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Abstract 

Nucleoside transport is  required for the salvage pathway of DNA and RNA, 

provides a transport route for nucleoside -like d rugs and regulates adenosine signaling. 

The eukaryotic cell possesses two evolutionarily unrelated protein families of nucleoside 

transporters, the concentrative nucleoside transporters and the equilibrative nucleoside 

transporters. We aimed to elucidate their transport mechanisms using X-ray 

crystallography  and biochemical assays. We solved multiple crystal structures of CNT 

along its transport cycle at 3.45-4.2 Å, which provide  novel insights into the elevator -

type transport mechanism of secondary active transporters. In addition, we identified a 

biochemically stable ortholog of ENT and produced diffraction -quality crystals.   

TRPML channels are involved in  membrane trafficking events such as endosome 

maturation and expulsion of uropathogenic E. coli. TRPML activity  is critical for these 

trafficking processes and is known to be regulated by extracytosolic pH and PIP2 

species. However, the molecular mechanisms of regulation are unclear due to limited 

structural information . We identified  a biochemically stable TRPML3 ortholog and  

determined the structure of this TRPML3 channel by cryo-electron microscopy at a 

resolution of 2.9 Å. Our observations identified  several unique structural features in 

TRPML3 that lead us to propose a novel gating mechanism that relays signals from the 

extracellular domain and the voltage sensor-like domain to the pore . 
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1. Biochemical characterization of the equilibrative nucleoside 

transporter  

1.1 Overview 

Equilibrative nucleoside transporters ( ENTs) are integral membrane protein s 

responsible for bi-directional transport of nucleosides, which is required for supplying 

building blocks for the salvage pathway of oligonucleotide synthesis and for regulation 

of adenosine signaling. Furthermore, ENTs are responsible for the cellular import  of a 

wi de range of nucleoside-derived anti -cancer and anti-viral drugs. Therefore , 

mechanistic understanding of transport by ENT s is critical to understanding not only 

nucleoside-related physiological processes but also pharmacology involving nucleoside -

like  drug s. The biggest barrier is the lack of atomic structures that show the principles of 

nucleoside and nucleoside-drug transport by ENTs. Significant advances in the field 

depend on structure determination and elucidation of the mechanism of ENTs.  

Our goal is to understand the transport mechanism of ENT by structural and 

functional studies. To this end, we have screened fifty -seven ENT1 orthologs and 

identified eight orthologs with good biochemical behavior . We further  engineered these 

ortholog s to reduce conformational flexibility and improve homogeneity , which has 

resulted in  diffracting ENT1 protein crystals. We investigated the mechanism of 

inhibition by dipyridamole and determined that the glycosylation site in the extra -

cellular loop is essential for its effect.  
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1.2 Introduction 

1.2.1 Physiology of nucleoside transport 

Nucleosides are essential molecules for the living cell. As precursors to 

nucleotides they serve to fuel the salvage pathway of DNA and R NA synthesis  and are 

involved in energy provision, si nce adenosine triphosphate is the energy currency of the 

cell. Certain tissues, such as the brain and bone marrow, lack the capacity for de novo 

nucleotide synthesis and therefore rely completely on the salvage pathway . The 

nucleoside adenosine acts as a key signaling molecule regulating vital processes such as 

cardiovascular function and neuronal modulation  (Choi et al., 2004; King et al., 2006; 

Porkka-Heiskanen et al., 2002; Sawynok and Liu, 2003). In the cardiovascular system 

adenosine activates A1 receptors to regulate the oxygen supply-demand balance and to 

induce vasodilation and cardioprotection during ischemia ( Figure 1) (Rose et al., 2010). 

In the nervous system, activation of adenosine receptors in the brain leads to a decrease 

of pain transmission, induction of sleep or drug seeking behavior , depending on the 

localization of the signal .  

Nucleosides are hydrophilic molecules and therefore r equire membrane 

transport p roteins to cross the cell membrane. The eukaryotic cell has two mechanisms 

of nucleoside transport, the equilibrative nucleoside transporters (ENTs) and the 

concentrative nucleoside transporters (CNTs). These protein families are evolutionarily 

unrelated. ENT is the only mechanism of bi -directional transport of nucleosides.  



 

3 

 

Figure 1: Adenosine signaling.  

a, ENT (purple) controls the extracellular concentrations of adenosine. In hypoxic 

conditions adenosine activates A1 and A 2 receptors which induce cardioprotective 

effects. b, Adenosine signaling controls neuromodulation of pain, sleep and addiction. 

Figure adapted from (Baldwin et al., 2004). 
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1.2.2 Equilibrative nucleoside transporters 

The ENT family contains fo ur isoforms with varying tissue distributions and 

substrate preferences (Figure 2) (Young et al., 2008). ENT1 is expressed in most cell types 

and transports nucleosides and to a lesser extend nucleobases. ENT1 is the predominant 

isoform and is responsible for most of the equilibrative nucleoside transport in the 

human body. ENT2, also widely expressed, transports both nucleosides and nucleobases 

efficiently. ENT3 has similar substrate selectivity to ENT2 but was found expressed on 

intracellular membranes of the endoplasmic reticulum, nucleus and lysosome. 

Expression of ENT4 is mostly restricted to the plasma membrane of brain and heart 

cells, where it is responsible for transport of adenosine and monoamines. Both ENT3 

and ENT4 were found to be activated by low pH and are therefore possibly H +-coupled 

(Barnes et al., 2006). The molecular basis for differential substrate selectivity among ENT 

isoforms is not clear due to the lack of structural information.  

An important function of ENTs is regulation of extracellular adenosine 

concentrations. Inhibition of ENT 1 elevates extracellular adenosine levels and thereby 

reduces cell damage caused by hypoxia. ENT targeting has already successfully been 

implemented to prevent blood clotting during open heart surg ery with the drug 

dipyridamole.  In the nervous system, activation of adenosine receptors in the brain leads 

to a decrease of pain transmission, induction of sleep or drug seeking behavior (Choi et 

al., 2004; Porkka-Heiskanen et al., 2002; Sawynok and Liu, 2003). These areas provide 



 

5 

additional therapeutic opportunities for ENT targeting . For instance, inhibition of E NT 

in the spinal dorsal horn will decrease transmission of pain signals and can be exploited 

for the treatment of chronic pain  (Figure 1). Availability of a molecular structure for ENT 

will dramatically ease drug design of ENT mod ifying compounds .  

In addition to natural ligands, ENTs are also capable of transporting nucleoside 

analogs. This class of molecules includes a number of popular anti-cancer and anti-viral 

drugs that are designed to interfere with DNA replication. Certain therapeutic 

treatments have been shown to heavily rely on transport by ENT1 in particular  

(Damaraju et al., 2012; Eto et al., 2013; Iikura et al., 2012; Nakagawa et al., 2013). ENT1 

expression in pancreatic cancer patients treated with the nucleoside analog gemcitabine, 

correlates with a 3-fold increase in survival compared to patients in which ENT1 

expression could not be detected (Farrell et al., 2009). Detailed structur al information on 

ENT will enable us to predict substrate preferences and tailor anti -cancer and anti-viral 

drugs for more efficient import into the cell. Taking into account differential expression 

patterns of nucleoside transporters, compounds could possibly even be targeted to 

specific tissue types by making them amenable to transport only by certain isoforms.  

Little structural information is available on the ENT protein family. In silico 

structure prediction has i ndicated that ENT consists of eleven transmembrane helices 

(TMs) with an intracellular N -terminus and extracellular C -terminus (Figure 3). This 

topology  has been confirmed by experiments with antibodies as topological probes and 
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glycosylation scanning mutagenesis (Sundaram et al., 2001). The protein contains two 

large loops, one on each side of the membrane, which are subject to glycosylation and 

phosphorylation. G lycosylation was found  not to be required for transport activity, 

although contradicting information has been reported on its effect on inhibitor binding 

(Aseervatham et al., 2015; Vickers et al., 1999). Phosphorylation of the TM6 -TM7 loop by 

protein kinase C (PKC) increases ENT activity (Coe et al., 2002). 

Nitrobenzylmercaptopurine riboside (NBMPR) is a nanomolar inhibitor specific for 

human ENT1 and has been used as a tool in ENT research (Vickers et al., 1999). The 

product ion of chim eric transporters consisting of human and rat (NBMPR -insensitive) 

segments has implicated TMs 3 through 6 in inhibitor and substrate binding  (Sundaram 

et al., 2001). Site-directed mutagenesis in combination with cysteine modifying 

compounds showed that amphipathic TM  5 lines the transport pathway  (Valdes et al., 

2004). TMs 5 and 6 were found to be particularly important for nucleobase binding. 

Mutagenesis studies have identified residues involved in substrate recognition in TM 1 

(M33) and TM 8 (F334, N338, D380 and R393) (Visser et al., 2007; Visser et al., 2002). 

Specific residues in TMs 2, 4, 5 and 11 have also been found to be important for inhibitor 

or substrate binding in additional mutagenesis experiments  (SenGupta and Unadkat, 

2004; Valdes et al., 2006; Valdes et al., 2004; Visser et al., 2005). This led to the hypothesis 

that TMs 1, 2, 3, 4, 5, 6, 8 and 11 line the transporter pore. How residues in these helices 

cooperate for substrate recognition and transport is not well understood. Therefore , a 
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crystal structure is urgently needed to be able to assign specific functions to protein 

segments and explain results obtained from mutagenesis experiments. 
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Figure 2: ENT substrate specificity.  

ENT isoforms each have their own substrate specificity. ENT1 transports purine 

and pyrimidine nucleosides and nucleoside analogs, such as gemcitabine and ribavirin. 

ENT2 and ENT3 are both capable of transporting nucleobases as well as nucleosides and 

nucleoside-like drugs. ENT 4 has restrictive substrate specificity and only transports 

adenosine and monoamines. 



 

9 

 

Figure 3: ENT topology diagram.  

ENT consists of 11 TMs, with an N -terminus i n, C-terminus out topology. TMs 3 -6 

(green) are thought to be involved in NBMPR binding , only TMs 7, 9 and 10 have not 

been implicated in substrate binding . The large TM1-TM2 loop contains an N-linked 

glycosylation site (orange) and the TM6-TM7 loop is targeted for phosphorylation by 

PKC. 
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1.2.3 Major Facilitator Superfamily transporters 

The Major Facilitator  Superfamily  (MFS) of transporters contains a wide variety 

of passive and secondary active transporters. The availability of crystal structures o f 

MFS family members has increased rapidly in the last 5 years, with 72 structures in the 

Protein DataBank as of this writing  (http ://www.rcsb.org) . Availability of these 

structures has led to comprehensive understanding of the MFS fold and mechanism. The 

MFS fold consists of 12 TMs that can be divided into two domains, each with an inverted 

structural repeat  (Figure 4). The substrate binding site is located in between the two 

domains and surrounded by TM1, TM2, TM4 and TM5 from the N -domain and TM7, 

TM8, TM10 and TM11 from the C-domain. MFS transporters utilize an alternating access 

mechanism to achieve transport, in which the binding site is exposed to either the intra - 

or extracellular side of the membrane (Jardetzky, 1966). Reported structures of MFS 

members have provided structural detail of each conformation in the alternating access 

transport cycle (Figure 5). The N- and C-terminal domains pivot around the binding site 

to achieve alternate access, in which is now called the rocker switch mechanism (Drew 

and Boudker, 2016; Guan and Kaback, 2006). In the outward -open conformation the 

binding site is exposed to the extracellular side of the membrane. Closure of the 

extracellular gate leads to the formation of the outward -facing occluded conformation. 

Subsequently the domains pivot around the substrate binding site to the inward 

occluded conformation. To complete the cycle the intracellular gate opens to expose the 
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substrate binding  site to the cytosol. This mechanism is employed for uniport, symport 

and antiport, the only difference s being the location of substrate binding or release and 

possible coupling to a co-substrate. 

Although ENT is speculated to be a member of the MFS in some studies, ENT is 

significantly different from canonical MFS members.  ENT is predicted to consist of 11 

TMs, instead of the canonical 12 TM architecture. Additionally, a  highly conserved 

sequence motif (DRXXRR on the TM2-TM3 and TM8-TM9 loops) is absent in ENT 

(Paulsen et al., 1996). Regardless, a computational model has been generated based on 

crystal structures of an MFS fold protein  and experimental data (described in chapter 

1.2.2) identifying TMs that line the substrate binding site are in line with this model 

(Valdes et al., 2009). Contradictory is the fact that TM6, which is located away from the 

substrate-binding site in the MFS fold,  was found involved in nucleobase binding . Taken 

together these data suggest that ENT must utilize a unique mechanism of substrate 

recognition and transport  substantially diffe rent from MFS members. In order to 

investigate the molecular structure and transport mechanism of ENT we set out to 

characterize the protein by x-ray crystallography and biochemical assays.  
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Figure 4: Architecture of MFS superfa mily transporters.  

a, The MFS superfamily of transporters consist of 12 TMs, divided into the N - 

(TMs 1-6) and C-terminal (TMs 7-12) domains. Each domain contains an inverted repeat, 

highlighted in red, orange, light and dark blue . b, The helices are arranged so that TMs 

1, 2, 4 and 5 from the N-domain (red surface) and TMS 7, 8, 10 and 11 from the C-

domain (blue surface) line the binding site. Helices are colored as in panel a. 
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Figure 5: Rocker switch transport mechanism of the MFS family.  

MFS family members move cargo across the cell membrane by the rocker switch 

transport mechanism. The substrate binding site is located in between the N- (blue) and 

C-domains (red), which pivot to provide alternate access to either side of the membrane. 

Structure determination for MFS transporters provides molecular detail for each of the 

conformational states. 



 

14 

1.3 Results 

1.3.1 Optimization of ENT expression conditions 

We utilized the baculovirus -mediated Spodoptera frugiperda (Sf9) cell system for 

ENT expression. ENT was expressed as a GFP fusion protein with a cleavable C-

terminal FLAG and histidine tag. In order to identify the optimum expression 

conditions, we employed fluorescence size exclusion chromatography (FSEC). We tested 

for the opti mum cell density at time of infection and viral titer, we tried out each 

combination of cell densities (1 M mL -1 or 1.5 M mL-1) and titer (0.5%, 1% or 2.5% v/v) 

(Figure 6). We found that 1.5 M cells mL-1 infected with 0.5% virus l ed to the optimal 

expression yield. Addition of a ligand can enhance protein stability, therefore we tested 

the addition of the ENT inhibitor NBMPR during expression. Addition of NBMPR did 

not aid in improving the expression yield. These findings set the e xpression conditions 

for further experiments.  
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Figure 6: Optimization of ex pression conditions.  

ENT from Magnaporthe oryzae (ENTMO) was expressed as a GFP-fusion in Sf9 cells 

and analyzed by FSEC on a Superose-6 column. a, Optimum cell density and virus titer 

were determined to be 1.5M cells ml-1 and 0.5% (v/v) virus. b, Addition of NBMPR, an 

ENT inhibitor, did not improve  the expression yield. 
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1.3.2 Identification of biochemically stable orthologs 

We initially selected forty -six ENT orthologs  to subject to expression screening 

(Figure 7). These orthologs shared sequence identity with human ENT1 ranging from 

31% to 95%. The lowest sequence conservation is localized to the large intra- and 

extracellular loops and the N-terminal section of TM2. Previous work by our lab showed 

that fusion to GFP could negatively affect the protein yield, therefore we did  not use 

FSEC for ortholog screening. Instead we expressed the orthologs in large scale (0.5 L 

culture) and pur ified the protein by cobalt affinity and size exclusion chromatography 

(SEC) (Figure 8). We identified five stable and well -expressing orthologs. Subsequently, 

we selected eleven additional orthologs that were similar in sequence to these five 

candidates and identified three additional  constructs with suff icient expression and 

stability.  A total of eight orthologs were selected for advancement into the next stage of 

our structural study.   

Although human ENT 1 (ENTHS) was included in  the ortholog screen, its 

expression level and biochemical stability were insufficient for crystallization 

experiments. ENTHS, expressed in Xenopus laevis oocytes, was however used in 

functional assays. 
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Figure 7: Phylogenetic tr ee of ENT ortholog s in expression screen. 

A total of fifty -seven ENT orthologs were selected for an expression test in Sf9 

cells. The initial forty -six orthologs were selected for a wide range in sequence diversity, 

sharing sequence identity with  human ENT1 of 31-95%. An additional eleven orthologs 

(bold) were selected for similarity to orthologs that showed good biochemical behavior 

in the first part of the ortholog screen.  Eight candidate orthologs were selected for 

further experimentation (*) . 
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Figure 8: ENT ortholog screen.  

ENT orthologs were purified by cobalt affinity and expression yield and 

homogeneity of the protein was assessed by SEC. We identified eight  candidates with 

sufficient yield and sample quality for further exp erimentation. The initial 

chromatogram (blue) and stability test (red) for one selected candidate, ENT from Ciona 

intestinalis (ENTCI), and one eliminated ortholog (green) from Aedes aegypti (ENTAA ) are 

shown.  
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1.3.3 Functional characterization of ENT 

We used a radioactive nucleoside flux assay to characterize ENT function. We 

generated mRNA from pGEM -HE vectors carrying ENTHS or ENT from Ciona intestinalis 

(ENTCI). Xenopus laevis oocytes were injected with 40 ng of mRNA and protein expressed 

for 4 days. Oocytes were incubated with radioactive uridine and its accumulation in the 

oocytes was measured by scintillation counting (see chapter 1.7.5 for detailed methods). 

