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EPITHELIAL SODIUM CHANNEL PURIFICATION AND X-RAY 

CRYSTALLOGRAPHIC STUDIES 

BHARAT G. REDDY 

DEPARTMENT OF BIOCHEMISTRY AND MOLECULAR GENETICS 

ABSTRACT 

 Epithelial sodium channels (ENaC) play a critical role in maintaining Na+ homeo-

stasis in various tissues throughout our body. Understanding of ENaC structure is medi-

ated from studies of the homologous acid sensing ion channel 1 (ASIC1). However, 

ENaC has several notable functional differences compared to ASIC1, thereby providing 

justification for determination of its three-dimensional structure. Unfortunately, this goal 

remains elusive due to several experimental challenges. Of the subunits that comprise a 

physiological hetero-trimeric ENaC (α, β, and γ), the α-subunit alone is of significant in-

terest. αENaC is unique in that it is capable of forming a homo-trimeric structure capable 

of conducting Na+ ions. Despite functional and structural interest in αENaC, a key factor 

preventing structural studies of αENaC is its promiscuous interaction with several other 

proteins which disrupts its homogeneity. In order to address this issue, a novel protocol 

was used to reduce the number of proteins that associate and co-purify with αENaC and 

increase its homogeniety.  In the following we present a novel expression system coupled 

with a two-step affinity purification using NiNTA, followed by a GFP antibody column 

as a rapid procedure that provides relatively pure rat αENaC. 
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 The X-ray structural studies were carried out in two parts. First was the solving of 

crystallographic structure of Mycobacterium tuberculosis (TB) protein Rv3902c at 1.55Å 

resolution. While the function is not known, it is thought to be a virulence factor chaper-

one. This is due to it having structural similarity to the Salmonella virulence factor chap-

erone, InvB, and it is expressed on the same operon as Rv3903c, a known virulence fac-

tor. There is a hydrophobic pocket on the surface of the protein that might be pivotal in 

its function as well as provide a potential drug target site. TB kills over 1 million people a 

year and this target site might provide a possible treatment to TB virulence.  
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INTRODUCTION 

Purpose 

Structural biology is a branch of molecular biology, biochemistry, and biophysics 

concerned with the atomic structure of biological macromolecules and the relationship 

between their structure and biological function.   

The focus of this work is the pursuit of the Epithelial Sodium Channel (ENaC) 

structure in order to understand how it regulates the flow of sodium ions. It is hoped that 

an understanding of this mechanism will not only clarify the molecular mechanism for 

the fundamental process of sodium transport, but it may also provide insights regarding 

novel therapeutic approaches for several pathological diseases associated with altered 

ENaC function. 

Epithelial Sodium Channel/Degenerins Family of Proteins 

The transport of sodium ions is an essential function in all living membrane 

bound systems. While there are several classes of integral membrane proteins that per-

form this role [1-4], ion channels represent a major protein class responsible for sodium 

ion transport. Epithelial Sodium Channels (ENaC) / Degenerin (Deg) consist of a super-

family of ion channels that are an essential component found in water-permeable cells. 

The process of sodium ion reabsorption across membranes provides an essential mecha-

nism for systemic fluid and electrolyte balance. Within this superfamily there are several 

http://en.wikipedia.org/wiki/Molecular_biology
http://en.wikipedia.org/wiki/Biochemistry
http://en.wikipedia.org/wiki/Biophysics
http://en.wikipedia.org/wiki/Macromolecule
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sub-families of proteins (see Figure 1), but a common feature of all sodium channel pro-

teins is that they are inhibited by the diuretic amiloride [9] and therefore are often re-

ferred to as amiloride sensitive sodium channels. One of the earliest discovered members 

of this family are degenerins (mechanotranduction (touch) sensors first discovered in 

Caenorhabditis elegans) whose name is derived from a specific mutation that causes cell 

swelling and eventual death [11]. Another member is the FMRF amide-gated sodium 

Figure 1. Phylogenetic tree of the epithelial sodium channel (ENaC)/degenerin (DEG) 

family displaying subfamily organization of related sequences. Sequences were aligned 

by using the ClustalW algorithm. The channels from vertebrates are divided into three 

groups: ENaC, acid-sensing ion channels (ASICs), and brain-liver-intestine sodium chan-

nel (BLINaC)/human intestine sodium channel (hINaC). ENaC/DEG proteins of inver-

tebrates can be divided into four groups: 1) the degenerins from Caenorhabditis elegans; 

