) and without any inhibitor. They produced a total 

of 129 Nbs out of 138 using neutravidin captured biotinylated BACE2 in presence of excess inhibitor. 

Among them 30 unique BACE3 specific Nbs were identified that belongs to 13 different families 

(Appendix 1).The detailed procedure can be found in their article (Pardon et al. 2014).  

 

6.2 Small scale expression and purification of Nanobodies (Nbs) 

Small scale expression was done for all the nanobodies. A glycerol stock of WK6 Escherichia coli 

(E.coli) strain was taken from -70 °C and plates were streaked on fresh Luria broth (LB) medium 

plates with 2% glucose using aseptic technique. The plates were incubated at 37 °C for expression. 

After overnight incubation, single colony was inoculated in fresh 3 ml LB medium with 2% glucose 

and 100 µg carbenicillin. Cultures were put overnight on a rotation at 37°C. Overnight culture were 

collected from 37 °C and a master mix was prepared with fresh Terrific broth (TB) medium in falcon 

tube supplemented with 0.2 % glucose and 100 µg carbenicillin. 30-50 µl of overnight culture was 

added into 3 ml new medium and incubated at 37 °C. Small amount of culture was collected in 

eppendorf as uninduced sample for gel loading. 168 mM of Isopropyl β-D-1-thiogalactopyranoside 

(IPTG) was added to cultures when optical density (OD600) was reached to 0.7. After IPTG, 

induction cultures were incubated overnight and the temperature was lowered to 28 °C. His-tag 

purification was done by using Nickel-NTA (Ni-NTA) beads (HisPurTM, Thermo scientific). 50 µl 

Ni-NTA beads were equilibrated with one column volume of milliQ and two column volume of TES 

buffer (3MTris, 0.5M EDTA, 1.5M sucrose). After equilibration samples were followed with  two 

times of each wash, wash 1 : 20% glycerol, 25 mM imidazole and TES buffer (3M Tris,0.5M 

EDTA,1.5M sucrose) , wash 2: 500mM NaCl, 25 mM imidazole and TES buffer with a PH of 8.0. 

Elution was done using 250 mM imidazole concentration. Protein concentration was checked by 

using nanodrop 2000c spectrophotometer (Thermo scientific) after elution of Nbs. Stain free gel was 

run followed by western blot using anti-His antibody.   

https://paperpile.com/c/uyS0Gl/usd5
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6.3 Baculovirus expression of hENT1 

pFastBac1-hENT1 expression constructs (FLAG tag, anti-His) and the other construct with eGFP 

fused were provided by lab (Rehan and Jaakola 2015). 100-200 ng plasmid from given constructs 

were transformed into 100 µl chemically competent DH10Bac cells (Invitrogen, USA), 500 µl of LB 

media was added and the tubes were placed on a shaker for at least 4 hours at 37°C. After incubation 

50 µl of the cells were plated on LB agar plate with four antibiotics X-Gal (100 µg/ml), Tetracycline 

(12 µg/ml), IPTG (40 µg/ml) and Gentamicin (7 µg/ml) and incubated at 37°C for 36 to 48 hours. 4-

5 isolated white colonies were selected and restreaked on fresh plate as above. One blue colony was 

inoculated as a negative control. Overnight LB medium culture of 2-3 ml was set at 37°C.Bacteria 

was harvested from liquid culture in tubes by centrifugation for 1 min at 11000 rpm. Miniprep 

extraction protocol (Nucleospin@Plasmid, Macherey-NAGEL) was followed for extraction of 

recombinant plasmid. The recombinant plasmid with hENT1 was selected to generate higher titer 

stock of virus. We divide Sf9 cell cultures in insect cell culture room. For transfection the Virus 

viability was 0.6-0.7 x106  and cell mobility was 90 percent and above. In order to have a high virus 

stock we divide the cells 3 times in new flask with Sfx medium for 3-5 days. Cells were collected 

when it reaches to MOI (multiplicity of infection) of 2 with P2 virus. For membrane preparation, cells 

were centrifuged for 5 minutes at 10000 rpm and resuspended in lysis buffer (10 mM HEPES pH 7.4, 