For experiments where inhibition was investigated, oocytes were pre-incubated with 

dipyrida mole before the uptake reaction was initiated. First, we compared the transport 

activity of our candidate ortholog to that of ENTHS (Figure 9a). We found that uridine 

uptake by our ortholog was practically indistinguis hable from activity of  human ENT. 

Control oocytes, injected with water, did not show uridine uptake.  

In order to investigate the function of different structural features of ENT we 

subjected mutants to the nucleoside flux assay (Figure 9b). We found that the mutation 

of the glycosylation site in ENT HS (ENTHSN48Q) retained uridine transport activity. We 

also tested the effect on transport properties of ENT CI of an N-terminal deletion of 

residues 1 to 31 (ENTCI ɲN31) and deletion of the intra- and extracellular loops (ENTCI 

ɲTM1-TM2 ɲTM6-TM7). While truncation of the N -terminus reduced the transport, the 

mutant was still capable of uridine transport. The double loop truncation did not affect 

the transport activity.  



 

20 

We investigated the inhibition mechanism of dipyridamole by incubating 

oocytes with this inhibitor prior to subjection to the flux assay ( Figure 9c). While wild 

type human ENT is sensitive to inhibition by 50 µ M dipyridamole, we found t hat 

ENTHSN48Q lost this sensitivity completely. This finding shows that the glycosylation is 

important for pharmacological inhibition of the transporter. Nucleoside uptake by ENT CI 

was only ~60% inhibited by pre-incubation with  dipyridamole. ENTCI ɲN31, which was 

only partially active, was compl etely inhibited by dipyridamole. The deletion of both the 

intra - and extracellular loops in ENT CI ɲTM1-TM2 ɲTM6-TM7 disabled inhibiti on by 

dipyridamole completely.  This finding is in line with the lack of i nhibition by 

dipyridamole of  ENTHSN48Q, as with the truncation of the loops the glycosylation site is 

also deleted. 
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Figure 9: Nucleoside uptake by ENT in Xenopus laevis oocytes. 

a, ENTCI shows similar behavior in  a timecourse of uridine flux in Xenopus laevis 

oocytes as human ENT. Control oocytes, injected with water only  show background 

signal. b, ENTHSN48Q, ENTCI ɲN31 and ENTCI ɲTM1-TM2ɲTM6-TM7 are capable of 

uridine uptake. c, Inhibition by dipyridamole was found to be dependent on the 

presence of the glycosylation in human ENT. While wildtype ENT CI and ENTCI ɲN31 are 

inhibited by dipyridamole, deletion of the TM1 -TM2 and TM6-TM7 loops rendered 

ENTCI insensistive to dipyridamole inhibition. Flux was measured or 25 minutes. Data in 

panel c is shown as percentage inhibition. For each panel, n = 3-6 oocytes, the error bar 

indicates standard error.  
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1.3.4 Optimization of construct and purification conditions 

In order to identify conditions that stabilize ENT we utilized a temperature 

stability assay. We found that the addition of adenosine resulted in a shift in the melting 

temperature with a steeper curve (Figure 10). We speculate that the broad melting curve 

of ENT in the absence of adenosine is the result of multiple conformations exhibiting 

different melting temperatures and adenosine binding stabilizes the conformation with a 

higher melting te mperature.  

We also screened for stability optimizing conditions using SEC experiments. We 

purified ENT in the presence of adenosine, iodoacetamide (IAM), cholesteryl 

hemisuccinate (CHS, a more soluble cholesterol analog) or a combination of 

phospholipids  and tested the stability and homogeneity by SEC (Figure 11a). We found 

that the addition of IAM in the protein preparation was beneficial to sample quality.  

We performed a detergent screen by SEC to identify detergents that are suitable 

for ENT crystallization ( Figure 11b). The protein was initially purified in dodecyl 

maltopyranoside (DDM ) and exchanged into the target detergent prior to analysis by  

SEC. Analysis of the chromatograms indicated that Cymal -5, decyl maltopyranoside 

(DM) and DDM rendered the construct most homogeneous and stable. These detergents 

were subsequently used in crystallization experiments for each candidate construct. 

Human ENTs contain up to two glycosylation sites in the large extracellular loop 

between TM1 and TM2. Since glycosylation can negatively affect the homogeneity and 
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crystallizability we aimed to mutate out the glycosylation sites. We used the program 

NetNGlyc (http://www.cbs.dtu.dk/services/NetNGlyc/ ) to predict glycosylatio n sites in 

our candidate constructs and used site-directed mutagenesis to produce point mutants 

for each candidate ortholog. To produce a conservative mutation, we chose to mutate 

the glycosylated asparagine to glutamine. Both single and double glycosylati on knock 

out constructs were prepared for each candidate with two predicted glycosylation sites , 

such as ENTCI (Figure 11c).  

In order to identify flexible regions in ENT that might negatively affect 

crystallization, we subjected the protein to limited proteolysis by trypsin and 

chymotrypsin. Sodium dodecyl sulfate polyacrylamide gel electrophoresis ( SDS-PAGE) 

analysis of the digested sample shows that the protein is relatively resistant to 

proteolysis (Figure 12). This is evidenced by the presence of distinct bands in even the 

harshest conditions of the digestion test (1:10 molar ratio protease:ENT). Trypsin 

digestion, resulting in two fragments of ~16 kDa and ~18.5 kDa, suggests cleavage of 

both the TM1-TM2 and TM6-TM7 loops. Incubation with chymotrypsin yields a single 

band at ~18.5 kDa, therefore we concluded that only the TM 6-TM7 loop is cut by 

chymotrypsin . Sequence alignment of all ENT orthologs shows regions of littl e sequence 

conservation in the loops, suggesting that these regions are not important for protein 

stability  or function  (Figure 13). In line with this finding , our functional data shows that 

deletion of the large intra - and extracellular loops retains transport activity ( Figure 9). 
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However, our functional assay also indicated that the glycosylation site is involved in 

pharmacological inhibition, as transport activity of the glycosylation knock -out mutant 

is not inhibited by  dipyridamole (see chapter 1.3.3). Therefore we designed constructs in 

which both loops were truncated as well as selective truncation constructs of the TM6-

TM7 loop. The N-terminal side of the  TM6-TM7 loop was found to contain a region of 

higher sequence conservation and predicted secondary structure, which could indicate 

that this region is required for protein production, proper folding or function.  We 

therefore systematically truncated the TM6-TM7 loop of  ENTCI in four different 

constructs. 

ENTCI contains a long N-terminal tai l that is unique to this ortholog. Secondary  

structure prediction software was used to analyze the ortholog and we found that the N -

terminal tail is predicted to be unstructured. In order to improve conformational 

homogeneity we prepared a number of N -terminal truncations and analyzed them by 

SEC (Figure 11d). We were able to truncate a maximum of 31 N-terminal  residues to 

retain sufficient protein yield and stability.  We combined this truncation with our 

systematic TM6-TM7 loop truncations and tested them by SEC (Figure 11e). We found 

that truncation of the TM6 -TM7 loop residues 270-314 or 270-320 led to stable and 

homogeneous protein sample, while the added truncation of residues 265-269 was 

detrimental to protei n expression. 
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Figure 10: ENTMD  thermal melting assay.  

ENT from Monodelphis domestica (ENTMD) was subjected to thermal melting. 

Protein denaturing, as measured by coumarinyl phenyl maleimide fluorescence, 

occurred at a higher temperature in the presence of 1 mM adenosine (red) than in its 

absence (blue).  
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Figure 11: Optimization of purification conditions and construct design.  

a, An additive screen showed that the addition of IAM  in the protein preparati on 

of ENT from Poecilia formosa (ENTPF) was beneficial for biochemical stability. The 

addition of CHS or CHS in combination with phospholipids (CHS PCEG) did not aid 

protein quality. b, ENTMD  was used for detergent screening by SEC, traces of ENTMD  in 

suitable detergents Cymal-5 and DM and unsuitable detergent  1,2-dihexanoyl -sn-

glycero-3-phosphocholine (DHPC) are shown. c, ENTCI construct design showed that 

loop deletion and glycosylation knock out is well tolerated. d-e, The truncation of the N -

terminal ta il up to residue 31 (d) and truncation of the TM6-TM7 loop residues 270-320 

yields stable protein (e). 
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Figure 12: Limited proteolysis of ENT MD . 

ENTMD  was subjected to limited proteolysis by trypsin and chymotrypsin. SDS -

PAGE gel analysis of the protein fragments suggests that trypsin cuts ENT at both the 

TM1-TM2 loop and the TM6-TM7 loop, while chymotrypsin cuts only the TM6 -TM7 

loop. Proteolysis was performed for 1 hr at room temperature.  
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Figure 13: Sequence alignment of human ENTs and ENT CI. 

Sequence alignment of the human ENT isoforms and ENTCI. Secondary structure 

elements are indicated by rectangles, TMs involved in NBMPR binding are colored 

green, residues with sequence homology are highlighted in  grey. Residues that are 

truncated in construct optimization experiments  are indicated by red lines and arrow s. 

Glycosylation sites are indicated by an orange branch. 
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1.3.5 Crystallization of stable ENT orthologs 

Crystallization experiments were set up for three out of eight candidate 

orthologs, using full length, glycosylation knock -out and N-terminal and loop 

truncation constructs.  ENTCI, purified in Cymal 5, yielded several crystal hits in sitting 

drop crystallization in conditions containing PEG 3350 -4000 and calcium acetate, 

calcium chloride, lithium chloride, magnesium formate or magnesium chloride. 

Inspection by UV -microscopy showed that the crystals contained protein, as seen for 

calcium chloride crystals in Figure 14. We aimed to optimize these crystals and set up a 

wide range of crystallization experiments in ea ch condition that stabilized  ENTCI, 

including different detergents and addition of ligands.  

ENTCI ɲN31, purified in DDM , crystallized in 20% PEG 3350, 0.3 M lithium 

chloride and pH 8.  Crystallization was optimized by grid screening around initial crystal 

hit conditions.  Most crystals did not diffract well and were highly anisotropic, usually 

diffracting to ~4 Å in one direction and ~9 Å in the other direction. Additiona lly, the 

crystals were very difficult to reproduce . Only two crystals, harvested after a long 

incubation period of 1 -2 months, diffracted isotropically to about 3 Å. The diffraction 

spots indicated considerable crystal damage and the data was difficult to index. We 

indexed the datasets to a P1 spacegroup with cell dimensions a, b, c = 63.6 Å, 81.1 Å, 81.2 

@Ȯɯϔ, ̡ Σ ϖɯǻɯƜƔȭƘȘȮ 82.8°, 87.2°.  
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SDS-PAGE analysis of ENTCI ɲN31 crystals showed that only protein fragments 

were present, three fragments of ~20kDa, ~23kDa and 25kDa were observed. We 

reasoned that the flexible loops were cleaved either before or after crystal formation. The 

fragment pattern found in the crystals was slightly different than that yielded from the 

limited proteolysis experiments ( Figure 12). Nonetheless, because limited proteolysis 

could improve homogeneity of the sample  and crystal quality , we treated ENT with 

trypsin prior to purification by  SEC and crystallization  (Figure 16). Unfortuna tely, this 

strategy has not yet yielded crystals of equal or better quality as previously described.  



 

31 

 

Figure 14: ENTCI crystal hit.  

a-b, ENTCI was purified  by SEC in Cymal -5 in the presence of 1mM adenosine (a) 

and analyzed by SDS-PAGE (b). c, The protein crystallized in 20-22.5% PEG4000, 0.1-0.2 

mM calcium chloride and 0.1M Tris pH 7.5 -8.5 in sitting drop vapour diffusion trays 

with 0.3 L˃ drops incubated at 18°C. The crystals were identified as protein crystals by 

UV microscopy.  
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Figure 15: ENTCI ɲN31 crystals and diffraction.  

a, ENTCI ɲN31 crystals, grown in 20% PEG3350, 0.3M lithium chloride and 0.1M 

Tris pH8 , grew to ~300x50 nm dimensions and diffracted to about 3 Å. b, Zoomed in 

view of high resolution diffraction. c , Several crystals grown in similar conditions were 

harvested, washed twice in mother li quor and analyzed by SDS-PAGE. The crystals 

were found t o consist of protein fragments of about ~20kDa, ~23kDa and 25kDa. 
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Figure 16: Trypsinized ENT CI elutes from SEC as untreated transporter.  

ENTCI was treated with trypsin (1:1000 ENTCI:trypsin molar ratio) prior to 

analysis on SEC. a, Trypsinized ENT CI remains assembled as an intact transporter, 

evidenced by the fact that it elutes from size exclusion at the same volume as untreated 

ENTCI. b, SDS-PAGE analysis of trypsinized ENT CI. 
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1.4 Discussion 

In this study we aimed to elucidat e the structure and function of ENT by X -ray 

crystallography and biochemical assays. We have performed an extensive ortholog 

screen and identified eight orthologs with high expression levels and biochemical 

stability. Many crystallization experiments were set up with three out of eight candidate 

orthologs and various combinations of construct design, detergent  and additives. 

Crystallization of ENT has been a challenging project and yielded mostly crystals that 

diffracted very anisotropically and were diffic ult to reproduce.  By construct design and 

screening we found that ENT CI crystallization could be optimized by truncation of the 

N-terminal tail and intracellular and extracellular loops. ENT CI ɲN31 crystals diffracted 

to ~3 Å and one such crystal was indexed to P1 with cell dimensions a, b, c = 63.6 Å, 81.1 

@ȮɯƜƕȭƖɯ@ȮɯϔȮɯʲΣ ϖɯǻɯƜƔȭƘȘȮɯƜƖȭƜȘȮɯƜƛȭƖȘ. However,  the diffraction was not of sufficient 

quality for structure determination.  Analysis of th e crystals showed that the protein was 

fragmented, likely  by degradation of the large intra - and extracellular loops. Further 

optimization of the construct and crystallization conditions is required for structure 

determination of ENT.  

We subjected both ENTHS and ENTCI to a radioactive uridine flux assay to 

investigate their transport properties. We found that our candidate ortholog ENT CI, 

shows similar transport activity as ENT HS. Additionally, we found that uridine uptake 

by mutant transporters remained in tact with knock-out of the glycosylation in ENT HS or 
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truncat ion of the N-terminal tail  or large intra - and extracellular loops in ENT CI. These 

finding s are in line with previous reports of ENT HS expressed in yeast or oocytes 

(Aseervatham et al., 2015; Vickers et al., 1999). In apparent contradiction to these reports, 

we found that the large loops, and in partic ular the glycosylation site, is critical for the 

inhib ition mechanism. The studies by Vickers and colleagues, on human ENT expressed 

in yeast, showed that knock-out of the glycosylation site did not affect inhibition by 

NBMPR or dipyridamole  significantly . The affinity for NBMPR  decreased about ten-

fold , while an increase in affinity for dipyridamole was detected.  Aseervatham and 

colleagues investigated the role of the intra- and extracellular loops of human ENT 

expressed in oocytes and found no difference in NBMPR binding  nor inhibition.  They 

propose that the contradiction with the report of decreased NBMPR affinity is due to 

differential glycosylat ion in yeast and X. laevis oocytes. Inhibition of ENT is a complex 

matter. As previously mentioned, human ENT1  is inhibited by NBMPR while rat ENT1 

is not. The inhibition mechanism also seems to be dependent on the type of 

glycosylation, as glycosylation knockout has different effects on NBMPR binding in 

protein expressed in oocytes or yeast. Additionally, while t he binding sites for N BMPR 

and dipyridamole overlap, they seem  differenti ally affected by mutation of the 

glycosylation site. The seemingly contradicting  findings in loop truncation constructs 

can be caused by the use of different ENT orthologs or differen t loop truncation designs. 

In the study by Aseervatham et al. residues 48-65 and 243-274 were truncated while in 
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our flux assay we worked with a mutant lacking residues  analogous to ENTHS residues 

47-70 and 248-273. If the additional residues that were deleted in our construct are 

involved in the mechanism of inhibition , it could explain why we did not observe 

inhibition by dipyridamole . The difference in findings of dipyridamole inhibition of 

ENTHSN48Q could be caused by a difference in the assay condition s, as uridine flux assays 

in oocytes and complementation assays in yeast are significantly different. 

1.5 Summary and Implications 

ENTs are physiologically and pharmacologically important transporters, 

responsible for the import of nucleosides and nucleoside-analog drugs and regulation of 

adenosine signaling. To this date, no crystal structure for an ENT ortholog has been 

solved. The lack of structural information limits our abilit y to design nucleoside-analog 

drugs for better import by ENT and to specifica lly inhibit ENT function for therapeutic 

purposes. 