2) the Drosophila channels RPK/dGNaC1 and PPK/dmdNaC1; 3) FMRF amide-gated 

sodium channel (FaNaC), which is expressed in mollusks; and 4) FLR-1, which is the 

only characterized member of a group of C. elegans ENaC/DEG family members that 

are different from the degenerins. Reproduced from [7].  
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channel (FaNaC), a ligand-gated ion channel activated by small neuronal peptides (Phe-

Met-Arg-Phe).  However this gene class has only been found in invertebrates. There are 

two main ion channel subfamilies expressed in humans, acid sensing ion channels (ASIC) 

and ENaC, with brain-liver-intestine sodium channel (BLINaC) and intestine sodium 

channel (INaC) as outliers [7]. ASICs are found in the central and peripheral nervous sys-

tem, activated by a lowering of pH. ENaCs primarily function to maintain sodium home-

ostasis and are constitutively active sodium channels expressed in most tissue cell mem-

branes throughout the body [7]. 

Molecular Structure of ENaC Channels 

ENaC Homology and Subunit Stoichiometry 

Members of the ENaC superfamily are glycoproteins that contain between 530-

740 amino acids with two transmembrane (TM) domains. The cytoplasmic domains are 

relatively small and are predicted to be unstructured by the secondary structure predictor 

program Jpred [12]. In contrast, the extracellular domain is a large ordered domain con-

taining two to three cysteine rich domains. The stoichiometric arrangement of the ENaC 

superfamily is a subject of significant controversy.  It has been suggested that ENaC ex-

ists as a heteromeric channel consisting of at least three subunits designated α, β, γ [13, 

14]. There is a fourth subunit δ, which is functionally similar and interchangeable with 

the α subunit, however its physiological function is not clearly known [15]. In order to at-

tain full activity, co-expression of the three subunits α, β, and γ-subunits is required [14]. 

Based on amino acid content,  α, β, γ ENaC are ~30% identical [14], while across spe-

cies, the human and rat subunit orthologs are ~85% identical. It should be noted that 

αENaC is unique in that it’s expression alone displays channel activity (it is believed to 
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form a homotrimer) [16] However, the homotrimer αENaC channel is a weaker Na+ con-

ductor than the heteromer [14], therefore αENaC is thought to play a role in pore for-

mation. Interestingly, the β- and the γ-subunits are believed to be important for efficient 

trafficking of the heteromeric channel to the plasma membrane as well as regulating Na+ 

conduction [7, 17]. 

Initially, it was thought that ENaC existed as a tetramer, consisting of two α subu-

nits combined with a single β and γ subunit [18-20]. The basis of this theory was based 

on mutational experiments similar to those used by Dr. Robert MacKinnon to elucidate 

the tetrameric stoichiometry of  the shaker K+ channel [21]. Other stoichiometric arrange-

ments include higher order structures consisting up to 9 subunits arranged as a trimer of 

trimers or dimer of tetramers, determined via sucrose gradient ultracentrifugation) [22], 

freeze fracture electron microscopy [23], fluorescence resonance energy transfer [24] or 

fluorescence intensity ratio [25]. These higher order structures did suggest that the α, β, 

and γ subunits were in equal ratios. These early stoichiometric concepts were essentially 

abandoned with the determination of the high resolution x-ray crystal structure of chicken 

ASIC1 [26]. Based on this work,  it is now generally accepted that ENaC exists as a het-

erotrimer (Figure 2) [27]. Additionally, recent atomic force microscopy (AFM) studies 

confirmed the trimeric association of subunits with specific antibody pairs decorating the 

channel at 120° increments [28]. The research community has not provided any sugges-

tions nor published an explanation as to why ENaC was initially thought to exist as a te-

tramer (despite several with several validating studies).  
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With ENaC now considered as a heterotrimer, some analysis was put into the ar-

rangement of the α, β, γ subunits. The possible subunit arrangements clockwise are α, β, 

γ; α, γ, β; or does not matter. In order to answer this question, an interesting and novel ex-

periment was derived. From the early ASIC1 structure [26], it was noticed that there were 

three Cl- binding sites, one at each of the subunit interfaces. The structure was used to 

identify the Cl- binding sites on the α, β, γ subunits.  This was followed by amino acid 

mutations at each individual site and in combinations of amino acids at two or more sites.  