20 mM KCl, 10 mM MgCl2). Membrane was homogenized by using dounce homogenizer for around 

40-50 cycles. After homogenization, membrane was transferred into centrifugation tube and spun at 

40000 rpm for an hour. Supernatant was discarded and the pellet was homogenized again. Finally, 

the membrane was solubilized by transferring into fresh falcon tube with 1% Lauryl Maltose 

Neopentyl Glycol (LMNG), 1% phenylmethylsulfonyl fluoride (PMSF) and were kept on mild 

mixing at cold room for an hour. 

 

6.4 Anti-FLAG and anti-His pull down assays 

Pull down assays were done in order to find the strong binders. In this experiment, we used hENT1 

protein with FLAG-TAG for capturing of Nbs or use HIS-TAG to immobilize Nbs and capture 

hENT1. Hence, hENT1 was collected and centrifuged at 16000g for 15 minutes. Solubilized 

supernatant was collected in new tubes and this solubilized supernatant was used for binding with 

Nbs. 1 ml Nbs (1-2μM) each pellet was thawed. 50 µl 4X TES buffer (Tris, EDTA and sucrose) was 

added and incubated on ice for 45 minutes. Nb TES buffer was diluted to 200µl with 150µl of milliQ 

water and was incubated for 30 min of ice and spun down at 16000g for 30 minutes. 50 µl of hENT1 

was mixed with 200 µl of Nb and incubated for at least 1-2 hours on ice. After hENT1-Nb complex 

was formed 25 µl of anti-FLAG M1 resin (Sigma) were added and incubated the sample again for 1-

https://paperpile.com/c/uyS0Gl/LO95
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2 hours. Samples were spun for 2 min at 2000 rpm and the supernatant was discarded. For elution, 25 

ul elution buffer was added to filter with resins and incubated on ice for 20-30 minutes. Supernatant 

was collected and the pellet was resuspended in 20 µl buffer (1X PBS with 0.005% LMNG and 

250mM imidazole) and 5x SDS sample buffer was added. Both supernatant and pellet was run on 

SDS-PAGE and western blot was used to detect Nbs using anti-His antibody. In case of His-tag we 

follow the same process but here Nickel-NTA (Ni-NTA) was equilibrated and used for hENT1-Nb 

complex. Samples were on SDS-PAGE gel and were probed against anti-FLAG ab (1/5000) on 

western blot.  

 

6.5 Co-migration assay using SEC-MALS 

Gel filtration was done using size exclusion chromatography (SEC-MALS) (Shimadzu, Japan) in 

order to see if the Nbs are co-migrating with hENT1.For further details follow (Hattori et al. 2012) 

We used GFP fused hENT1 construct in this experiment. Superdex 200 (biorad enrich sec 650) 

filtration column was used. We make a pool of 4 samples (Sample 1, Nb1 to Nb7, sample 2, Nb8 to 

Nb15, Sample 3, Nb16 to Nb22, Sample 4, Nb23 to Nb29), where we mix all the Nbs in order to save 

the time. The final concentration injected into the column was 100-200 nM of hENT1 and 1-2 µm of 

Nbs. Gel filtration column was equilibrated with buffers,  Hepes 10mM, 300mM NaCl, 0.005% 

LMNG and 0.02 % NaN3 and the buffer was filtered with 0,1 um filtration which is important for 

having a good baseline. Nbs were purified using Nickel-NTA beads as done previously. hENT1 was 

solubilized and a hENT1+Nbs complex was prepared on ice for an hour. Each sample takes 1 hour, at 

a flow rate of 0.5 ml/min, NBTI was added before adding NB and Nb-hENTI complex was 

preincubated 30 min before running on SEC. A peak fraction of about 1 ml each were collected during 

gel filtration. TCA precipitation was done for the resulting fractions. TCA precipitation protocol 

(Koontz 2014) was followed. Stain free gel was run followed and by western blot using anti-His 

antibody. We followed the same procedure as above for second pool of Nbs. This time we divided 

the Nbs in 11 samples and mixed 2 or max 3 of Nbs and run the gel filtration to see the actual binders. 