In this study we aim ed to determine the molecular structure of ENT by X-ray 

crystallography and investigate its mechanism in detail using a combination of 

structural and biochemical techniques. In search of a crystallizable construct we 

screened fifty -seven ENT orthologs  using the Sf9 expression system and identified eight 

candidate orthologs with high yields of expression and sufficient biochemical stability. 

We produced diffracting protein crystals from o ne of these candidate orthologs. 

Although the crystals did not yet lead to structure solution, we have made significant 
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advances in our efforts towards this goal. Our findings can be used in further efforts into 

structure determination of ENT.  

We used a nucleoside flux assay to investigate the transport activity of human 

ENT and our candidate ortholog  ENTCI. We found that the candidate ortholog behaves 

similarly to human ENT1, which leads us to believe it is a good model system for further 

ENT research. We determined that the glycosylation  site in the TM1-TM2 loop is 

essential for inhibition by dipyridamole, implicating the large extracellular loop in 

inhibitor binding.  Our protein expression and purification  methods can aid in further 

characterization of ENT function and can be used in the development of ENT inhibitors 

and nucleoside-analogs for which ENT is a conduit.  

1.6 Future directions 

We identified eight  well expressing and biochemically stable ENT orthologs that 

are suitable for the pursuit of a crystal structure. The thermal stability assay that we 

have employed to find that addition of adenosine to the protein preparation is 

beneficial, can be used to optimize protein preparation and crystallization conditions  

further . We propose to continue crystall ization experiments to optimize diffraction 

quality crystals. Thus far, crystallization of ENT CI has provided us with crystals that 

diffracted to ~3 Å resolution. We believe that optimization of these crystals could lead to 

structure solution, as we have not yet exhausted all permutations of stable constructs, 

purification and crystallization conditions. Alternatively, the other stable orthologs 
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identified in this study can be used in crystallization experiments. If  these crystallization 

approaches fail to yield diffraction quality crystals, crystallization of ENT can be 

attempted using crystallization chaperone s such as monoclonal antibodies or lysozyme 

fusions.  

There are no crystal structures of transporters with significant sequence 

similarity to ENT. Th erefore we need to turn to de novo phasing to solve the ENT 

structure . Initial co -crystallization experiments with heavy atoms have not yet provided 

us with diffraction quality crystals, although we propose this strategy can be pursued 

further. Alternative ly, soaking methods or seleno-methionine derivative crystals can be 

grown in order to  solve the ENT structure. 

ENTs are capable of transporting a range of substrates, including nucleosides, 

nucleobases and nucleoside analogs. The structural basis for ENT substrate specificity is 

as yet unknown. ENT can be subjected to binding studies in ITC and radioactive 

nucleoside flux assays in order to shed light on this issue.  

1.7 Materials and Methods 

1.7.1 Insect cell culturing and protein expression 

The baculoviru s-insect cell expression system was used to express ENT protein. 

Constructs were cloned into a modified pFastBac vector with a C-terminal cleavable 

FLAG and histidine tag. The constructs were transferred to a bacmid by transformation 

into DH10 Bac cells. Bacmids were prepared by isopropanol precipitation and 
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transfected into Sf9 cells in 2-mL well plates for prepar ation of P1 virus in Hyclone 

media (GE Healthcare Life Sciences) using Cellfectin -II (Invitrogen) . P1 virus was 

harvested after 1 week at ~50% cell death. P1 virus was used to infect 50 mL suspension 

cultur es for P2 production, which was harvested after 5 days at ~70% cell death. Protein 

expression was performed in 0.5 L cell culture for 60-65 hrs and cells harvested at ~20% 

cell death.  

1.7.2 Protein purification and ortholog screen 

In order to find the optimal conditions for cell growth and prot ein expression ǹ 

we used ENTMO which had shown reasonable expression levels in previous work from 

our laboratory . We expressed the protein from a pFastBac vector as a GFP fusion protein 

in 20 mL cell culture . The viability and fluorescence were monitored throughout the 

expression. Cells were harvested at a viability of ~20% by centrifugation at  1710 x g and 

washed twice with PBS. Cells were resuspended in lysis buffer (50 mM Tris pH 8, 150 

mM NaCl, 1 mM EDTA, 1.4 mM -̡mercaptoethanol (BME), Dnase and protease 

inhibitors: 1 µg mL -1 leupeptin, 1 µg mL -1 pepstatin, 0.66 µg mL-1 aprotinin and  1 mM 

phenylm ethylsulfonyl fluoride ). Cells were sonicated twice for 1 min after which 40 mM 

DDM was added. The sample was incubated for 1 hr at 4 °C under gentle agitation. Cell 

debris was spun down for 1 hr at 20000 x g. The supernatant was injected into a pre-

equilibrated Superose-6 column on an Akta Purifier (GE Healtcare) in SEC buffer (20 
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mM Tris pH 8, 150 mM NaCl, 1 mM DTT  and 1 mM DDM), fluorescence was monitored 

with the Rf -10axl fluorescence detector (Shimadzu). 

To screen orthologs, protein was expressed for 60-65 hrs at 27 °C in 500 mL cell 

cultures infected with 0.5% P2 virus. Cells were lysed by homogenization in 50 mM Tris  

pH 8, 150 mM NaCl, 5 mM BME and 1 mM adenosine supplemented with protease 

inhibitors. Membrane s were solubilized by addition of 40  mM DDM  and gentle agitation 

for 1 hr at 4°C. Histidine tagged proteins were bound to cobalt resin in 20 mM Tris pH  8, 

150 mM NaCl , 1 mM DDM and 1 mM adenosine, for 1 hr at 4 °C under gentle agitation . 

Resin was packed into a column, washed with 10 mM imidazole in 20 mM Tris pH  8, 

500 mM NaCl , 1 mM DDM  and 1 mM adenosine after which protein was eluted with  20 

mM Tris pH  8, 150 mM NaCl , 1 mM DDM, 1 mM adenosine and  400 mM imidazole. 

The tag was cut by overnight incubation with PreScission protease (PPX) at a mass ratio 

of 1:30 PPX:ENT at 4 °C. Further purification and assessment of protein quality was 

performed by SEC on a Superdex-75 column (GE Healthcare) in 20 mM Tris pH  8, 150 

mM NaCl, 1 mM DDM,  2 mM DTT and 1 mM adenosine. The screening procedure 

included a test for stability, consisting of incubation at 5 mg  mL -1 for 7 days at 4°C. The 

sample was then loaded onto a size exclusion column for analysis.  

1.7.3 Detergent screening 

We performed a detergent screen to find detergents most suitable for 

crystallization . We chose ENTMD  to subject to detergent screening and extrapolated the 
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results to the remaining candidates. The protein was purified by metal affinity and SEC 

in DDM  buffer as described previously. Subsequently the protein was exchanged into a 

new detergent in 20 mM Tris pH  8, 150 mM NaCl, 2 mM DTT and 1 mM adenosine, by 

ten times dilution of the sample. We  incubated the protein for 1 h r at 4 °C under gentle 

agitation . The protein was then concentrated and loaded onto a Superdex-75 (GE 

Healthcare) for analysis.  

To test the addition of lipids a mixture 3:1:1 (wt:wt:wt) of 1 -palmitoyl -2-oleoyl-

sn-glycero-3-phosphocholine, 1-palmitoyl -2-oleoyl-sn-glycero-3-phosphoethanolamine 

and 1-palmitoyl -2-oleoyl-sn-glycero-3-[phosphor -rac-(1-glycerol)] was added to the SEC 

run. 

1.7.4 Limited proteolysis 

We analyzed our candidate constructs with  the in silico structure prediction 

methods Jpred and PSIpred (Drozdetskiy et al., 2015; Jones, 1999). Locations of TMs 

were identified and potentia l secondary structure elements in connecting regions were 

examined. ENT has two large unstructured  loops, an extracellular loop between TM1 

and TM2 and an intracellular loop between TM 6 and TM7. ENTCI was purified as 

described previously in 20 mM Tris pH  8, 150 mM NaCl, 2 mM DTT and 1 mM DDM. 

We incubated 26.6 nM protein with trypsin or chymotrypsin  in protease:ENT ratios 1:10, 

1:100, 1:1000 and 1:10000 for 1 hr at room temperature.  The reaction was quenched by 

the addition of SDS sample buffer. We analyzed the result by SDS-PAGE.  
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1.7.5 Radioactive nucleoside flux assay 

We subjected ENT1 to a radioactive flux assay. Human ENT1 and ENTCI were 

cloned into the pGEMHE vector for expression in Xenopus laevis oocytes. Plasmids were 

linearized  by NheI  digestion and transcribed to produce mRNA   using the mMESSAGE 

mMACHINE T7 Transcription Kit ( Ambion) . Oocytes (Ecocyte Bioscience) were injected 

with 40 ng RNA , control oocytes were injected with the same volume of water using a 10 

L˃ microdispenser (Drummond Scientif ic). Protein expression was allowed for 72 hr at 

17 °C prior to flux measurement. Flux experiments were performed in ND buffer (5 mM 

HEPES pH 7.5, 96 mM NaCl, 2 mM KCl, 1 mM MgCl 2, 1.8 mM CaCl2, 0.1% penicillin, 

0.1% streptomycin). Samples were incubated w ith 50 mM dipyridamole  or the equivalent 

concentration of DMSO without dipyridamole as a control for 1 hr at 17 °C. Flux was 

initiated by addition of 2 mM radiolabeled [5-3H]-uridine  (Moravek  Biochemicals, 24.5 Ci 

mmol -1 at May 6th 2015) and 18 mM cold uridine. To quench the reaction oocytes were 

washed 6 times with 0.5 mL ice cold ND buffer . Radioactivity was measured by 

dissolving the oocytes in 5% sodium dodecyl sulfate and liquid scintillation counting the 

next day. 

1.7.6 Crystallization 

Crystallization experi ments were performed in detergent micelle sitting drops 

and lipidic cubic phase  (LCP). The Gryphon liquid handling system with LCP add -on 

(Art Robbins) was used to dispense the sitting drop crystallization trays and LCP 
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sandwich plates. Screened conditions include commercial sparse matrix screens and grid 

screens that were customized for membrane proteins in our laboratory. Datasets were 

collected from ENTCI crystals grown in 20% PEG3350, 0.3 M lithium chloride and 0.1 M 

Tris pH 8. Data was collected at the Advanced Photon Source at Argonne laboratory on 

beamline 24ID. Data was processed using multiple programs, although the reported cell 

dimensions are from iMosflm (Battye et al., 2011). 
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2. Visualizing multi -step elevator-like transitions of the 

concentrative nucleoside transporter 

2.1 Overview 

Concentrative nucleoside transporters (CNTs) are responsible for the transport of 

nucleosides into the cell in order to supply the salvage pathway for genetic material and 

regulate adenosine signaling. Based on the inward occluded structure of CNT from 

Vibrio cholerae, we predicted that CNTs act through the elevator mechanism. In this 

model a large elevator-like motion transports cargo across the membrane, which is 

inferred as a single rigid body movement  between two end-states.  

We aimed to obtain alternate conformations of CNT in order to eluc idate its 

transport mechanism. We identified an ortholog from Neisseria wadsworthii that was 

stable in the absence of ligands and designed mutations to disrupt the substrate binding 

sites. We characterized the ligand binding and transport properties of the se constructs 

by isothermal titration calorimetry  and flux assay. We were able to generate crystals of 

the transporter trapped in multiple conformations along the transport cycle and solved 

their structures . 

Our new structures bring us to an almost complet e picture of the CNT transport 

mechanism with crystallographic snapshots of many conformation s along the pathway. 

Importantly, our structures have provided novel structural insights into the elevator -

type motion of the secondary active transporter in that we identified the intra - and 

extracellular gates and showed state dependent changes in the transport domain. 
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2.2 Introduction 

2.2.1 Concentrative nucleoside transporters 

Concentrative nucleoside transporters (CNTs) utilize sodium or proton gradients 

to transport nucleosides across the cell membrane to fuel the salvage pathway of DNA 

and RNA synthesis (Gray et al., 2004; King et al., 2006; Molina -Arcas et al., 2009; Young 

et al., 2013). These secondary active transporters also play an essential role in the 

termina tion of adenosine signaling, which controls important cellular processes such as 

neuromodulation and cardiovascular function. In addition to natural substrates , CNTs 

are also the conduit for many anti -cancer and anti-viral drugs, making them of special 

interest from a pharmacological point of view  (Damaraju et al., 2012; Doehring et al., 

2011; Errasti-Murugarren and Pastor -Anglada, 2010; Nagai et al., 2005). Notably, high 

CNT expression levels were found to be correlated with increased survival in p atients 

with pancreatic cancer when treated with gemcitabine  (Marechal et al., 2009). We 

previously reported on the inward -facing occluded conformation of CNT fr om Vibrio 

cholerae (vcCNT) in complex with various substrates and nucleoside -like drugs  (Johnson 

et al., 2012; Johnson et al., 2014). While these structures provided us with invaluable 

insights into CNT function and substrate recognition, the transport mechanism remains 

to be elucidated.  

There are three CNT isoforms in the eukaryotic cell with differing tissue 

distribution and substrate specificity  (Young et al., 2013). Human CNT1 is expressed 
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mainly i n the kidney , liver and small intestine and transports pyrimidine nucleo sides 

and adenosine. Human CNT2 expresses in the heart, skeletal muscle, liver and kidney 

and is responsible for import of purines and uridine. Human CNT3 is widely expressed 

and can import both purines and pyrimidines. The isoforms have a low sequence 

similarity of 47 -48%. The prokaryotic orthologs contain eight TMs while eukaryotic 

CNTs are predicted to contain three additional TMs on the N -terminus . The function of 

the first three TMs in the eukaryotic  isoforms is unclear as their deletion does not 

substantially affect transport activity  (Hamilton et al., 2001). 

The structure of vcCNT was solved by our lab in the inward -facing occluded 

conformation ( Figure 18) (Johnson et al., 2012). CNT assembles as a homotrimer and has 

a large intracellular basin that protrudes far into the lipid bilayer. E ach protomer 

consists of six TMs, three interfacial helices, two helical hairpin s (HPs) and two 

discontinuous helices, including  an inverted structural repeat . The nucleoside binding 

site is nestled in between the structural elements making up the structural repeat. In the 

crystal structure a sodium ion and uridine molecule were found in the binding sites, on 

the intracellular side of the membrane. The ligands are shielded from the cytosol by TM6 

and HP1. 

The presence of the substrate in the inward-occluded conformation enabled 

scrutiny of the binding site and identification of residues that are crucial for ligand 

binding. Additionally, our laboratory  has solved structures of vcCNT with a range of 
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nucleosides and nucleoside-derived drugs  and investigated its nucleoside binding and  

transport properties using ITC, fluorescence anisotropy, a radioactive nucleoside flux 

assay and electrophysiology  (Johnson et al., 2014; Johnson and Lee, 2015). Therefore, 

CNT substrate specificity is well understood. The residues that interact with the ribose 

(Glu332, Asn368 and Ser371) are invariant in human and bacterial orthologs and 

modific ÈÛÐÖÕɯÖÍɯÛÏÌɯƗɀ- ÈÕËɯƙɀɯÏàËÙÖßàÓɯÙÐÉÖÚÌɯÎÙÖÜ×Úɯof substrates significantly affects 

the substrate affinity. The interactions with the nucleoside base are mediated by residues 

Gln154, Thr155, Glu156, Val188 and Phe366. Especially Phe366 is crucial for substrate 

binding as its mutation leads to substantial disruption of nucleoside binding.  On the 

basis of these structural studies, our laboratory modified the anticancer drug 

gemcitabine to be better transported by and selective for a single human CNT subtype 

(Johnson et al., 2014). This work provides proof of principle for utilizing structural and 

functional information of transporters for the design of compounds that e nter cells more 

efficiently and selectively.  



 

48 

 

Figure 17: Sequence alignment  of human and bacterial CNTs . 

Sequence alignment of the human CNT isoforms with vcCNT and CNT  from 

Neisseria wadsworthii (CNTNW) . Secondary structure elements are indicated by colored 

rectangles, residues with sequence homology are highlighted in grey, residues that are 

involved in the interface between the scaffold and transport domains are highlighted in 

blue (scaffold domain) and green (transport domain) . 
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Figure 18: vcCNT crystal structure in the inward -facing occluded 

conformation.  

The crystal structure of vcCNT in complex with sodium and uridine (PDBID:  

3TIJ). a, The topology diagram of bacterial CNT. CNT contains an inverted repeat, 

highlighted in pink and blue. The scaffold domain is depicted in grey, the transport 

domain in color. b, CNT forms a homotrimer with a large intracellular basin that 

protrudes into the lipid bilayer. c, View of a  single protomer from the trimerizat ion axis, 

uridine shown as yellow sticks, sodium as green sphere. 
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2.2.2 The elevator mechanism of secondary active transporters 

Secondary active transporters move substrates across the cell membrane by 

alternating access of their binding site to one side of the membrane at a time (Forrest et 

al., 2011; Krishnamurthy et al., 2009; Sobczak and Lolkema, 2005). Two mechanisms 

have been put forth to achieve alternate access. In the rocker switch or rocking bundle 

mechanism the substrate binding site is fixed in the membrane and the rocking 

movement of the prot ein domain(s) shields the binding site from one side of the 

membrane at a time (see chapter 1.2.3) (Drew and Boudker, 2016; Forrest and Rudnick, 

2009; Krishnamurthy et al., 2009; Penmatsa and Gouaux, 2014). A more recently 

identified mechanism is the elevator model, in which a mobile domain, containing the 

substrate binding site, moves along a static scaffold domain to transport cargo across the 

membrane (Crisman et al., 2009; Drew and Boudker, 2016; Reyes et al., 2009). The 

transition between the inward - and outward -facing states has been characterized as a 

rigid b ody movement , mainly by the availability of crystal structures of only the two 

end-states (Coincon et al., 2016; Reyes et al., 2009; Wohlert et al., 2015). However,  the 

conformational path leading to the transition is not well characterized. 