These mutational studies led to the conclusion that the subunits were most likely arranged 

Figure 2. Topology model of the ENaC trimeric architecture: The second transmem-

brane domain (II) line of each subunit lines the pore, and the first transmembrane do-

main (I) faces the membrane. Extracellular regions are shown as loops. Intracellular 

amino-termini (N) and carboxyl-termini (C) are indicated. Light blue stepped arrow-

heads are placed where furin cleaves the α and γ subunits, whereas a red arrowhead 

identifies the location of γ subunit cleavage by other proteases. Abbreviation: ENaC, 

epithelial sodium channel. Reproduced with permission from [8]. 
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as  α, γ, β in a clockwise orientation [29], however they did not exclude the possibility of 

an α, β, γ orientation. Similar experiments with Cu2+ also suggested an α, γ, β clockwise 

orientation[30].  Confirmation of the subunit orientation via these two independent stud-

ies resulted in adoption of an α, γ, β clockwise assembly.     

ASIC1 Homology  

Since the initial ASIC1 publication in  2007 the Gouaux group and others  pub-

lished several high-resolution x-ray crystal structures of different conformations of 

ASIC1, including: a nonfunctional but high resolution structure of the channel with large 

portions of the N and C-termini removed [26],   a minimally functional channel in a de-

sensitized state with portion of the N-termini restored (Figure 3) [31]; an open channel 

with the tarantula toxin psalmotoxin ion-selective and nonselective states[32] or inactive 

states [33]; and an open channel state with the Texas coral snake toxin MitTx [6]. Despite 

the overall low sequence identity (17-20%), the extracellular domains of ENaC versus 

ASIC1 (minus the finger region) have 25% identity and 37% similarity [34].  Therefore, 

it is reasonable to assume that ASIC can serve as a model in describing the structure of 

the extracellular domain of ENaC. However the TM domains and cytoplasmic tails differ 

significantly and therefore, in these regions the ASIC structure may not be useful as a 

model for ENaC. By using the ASIC1 structure as a model, ENaC’s finger, thumb, palm, 

knuckle, and β-ball have been clearly defined [26]. Much of these domain terms originate 

from the overall analogy of a hand grasping a ball as described previously [26]. ASIC1 

and ENaC subunit identity is at the highest in the palm and β-ball regions (33-36%) [35], 

which form the inner regions of the fully assembled channel. Due to the apparent flexibil-

ity of the ASIC cytoplasmic tail there was no interpretable electron density to model the 
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cytoplasmic tails for any of the x-ray structure determinations for ASIC (therefore this re-

gion is omitted in figure-3).   

Functionally, ENaC and ASIC1 differ in several important ways. Most notably, 

ASIC is activated when the pH is lowered from 7.5 to 4-6 [36], while ENaC is generally 

considered constitutively active [7].  Another aspect where ENaC and ASIC differ sub-

stantially is with regard to the selectivity of Na+ versus K+ ions (the ratio of Na+/ K+ ion 

Figure 3. Ribbon diagram of ASIC1 trimer. One subunit is highlighted, and the other two 

subunits are represented as transparent ribbons. Approximate locations of outer (Out) and 

inner (In) borders of the cell membrane are indicated. Reproduced from [5]. 
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selectivity   for ASIC is ≤10, whereas it is >500 for ENaC. This difference is due to the 

selectivity filter, which is the basis of this superfamily of proteins sensitivity to the inhib-

itor amiloride [7, 37]. ENaC sensitivity to amiloride is approximately 100x greater than 

ASIC1 [7]. Determination of the ENaC structure will help explain the structural basis for 

this significant difference in selectivity.  

ENaC Domains 

Structurally, ENaC can be separated into three regions: inner-cellular, TM, and 

extracellular. The inner-cellular cytoplasmic tails contain both unstructured N- and C-ter-

minal domains of ENaC. On the N-terminus (111aa in rat α) a highly conserved HG (His-

Gly) motif exists, located just prior to the first TM domain that plays a role in channel 

gating [38]. The C-terminus (97aa in rat α) contains a proline-rich motif consisting of 

three prolines separated by one tyrosine residue, PPPxY or “PY”, which plays a role in 

channel retention/stability on the plasma membrane and ubiquitin binding [39]. The two 

TM domains are alpha helices (24aa and 31aa for TM1 and TM2 respectively). TM2 con-

tains the ion selectivity filter. The extra cellular region is the largest of all regions (435aa 

in alpha rat). The major domains of the extra-cellular region (a structure that resembles 

an outstretched hand containing a ball) [26] are the palm, β-ball, knuckle, finger, and 

thumb.  