Furthermore, in the third experiment of gel filtration 10 Nbs were selected from the pool. Sample was 

run as previously with NBTI and without NBTI. TCA precipitation was done as above. Stain free gel 

was run and western blot was done using anti-His antibody.  

  

6.6 Thermostabilization of hENT1 by Nbs 

We did three types of thermostabilization experiments (detailed below) in order to check the 

thermostability of strong binders among the 7 binders that we get after gel filtration experiment.  

 

https://paperpile.com/c/uyS0Gl/XjjR
https://paperpile.com/c/uyS0Gl/FKiG


14 
 

6.6.1Thermal shift assay using western blot 

hENT1 microsomes were diluted into 25µl with 7.5 µl TES buffer and 5 µl (5% LMNG-CHS). The 

samples were Incubated for 1h on ice with occasional mixing. After an hour of incubation 10 µM 

NBTI was added to the samples. 8 µl aliquot of both hENT1+Nb and hENT1 alone (negative samples) 

was prepared into thin wall PCR tubes and Incubated the tubes 4°C on the ice, 40 °C ,45 °C , 50 °C , 

55 °C , 60 °C  and 65 °C   in the C1000 Touch thermal cycler (Bio-rad). After heating samples were 

transferred into ice cold small ultracentrifuge tubes and centrifuged for 30 min at 350000g using 

micro-ultracentrifuge Sorvall mX (thermo scientific). A total 5µl supernatant was carefully collected 

(avoiding the pellet) and 2 µl of 5x SDS-PAGE sample buffer was added. Sample was run on SDS-

PAGE gel and probed against anti-FLAG ab (1/2000) on western blot. All blue protein standard 

ladder was used. 

 

 6.6.2 Thermal shift assay using Fluorescence-detection size-exclusion Chromatography 

(FSEC)  

hENT1 (GFP)-Nbs complex was formed. 100-200 nM of hENT1 and 1-2 μM Nbs were used in 

samples preparation and incubated at 60 °C for 5 minutes using a thermal cycler c1000 touch thermal 

cycler (Bio-rad). Sample was spun for 30 minutes at 350,000 g to clear the aggregates. Supernatant 

was collected and loaded into SEC column attached to fluorescence detector to monitor the GFP 

signal. GFP signal was detected by FSEC for our 7 Nbs, with control, no heating a negative control 

without Nb. This GFP signal gives an elution profile for the samples based on the fluorescence signal. 

Fluorescence counts were plotted against the retention time of the samples.    

 

6.6.3 Thermal shift assay using thermofluor 

The stability of purified hENT1 transporter in the presence or absence of nanobodies was assessed 

using a thiol-specific fluorochrome N-[4-(7-diethylamino-4-methyl-3-coumarinyl) phenyl] 

maleimide (CPM) assay as described previously (Alexandrov et al. 2008). Both purified hENT1 and Nb 

were pre-mixed, (1 μM of hENT1 and 2-3 μM Nb)  and incubated with 8 µg of CPM dye in a total 

reaction volume of 120 µl and assay was conducted at 25–80 °C . The melting temperature for each 

Nb was calculated by fitting the experimental data to a Boltzmann sigmoidal equation by non-linear 

regression using Graphpad prism. 

 

6.7 Large scale expression of Nbs 
For the final pool with 7 Nbs binders, we did large scale expression. Large scale expression with 1 

liter of LB medium was done for final Nbs binders Nb5, Nb9, Nb11, Nb14, Nb20, Nb26 and Nb29. 

Cultures were expressed and purified as previously but with larger volume. After elution A280, 
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measurement concentration was done using nanodrop 2000c spectrophotometer (Thermo scientific). 