The most prominent member of the elevator model transporters is Glt Ph, a 

bacterial homolog of the excitatory amino acid transporters. Research by the Boudker 

lab has made significant advances in our knowledge of the elevator model  (Figure 19) 

(Reyes et al., 2009; Yernool et al., 2004). GltPh consists of six TMs, two discontinuous 
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helices and two helical hairpins  (HPs), arranged in an inverted structural repeat. The 

outward -facing structure shows that the protein assembles as a homotrimer and has a 

large extracellular basin. The substrate binding site, occupied by an aspartate molecule, 

is located at the intersection of the discontinuous helices and the helical HPs. In contrast 

to CNT, Glt Ph has a set of helices, TMs 2 and 5, which  form a hydrophobic barrier.  

Crystal structures are available for both inward - and outward -facing states 

(Figure 20a) (Reyes et al., 2009; Yernool et al., 2004). The crystal structure of an outward -

facing open conformation identified HP2 as the extracellular gate, as HP2 flips up to 

expose the binding site (Boudker et al., 2007). By invoking the structural symmetry 

within the transport domain, it was proposed that HP1 acts as t he intracellular gate, 

although this has not yet been experimentally verified (Reyes et al., 2009).  

Moreover, two end-state intermediate s were visualized  by crystallography  and 

extensively studied using EPR and smFRET (Figure 20) (Akyuz et al., 2015; Erkens et al., 

2013; Ruan et al., 2017; Verdon and Boudker, 2012). In both end-state intermediates the 

transport domain is positioned away from the trime rization axis . The state found in the 

intermediate inward -facing state (iIFS) was suggested to be ɁÜÕÓÖÊÒÌËɂȭɯTransport 

domain unlocking is proposed to be the rate-limiting step in the Glt Ph transport cycle. In 

the intermediate outward -facing state (iOFS) a narrow pathway between the scaffold 

and transport domains  is created that is wide enough for ions to leak through.  It is not 

yet clear whether the iIFS and iOFs are on- or off-pathway states.  
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Figure 19: Glt Ph crystal structure  in the outward occluded conformation.  

The crystal structure of Glt Ph (PDBID: 2NWL). a, The topology diagram of Glt Ph, 

GltPh contains an inverted structural repeat, highlighted in pink and blue . The scaffold 

domain is depicted in grey, the transport domain  in color. b, GltPh forms a homotrimer 

with a large extracellular basin that protrudes into the lipid bilayer. c, View of a single 

prot omer from the trimerization axis.  An aspartate molecule (yellow spheres) is 

occluded from the extracellular space by HP2. Color scheme analogous to that used for 

CNT in Figure 18. 
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Figure 20: Transport mechanism of Glt Ph and end-state intermediate s. 

a-b, The structure of GltPh was solved in both inward -facing (a, PDBID: 3KBC) 

and outward -facing (b, PDBID: 2NWL) states. These structures illustrate the elevator-

like movement of the transport domain (blue surface), which carries the binding site (red 

circle) across the lipid bilayer. c, An intermediate inward -facing state was observed for 

GltPh (transport domain in orange, PDBID: 4X2S) in which the transport domain is 

unlocked. The transport domain is positioned further away from the trimerization 

domain (grey) than in the inward -facing conformation (transport domain in red, PDBID: 

2NWL) . d, An intermediate outward -facing state was observed for GltPh (transport 

domain in green, PDBID: 3V8G) in which a solvent accessible cavity is formed between 

the scaffold (grey) and transport domains. The structure is overlaid with the in ward -

facing structure (transport domain in blue, PDBID:  3KBC). 
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2.3 Results 

2.3.1 Functional characterization of CNTNW 

Previous work done by Dr. Zachary Johnson showed that vcCNT was resistant to 

crystallization in its alternate conformations. Therefore he perf ormed an ortholog screen 

in the absence of ligands and found that CNT from Neisseria wadsworthii (CNTNW) was 

biochemically stable and well expressing. We aimed to investigate CNTNW  by 

biochemical methods. We investigated whether CNT NW  functions similarly t o vcCNT. 

We used ITC on CNTNW  in DM detergent micelles to determine the binding affinity for 

uridine  (Figure 21). We found that CNT NW  binds uridine with an affinity of 5.2 mM, 

which is about seven-fold tighter than vcCNT. We investigated the transport properties 

of CNT NW  reconstituted in proteoliposomes using a radioactive nucleoside flux assay 

(Figure 21). CNTNW  is capable of sodium-dependent uridine transport and shows a 

transport  activity  of ~28.7 nmole mg-1 protein.  

We determined the sodium coupling ratio by uridine flux assay in the presence 

of various sodium concentrations  (Figure 21). By fitting the data to a one-site specific 

binding with Hill slope we determined the Hill coefficie nt to be 1.1. This finding is in 

line with the identification of a single sodium binding site and nucleoside binding site in 

the crystal structure of vcCNT.  

Similar to vcCNT, CNT NW  prefers to crystallize in its inward -occluded 

conformation and is  resistant to crystallization in alternate  conformation s (see chapter 
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2.3.2). Therefore, we aimed to perturb  the conformational equilibrium by disrupting 

substrate binding . Previous work on vcCNT by Dr. Zachary Johnson has identified 

residues Asp149 and Phe366 as crucial for sodium and uridine binding, respectively. 

Therefore he mutated Asp149 to leucine (CNTNW N149L) or serine (CNTNW N149S) to reduce 

sodium binding and mutated Phe366 to alanine in combination with Asp149 Ser to 

disable nucleoside binding  (CNTNW N149SF366A). We determined the affinity for the mutant 

protein by ITC and found that mutation to serine reduced uridine binding about seven-

fold, resulting in  a Kd of 31.4 mM (Figure 22). CNTNW N149L binds uridine with a 200 -fold 

lower affinity of 670 mM. ITC with CNTNW N149SF366A shows that this mutation completely 

disables uridine binding. Subjecting the single mutants to the uridine flux assay showed 

that the protein is still capable of uridine transport in the presence of sodium wit h a 

substantially reduced transport activity of 12.7  nmole mg-1 protein for CNT NW N149S and 

8.6 nmole mg-1 protein for CNT NW N149L. 

The effect of these mutations on nucleoside affinity and transport properties 

suggest that the conformational equili brium in these mutants was shifted and the 

protein might be crystallized in alternate conformations.  
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Figure 21: CNTNW  functional characterization.  

a, CNTNW  is capable of uridine flux in the presence of sodium. Radiolabeled 

uridi ne uptake by vesicles containing CNTNW  or empty vesicles was measured for 5 

minutes in the presence (NaCl) or absence (ChCl) of a sodium gradient. CNTNW  shows a 

transport activity of ~28.7 (°4.6) nmole mg-1 protein.  Error bar indicates standard error. 

Experiment was performed in triplicate. b, ITC of uridine binding to  CNTNW  in DM 

micelles, fit to a single-site binding isotherm  (Kd 5.2 (°1) µM , ɲH° -11.2 kcal mol-1). 

Experiment was performed in triplicate, representative data is shown).  c, The sodium 

coupli ng ratio of CNT NW  is 1.1 (°0.1). Uridine flux was measured at various sodium 

concentrations and time points, the curves were fit to the Hill equation.  Experiment was 

performed in triplicate, representative data is shown.  
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Figure 22: Functional characterization of CNT substrate binding site mut ants. 

a, Sodium binding site mutants are capable of sodium -dependent uridine uptake.  

Transport activity was measured for 5 minutes resulting in 12.7 (°1.2) nmole mg-1 

protein for CNT NW N149S and 8.6 (°1.1) nmole mg-1 protein for CNT NW N149L. The same data 

for wildtype and empty vesicles is shown as in Figure 21. For experiments with mutant 

protein n=9. b, Sodium binding site mutants bind uridine with low er affinity than does 

wildtype CNT NW  (Kd 677 (°170) µM, ɲH° -2.1 kcal mol-1 for CNT NW N149L, Kd 31.1 (°0.4) 

µM , ɲH° -1.5 kcal mol-1 for CNT NW N149S). Mutation of the sodium and nucleoside binding 

site disrupts uridine binding completely.  Experiment was performed in triplicat e, 

representative data is shown. 

 



 

58 

2.3.2 The crystal structure of CNTNW in the inward-occluded 
conformation 

First Dr. Zachary Johnson crystallized wildtype CNT NW  in the presence of 

sodium and uridine and we found that it adopted a structure almost identical to vcCNT. 

The structures overlay with  a Ca root mean square deviation (r.m.s.d) of 0.7 Å. CNTNW  

also forms a homotrimer with a large basin on the intracellular side. TM3, TM6 and the 

knob-like domain, provide most of the  trimerization contacts.  The binding sit es are 

formed by the two HP s and the two discontinuous helices.  

The binding sites of CNTNW  and vcCNT have a nearly identical conformation, 

with the exception of the rotamer of Glu156  (Figure 23). In vcCNT Glu156 is oriented 

toward the uridine molecule and interacts with the C4-carbonyl and N3-nitrogen of the 

uracil base. In CNTNW , however, the glutamate is oriented away from the nucleoside and 

is in position to interact only with the C4-carbonyl of the uracil . From the 2.4 Å 

resolution of vcCNT we infer that  these interactions in CNTNW  are also mediated 

through water molecules, although these waters are not visible due to the lower 

resolution.  
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Figure 23: Comparison of the nucleoside binding sites of CNT NW  and vcCNT.  

The nucleoside binding sites of CNTNW  (a) and vcCNT (b) have a nearly identical 

conformation, with the exception of the Glu156 rotamer. The high-resolution structure of 

vcCNT enabled the identification of water molecules that mediate interactions between 

uridine and Glu156, Thr155 or Asn368. These interactions are inferred in the structure of 

CNTNW  due to the similarity in conformation.  Representation as in Figure 18. 
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2.3.3 The crystal structure of CNTNW
N149SF366A in the outward-facing 

conformation 

A mut ant in which both the nucleoside and sodiu m binding sites were disrupted 

was crystallized by D r. Zachary Johnson. We solved the structure of this crystal, which 

diffracted to 3.45 Å and refined the structure to an Rwork /Rfree of 27.2/30.7% (Table 1). In 

this structure we found two prot omers in an inward -facing state, with structures almost 

identical to the inward -facing occluded conformation, except for changes in HP1 (see 

chapter 2.3.5). In the third prot omer the core has tilted up about 20 degrees, which 

moved the substrate binding sites 12 Å, past hydrophobic barrier TM6  (Figure 24).  

The scaffold domain, consisting of TM3, TM6 and the knob-like structure, remain 

static while the interfacial helices act as hinges to enable the movement of the transport 

domain. The transport domain consists of the two elements of the inverted repeat, with 

TM1, TM7, TM8 and HP1 in one repeat and TM2, TM4, TM5 and HP2 in the other. The 

interface between the transport and scaffold domains consists largely  of hydrophobic 

interactions. We found that in the outward -facing state, there are two separate portals, 

exposing the sodium and nucleoside binding sites to the extracellular side of the 

membrane (Figure 25). This leads us to propose that we identified the outward -facing 

open structure of CNT NW .  Additionally we solved the structure of another double 

binding site mutant CNT NW N149SE332A, which showed a nearly identical conformation. 

Therefore we believe the outward-facing structure is not caused by the particular 

mutations, but by the shift in conformational equilibrium.  
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Table 1: Crystallo graphy data, refinement and model statistics 

 CNTNW -uridine  CNTNW N149L-1 CNTNW N149L-2 

 (PDB ID: 5L26) (PDB ID: 5L27) (PDB ID: 5L24) 

Data collection     

Space group P61 P61 P61 

Cell dimensions     

 a, b, c (Å) 115.2 115.2 264.0 116.1 116.1 272.2 116.2 116.2 274.6 

 ϔȮɯϕȮɯϖ (°)  90 90 120 90 90 120 90 90 120 

Resolution (Å)  3.40 (3.61-3.40) 4.10 (4.58 - 4.10) 4.10 (4.58 - 4.10) 

Rpim 0.08 (0.61) 0.06 (0.48) 0.09 (0.30) 

(ɤϦȹ(Ⱥ 4.7 (1.2) 7.3 (2.4) 6.3 (2.9) 

CC1/2 1.0 (0.48) 0.98 (0.69) 0.91 (0.70) 

Completeness (%) 99.7 (99.9) 99.9 (99.9) 98.7 (89.4) 

Redundancy 7.0 (7.4) 4.7 (4.7) 11.0 (9.4) 

Wilson B factor (Å)  101.7 109.6 82.2 

    

Refinement     

Resolution (Å)  3.40 (3.52-3.40) 4.10 (4.25 - ƘȭƕƔȺɓ 4.11 (4.25 - 4.11) 

No. reflections 27137 (2737) 16224 (1598) 16202 (1455) 

Rwork / Rfree 24.2/26.6 26.9/30.9 27.5/30.0 

No. atoms 8985 8341 8741 

 Protein 8702 8288 8655 

 Uridine/detergent  277 53 86 

 Sodium (water)  3 (3) 0 (0) 0 (0) 

B factors (Å2) 88.8 128.6 74.7 

 Protein 87.6 128.2 74.3 

 Ion/uridine/detergent  124.8 190.6 107.7 

 Water 74.3   

R.m.s. deviations    

 Bond lengths (Å) 0.002 0.003 0.010 

 Bond angles (°) 0.72 0.71 1.06 

Ramachandran 

favored/outliers (%)  

97/0.08 95/0.17 94/0.00 

Molprobity score  1.24 1.41 1.95 

ɓ Dataset was anisotropically truncated at 4.2x4.2x4.1Å. 
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Table 1 continued : Crystallography  data, refinement and model statistics . 

 CNTNW N149L-3 

SeMet 

CNTNW N149SF366A             CNTNW N149SE332A              

 (PDB ID: 5U9W) (PDB ID: 5L2A) (PDB ID: 5L2B) 

Data collection     

Space group P61 P61 P61 

Cell dimensions     

  a, b, c (Å) 115.6 115.6 272.4 119.1 119.1 277.0 121.0 121.0 277.4 

  ϔȮɯϕȮɯϖ (°)  90 90 120 90 90 120 90 90 120 

Resolution (Å)  3.55 (3.61 ɬ 3.55) 3.45 (3.66 ɬ 3.45) 3.80 (4.10 ɬ 3.80) 

Rpim 0.05 (0.69) 0.09 (0.60) 0.08 (0.54) 

(ɤϦȹ(Ⱥ 16.4 (1.7) 5.6 (0.5) 6.2 (2.0) 

CC1/2 0.93 (0.56) 0.98 (0.76) 0.99 (0.54) 

Completeness (%) 99.9 (98.7) 99.6 (99.5) 99.4 (99.8) 

Redundancy 8.4 (8.5) 5.8 (5.3) 4.3 (4.3) 

Wilson B factor (Å)  122.2 74.1 92.5 

    

Phasing SAD   

Figure of merit (resolution)  0.38 (50 - 3.6 Å)   

    

Refinement     

Resolution (Å)  3.56 (3.68 ɬ 3.56) 3.45 (3.57 ɬ 3.45) 3.8 (3.94 ɬ 3.80) 

No. reflections 24655 (2413) 29068 (2921) 22489 (2234) 

Rwork / Rfree 25.3/27.5 27.2/30.7 25.1/29.0 

No. atoms 8669 8963 8770 

  Protein 8616 8910 8682 

  Uridine/detergent  53 53 88 

  Sodium (water)  0 (0) 0 (0) 0 (0) 

B factors (Å 2) 123.4 71.4 90.1 

  Protein 123.1 71.3 89.6 

  Ion/uridine/detergent  184.9 91.8 136.4 

  Water    

R.m.s. deviations    

  Bond lengths (Å) 0.010 0.004 0.003 

  Bond angles (°) 0.97 0.87 0.72 

Ramachandran 

favored/outliers (%)  

95/0.08 94/0.08 95/0.08 

Molprobity score  1.77 1.76 1.69 
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Table 1 continued : Crystallography  data, refinement and model statistics . 