Ion Pathway/Pore Selectivity 

One of the most intriguing mechanisms is that for the selectivity of the ion pore. 

Much of the previous work aimed at understanding ENaC’s ion selectivity limited to bio-

chemical studies with little or no structural information.   It was not until the recent publi-

cation of the ASIC1 structure by the Gouaux group, that the details of the channel’s 
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mechanism were clarified [6]. The vestibule or channel through which the ions flow con-

sists of several domains. The upper portion of the vestibule consists of the knuckle do-

main and the central vestibule contains the palm domain. The lower palm, finger, thumb, 

and wrist comprise the extracellular vestibule just above the membrane. The ion pore 

Figure 4. The ASIC1 Δ13-MitTx Complex Harbors an Open Pore with a Constriction 

Located below the Gate near the GAS Belt(A–C) (A) A section of an electrostatic potential 

of Δ13. Pore-lining surface down the 3-fold axis of the Δ13-MitTx (B) and the desensi-

tized state (C) structures illustrates the open and shut gates, respectively. The plots in (B) 

and (C) were generated using the HOLE software (pore radius: red < 1.15 Å < green < 2.3 

Å < purple).(D) Plot of radius as a function of longitudinal distance along the pore for 

Δ13-MitTx (red), Δ13-MitTx (amiloride, green), desensitized state (black), Δ13-PcTx1 

(high pH, dark blue), and Δ13-PcTx1 (low pH, light blue).(E) Close-up view of the pore 

domain. Only one TM2 domain is shown for clarity and is in ribbon representation. Resi-

dues lining the pore are shown as sticks. Reproduced with permission from [6]. 
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through the membrane is created by the TM1 and TM2 helices. Within TM2 are two key 

regions, the gate and the ‘‘(Gly/Ser)-X-Ser’’ or “GAS” selectivity filter [40]. It is this re-

gion that is responsible for the structural differences that differentiate between an open 

and closed channel (Figure 4).  

Ion channel opening is initiated by conformational shifts of the TM1 and TM2 do-

mains, resulting in a ~10Å opening of a “gate” above the selectivity filter (Figure 4). As 

the GAS’s main function is to allow Na+, Li+, and protons through, the GAS prevents all 

other larger cations and ions from entering the channel by maintaining a narrow opening. 

This is largely accomplished by the main chain carbonyl oxygen atoms from two glycine 

residues from each of the three subunits (six total glycine residues) forming two overlap-

ping triangles that form a hexagonal pore (Figure 5). Prior to availability of the ASIC1 

structure, many of these involved residues were previously identified, via biochemi-

cal/mutational studies performed on ENaCs and ASICs [6, 41-48]. A key to the selectiv-

ity created by the TM2 is a result of domain swapping in the near cytoplasmic region of 

TM2 (TM2b) with its symmetrically related neighboring subunit. This structural domain 

Figure 5. The GAS belt derived from the ASIC1 Δ13-MitTx complex in the pres-

ence of Na+, showing how the size of the selectivity filter contracts in the pres-

ence of Na+, as measured by the distance between Gly 443 carbonyl oxygen at-

oms (6.2 Å). Reproduced with permission from [6]. 
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shift only occurs in the open and desensitized states and not in any of the closed states. 

The GAS motif serves as a “peptide belt” around the waist of the TM domain. By main-

taining the right conformation, the GAS only allows the specified ions with the correct 

radii through the opening [6]. In the end this filter creates a pore of approximately 3.8Å, 

which is the approximate size of a hydrated Na+ ion.  