Here are the amount of purified Nbs, nb5, 3.7 mg/ml, nb9, 3.8 mg/ml, nb11,6.5 mg/ml, nb14,0.64 

mg/ml, nb20, 3.19 mg/ml, nb26, 3.22 mg/ml and nb29, 3.99mg/ml. Nbs samples were further 

concentrated by using centrifugal filter Amicon 4, 30K (Merck). Dialysis was performed by putting 

the samples in a 1 liter beaker with 10 ml HEPES (10mM), 50 ml glycerol. PH was set at 7.5 and 

filled with ionized water to remove the unwanted compounds and imidazole from samples and final 

concentration was checked which was 3-6 mg/ml for each Nb. Gel was loaded with above 7 Nbs 

followed by a protein standard, Bovine serum albumin (BSA) with concentrations of 0.5,1,2,5,10 and 

20 µl. Stain free gel was run to confirm the results.  

 

6.8 Radioligand binding assay 
NBTI binding experiment was performed as described previously (Zimmermann et al. 2018). Briefly, 

100-200 nM hENT1 and 1-2 µm Nb of solubilized or purified hENT1-Nb complex was incubated 

with 5 µM [3H] NBTI in the presence or absence of unlabeled NBTI. Samples were kept at 22°C for 

30 min and transferred to 96-well GFB/B glass filter plates (Millipore). On filter plates hENT1-

Ligand remained, whereas in gel filtration plates only unbound ligand retains. We measure activity 

either from filters or from passed liquid in the later case. Reaction was stopped using vacuum 

manifold and radioactivity was measured using Microbeta Trilux (Perkin ellmer).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://paperpile.com/c/uyS0Gl/hTMd
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7. Results  

 

7.1 Generation of camelid nanobodies 

Nanobodies can be obtained with the desired antigen by immunization of camels, llamas and sharks. 

Jan Steyaert laboratory in Brussels Belgium injected Lama with cocktails of 1-5 antigens mixed with 

adjuvants. Lama was routinely immunized with 100 ug hENT1. Different detergents were used to 

keep the target in desired conformation. A total of 29 Nbs that belongs to 13 different families were 

generated using different ELISA based techniques. A nanobody family as defined as nanobodies that 

have higher similarity in CDR3 sequence, having identical length and >80% sequence identity 

(Appendix 2). We are also very thankful to Steyaert laboratory for providing us sNb (control 

nanobody), that we used in our experiment as a control sample. Detailed procedure of the Nbs 

generations can be found in their article (Pardon et al. 2014).  

 

7.2 Small scale expression of Nbs 

Total 29 Nbs (Appendix 1) were received from the collaborating Jan Steyaert lab in Brussels, 

Belgium. We checked the expression of these Nbs in E-coli and purify the Nbs before making a Nb-

hENT1 complex. So, small scale expression and His-tag purification of Nbs was done in this 

experiment. From the expression result, we can see that majority of the Nbs were expressed to similar 

levels except few, e.g. Nb 12, Nb 23 and Nb 25 (Figure 1), that did not showed any expression. Some 

Nbs showed brighter band or expressed slightly higher than the others which might be a sign that 

some of the Nbs express differently or more likely not from the same Nb family. Here is the 

phylogenetic tree of our Nbs (Appendix 3).  Nickel-NTA beads were used for His-tag purification. 

Figure (1) results shows the relative size of each Nbs that ranges from 12-15 kDa. 

 

Figure 1: Stain free gel showing expression of all Nbs. Majority of the Nbs showed expression except Nb 

12, Nb23, Nb25 and Nb28 did not expressed. Size ranges from 12-15 kDa 

 

https://paperpile.com/c/uyS0Gl/usd5
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7.3 Pull down assays 

In first pull-down experiment, we used hENT1 protein with a 1×FLAG-Tag for capturing the Nbs. 