 CNTNW N149L-1 

SeMet 

CNTNW N149L,L159M-1 

SeMet 

CNTNW N149L,V328M-3 

SeMet 

CNTNW N149L,V328M-3 

SeMet 

Data collection      

Space group P61 P61 P61 P61 

Cell dimensions       

  a, b, c (Å) 114.5 114.5 265.2 114.7 114.7 269.9 114.0 114.0 265.8 114.5 114.5 269.4 

  ϔȮɯϕȮɯϖ (°)  90 90 120 90 90 120 90 90 120 90 90 120 

Resolution (Å)  4.50 (5.03 ɬ 4.50) 4.61 (5.15 ɬ 4.61) 4.01 (4.48 ɬ 4.01) 3.94 (4.41 ɬ 3.94) 

Rpim  0.02 (0.38) 0.03 (0.70) 0.02 (0.61) 0.04 (0.55) 

(ɤϦȹ(Ⱥ 19.7 (1.7) 15.4 (1.2) 16.3 (1.3) 12.0 (1.5) 

CC1/2 1.00 (0.62) 1.00 (0.47) 1.00 (0.63) 1.00 (0.61) 

Completeness (%) 98.1 (93.3) 100 (100) 100 (100) 100 (100) 

Redundancy 14.9 (12.3) 19.1 (19.9) 16.5 (16.6) 20.7 (20.7) 
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Figure 24: The crystal structure of CNT NW N149SF366A. 

a, Cartoon representation of CNTNW N149SF366A in which one protomer  (*) adopts an 

outward -facing conformation. The scaffold domain is shown in grey and the transport 

domain is colored as in Figure 18. b-c, View from the trimerization axis (b) and 90 

degrees (c). The 12 Å movement of the transport domain (blue) shifts the binding site 

(red circle) to the extracellular side of the hydrophobic barrier formed by TM6 (grey).  
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Figure 25: Two separate portals expose the substrate binding sites.  

Cut-out surface and cartoon representation of the outward -facing protomer in 

the CNTNW N149SF366A crystal. Two separate portals, outlined in yellow, expose the sodium 

and nucleoside binding sites to the extracellular side of the membrane, colored as in 

Figure 18.  

. 
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2.3.4 The crystal structure of CNTNW
N149L in multiple intermediate 

conformations 

Crystallization of CNT NW N149L, performed by Dr. Zachary Johnson and I, led to 

the solution of multiple similar crystal structures . The crystals diffracted to a resolution 

of 3.55-4.1 Å and structures were refined to  Rwork /Rfree of 26.9/30.9% for CNTNW N149L-1, 

27.5/30.0% for CNT NW N149L-2 and 25.3/27.5% for CNTNW N149L-3 (Table 1). Two of the 

protomer s were found in a similar conformation to that of wildtype CNT NW , except for 

changes in HP1 (see chapter 2.3.5). In CNTNW N149L crystals we found the transport 

domain of the third protomer  in a conformation about halfway between inward - and 

outward -facing states (Figure 26). The binding sites reside in the lipid bilayer , behind 

TM6, excluded from either side of the membrane. Overlaying the structures on the 

inward -facing protomers shows that HP1 has moved 6.1 Å from the inward -facing 

conformati on to the first intermediate  (CNTNW N149L-1). The three intermediate structures 

are clustered within 2.5 Å in  between the inward - and outward -facing structures. From 

the third intermediate  (CNTNW N149L-3) to the outward -facing structure there is a 5.2 Å 

shift. 

Since we found three similar intermediate structures we wanted to determine 

whether we could distinguish these conformations. Therefore, we crystallized 

selenomethionine (SeMet) substituted  CNTNW N149L and obtained crystal structures for 

both CNTNW N149L-1 and CNTNW N149L-3 (Table 1). The resolution of the SeMet dataset of 

CNTNW N149L-3 was 3.55 Å and we used this dataset to calculate phases by single-
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wavelength anomalous dispersion (SAD), followed by solvent flattening . Placement of 

the initial CNT NW N149L-3 model in the experimental ly phased map shows excellent 

agreement of the two crystals (Figure 27). Additionally, the location of the anomalous 

peaks from selenium atoms shows that the transport domain positions were built 

accurately. Especially methionines 168 and 208 clearly showed that the transport domain 

positi ons of intermediates 1 and 3 are distinguishable. An additional method we used to 

determine whether we could distinguish the intermediate structures was to analyze the 

fit of each model to the map of each other intermediate. We found that the models did 

not fit well when placed in the incorrect electron density maps ( Figure 28). For 

quantification of this analysis we used PHASER to obtain a log likelihood gain (LLG) 

score for molecular replacement of each map and model combination. This analysis 

showed that the correct model results in an LLG score of 1.2 to 1.9 fold higher than each 

of the other models (Figure 28). We removed model bias by calculating simulated 

annealing composite omit maps and simulated annealing  omit maps of key elements of 

the transport domains (Figure 29). These maps showed that the models were reliably 

built and were not affected by model bias.   
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Figure 26: The intermediate structures of CNT NW N149L. 

a, In three CNTNW N149L crystal structures the transport domain (blue) resides 

halfway between the inward - and outward -facing states. This places the binding site 

(red circle) behind the hydrophobic barrier formed by TM6 (grey). b, Overlay of CNT NW  

wil dtype (red), three CNTNW N149L (green) and CNTNW N149SF366A (blue) structures. In each of 

the CNTNW N149L structures two protomer s are in the inward-facing conformation (grey) 

while the third protomer has moved into an intermediate state. c-d, Movement of the  

transport domain quantified for HP1 (c) and TM7b (d).  
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Figure 27: Experimentally phased map of CNT NW N149L-3 and anomalous signal 

from SeMet -substituted CNT NW N149L-1 and -3. 

a-b, The electron density map  (blue mesh) of CNTNW N149L-3 solved by SAD 

phasing and solvent flattening , FO-FC ÚÏÖÞÕɯÈÛɯƕϦȭɯ3ÏÌɯÔÖËÌÓɯis shown in ribbon 

representation, colored as in Figure 18. c-d, Anomalous signal for SeMet substituted 

CNTNW N149L-1 and CNTNW N149L-3 for endogenous (blue) and introduced methionines, 

Met159 (red) and Met328 (green). e-g, Overlay of CNT NW N149L-1 (beige model, orange 

anomalous peaks) and CNTNW N149L-3 (blue model, blue anomalous peaks). 
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Figure 28: The intermediate conformations are discernable.  

Each intermediate conformation model only fits well in its own electron density 

map. a, View of HP1 with t he models of CNTNW N149L-1 (green) and CNTNW N149L-2 (red) in 

the electron density of  CNTNW N149L-2 (blue mesh, FO-FC ÚÏÖÞÕɯÈÛɯƕϦ). b, View of the 

discontinuous section of TM7 with the models of CNTNW N149L-2 (red) and CNTNW N149L-3 

(blue) in the electron density of CNT NW N149L-3 (blue mesh, FO-FC ÚÏÖÞÕɯÈÛɯƕϦ). c, The LLG 

score of molecular replacement using each model against each map, calculated in 

PHASER with a resolution cutoff of 4.1 Å. 
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Figure 29: Simulated annealing omit maps of the intermediate structures.  

Omit maps were calculated to determine whether the models for the 

intermediate structu res were reliably built. Simulated annealing composite omit maps 

for CNTNW N149L-1 (a), CNTNW N149L-2 (b) and CNTNW N149L-3 (c), 2FO-FC at ƕϦɯÊÈÓÊÜÓÈÛÌËɯÈÛɯ

3000K shown as blue mesh, and simulated annealing omit maps of key elements in the 

transport domain (HP1 in red mesh, TM4 in orange mesh, HP2 in blue mesh and TM in 

teal mesh, for CNTNW N149L-1 (d), CNTNW N149L-2 (e) and CNTNW N149L-3 (f), 2FO-FC ÈÛɯƖȭƖϦɯ

calculated at 3000K. The models are shown in ribbon representation, colored as in Figure 

18, with sidechains shown as lines were supported by electron density. 
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2.3.5 Conformational changes in HP1 

In each of the crystal structures of mutant protein we found two of the protomers 

in an inward -facing conformation. These protomers adopted a conformation very 

similar to the inward -facing substrate-bound structure, with the only exception being 

the conformation of HP1. We could group the conformati ons of HP1 into three 

categories (Figure 30).  

In the first category the conformation is similar to the substrate -bound 

conformation. Here, HP1 is close to the substrate binding site and the residues residing 

on the tip of HP1 interact with the nucleoside. We found several protomers in a similar 

conformation, including those in the intermediate and outward facing conformations. 

Overlay of the transport domains shows that HP1 is positioned slightly f urther up into 

the substrate binding site. In the substrate bound conformation  serine 371 interacts with 

ÛÏÌɯƖɀ-carbonyl and glutamine 154 with the C3 -carbonyl of the uracil base. In the 

outward and intermediate conformations , Ser371 and Gln154 hydrogen bond with each 

other (Figure 31). 

In the second group the corner of HP1 is rotated out by about 30 degrees, which 

moves the HP about 6 Å away from the nucleoside binding site. This movement opens 

up both the sodium and nucleoside bindin g sites to the intracellular space. We found 

several HP1 conformations that show the conformational pathway between the inward 

occluded and inward open states (Figure 32). 
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In the third category we found the tip of HP1 rotated back in and reaching 

further into the nucleoside binding site. We propose that this conformation prepares the 

transport domain for translocation, because in the inward -open conformation HP1 

would clash with TM6 were the transport domain to move up. A conformationa l 

change, such as that seen in Figure 30c, is required to avoid the clash. Therefore, we term 

this conformation the inward -facing pre-translocation conformation of HP1.  
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Figure 30: HP1 acts as the intracellular gate . 

Three different conformations of HP1 observed in the crystal structures of 

CNTNW  wildtype (a), CNT NW N149L-1 (b) and CNTNW N149L-3 (c), colored as in Figure 18. d, 

Transport domain overlay showing ribbon re presentation of the three different HP1 

states, inward-facing substrate bound (red), inward -facing open (purple) and inward -

facing pre-translocation (teal). 



 

75 

 

Figure 31: Hydrogen bond between HP1 and TM7b  in CNT NW N149SF366A. 

Gln154 and Ser371, two residues that are independently involved in nucleoside 

binding,  form a hydrogen bond in the intermediate and outward -facing protomers. 

Ribbon representation of the outward -facing conformation , colored as in Figure 18, with 

sidechains shown as lines where supported by electron density. 2FO-FC of simulated  

annealing composite omit map shown ÈÛɯƕϦ. 
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Figure 32: Inward -occluded to inward -open transition of HP1.  

Crystal structures reveal the transition from the inward -occluded substrate 

bound to inward -facing open conformation of HP1. Models are overlaid on the transpor t 

domain and shown in grey ribbon representation, HP1 is colored in a gradient from red 

(occluded) to dark purple (open).  
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2.3.6 Conformational changes in TM4b 

Another transport domain element that we found to significantly change 

conformations in each of the new crystal structures is TM4b. Comparing the inward -

facing and intermediate states, TM4b is pushed in toward the nucleoside binding site  in 

the intermediate states (Figure 33). Enabling the retention of interactions between TM4b 

and TM6 and closing off the binding sites to the extracellular space. Further movement 

of the transport domain to the outward -facing open conformation shows that TM4b 

moves further up than the remainder of the transport domain. In the outward -facing 

open conformation TM4b is released from TM6 and the binding sites are accessible from 

the extracellular lumen.  
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Figure 33: TM4b acts as the extracellular gate. 

a-b,View of TM4b in the intermediate CNT NW N149L-3 (a) and CNTNW N149SF366A 

outward -facing protomer (b) structures. c, Overlaying the transport domain  of 

intermediate (green) and outward -facing (blue) protomer structures  shows the upwards 

movement of TM4b, which causes opening of the substrate binding sites. 
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2.3.7 Cysteine crosslinking of the new conformations 

In order to determine whe ther the new conformations are physiologically 

relevant we designed cysteine crosslinking mutants. We introduced one cysteine in the 

transport domain that is in crosslinking distance of another i ntroduced cysteine in the 

scaffold domain of the neighboring protomer, but only in one of the conformations  

(Figure 34). We reasoned that the transporter needs to cycle through the conformations 

in order to transport nucleoside. There fore, if we capture the protein in one of the 

conformations it would be incapable of transport.  

The mutants showed significant spontaneous crosslinking in crude membrane 

preps, which could reach near completion with the addition of copper phenanthroline 

(Figure 35). While a negative control (CNTNW S109CA377C), exposed to copper phenantroline, 

only showed monomeric protein, each of the crosslinking mutants showed mostly 

trimeric protein. When reconstituted in proteoliposomes the crossli nking mutants were 

incapable of uridine transport. The addition of DTT restored the transport activ ity  

considerably.  
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Figure 34: Design and p urification of cysteine crosslinking mutants . 

a, Design of crosslinking mutations , inward-facing (red), intermediate (green) 

and outward -facing (blue). b, Crosslinked CNT NW  mutants have a similar elution volume 

in SEC as cysless and negative control  CNT. The purified cysteine crosslinking mutants 

were analyzed by Coomassie stained SDS-PAGE before and after PPX treatment to 

remove the MBP-His tag. After PPX treatment monomeric, dimeric and trimeric CNT NW , 

can be seen by SDS-PAGE, indicated by the blue, green and purple arrows, respectively. 

Protein in the peak fraction (*) was reconstituted in to proteolipos omes for the flux assay 

shown in Figure 35. 
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Figure 35: Cysteine crosslinking studies indicate the physiological relevance of 

the intermediate and outward -facing conformations.  

a-b, Western blot of CNT NW  crosslinking mutants in crude membrane  

preparations. Each crosslinking pair, except for the negative control (S109C A373C), 

spontaneously crosslinked to some extent. The reaction was brought to near completion  

by addition of 2 0µM copper phenanthroline , which was reversible by the addition of 

reducing reagent (DTT). The red arrow indicates CNT NW  trimer, blue arrow indicates 

dimer  and the black arrow indicates monomer . c, Relative activity of the CNT NW  

crosslinking mutants as measured by radioactive uridine flux assay in proteoliposomes.  

Experiment was performed in sextuplicate, error bar indicates standard error.  
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2.3.8 Identification of a stable eukaryotic CNT ortholog 

Eukaryotic CNTs contain three extra TMs on the N-terminus with an unknown 

function. Structure determination of a eukaryotic CNT could shed light on the function 

of this extra domain.  Additionally,  a eukaryotic CNT would be a better model for 

human CNTs in research for drug development purposes.  

Therefore, we selected a total of 20 eukaryotic CNT orthologs to subject to an 

expression screen in Sf9 cells. The screen included orthologs from each CNT isoform, 

sharing sequence identities with the human CNTs ranging from 29% to 85% (Figure 36). 

Ying Yin and I expressed each CNT ortholog from baculovirus -infected Sf9 cells. Virus 

was generated using bacmid derived from a pFastBac vector containing an N-terminal 

FLAG-tagged CNT. Protein was purified by FLAG affinity and analyzed by SEC. The 

ortholog screen identified six constructs with reasonable expression yield and 

biochemical stability.  

The purification conditions for eukaryotic CNTs were optimized by screening for 

additives  that enhance stability. We tested the addition of ligand, IAM  or lipids and 

found that IAM  was beneficial to protein stability . Additionally , we designed 

truncations of the N - and C-terminal tail to minimize unstructured regions. We found 

that we could truncate the N -terminus to residue 76 and the C-terminus from residue 

664 without negatively a ffecting the yield or stability of the protein  (Figure 37). 
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 SEC analysis of certain eukaryotic CNT orthologs shows that the protein elutes 

in two overlapping peaks. The ratio between these peaks is different for each of those 

orthologs. Human CNT3, for example,  elutes from a Superose 6 column in two peaks, 

with the first peak eluting  at ~12.4 mL and the second peak at ~14.2 mL. We suspected 

that these peaks represent monomeric and trimeric populations. Therefore, Ying Yin  

performed crosslinking experiments with disuccinimidyl suberate (DSS) (Figure 38). We 

found that protein sample taken from the first peak crosslinks to tri mers while that from 

the second peak remains as a monomer. With this knowledge, analysis of our 

optimization screen shows that the addition of CHS to the protein preparation stabilizes 

the trimeric state, while the addition of phospholipids seems to enhance the population 

of monomeric CNT. Monomeric CNT has not been observed for any prokaryo tic 

orthologs. Comparison of the sequences shows that the extracellular  helix in the knob -

like structure is absent in the eukaryotic CNTs (Figure 17). This region accounts for a 

significant fraction of the trimer interface ( ~1000Å2 out of ~8000 Å 2). Therefore, the lack 

of the knob-like trimeric structural motif in eukaryotic CNTs could contribute to the 

weaker trimeric integrity of  eukaryotic  CNTs.  
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Figure 36: Phylogenetic tree of eukaryotic CNT orthologs i n expression screen. 

A tot al of twenty  eukaryotic CNT constructs were selected for an expression 

screen in Sf9 insect cells. The orthologs were selected for a wide range in sequence 

diversity, ranging from  29-85% sequence identity with human CNTs. The ortholog 

screen led to the identification of six candidates with reasonable expression yield and 

biochemical stability  (*). 
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Figure 37: CNT ortholog screen and optimization.  

a, Eukaryotic CNT orthologs were screened for expression level and 

homogeneity. Two well expressing orthologs, human CNT3 ( CNTHS, blue) and CNT 

from Xenopus tropicalis (CNTXT, red), and an eliminated CNT from Heterocephalus glaber 

(CNTHG, green) are shown. b, The addition of phospholipids or CHS improves the 

stability of human CNT3. The protein was concentrated to 10 mg mL -1 and kept at 4 °C 

for 7 days prior to analysis by SEC. d, Truncation of the N- and C-terminus is tolerated 

for residues 1-76 and 664-691, while the truncation of th e C-terminus from residue 619 

negatively affects the expression of human CNT3. 