Thorough examination of ENaC’s pore requires a discussion of amiloride and its 

family of inhibitors. Amino acids in the TM2 extracellular region, or pre-TM2 (just 

above the selectivity filter) play a critical role in the inhibition of ENaC via amiloride 

Figure 6. Fenestrations Allow Cations and Amiloride Access to the Pore (A) View 

of ASIC1 Δ13-MitTx complex bound to amiloride or Cs+. The structures of the ami-

loride-soaked and the Cs+-soaked Δ13 were superimposed. One fenestration is high-

lighted by a solid teal line; Cs+ and amiloride are in sphere and sticks representation, 

respectively. Δ13 is shown in both surface (gray) and ribbon representation and col-

ored as red TM, yellow palm, orange β-ball, teal knuckle, purple finger and green 

thumb. (B) Close-up view of the fenestration. Residues near the Cs+ sites and ami-

loride are in sticks representation. Dashed lines indicate that interactions are medi-

ated by water. (C) View of Cs+ and amiloride sites from the extracellular side show-

ing how the two types of sites are near one another. The anomalous difference map 

showing Cs+ sites is contoured at 3.0 σ and shows one strong Cs+ site (5.0 σ) above 

amiloride and a weaker site (3.7 σ) near the guanidine group of amiloride. Repro-

duced with permission from [6]. 

 



 

12 

 

[49, 50]. In particular, mutation of serine 583 to cysteine in alpha rat ENaC (αrENaC), 

destabilizes the binding pocket of amiloride and the overall inhibition of ENaC is re-

duced. This observation was confirmed by the structure of ASIC1 containing bound ami-

loride at three positions along its three fold symmetry just above the selectivity filter 

(Figure 6). In the ASIC1 structure, amiloride enters the pore and forms hydrogen bonds 

and van der Walls interactions in the pre-TM2 region partially occluding the pore in the 

extracellular vestibule. It is thought once the amiloride molecules enter the pore, one of 

amilorides “dips” its amino group into the GAS region thereby blocking the pore.  

Regulation of Channel Activity 

Apical delivery 

An important strategy to understanding the context of expression and ultimately, 

activity is the pathway ENaC takes to reach the apical surface. Initially the α, β, and γ 

subunits are expressed and assembled in the endoplasmic reticulum (ER). ENaC is traf-

ficked to the trans-Golgi network (TGN) to undergo further post-translational processing. 

In particular, as αrENaC progresses through the TGN into a mature form, it is tagged 

with 6 different N-linked glycosylations signaling that it is ready for transport to the api-

cal membrane [51]. In addition to mature ENaC, there is a population of immature (with-

out N-linked glycans) ENaC that exist in cells [52]. Once various enzymes complete pro-

cessing membrane proteins in the TGN, there is a direct pathway to the apical membrane.  

However there are several other pathways ENaC can take on its way to the apical surface 

including apical recycling endosome (ARE), common recycling endosome (CRE), apical 

early endosome (AEE) (Figure 7) [10]. Along the way, there are several accessory pro-
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teins including protein kinase A (PKA) in conjunction with adenosine 3',5'-cyclic mono-

phosphate (cAMP), and syntaxin-1 and 3, all of which are involved in ENaC exocytosis 

[53, 54]. Once ENaC is transported out of the TNG, its localization to the surface is mod-

ulated by a combination of F-actin [55], GTPases, Rab proteins, and SNARE proteins 

[10, 56].  

Figure 7. Schematic diagram outlining steps in the apical delivery of proteins in epi-

thelial cells. There are a number of possible routes proteins can follow out of the 

Golgi to the apical surface depicted schematically by the arrows. Proteins can move 

directly from the Golgi, bypassing the trans-Golgi network (TGN) (arrow furthest 

right); traffic via lipid rafts (rafts); traffic directly from the TGN (yellow vesicle); or 

move into a recycling vesicle first. For apical membrane proteins, this typically in-

volves trafficking to the apical recycling endosome (ARE) but can involve reorgani-

zation from the basolateral surface (pink vesicles) to the common recycling endo-

some (CRE) before being directed to the apical surface. Finally SNARE proteins fa-

cilitate the docking and vesicle fusion events that facilitate protein delivery (see text 

for details). Abbreviations: AEE, apical early endosome; BEE, basolateral early en-

dosome; CRE, common recycling endosome. Reproduced from [10]. 
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Protease Activation of ENaC 

ENaC cleavage by serine proteases (SP) at specific Arg-X-X-Arg sites has been 

known for several decades and has been shown to be important in regulating the open 

probability (PO)/gating of ENaC [57]. The specificity of these cleavages sites was not 

known until Kleyman’s group identified the specific sites where the protease, furin, 

cleaves the extracellular domains near TM1 of α (twice) and γ (once) subunits [58]. 