FLAG-M1 (Sigma) resin was used to capture the Nbs but hENT1 was lost after western blot analysis.  

In second attempt, we tried 6×His-Tag to immobilize Nbs on nickel-NTA beads and capture hENT1. 

The results for both assays were clear negative. e.g. both experiments failed to identify Nbs co-

precipitating with hENT1. A Western blot results for hENT1 capture (Figure 2) shows the lower 

bands of Nbs only and the hENT1 is missing. Hence, pull down experiment did not worked in finding 

hENT1 binders among our Nbs. These results were consistent with the pulldown experiments 

performed during the initial Nb screening by Steyaert laboratory. One possible reason could be steric 

hindrance from tag binding to the affinity column.  

 

 

Figure 2: Pull down assay using FLAG M1 resin and Pull down assay using Ni-NTA resin. The illustrative 

figure to the left shows hENT1 protein with FLAG-TAG resin for capturing of Nbs and the right figure shows 

His-tag to immobilize Nbs and capture hENT1. The Western blot results show the lower band with Nbs only 

and the arrows indicating upper band for hENT1 that is missing.  

 

7.4 Co-migration using SEC-MALS 

We first tried to separate hENT1 from hENT1-Nb complex on gel filtration. However, due to relative 

small size of Nbs we could not see any shift on gel filtration profile. We then exploited Size exclusion 
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chromatography with multi angle light scattering (SEC-MALS) to see if Nanobodies co-migrate 

with hENT1.  A pool of 4 samples were set for all the Nbs with and without inhibitor (NBTI) with 

solubilized hENT1-eGFP .The peak elution fractions corresponding to hENT1-LMNG complex were 

collected followed by TCA precipitation and results were confirmed by western blot using anti-His 

antibody. Figure 3 shows the elution profile of hENT1-eGFP and western blot analysis in which the 

upper band is above 55 Kb shows hENT1-eGFP and the lower band around 15 Kb corresponds to 

Nbs. This data shows that Nb pool 1 and 3 co-migrated without NBTI indicating a stable interaction 

but on the other hand, sample 3 co-migrated with NBTI. 

 

 

Figure 3. Western blot analysis of hENT1-Nb complex using anti-His ab.  First four lanes shows Nbs co-

migration without NBTI and second four lanes shows co-migration of Nbs with NBTI. It can be seen in lane 

1 and lane 3 are co-migrate in the absence of inhibitor and on the other hand, Nbs pool in lane 3 co-migrated 

in the presence of inhibitor. White arrow shows the results with and without NBTI.   

 

7.5 Co-migration second pool 

The experiment was repeated to find the individual binders from the pool. In this pool, 11 samples 

were run with mixture of all Nbs. As can be seen in the (Figure 4), a clear Nb signal in lane 4 with 

Nb 5 and Nb6 of the expected Nb size along with hENT1-eGFP. The rest of the lanes have very clear 

bands of Nbs and hENT1-eGFP except Nb29.  
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Figure 4. Western blot analysis of hENT1-Nb complexes using anti-His antibody. Anti-His antibody was 

used and both protein have 6×His tag. Lane 1 shows negative control (without Nb), Lane 2 to Lane 11 shows 

different Nbs pool. Lane 4, 6, 7, 10 and 11 shows clear bands of our Nbs. 

 

7.6 Conformational trapping of hENT1 with Nb29 

We ran the SEC-MALS again with individual Nbs. A total of 10 Nbs were run with hNET1-eGFP. 

We can see that All the Nbs co-migrated with hENT1 except Nb 7 and Nb 21. We got a total of 7 

binders from these experiments but interestingly we found one binder, Nb 29 which co-migrated only 

in the presence of NBTI. That shows that Nb29 could be a conformational binder. Here same 

procedure was followed as above and results were confirmed by western blot using anti-His antibody. 

(Figure 5).  
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Figure 5. Western blot result for final pool of Nbs. All lanes shows clear Nbs results except Nb7 and Nb21. 