 

86 

 
Figure 38: DSS crosslinking of human CNT3 . 

Two overlapping peaks (at ~12.4 mL and ~14.2 mL) were observed in SEC 

analysis of human CNT3. The peak fraction from each was subjected to crosslinking by 

DSS for 1 hour at room temperature. The protein was incubated with different molar 

ratios of protein to DSS, as indicated above each lane. Peak 1 sample crosslinked to 

trimer while peak 2 sample only shows monomeric CNT.  



 

87 

2.4 Discussion 

We set out to investigate the transport mechanism of CNT by biochemical and 

structural techniques. We identified a bacterial CNT ortholog that expressed well and 

was biochemically stable in the absence of ligands. The mutation of the sodium and 

nucleoside binding sites enabled us to solve structures of CNTNW  in alternate 

conformations. Our new crystal structures show the inward - to outward -facing 

transition of CNT NW . This movement is consistent with that seen in other elevator model 

transporters, such as the 15 Å movement seen in the inward to outward transition of 

GltPh (Reyes et al., 2009; Yernool et al., 2004). Additionally, we found intermediate 

structures that visualize the large conformational change, in which the transport domain 

resides halfway in between the two end states. The interface between the transport and 

scaffold domain s is largely made up of hydro phobic interactions. In the intermediate 

states we found one pair of hydrophilic residues  in this interface, Glu156 and Ser109, 

which  are in hydrogen bonding distance. Although the electron density is not well 

resolved for the sidechain of Glu156, the ideal rotamer position suggests the formation 

of a hydrogen bond. Interestingly, in a study by the Young lab , mutation of the 

corresponding residue in human CNTs (Glu321 in hCNT1 and Glu343 in hCNT3) results 

in uncoupled sodium transport  (Slugoski et al., 2009; Yao et al., 2007). This observation 

suggests that the proposed interaction between Glu156 and Ser109 is a functionally 

relevant one. 
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Intermediate conformations of this nature have not  yet been observed for any 

transporters. We propose several possible functions of this intermediate conformation. 

Transitions between in the inward - and outward -facing states without nucleoside 

binding would lead to uncoupled sodium currents . An intermediate state could act as a 

barrier or check point for the transport domain in absence of nucleoside, this barrier 

could thereby aid in  avoid ing hysteresis. Since the binding sites in the intermediate 

states are too small to accommodate a nucleoside we suggest that if the intermediate 

states exist in the substrate bound conformation, they will look  differently than those 

observed in this study. Our intermediate states likely represent th e transporter in the 

return journey after cargo delivery, and/or in a state that forms a conformational barrier 

to avoid hysteresis. Interestingly, the only potential hydrogen bond in the intermediate 

states between the transport and scaffold domain is unl ikely to exist in  a substrate 

bound form, since Glu156, one of the interaction partners is involved in nucleoside 

binding.  

2.4.1 State-dependent changes in the transport domain 

Detailed analysis of the new structures led us to discover state-dependent 

changes in the transport domain that influence the interface between the transport and 

scaffold domain and the size of the substrate binding site. The buried surface area 

between the transport and scaffold domain is  visualized as a grey surface in Figure 39a. 

While the transport domain moves to the intermediate state the interface between the 
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domains grows more extensive. Past the midway point the interface decreases in size 

again gradually to the outward -facing open state.  

In the inward -facing occluded conformation we find uridine in the nucleoside 

binding site. Each of the other structures were solved in the absence of sodium and 

nucleoside, accordingly we find the substrate binding sites empty. In the intermediate 

conformations , the substrate binding site cavity decreases in size and becomes too small 

to accommodate a nucleoside molecule (Figure 39b). This is caused mostly by two 

transport domain structural elements, TM4b and HP1. The corner of HP1 reaches up 

into t he binding site and Gln154 hydrogen bonds with Ser371. Additionally, w hile the 

remainder of the transport domain moves up, TM4b lingers and retains interactions 

with TM6  resulting in a ~5 Å displacement of TM4b compared to the remainder of the 

transport do main. In the outward -facing open conformation TM4b moves out, leading to 

an expansion of the binding site cavity. In this state the binding site could accommodate 

a nucleoside molecule again. 

These observations show that there are state-dependent conformat ional changes 

in the transport domain. Unlike previously inferred, the transport domain undergoes 

structural changes during the large inward - to outward -facing transition and does not 

move merely as a rigid body.  
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Figure 39: State-dependent changes in the transport domain.  

a, Buried surface area (grey surface) in the inward-, intermediate and outward -

facing conformations shows that the interactions between the scaffold (dashed lines) and 

transport domain (cartoon representation, colored as in Figure 18) are more extensive in 

the intermediates than in the inward - or outward -facing states. b, The nucleoside 

binding site (grey surface) is more compact in the intermediate states and is not large 

enough to accommodate a uridine molecule (yellow spheres). 
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2.4.2 Intracellular and extracellular gates 

While two  protomers in each of the structures remained in the inward -facing 

conformations we did observe a range of conformations in HP1 in which the cor ner to 

HP1b swings in and out of the nucleoside-binding site . The extremes of this movement 

were seen in the inward-facing substrate-bound conformation and the inward -facing 

open conformation in which both the sodium and nucleoside binding sites were expos ed 

to the cytosol. These observations enabled us to identify HP1 as the intracellular gate of 

CNT. 

Going from the intermediate to the outward -facing structure we found that 

TM4b moves further upwards with respect to the remainder of the trans port domain. 

The bottom of TM4b moves up about 5 Å away from the substrate binding sites. This 

movement exposes the sodium and nucleoside binding sites to the extracellular side of 

the membrane through two separate portals, located on either side of TM4b. Therefore 

TM4b acts as the extracellular gate of CNT. 

2.4.3 The elevator mechanism of CNTNW 

Our new crystal structures led us to an almost complete crystallographic 

description of the CNT transport mechanism ( Figure 40). We determined the outward -

facing open conformation from the crystal structure of CNT NW N149SF366A. In the next step of 

the transport cycle the substrates bind and the transporter forms the outward -facing 

occluded conformation. From the crystal structure of vcCNT and wildtype CNT NW  we 
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found the inward -facing occluded conformation. Then the cargo is released into the cell 

by a rotation of HP1b to the inward -facing open conformation. After HP1b tucks back in 

to prepare the transport domain for translocation, in the inward pre -translocation 

conformation, the protein returns to the outward -facing state via multiple intermediate 

conformations. These conformations were identified by three  crystal structures of 

CNTNW N149L and one crystal structure of CNT NW N149SF366A.  
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Figure 40: Elevator model transport mechanism of CNT.  

One protomer, as seen from the trimerization axis, is depicted for simplicity.  The 

transport domain is shown in light -blue with the binding site as a white oval. 

Nucleoside is indicated by a yellow p entagon, sodium by a green circle. The extra-

cellular gate TM4b is shown as an orange cylinder, the intracellular gate HP1 as red 

cylinders and hydrophobic barrier TM6 is shown as a grey cylinder. The available 

crystal structures are indicated by the dashed blue outlines. 
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2.4.4 Comparison with GltPh 

 Both CNTNW  and GltPh utilize an elevator mechanism to transport cargo across 

the cell membrane. Taken together the structural evidence provided for these proteins 

shows a mechanism that can be generalized for elevator model transporters. Each 

protein consists of a scaffold domain that is responsible for oligomerization. The 

transport domain, containing the substrate binding site , is partially encapsulated by the 

scaffold domain. Structural properties of the sub strate binding site are also preserved, 

both in the location within the transporter protomer and in the structural elements 

responsible for its formation. The substrate binding site is made up of the t ips of helical 

hairpins and unwound sections of TMs. These structural elements are in each case part 

of the inverted structural repeat. Within the transport domain, t he substrate binding site 

faces towards the trimerization axis and is located close to a hydrophilic basin  that 

effectively reduces the distance the substrate has to be transported. In GltPh this 

hydrophilic basin faces the extracellular side of the membrane, while in CNT the basin 

resides inside of the cell. In order to move cargo, the transport domain pivots with an 

axis parallel to the membrane, with the largest motion localized to the side of the 

transport domain that contains the substrate binding site and faces the trimerization 

axis. Details of this motion seem distinct for each transporter since in Glt Ph this 

movement is combined with a pivo ting motion with an axis perpendicular to the 

membrane normal, while a similar rotational axis is absent in the CNT transition.  
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Where the information on the elevator -type transport mechanism has been 

lacking is characterization of the transition between th e inward - and outward -facing 

conformations. For Glt Ph intermediate end-states structures have been reported in which 

a crevice was observed between the scaffold and transport domains (Akyuz et al., 2015; 

Verdon and Boudker, 2012). It has been suggested that the ÛÙÈÕÚÐÛÐÖÕɯÐÕÛÖɯÛÏÌɯɁÜÕÓÖÊÒÌËɂɯ

intermediate state is responsible for setting the transport rate of Glt Ph and is thus rate-

limiting . These observations suggest that a decrease in the interaction interface is 

required for (at least initiation of) the inward to outward transition. One concern with 

the formation of a  crevice between the scaffold and transport domains, wide enough  for 

ions to leak through, is that it could  result in non-specific ion leak. In the crystal 

structure of iIFS, lipids were found to occupy the crevice and it is suggested that these 

lipids might be responsible for the prevention of hysteresi s. The crevice in the iOFS 

structure is not occupied by lipids, but the expectation is that lipophilic molecules could 

enter. The intermediate structures we have observed in CNTNW N149L crystal structures are 

markedly  different from the end-state intermediates of GltPh. Most notably, our 

intermediate structures have captured the transport domain halfway  between the 

inward - and outward -facing conformations  and structurally describe the large 

conformational transition that has long been uncharacterized. Additi onally, our 

intermediate structures show that during the transition the interactions between the 

scaffold and transport domain are more extensive than in either end -state. This 
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observation is in stark contrast to the loosened interactions seen in the unlocked 

intermediate of Glt Ph. The difference in observations could indicate that Glt Ph and CNT 

transition between the two end -states in a different fashion. Alternatively, the distinct 

intermediate states describe a different step in the transport pathway that has not yet 

been crystallographically observed for the other transporter . In line with this theory is 

that the unlocked intermediate structure of Glt Ph was solved in the presence of substrate, 

while the intermediate conformations of CNT were found in the  absence of ligand. Also 

consistent with the latter scenario is that  an intermediate state di fferent from the end -

states has been observed in GltPh by both EPR and smFRET studies (Erkens et al., 2013; 

Hanelt et al., 2013). In the smFRET studies, the authors observed that the intermediate 

state serves as an energetic barrier in the absence of aspartate. We suggest that our 

intermediate structures could represent this energetic barrier for CNT. Further 

crystallographic and biochemical characterization of intermediate structures is required 

to fully understand their function in the elevator model mechanism.  
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2.5 Summary and implications 

The concentrative nucleoside transporter is a secondary active transporter that 

utilizes the inward sodium gradient to import nucleosides into the cell. Import of 

nucleosides is required for the salvage pathway of genetic material and the termination 

of adenosine signaling. CNTs are also responsible for the uptake of nucleoside-like 

drugs, which include  many anti -cancer and anti-viral drugs. The structure of a bacterial 

CNT from Vibrio cholerae was first reported by our lab oratory  in 2012. Subsequent 

structures of vcCNT in complex with a variety of ligands described in detail the 

substrate recognition machinery.  

We set out to describe the transport mechanism of CNT in molecular detail and 

identified mutants of CNT from Neisseria wadsworthii with altered conformational 

equilibriums. We characterized the wildtype and mutant proteins using ITC and a 

radioactive nucleoside flux assay. CNTNW  binds and transports uridine similar ly  to 

vcCNT. We found that wildtype CNT NW  transports sodium and uri dine with a coupling 

ratio of 1. The mutant proteins show decreased uridine affinity but a re still capable of 

uridine transport in the presence of sodium.  

Wildtype CNT NW  adopts a conformation almost identical to vcCNT. We found 

that in one protomer in the CNTNW N149SF366A the transport domain has tilted about 20 °, 

which moves the substrate binding sites above hydrophobic barrier TM6. Two portals 

on either side of TM4b expose the binding sites to the extracellular side. Moreover, i n 
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three CNTNW N149L structur es we found the transport domain about halfway in the 

membrane. In each of the intermediate conformations the nucleoside binding site is 

more compact than in the inward -facing or outward -facing states. There are extensive 

interactions between the scaffold and transport domains that exclude the binding sites 

from either side of the membrane. Analysis of the structures enabled us to identify HP1 

as the intracellular gate and TM4b as the extracellular gate for CNT. 

Our functional and structural studies have sh ed new light on the elevator model 

transport mechanism of CNT. We solved many new structures which bring us to an 

almost complete picture of CNTs conformational cycle. The intermediate structures are 

the only structures available for an elevator type trans porter in which the transport 

domain resides halfway in the membrane. The contraction of the binding site shows that 

the inward to outward transition is not a rigid body motion, but state -dependent 

changes occur within the transport domain.  

2.6 Future directions  

2.6.1 Determination of the outward occluded conformation  

While we solved structures for nearly the whole transport cycle of CNT we do 

not yet know what the ou tward -occluded conformation looks like. We will aim to 

determine this structure by cryst allography. Now that we have designed crosslinking 

mutants we can employ these in crystallographic experiments. We will  aim to crystallize 

the outward crosslinking mutant in the presence of substrates.  
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2.6.2 Dynamics of CNT transport 

Since we have found only a single protomer in the trimer in an intermediate or 

outward -facing conformation , we would like to investigate whether the protomers act 

independently  or in a concerted manner. Many transporters have shown similar ly 

asymmetric behavior in crystal stru ctures (Verdon and Boudker, 2012). Studies using 

smFRET and high speed AFM have also provided evidence for an independent 

mechanism in GltPh (Akyuz et al., 2015; Ruan et al., 2017). 

We aim to crystall ize crosslinking mutant proteins in which each protomer is 

captured in the same intermediate or outward -facing conformation. Determination and 

analysis of the structure could aid in the identification of structural elements responsible 

for intermolecular c ommunication between the protomers. Such a structural element is 

likely to exist if the protomers act in a n orchestrated fashion. 

In order to study the dynamics of CNT transport in solution we designed 

mutants in which we introduced a cysteine where it wil l undergo a substantial change in 

environment depending on the state of the transport domain ( Figure 41). Amanuel 

Kibrom, a graduate rotation student, and I  have performed pilot experiments , in which 

we labeled these cysteines with a sulfhydryl -reactive compound that contains a fluorine 

label, bromo-trifluoroac etone (BTFA) or bromo-trifluoromethyl  acetanilide (BTMFA) . In 

order to test the labeling efficiency, we used a 5K-polyethyleneglycol  maleimide  

(PEG5K) to visualize unlabeled  protein by a shift on SDS-PAGE. PEG5K modification, 
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indicates what proportion of the protein in the sample is not labeled with BTFA or 

BTMFA. We plan to use ZZ-exchange experiments to measure the dynamics of 

interconversion between the conformational states of the transport domain. We aim to 

perform these experiments in the absence or presence of ligands and mutations to 

identify which states we observe and how they interchange.  
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Figure 41: NMR labeling mutants in the inward - and outw ard-facing 

conformations.  

a, The location of residues mutated individually to cysteine for fluorine labeling  

is ÚÏÖÞÕɯÉàɯÚ×ÏÌÙÌÚɯÈÛɯÛÏÌɯ"ϔɯ×ÖÚÐÛÐÖÕȭɯAn overlay of the inward - and outward -facing 

conformations of CNT is shown in ribbon representation, colored as in  Figure 18. 

Residues were selected that are in significantly different environments in the inward - or 

outward -facing conformation.  b, Pilot labeling experiment for assessment of the labeling 

efficiency by BTFA. The labeling efficiency is tested by modification of unlabeled  

cysteines with PEG5K. BTFA labeling was tested in a 1:4 and 1:8 molar ratio of 

CNT:BTFA and performed either for 2 hours at room temperature or overnight at 4°C.  c-

d, The molecular structures of BTFA (c) and BTMFA (d). 
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2.6.3 Structure determination of a eukaryotic CNT 

We have identified  well expressing and stable eukaryotic ortholog s of CNT. 

Further optimization of the protein preparation is required as we have not yet fully  

optimized the purification of trimeric CNT. Initial experiments indicate that the addition 

of CHS favors trimeric CNT populations. Additionally, we would like to optimize the 

construct, including determination of the optimum truncations and glycosylation status. 

Once the protein preparati on is fully optimized and we fi nd conditions that most 

stabilize the protein we can initiate cryst allization efforts. To this end, we will set up 

vapor diffusion sitting drop and lipidic cubic phase crystallization. When a diffraction 

quality crystal is obtained , we can solve the phase problem by molecular replacement 

with the structure of vcCNT.  