Cleavage of these ENaC subunits at these particular sites is necessary to release an inhibi-

tory tract of amino acids. By mutating the Arg residues to Ala in the furin consensus se-

quence, it was observed via patch clamp experiments that the Na+ current displayed a 

90% decrease in oocytes expressing this mutant [58]. With multiple furin sites present in 

a fully assembled ENaC channel, removal of  furin sites in the α subunit inhibited ENaC 

activity by 85%, while there was only a small drop in current when removing the furin 

sites in the γ subunit [58]. Further evidence supporting the inhibitory effect of the re-

leased peptide is demonstrated by the fact that addition of peptide to an active channel in-

hibits the ENaC channel in an amiloride independent manner [59]. Therefore, the matura-

tion of these channels requires proper furin processing within the TGN [60, 61].  

Furin is not the only SP to activate ENaC. For example, addition of trypsin to the 

extracellular milieu activates ENaC by cleaving it at its furin sites [62]. In addition to 

trypsin, channel activating proteases (CAP) belonging to the glycosylphosphatidylinosi-

tol-anchored serine protease family can further activate ENaC [63]. These SP can in-

crease ENaC Na+ conduction by four- to sevenfold, predominantly by increasing the PO, 

without any significant change in the number of channels at the surface [64]. A particular 

CAP, prostasin (CAP1) has been shown to be important in the activation of the γENaC 
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subunit by cutting at a defined site distal from the furin cleavage site while on the surface 

of renal and respiratory epithelia [65, 66]. Other proteases include elastase [67, 68], 

CAP2 [69] and plasmin [70], all of which cleave the γENaC subunit at a similar site to 

prostasin. Uniquely, the protease matriptase (CAP3) activates ENaC via an unknown 

mechanism, but does not cleave any of the subunits [64].  

Proteolytic cleavage is an important event, enabling ENaC to attain full channel 

conducting properties. In addition to the existence of pools of unprocessed channels, 

Kleyman’s group first observed an important proteolytic regulatory process. When only 

expressing αrENaC in CHO cells there is no cleaved channel [71]. Without the other sub-

units (β and γ), α subunit does not undergo proteolytic processing and exists as a single 

band on an immunoblot. Therefore a combination of the β and γ ENaC subunits is re-

quired for the recruitment of proteases to cleave channels into an active state.  

Hormonal Regulation of ENaC 

Hormones play a critical role in the regulation of ENaC expression and overall ac-

tivity. There are two major pathways through which hormones regulate ENaC, aldoste-

rone and anti-diuretic hormone (ADH). The aldosterone pathway operates in the renal 

system to conserve salt and maintain water homeostasis. Periods of low blood pressure 

activates the release of renin, an enzyme, from the juxta-glomerular apparatus of the dis-

tal convoluted tubules of the nephron. Renin then cleaves the N-terminal α-2-globulin an-

giotensinogen, which makes the 10 amino acid peptide hormone angiotensin I. Angioten-

sin is further processed by angiotensin-converting enzyme into angiotensin II, stimulating 

the release of aldosterone from adrenal glands. Aldosterone binds to the mineralocorti-

coid receptor in the target cell, which dimerizes allowing it to translocate into the nucleus 
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to activate increased transcription of ENaC [72, 73]. Additionally aldosterone increases 

trafficking of ENaC, in particular by accelerating the expression αENaC [74]. During pe-

riods of low Na+ uptake, less αENaC is transcribed relative to the β and γ subunits. The 

excess β and γ subunits cannot form an active channel without the α subunit and as a re-

sult the β and γ subunits are eventually are degraded without reaching the surface [75]. 

Another hormone released during periods of low blood pressure is vasopressin or ADH 

from the hypothalamus. Free ADH binds to the V2 receptors in the basolateral membrane 

of the collecting tubules of the nephron, increasing the trafficking of the intracellular pool 

of ENaC via a cAMP dependent mechanism [76, 77]. 