The Second small figure shows conformational trapping of Nb29 where Nb29 co-migrated in the presence of 

NBTI only.  

 

7.7 Large scale expression of Nbs 

In order to perform crystallization experiments Nb and target proteins are required in mg quantities. 

We expressed and purified 7 Nb binders from 1 liter of E.coli cell culture, concentrated to about 3-6 

mg/ml. The purity and concentration of all the Nanobodies were checked on a stain free SDS-PAGE 

gel along with BSA standards.  
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Figure 6. Expression and purification of 7 nanoboy binders for hENT1. The figure shows all the binders 

with clear background that shows the purity of these Nbs after purification. The last 6 lanes are with BSA 

concentrations and that is showing the expression of the protein concentrations accordingly.  

 

7.8 Thermal shift assay using FSEC 

We did three types of thermal shift assays experiment. In this experiment, samples were first heated 

for 5 minutes and later analyzed for hENT1-eGFP retention using FSEC.  FSEC analysis was done 

with hENT1-eGFP and Nbs complex. The y-axis shows the GFP fluorescence intensity and the x-

axis shows the retention time of each sample. The result shows that in the absence of Nb most of the 

signal was lost (Red line) and the rest of the samples with Nbs rescued the GFP signal. (Figure 7).  

 

 

Figure 7. FSEC-Tm analysis of hENT1-Nanobody complexes. Red (without Nb), other lines are with 7 Nb 

binders though there is very little difference but the samples with Nbs have actually rescued the 

fluorescence signal compared to heated control sample. The red line with protein only gives low signal while 

the rest samples with Nbs showed GFP signal intensity indicates that Nbs have make the protein thermostable 

to some extent.   
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7.9 Thermal shift assay using Thermofluor 

Thermoflour is based on binding of hydrophobic dye to the hydrophobic region of a protein and the 

protein unfold as a function of temperature. When proteins unfolds the dye binds to the proteins and 

gives a signal. The stability of purified hENT1 transporter was assessed in the presence or absence of 

nanobodies a thiol-specific fluorochrome N-[4-(7-diethylamino-4-methyl-3-coumarinyl) phenyl] 

maleimide (CPM) assay as described previously. hENT1-Nbs complex of our samples along with 

control containing CPM was heated and their fluorescence was monitored (Figure 8). The melting 

temperature in each hENT1-Nb was calculated. The melting temperature (Tm) range was 63°C-65 

°C for the control (without Nb) and we could see very slight difference for the other samples which 

were with  Nbs but not a big  difference between the Tm. We were expecting at least a five degrees 

difference. 

 

 

Figure 8. Thermal shift assay using thermofluor. Colours indicates the different samples and its melting 

temperatures (™). The green line (Apo) is control without Nb.  Graphpad prism was used to analyze the results. 

 

7.10 Thermal shift assay using WB 

Thermal shift assay was done using western blot analysis. The idea behind this experiment was that 

upon heating the protein would unfold and aggregate at a given temperature. The experiment was 

performed with all 7 binders Nb5, Nb 9,Nb20, Nb26, Nb29 and a control  at different temperatures 

4°C , 40 °C ,45 °C , 50 °C , 55 °C , 60 °C  and 65 °C. Western blot was performed using anti-FLAG 

antibody. This work is ongoing and has not yielded interpretable results yet.  

 

7.11 Radioligand binding assay 

Finally, we monitored the effects of each Nb on the function of hENT1 transporter using radioligand 

binding assay. These experiments revealed that none of the identified hENT1 binding Nbs blocked 
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ligand binding to the hENT1 protein. We also performed a thermal shift experiment to see if 

nanobodies maintained the function of the protein at elevated temperatures. We found that none of 

the nanobodies including sNb control has made hENT1 more thermostable. Together, these results 

suggest that these binders may interact with hENT1 in a similar fashion and may have similar binding 

affinities for hENT1.  