2.7 Materials and Methods 

2.7.1 Expression and Purification  

We expressed CNT from a modified  pET26b vector with pelB leader sequence as 

a His 10-tag and maltose binding protein (MBP) -CNT fusion , the tags were cleavable by 

PPX. C41 cells were transformed with 50 ng plasmid with a heat shock of 1 minute and 

recovery of 3 hours at 37 °C in SOC media. The cells were plated out on 50 µg mL -1 

kanamycin LB agar plates and incubated overnight at 37 °C. The cells were washed off 

the plate with 10 mL LB media and incubated at 37 °C. Subsequently 1-3 L of TB media 

with 50 µg  mL -1 kanamycin was inoculated with the culture and p rotein  was expressed 
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for 4 hours at 37°C. Cells were harvested by centrifugation at 6000xg. Cells were lysed 

by sonication (30 times, 30 seconds on, 30 seconds off) in 50 mM Tris pH 8, 150 mM 

NaCl, 1.4 mM BME, DNase and protease inhibitors (1 µg mL -1 leupeptin, 1 µg mL -1 

pepstatin, 0.66 µg mL -1 aprotinin, 1 mM  phenylmethylsulfonyl fluoride) . Protein was 

extracted with 30 mM DDM  for 1 hour at 4 °C under agitation. Talon cobalt resin 

(Clontech) was used for metal affinity chromatography  and protein was bound to the 

resin in the presence of 7.5 mM imidazole for 1 hour at 4 °C under agitation . After 

loading the protein onto the resin, the resin was washed wi th 5 column volumes of 

buffer A  (50 mM Tris pH 8, 300 mM KCl, 1 mM DDM , 7.5 mM imidazole) and 5 column 

volumes of buffer B (20 mM Tris pH 8, 150 mM KCl, 1 mM DDM , 7.5 mM imidazole). 

The protein was eluted in buffer B with 300 mM imidazole. The tag was cut by PPX, 

added at 1:100 (wt:wt) ratio PPX:CNT and incubated overnight  at 4 °C under agitation. 

The sample was exchanged into 1 mM DM  (for ITC and  liposome preparation ) or 0.5 

mM decyl maltose neopentyl glycol ( DMNG, for crystallization) by 10 times dilution  

into the new buffer. The protein was further purified by s ize exclusion on a Superdex-75 

in 20 mM Tris pH8, 150 mM KCl and 2 mM DTT (DTT was omitted in protein 

preparation for crosslinking experiments) . 

Expression of SeMet labeled protein was perform ed as unlabeled protein with a 

few exceptions. After the transformation, the cells were washed off the plate into 25 mL 

M9 media and incubated overnight at 37 °C and 250 rpm shaking. This culture was 
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added to 0.5 L M9 media in 2.5L flasks and grown to an OD of 1. The media was 

supplemented with 100 mg mL -1 lysine, phenyl alanine, and threonine; 50 mg mL-1 

isoleucine, leucine, and valine; and 60 mg mL -1 SeMet at time of induction  (Van Duyne et 

al., 1993). 

2.7.2 Isothermal Titration calorimetry 

Protein w as purified in  the presence of 150 mM KCl or 150 mM NaCl and 

concentrated to ~25 µM. Uridine was titrated into the protein  Ƙɯϟ+ɯÈÛɯÈɯÛÐÔÌɯfrom a 3 mM 

stock solution using a MicroCal VP-ITC system. ITC experiments of CNT NW N149L were 

performed using a MicroCal ITC200 systemȮɯƕƖɯÔ,ɯÜÙÐËÐÕÌɯÞÈÚɯÛÐÛÙÈÛÌËɯƖɯϟ+ɯÈÛɯÈɯÛÐÔÌɯ

ÐÕÛÖɯÈÕɯƜƔɯϟ,ɯ×ÙÖÛÌÐÕɯÚÖÓÜÛÐÖÕȭ The curves were fit to a single-site binding isotherm 

using the Malvern Instruments software.  

2.7.3 Radioactive nucleoside flux assay 

Lipid vesicles were prepared from 10 mg ml -1 POPE and POPG in a 3:1 

POPE:POPG ratio. Protein was added to the lipid vesicles at 1:500 mass ratio 

protein :lipid . The vesicles were dialysed against 20 mM HEPES pH 7.4, 200 mM KCl, 

and 100 mM choline chloride (ChCl)  4 times in 4L of buffer for 12 hrs at 4 °C. The 

vesicles were flash-frozen in liquid nitrogen and stored at -80 °C. 

Prior to  flux experiments, vesicles were thawed and frozen 3 times and extruded  

through a 1 M˃ filter. Cysteine cross-linking mutants  in proteoliposomes were incubated 

with or without 10 mM DTT at 37  °C for 10 min prior to extrusion. The vesicles were 
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diluted 20 times into flux assay buffer (20 mM HEPES pH 7.4, 100 mM KCl, and 200 mM 

ChCl or NaCl). The flux assay was performed with 2 M˃  [5-3H] -uridine  (Moravek 

Biochemicals, 24.5 Ci mmol-1 at May 6th 2015) and 1 ˃ M valinomycin at 30 °C for 5 min. 

Vesicles were harvested on GF/B glass microfiber filters . Radioactive uridine captured 

on the filters was counted by scintillation.  

2.7.4 Crystallization 

CNTNW , purified in DMNG, was conce ntrated to 8-10 mg mL -1 and mixed 1:1 

volume ratio with crystallization solution in 24 -well sitting drop vap or diffusion trays. 

Crystals grown in the following conditions let to structure solutions:  wild -type CNT NW  1 

M NaCl, 35% PEG400, pH 9.5; CNTNW N149L-1 50 mM Mg(OAc)2, 30% PEG400, 100 mM 

KCl, pH 7.5; CNTNW N149L-2 50 mM Mg(OAc)2, 30% PEG400, pH 7.5; CNTNW N149S,F366A 50 

mM Mg(OAc)2, 30% PEG400, pH 7.5; and CNTNW N149S,E332A 200 mM ChCl, 14% PEG MME 

2000, pH 6.5.  

SeMet labeled crystals were grown in the following conditions: CNT NW N149L-3 in 

10 mM Mg(OAc) 2, 25% PEG400, pH 7.0; CNTNW N149L-1 in 10 mM Mg(OAc) 2, 25% PEG400, 

pH 7.5, 3% DMSO; CNTNW N149L,L159M in the intermediate 1 conformation  in 75 mM 

Mg(OAc) 2, 25% PEG400, pH 7.0, 3% DMSO; CNTNW N149L,V328M in intermediate  1 in 25 mM 

Mg(OAc) 2, 30% PEG400, pH 7.0, 100 mM KCl; CNTNW N149L,V328M in intermediate 3 in 25 

mM M g(OAc)2, 25% PEG400, pH 7.5, 3% DMSO. 
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Crystals were cryo-protected, in a solution containing the crystallization 

conditions and PEG400 added up to 35%, and flash-frozen in liquid nitrogen.  

2.7.5 Data collection and structure determination 

Crystal data was collected at the Advanced Photon Source at Argonne laboratory 

on beamlines 22-ID and 24ID-C. The data was processed using the following programs; 

native data with iMosflm (Battye et al., 2011), SeMet data of CNTNW N149L-3 with HKL2000  

(Otwinowski and Minor, 1997 ) and other SeMet datasets with XDS (Kabsch, 2010). The 

intermediate 1 diffraction data  was anisotropic, therefore the UCLA Anisotropy server 

was used to truncate the data to 4.2 Å x 4.2 Å x 4.1 Å (Strong et al., 2006). Phases were 

calculated using molecular replacement in PHASER (McCoy et al., 2007). For the 

wildtype dataset the structure of vcCNT (3TIJ) was used. Molecular replacement for the 

mutant crystal datasets was initially performed with the wildtype CNT NW  structure. 

PHASER found the correct solution for two of the prot omers. Electron density for the 

third prot omer (protomer C) showed a displacement of the transport domain. The 

electron density was analyzed and used to assign helices to either the transport or 

scaffold domain, which were then used as separate search models in PHASER. The 

interfacial helices and loops were built in manually using Coot and Phenix during 

refinement  (Adams et al., 2010; Emsley and Cowtan, 2004). Refinement of the wildtype 

protein and two inward -facing protomers in the other crystal structures was restrained 

by vcCNT as a reference model and non-crystallographic symmetry (NCS) . The 
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intermediate and outward -facing protomers were first manually refined by rigid body 

fitting of domains. As the phases improved individual helices were rigid -body refined. 

Refinement of these protomers was restrained by secondary structure, generated from 

wildtype  CNTNW . To accurately determine the HP1 positions we calculated a simulated 

annealing omit map and rebuilt the residues into positive density. Each structure was 

analyzed with Molprobity (Chen et al., 2010) and refined to optimize geometry and 

minimize clashes. 

2.7.6 Structure analysis 

In order to quantify the movement of the transport domain th e structures were 

aligned on the inward -facing protomers. The conformational shift was measured in 

PàÔÖÓɯÈÛɯÛÏÌɯ"ϔɯ×ÖÚÐÛÐÖÕɯÖÍɯÙÌÚÐËÜÌÚ (Delano, 2002). The distance traveled by Thr155 

and Phe366 is shown in Figure 26. 

We investigated whether the three intermediate structures were reliably built 

and discernible. To this end we calculated 2Fo-Fc simulated annealing composite omi t 

maps of each of the structures and Fo-Fc simulated annealing omit maps of key elements 

of the transport domain, each at 3000K. Additionally, we used PHASER to calculate log-

likelihood gain scores of molecular replacement with each model into each map. We 

used a resolution cut-off of 4.1Å to enable comparison of the LLG scores.  

For analysis of the interface between the scaffold and transport domain and the 

substrate binding site all sidechains were used. For certain residues insufficient electron 
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density was visible, in those cases the ideal rotamer was used in the interface analysis. 

These sidechains were omitted to the C̡  position in the final coordinates. The buried 

surface area was calculated in Pymol by subtracting the total solvent accessible surface 

area of the transport domain, TM3 and TM6 together from the sum of the solvent 

accessible surface area of the transport domain alone and only TM3 and TM6 together. 

The binding site cavity was visualized using the surface cavity mode in Pymol of cavity -

lining residues.  

For calculation of the anomalous difference Fourier maps of the SeMet-

substituted  and SeMet marker mutants  MR phases from inward -facing protomers were 

used. Selenium  sites in inward -facing protomers from these anomalous difference 

Fourier maps were used to calculate single wavelength anomalous dispersion phases for 

CNTNW N149L-3. Phases were improved by solvent flattening using AutoSol.  

2.7.7 Cysteine crosslinking 

Crosslinking mutants were cloned using the QuikChange mutagenesis kit on a 

Cysless background mutant (CNTNW C364S). The following mutants were prepared: 

negative control CNT NW S109C,C364S,A373C, inward -facing cross-linking mutant 

CNTNW T243C,C364S,A373C, intermediate cross-linking mutant  CNTNW E240C,C364S,R387C, and 

outw ard-facing cross-linking mutant  CNTNW D243C,C364S,K388C. Protein was expressed, 

harvested and lysed as described previously (see chapter 2.7.1). The membrane fraction 

was isolated by centrifugation, twice at 6660 x g for 15 min at 4 °C after which the 
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supernatant was collected, followed by  pelleting of the membrane at 120,000 x g for 1 h 

at 4°C. 

The membrane was resuspended in 20 mM Tris pH 8.0, 150 mM NaCl and 

sonicated twice for 1 min in a waterbath sonicator. The crosslinking reaction was 

performed by 20 min incubation at room temperature in the presence of 20 ˃ M copper 

phenantroline or 10 mM DTT. The reaction was quenched with 20 ˃ M N-

ethylmaleimeide and 50 mM ethylenediaminetetraacetic acid . 

The samples were incubated for 10 min at 60 °C in a loading buffer with 4% 

sodium dodecyl sulfate and 4 M urea and separated by SDS-PAGE gel for Western blot. 

An anti -histidine antibody  was used as a primary antibody (Sigma-Aldrich catalog n r 

H1029) and an anti-mouse secondary antibody (Licor catalog nr 926-32212). 

2.7.8 Expression of eukaryotic CNTs 

Eukaryotic CNTs were expressed from a pFastBac vector with an N -terminal 

FLAG tag. The virus was prepared and protein expressed and purified as described 

previously (see chapter 1.7.2), w ith the exception of the affinity purification . CNTs were 

purified by FLAG affinity chromato graphy. Binding was performed for 1 hr at 4°C. The 

protein was eluted from the anti -FLAG resin in 20 mM Tris pH8, 150 mM NaCl, 1 mM 

DDM , 2 mM DTT and 1 µg mL -1 FLAG peptide. SEC was performed on a Superose-6 

size exclusion column in 20 mM Tris pH 8, 150 mM NaCl, 1 mM DDM and 2 mM DTT.  
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3. The cryo-electron microscopy structure of TRPML3 

3.1 Overview 

Transient receptor potential mucolipins ( TRPMLs) are cation channels that 

regulate calcium flux from lat e endosomes and lysosomes for membrane trafficking 

events such as endosome maturation and exocytosis. TRPML activity is regulated by 

lysosomal pH and phosphatidylinositol diphosphate  species, however the mechanism 

by which this regulation takes place is as yet unknown. Loss-of-function mutations in 

TRPML3 cause a lysosomal storage disorder, mucolipidosis IV, which manifests itself in 

severe neuronal degeneration. Structural and functional studies into TRPML channels 

aid in understanding their role in the endocytic pathway and open up therapeutic 

opportunities f or lysosomal storage diseases.  

We identified a well expressing and biochemically stable TRPML3 ortholog from 

Callitrix jacchus with high sequence similarity to human TRPML3 (97%) . This ortholog 

shows similar behavior to human TRPML3 in electrophysiologica l experiments. We 

optimized the construct and sample preparation and  obtained a 2.9 Å map by cryo-

electron microscopy. TRPML3 is composed of a voltage sensor-like domain  (VSLD), a 

pore domain and a large extracytosolic domain  (ECD). We found a unique intra cytosolic 

structure that links the VSLD and pore domain. We suggest that this structure functions 

as a gating pulley in that it relays signals from the lumen through the ECD and VSLD  to 

S6, which changes conformation to open or close the pore. 
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3.2 Introduction 

3.2.1 Physiological processes involving TRPML channels 

Transient Receptor Potential (TRP) superfamily channels are inwardly rectifying 

cation channels involved in various physiological processes including sensory signaling. 

The Transient Receptor Potential Mucolipin (TRPML) channel family is part of the TRP 

channel superfamily and is composed of three members, TRPML1-3, sharing ~75% 

sequence identity (Figure 42). TRPML1 and TRPML3 are ubiquitously expressed while 

TRPML2 is mainly expressed in lymphoid organs and the kidney.  TRPML3 is selective 

for calcium and sodium ions over potassium and other cations (Ca 2+>Na+>>K+) (Kim et 

al., 2008). TRPMLs reside in the intracellular membranes of late endosomes and 

lysosomes (LEL) and mediate Ca2+ flux from the LEL, which controls membrane 

trafficking events in the endocytic pathway.  

Loss-of-function mutations in the TRPML1 gene cause a severe 

neurodegenerative disorder called mucolipidosis IV (ML -IV) (Bargal et al., 2000). ML-IV 

is a lysosomal storage disorder that affects 1 in 40,000 individuals and manifests itself in 

severe psychomotor retardation, progressive visual impairment and constitutive 

achlohydria. In ML -IV several physiological functions of the endolysosomal system 

were found defective. The endocytic pathway is required for recycling biosynthetic 

substrates, rescuing the cell from apoptotic stimuli through autophagy and proper 

function of the immune response (Figure 43). The endocytic pathway is regulated by 
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endolysosomal calcium concentrations and LEL calcium homeostasis is therefore tightly 

controlled. A delay in lysosomal delivery and degradation of endocytosed proteins in 

ML -IV macrophages suggests a crucial role for TRPML1 in endosome maturation 

(Thompson et al., 2007). LEL-to-TGN (trans Golgi network) retrograde trafficking is 

required for recycling of degraded products and is deficient in ML -IV patients. 

Retrograde trafficking defects can be rescued by expression of TRPML1 or agonist 

stimulation of endogenous TRPML1 channels (Shen et al., 2012). Likewise, TRPML1 

function is required for autophagy in response to starvation (Wang et al., 2015). 

Constitutive failure of autophagy results in apoptosis which is thought to be the cause of 

neurodegeneration in patients of ML -IV and other lysosomal storage diseases 

(Lieberman et al., 2012).  

A TRPML3 gain-of-function mutation (A419P) causes the Varitint -Waddler 

mouse phenotype, in which the constitutively open channel leads to a calcium overload 

in melanocytes and the vestibular system (Kim et al., 2007). Recently, a novel role for 

TRPML3 was identified in the cell -autonomous defense against uropathogenic 

Escherichia coli (UPEC) (Miao et al., 2015). UPEC that have invaded bladder epithelial 

cells are delivered to lysosomes by autophagy but circumvent lysosomal degradation b y 

neutralizing lysosomal pH. However, to aid in elimination of t he infection, TRPML3 

senses the increase in lysosomal pH and allows Ca2+ efflux, leading to exocytosis and 

expulsion of the bacteria.   
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Figure 42: Sequence alignmen t of human TRPMLs with TRPML CJ3. 