 

 

 

 

Figure 9. Effects of Nb on hENT1 function using ligand binding assays. Graph on the left shows binding 

of an hENT1 ligand in presence of NBTI, hENT1 apo is control without Nb, sNB is a control with same Nb 

size as our other Nbs. The graph on the right shows the thermal shift experiment with respective temperature 

with same controls and 7 Nbs. Graph shows quite similar binding interactions for all Nbs with hENT1.  
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8. Discussion 

Integral Membrane proteins are of high physiological importance and have an important role as 

therapeutic targets. IMPs are very hydrophobic, selection of expression host, detergent and fusion of 

tagged proteins are very important to achieve stable, folded proteins in quantities sufficient for 

structural studies. For initial expression of our Nbs we used Ni-NTA for his-tag protein purification. 

We found that majority of Nbs showed expression but these commercial beads gives somehow non-

specific binding impurities which could be reduced by giving extensive washes to membrane fractions 

before solubilization as mentioned by (Rehan and Jaakola 2015). The periplasmic expression of Nbs 

were previously shown to have > 95 % purity after Immobilized metal affinity chromatography 

(IMAC) from one liter bacterial culture. Hence, it was not clear which Nb will carry the best 

crystallization chaperone so it was important to identify appropriate Nb (Pardon et al. 2014). We 

found that majority of the Nbs have a very good expression but binders with strong affinity was 

crucial aim for crystallization of the protein. Affinity chromatography with different protein tags are 

widely used now a day for sufficient protein purity for 3D determination of a protein. Pull down 

assays are used where a bait protein is tagged and captured on an immobilized affinity ligand specific 

for the tag, hence initiating a "secondary affinity support"’ for purifying other proteins that link with 

the bait protein (Thermo scientific protocol). In our pull down experiment we used hENT1 protein 

with FLAG-TAG for capturing of Nbs and another pull down assay use HIS-TAG to immobilize Nbs 

and capture hENT1 but we did not get any positive results with both pull down assays. Actually, pull 

down assay was also performed by Jan Steyaert lab and they also failed to achieve the result with this 

method. Possible reasons could be nonspecific interactions or may be the complex has a weaker 

interactions and it lost during buffer washes. 

   

In co-migration assay we first separate hENT1 from hENT1-Nb complex on gel filtration to see a 

shift on gel filtration but it does not showed any shift due to relative small size of our Nbs. Deep 

understanding is required for upgrading the Size exclusion chromatography (SEC) practices and 

principles for precise method developments because SEC separations are based on peptide in the 

solution, interactions between larger molecules and size of the protein. These interactions have affect 

on protein recovery; peak shape and retention time (Hong et al. 2012). Hence, Size exclusion 

chromatography with multi angle light scattering (SEC-MALS) was exploited to see if Nanobodies 

co-migrate with hENT1. Interestingly, we found that one of our Nb samples e.g. Nb29 co-migrated 

in presence of inhibitor (NBTI) and the rest of them co-migrated without NBTI. This gives us an idea 

that there is a difference in expression of these Nbs. As among all Nbs, only Nb29 co-migrated in 

https://paperpile.com/c/uyS0Gl/LO95
https://paperpile.com/c/uyS0Gl/usd5
https://paperpile.com/c/uyS0Gl/s84l
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NBTI presence and hence, Nb29 could be a conformational binder. Previously, (Zimmermann et al. 

2018) have generated conformational sybodies (synthetic single domain antibody) against ENT1 and 

GlyT1 transporters. In their experiment, they used thermal shift scintillation proximity assay (SPA-

TS) and found that sybodies locked the transporters in inhibitor bound conformation which enhanced 

the transporters thermal stability by 10 °C. There has been a huge advancement in  protein dynamics 

and NMR have proven enormous information on protein motions  and conformational unit 

generations in the last few years and it's crucial to identify conformations which will enhance the 

binding affinity estimations (Feixas et al. 2014).  