Sequence alignment of the human TRPMLs and TRPML from Callithrix jacchus 

(TRPMLCJ) . Secondary structure elements are indicated by rectangles (helices) and 

arrows (beta strands). The VSLD is colored teal, the pore domain in blue and dark blue, 

the extracytosolic domain in orange and red. Residues with sequence conservation are 

highlighted in grey, the selectivity filter in green, the pi helix in yellow. Residues that are 

predicted to be involved in pH -sensing and PIP2 bindin g are highlighted in lightblue 

and red, respectively. Potential glycosylation sites are indicated by an orange branch. 
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Figure 43: TRPML in the endocytic pathway.  

TRPMLs (purple) are expressed on the intracellular membranes of late 

endosomes (LE) and lysosomes (LY). They regulate membrane trafficking events such as 

early endosome (EE) to late endosome maturation, lysosomal exocytosis and autophagy. 

For successful autophagy autophagosomes (AP) fuse with lysosomes to produce 

autolysosomes (AL). Retrograde trafficking is required for recycling of degraded 

products from the Trans -Golgi Network (TGN) and early endosomes. Uropathogenic E. 

coli (UPEC) can invade the cell through the endocytic pathway, TRPML3 was found to 

sense lysosomal neutralization and induce expulsion of UPECs. Figure adapted from 

Wang et al, 2014. 
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3.2.2 TRPML regulation and structure. 

TRPML channel activity is regulated by pH and phosphatidylinositol 

diphosphate (PIP2) species, although the mechanism through which these signals act on 

TRPML is unknown. The ECD appears to play a role in sensing extracytosolic pH. In 

TRPML3, low extracytosolic pH (4.5-6.5) inhibits channel activi ty while higher pH 

relieves inhibition of channel activity. Mutagenesis experiments have lo calized the pH-

sensing mechanism to the ECD as mutation of His283 abrogates inhibition by low 

extracytosolic pH and mutation of His252 and His273 modulates inhibition (Kim et al., 

2008).  

The identity of PIP 2 isoforms present in the plasma membrane and the 

endolysosomal system regulates activity of many membrane proteins including TRPML 

channels. While PI(3,5)P2 is enriched in the LEL, PI(4,5)P2 is mostly localized in the 

plasma membrane. Together, these phosphoinositides mark the identity of each 

membrane and regulate membrane dynamics. In TRPML channels, different PIP2 species 

lead to contrasting effects on TRPML channel activity: PI(3,5)P2 binding activates and  

PI(4,5)P2 inhibits TRPML channels (Dong et al., 2010; Zhang et al., 2012). While PI(3,5)P2 

was shown to activate all TRPML isoforms, the inhibitory effect of PI(4,5)P2 was 

demonstrated only for TRPML1. PIP2 binding is localized to  a stretch of seven basic 

residues on the N-terminus of the channel, as mutation of these residues abrogates PIP2 

modulation of channel activity (Dong et al., 2010). 
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TRPMLs consist of a channel region and a large ECD located between S1 and S2. 

Each terminus  contains a dileucine motif to direct localization towards endosomes and 

lysosomes and the ECD contains up to four predicted glycosylation sites. The channel 

region is conserved among TRP channels and is composed of a voltage sensor-like 

domain (VSLD, S1-S4) and a pore domain (S5-S6). A large ECD is a rare feature in the 

TRP family, shared only by the TRPML and PKD2 channels although there is no 

significant conservation between the ECD sequences.  

TRPML channels are regulated by signals from both sides of the membrane, how 

the channel architecture translates polymodal sensing to gating is not understood. 

Recently, the structure of the soluble TRPML1 ECD was solved by X-ray 

crystallography. However, in the absence of the full -length channel it is difficult to 

understand how signals from the ECD are transferred to the channel pore, therefore a 

structure of a full -length TRPML channel is required. 
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3.2.3 Structures of the TRP Polycystin-2 channel 

Another TRP channel family member that contains an ECD is PKD2, for which 

several structures have recently been solved (Figure 44) (Grieben et al., 2017; Shen et al., 

2016; Wilkes et al., 2017). Aberrant PKD2 function is the cause of an autosomal-

dominant disorder called polycystic  kidney disease. The transmembrane channel region 

of PKD2 was found to adopt a canonical voltage-gated cation channel architecture. 

Interestingly, in contrast t o TRPV channel structures, S3 and S4 protrude into the 

extracellular space while the C-terminal portion of S6 extends far into  the cytosol (Cao et 

al., 2013; Liao et al., 2013; Zubcevic et al., 2016). The large ECD is located in the S1-S2 

loop and is referred to as either the tetragonal opening for polycystin (TOP) domain  or 

PKD domain . The TOP domain consists of three extracytosolic helices, a large five-

membered beta sheet and long loops. The first extracytosolic helix (EH1) is connected to 

S1 by a small loop and extends out in a similar direction as S1. The two other 

extracytosolic helices (EH2 and EH3) are positioned parallel to the membrane and line 

the extracytosolic funnel leading into the channel pore. The beta sheet is located 

underneath these helices and the bottom of the beta sheet forms extensive interactions 

with the pore domain. A large loop between the first and second beta strands wraps 

around the beta sheet on the periphery of the domain and protrudes out over the 

voltage sensor-like domain of the neighboring protomer . In each reported PKD2 

structure  the gate was observed to be closed, with a pore radius of ~1 Å (Grieben et al., 
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2017; Shen et al., 2016; Wilkes et al., 2017). The selectivity filter has been observed in 

both conductive and non -conductive conformations with radii of ~1 Å and ~1.7 Å. The 

narrowest part of the TOP domain is formed by the loop connecting EH1 and EH2. Two 

different loop conformations have been observed in which the constriction in the TOP 

domain is either 8.6 Å or 12.5 Å in radius. The extracellular vestibule is highly negatively 

charged and has lateral funnels located in between the VSLDs of two protomers (Figure 

58). 
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Figure 44: PDK2 cryo-EM structure .  

a-b, Overview of the  PKD2 structure (PDBID: 5T4D), solved at 3 Å by cryo-EM 

from the membrane plane (a) and from the extracellular side (b). c Diagram of the 

architecture of PKD2. d, View of a protomer from the membrane plane. e-f, Detailed 

view of the TOP domain from the membrane plane (e) and extracellular side (f). PKD2 

has a channel domain with el ongated S3 and S4 protruding into the extracellular space 

and S6 in the intracellular space. The VSLD is shown in teal, the pore domain in blue, 

the TOP domain is shown in orange. 
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3.3 Results 

3.3.1 Identification of a stable construct for structure determination 

Eukaryotic membrane proteins are notoriously difficult to obtain in sufficient 

quantity and quality for structural studies. Therefore we selected 31 TRPML3 orthologs 

to subject to a large scale expression screen. The orthologs were selected for a wide 

sequence variety, sharing sequence identity with human TRPML3 ranging from 40% to 

98% (Figure 45).  

We cloned the synthesized genes into a pFastBac vector with a C-terminal FLAG - 

and His-tag, cleavable by PPX. We assessed the yield and biochemical stability of each 

ortholog by expression in 0.5 L cultures of Sf9 cells. Protein was extracted in DDM, 

purified by FLAG affinity chromatography, followed by tag cleavage and SEC. Each 

construct that showed sufficient yield was subjected t o a stability test in which the 

protein was concentrated to 5 mg mL -1 and incubated for one week at 4°C. Subsequently 

the protein quality was assessed by SEC. Our expression screen identified three 

TRPML3 orthologs with sufficient yield and biochemical sta bility for use in structural 

studies (Figure 46a). 

Subsequently we aimed to optimize the homogeneity of the protein samples by 

construct design and buffer screening. TRPML3 has two predicted N-linked 

glycosylation sites in the extracytosolic loop between S1 and S2. We knocked out the 

glycosylation sites because flexible glycans can impede crystallization. We found that 
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knock-out of both glycosylation sites is detrimental to expression yield. Therefore we 

reintroduced each glycosylation  site individually and found that we could knock out 

one glycosylation (N138Q) without interfering with expression ( Figure 46b). At this 

point we prioritized experiments with TRPML3 from Callitrix jacchus (TRPML3CJ) 

because it showed the best yield and homogeneity by SEC. This ortholog shares a high 

sequence identity with human TRPML3 (97%) and therefore serves as an excellent 

model system. 

Further optimization of the construct was performed by screening a wide range 

of buffer conditio ns. We tested a range of detergents and found that DM rendered the 

sample most stable (Figure 46c). TRPML3 contains a cysteine-rich C-terminal tail, in 

order to avoid di -sulfide induced aggregation we tested introduction of IAM in the  lysis 

buffer to block the thiol groups. Many eukaryotic membrane proteins require certain 

lipids for s tability. We therefore tested whether  additio n of CHS or a mixture of 

phospholipids stabilizes the protein sample. We found that a combination of IAM 

treatment and inclusion of CHS in DM buffer resulted in the most homogeneous sample 

(Figure 46d). 

In order to obtain a structure of TRPML3 we first turned to crystallography and 

set up a large number of crystallization experiments. Unfor tunately, TRPML3 was 

resistant to crystallization and did not provide us with diffraction quality crystals. 

Recent advances in cryo-electron microscope (cryo-EM) improved the resolution of this 
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technique considerably. Therefore, we decided to optimize our protein sample for cryo -

EM. We reconstituted TRPML3 in amphipols, which are amphipathic polymers that 

interact very tightly with the hydrophobic region of membrane proteins. We tested two 

different amphipols in the presence or the absence of lipids for stability. SEC could not 

distinguish the quality  of the samples, therefore we turned to negative stain electron 

microscopy for sample assessment. We found that reconstitution of TRPML3 into 

PMAL -8 was optimal for structural studies by cryo-EM (Figure 47). Further optimization 

showed that the addition of CHS in the protein preparation increased the sample quality 

further.  All electron microscopy experiments were performed by Dr. Mark Herzik  in the 

laboratory of Dr. Gabriel Lander  at the Scripps Institute (San Diego). 
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Figure 45: Phylogenetic tree of TRPML3 ortholog s in expression screen. 

A total of 31 ML3 orthologs were selected for an expression screen in Sf9 cells. 

Sequences with a wide range of sequence diversity were selected, sharing sequence 

identity with human TRPML3 from 40 -98%. From this screen three stable orthologs (*) 

were identified.  
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Figure 46: Optimization of TR PML3 construct and purification . 

A well expressing and stable construct was identified by small scale expression 

in Sf9 cells, followed by FLAG affinity and SEC. a, SEC chromatograms of three well 

expressing constructs, TRPML3 from Oryctolagus cuniculus (TRPML3OC), Mus musculus 

(TRPML3MM ) and Callitrix jacchus (TRML2CJ), that were selected for further optimization 

and one eliminated ortholog , TRPML3 from Sarcophilus harrissii (TRPML3SH). b, 

Glycosylation knock -out N138Q is well tolerated while the mutation of N205 is 

detrimental t o the expression yield of TRPML3MM . c, Detergent screen of TRPML3CJ, the 

construct is most stable in DM. d, Addition of IAM  and CHS has a stabilizing effect on 

TRPML3CJ, while addition of lipids (PCEG) only marginally aids sample quality. The 

percentage of initial yield after a stability tes t is shown in panel d.  



 

125 

 

Figure 47: Optimization of TRPML3 CJ for cryo -EM. 

Negative stain micrographs of TRPML3CJ reconstituted in A8 -35 (a) or PMAL-8 

(b). Data was collected at the Scripps Institute. The sample prepared in PMAL -8 showed 

more homogeneous particle distribution than that prepared in A8 -35. 



 

126 

3.3.2 Architecture of TRPML3 

Cryo-EM data collection was performed by Dr. Mark Herzik at the Lander lab 

(Scripps Institute, San Diego). The final 3D reconstruction resulted in an electron density 

map with  an overall resolution of 2.9 Å, with the local resolution ranging from ~2.7 Å 

(for the channel region) to ~4.5 Å (for the periphery of the extracytosolic side)  (Figure 

48). We were able to build the majori ty of the protein, excluding only 32 residues on the 

N-terminus , a small loop in  the ECD (residues 148-153) and 27 residues on the C-

terminus. The final model shows excellent geometry and refinement statistics (Table 2). 

As other TRP channels, TRPML3 is a homotetramer with the VSLD made up of 

S1-S4 and the pore formed by S5, S6 and two pore helices (P1 and P2) (Figure 49). The 

channel region has interesting features that deviate from the canonical TRP channel 

architecture. First and foremost, unlike S1-S6 of TRPV channels that are limited to the 

membrane, many TMs are extended into either the cytosolic or extracytosolic side. S1 

protrudes ~18 Å into the extracytosolic side and both S2 and S6 extend far into the  

cytosol by ~24 Å. In addition, short helices, linked to S1, S3, and S6, reside in the cytosol 

(IS1, IS3 and IS6) and form a structural motif together with the cytosolic extension of S2 

below the VSLD, which appears to play an important role in TRPML3 gati ng (see 

chapter 3.4.3).  

The 182 residues between S1 and S2 constitute the ECD, which forms a 

tetrameric ring at the extracytosolic side above the channel region. The ECD is 
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composed of a large anti-parallel beta sheet, a small beta sheet, and two extracytosolic 

helices (EH1 and EH2). The large beta sheet, composed of five beta strands (b1.1-b1.5), is 

angled ~45° with respect to the membrane plane and forms the major part of the ECD. 

The small three-membered beta sheet (b2.1-b2.3) is located at the corners of the ECD 

above each VSLD. This beta sheet is made up of two anti-parallel strands from one 

protomer (b2.1 and b2.2) and one parallel strand from the neighboring protomer  (b2.3), 

indicating that this beta sheet is important for ECD assembly. EH1 is located near the 

central opening and above the large beta sheet. The C-terminal end of S1 bends in 

towards the four -fold axis and forms the inner corner of the ECD. The long loop 

between b1.2 and b1.3, which contains glycosylation site Asn205, covers part of EH1. 

The first sugar (GlcNAc) attached to the glycosylation site is resolved in the electron 

density map and was built accordingly.  

Shortly after we built our model the crystal structure of the TRPML1 ECD at 2.3 

Å was reported (Li et al., 2017). Alignme nt with our model (84 -296 in TRPML1 and 81-

281 in TRPML3) shows a CϔɯÙȭÔȭÚȭËȭ of 1.8 Å (Figure 50). The major differences lie in the 

region where the ECD is connected to the VSLD that is not present in the crystal. 

Additionally, some deviations can be found in loop  structures, including the loop that 

lines the central opening of the ECD. The sequence difference in this region between 

TRPML1 and TRPML3 can account for the difference in loop conformation.  
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Figure 48: Resolution and map quality of the TRPML3 cryo -EM struct ure. 

a, The map was resolved to an average resolution of 2.9 Å, with the channel 

region resolved to ~2.7 Å while the outer periphery was resolved to ~4.5  Å. b, The map 

(blue mesh) is of good quality with most sidechains clearly visible. The model fit s well  

into the electron density map.  
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Table 2: Cryo-EM data, refinement and model statistics . 

 TRPML3CJ 

Data collection   

Microscope Titan Krios (FEI) 

Voltage (keV) 300 

Electron dose (e Å-2) 57 

Detector K2 Summit (Gatan) 

Pixel size (Å pixel -1)  1.31 

Defocus range (µM) 1.2-3 

  

Reconstruction   

Symmetry  

Resolution (Å)  

C4 

2.9 

  

Refinement   

Protein residues 1944 

Ligands (atoms) 624 

Resolution (Å)  2.9 

Correlation Coefficient  0.61 

R.m.s. deviations  

  Bond lengths (Å) 0.02 

  Bond angles (°) 0.54 

Ramachandran favored/outliers (%) 

Molprobity score  

94.4/0.0 

1.88 

Clash score 8.57 
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Figure 49: Overvi ew of the cryo -EM structure of TRPML3 CJ. 

a-b, Overview of t he cryo-EM structure of TRPML3 from the membran e plane (a) 

and from the extracellular side (b). c, Diagram of the architecture of TRPML3. d, View of 

a protomer from the membrane plane. The VSLD is shown in teal, the pore domain in 

blue. The large five-membered beta sheet, and two extracytosolic  helices are shown in 

orange, the three-membered beta sheet made up from residues of two neighboring 

protomers is shown in red. IS1, IS3 and IS6 and the protruding S2 form the Ɂgating 

pulleyɂ shown in dark blue . e-f, Detailed view of the ECD from the membrane (e) and 

the extracellular side (f). 
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Figure 50: Overlay of ECD from cryo -EM and crystal structure s. 

The crystal structure of the luminal linker  of TRPML1 (blue ribbon, PDBID:  

5TJA) overlays well with our cryo -EM structure. Main diffe rences can be found where 

the ECD is connected to S1 and S2 from the VSLD. Additionally, the loop lining the 

central opening of the ECD (arrow) shows a different conformation in each structure.  










































