 

Thermostability of proteins are very important in crystallization experiments. Our thermal shift assays 

using FSEC, thermofluor and western blot did not showed very promising results that we could rely 

on but we could still see a difference to some extent. In FSEC analysis we noticed that in absence of 

Nb most of the signal was lost and in the presence of Nb most of the GFP signal was rescued that 

gives an indication that hENT1 was stabilized by Nbs to some extent that helped in rescuing the 

signal. But still we could not rely on these results because of a very low difference.  Previously 

(Hattori et al. 2012) applied FSEC to Danio reiro P2X4 receptor and Caenorhabditis elegans for 

screening of ligands and ions. Both conventional FSEC and modified method FSEC-TS 

(Thermostability assay) was used in the experiment. It was concluded that FSEC-TS is more 

convenient because in this method nanogram to microgram quantity of purified or unpurified protein 

could be used over a range of temperatures. In thermofluor experiment, we used CPM dye which 

monitors the unfolding of the protein but we could not see a clear difference in melting temperature 

(Tm) of the control with our Nbs samples. One possible reason could be the relative small size of our 

protein due to which we could not see a big shift in Tm. The last thermal stability experiment that we 

tried was using western blot. No prior results have been concluded from this experiment so far but it 

is ongoing and will be performed again with possible modifications. Thermal shift assay with western 

blot have an edge over FSEC or radioligand binding assay as it does not require purified protein and 

any expensive ligand. Moreover, this method has been successfully exploited by (Ashok et al. 2015) 

for thermostabilization of membrane proteins where they used human adenosine A2a receptor StaR2. 

This method could be helpful in fast and cheap way for stabilization of membrane proteins and the 

method could be modified for uses in drug designing with membrane proteins (Martinez Molina et 

al. 2013). 

 

In protein stability assays, the protein is more likely to stabilize by higher affinity ligands than ligands 

with moderate affinity (Chaires 2008). Our radioligand binding results show that none of the Nb 

https://paperpile.com/c/uyS0Gl/hTMd
https://paperpile.com/c/uyS0Gl/hTMd
https://paperpile.com/c/uyS0Gl/Eo2a
https://paperpile.com/c/uyS0Gl/XjjR
https://paperpile.com/c/uyS0Gl/TEx4
https://paperpile.com/c/uyS0Gl/rVVv
https://paperpile.com/c/uyS0Gl/rVVv
https://paperpile.com/c/uyS0Gl/EqIX
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blocked ligand binding to hENT1. Hence, this experiment gives us an idea that Nb is not affecting 

the function of the protein. In addition to that thermal shift assay was performed where our goal was 

to see if we could find a strong binder that could thermostable the hENT1 more than the others but 

we concluded that all the 7 Nb binders interact in same way including our control Nb. These binders 

will play an important role in stabilizing the protein for 3D structure determination of IMPS 

particularly hENT1 due to their relative small size.   

 9. Conclusion 

Nucleosides play a major role in clinical research and are in focus of researchers for its use in 

therapeutics in the treatment of cancer and other antiviral diseases. hENT1 is believed to be a key 

player in anticancer therapies. However, hENT1 is mainly hampered by low expression and its 

hydrophobic nature. In this study, Nanobodies (Nbs) were used as a crystallization chaperones that 

could help in crystallization of the hENT1. Our results concluded 7 Nbs binder after screening a total 

of 29 Nbs. It was further, concluded from our radioligand binding experiment that these binders have 

similar binding affinity. One of the binder e.g. Nb29 was concluded to be a conformational binder 

according to our conclusion. Further, functional characterization studies are required before 

crystallization of hENT1. Despite the developments in cryo-EM very limited studies has been carried 

out for the study of a proteins less than 100 kDa. In future, megabodies could be prepared for these 

binders that could be helpful in 3D structure determination using cryo-EM. 
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Appendices  

 

Appendix 1. List of 29 Nbs from Steyaert laboratory 

 
 

 

Appendix 2. CDR region of Nbs 
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Appendix 3. Phylogenetic tree of expressed Nbs 

 
 

 