Ubiquination and Surface Retention 

A major mechanism regulating ENaC activity is the removal of ENaC from the 

surface. ENaC endocytosis is largely mediated via a clathrin and caveolin pathway [78-

81]. While on the surface, the E3 ubiquitin ligase Nedd4-2 binds to the PPxY motifs of 

the C-terminus of ENaC ubiquinating ENaC’s N-terminus lysine residues [82-84]. The 

gain of function mutations in the PPxY motif such as Liddle’s syndrome, an inherited 

form of hypertension, can impair Nedd4-2 binding to ENaC and subsequently abolish 

ubiquitin-mediated channel removal [85]. Alternatively, aldosterone though serum and 

glucocorticoid kinase (SGK1), has been shown to phosphorylate Nedd4-2 reducing its ac-

tivity and thus increasing ENaC retention on the surface [86]. Once ubiquinated, ENaC is 

internalized by endocytosis and is either destined for degradation or deubiquitination by 

USP2-45 (deubiquitinated ENaC is recycled back to the surface) [87]. 
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Ion Regulation of ENaC 

As noted previously, ENaC is a constitutively active channel, however there is ev-

idence that different ion ligands can modify the extracellular domain such that epithelial 

Na+ transport is regulated. Subsequent to the determination of the ASIC1 structure [26], it 

has been known that Cl- ions are present at the interface between trimeric subunits. Cl- in-

hibition has been demonstrated to be pH dependent such that acidic pH increases ENaC 

inhibition and vice versa. By mutating the Cl- binding sites, the Cl- self inhibition is abol-

ished [88]. Similarly, it has been shown that Na+ can self-inhibit ENaC via two histidine 

residues in the extracellular region [89], and that acidic pH (protons) can reduce Na+ self-

inhibition in a dose-dependent manner [90]. Other divalent cations such as Zn2+ and Ni2+ 

have been shown to alter ENaC activity by binding to the extracellular domain [91, 92]  

Mechanical and Cytoskeletal Activity 

Due to its similarity to other mechanosensitive channels such as DEGs, both β 

and γ ENaC are found in non-epithelial tissues and can detect acute fluctuations in arte-

rial pressure [93, 94]. The exact mechanism for ENaC activation by a membrane stretch 

is unknown, but it is thought that the large extracellular domain may act as an antennae 

[95]. Likewise a sheer force of a membrane can induce ENaC activation and increase the 

PO [96]. These membrane rearrangements may transduce a signal through the cytoskele-

ton to αENaC’s C-terminal cytoplasmic domain and activate the channel [55]. This is fur-

ther supported by data showing the use of an actin filament disrupter or short actin fila-

ment, either of which can substantially increase ENaC PO [97].  
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Small Molecule Inhibitors 

Until the most recent structure of ASIC1 locked in the open state [6], the exact lo-

cation of the amiloride binding site was unknown. Several groups suggested it was a ste-

ric blocker of the pore due to its proximity to the GAS filter [7], while a others thought an 

extracellular binding site was responsible [98, 99]. Through computational modeling and 

docking experiments, the Benos’ group suggested that both sites were possibilities [100]. 

The ASIC1 open structure models showed two binding sites for amiloride (Figure 6). One 

site was contained within the pore slightly above the GAS filter, forming hydrogen bond 

and the second site is in the extracellular region forming cation-π interactions between 

the palm, finger, and thumb domains [6]. This secondary location might explain how 

amiloride paradoxically stimulates ASICs via an allosteric effect [101]. Amiloride along 

with two of its derivatives phenamil and benzamil have been used as inhibitors of ENaC 

albeit their therapeutic use has been quite limited (there is a new amiloride analog, 552-

02, currently in clinical trials) [102]. There are two other classes of direct ENaC inhibi-

tors currently under consideration as potential therapeutic drugs, Pyrazinoyl Quaternary 

Amines and GS-9411 as [103].  

Other Protein Interactions 

In addition to all the accessory proteins mentioned earlier, ENaC is a promiscuous 

protein known to bind and interact with many other proteins. When expressed with other 

ENaC and ASIC subunits, ENaC has been shown to be pulled down in a variety of ENaC 

and ASIC subunit combinations and exhibit novel electrophysiological characteristics 

[104]. Most notably, ENaC is known to bind and interact with another integral membrane 
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protein, cystic fibrosis transmembrane conductance regulator (CFTR) [105]. Under nor-

mal physiological conditions, CFTR has an inhibitory effect on ENaC, reducing ENaC Po 

[106]. CFTR containing the ΔF508 mutation, one of the most common mutations for 

cystic fibrosis patients, inhibits the ability of CFTR to protect ENaC from proteolysis 

[107]. Despite extensive information on their interactions, the exact mechanism of other 

proteins associating with ENaC is unknown [102]. 
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Abstract 

The epithelial sodium channel (ENaC), plays a critical role in maintaining Na+ 

homeostasis in various tissues throughout the body. Understanding of the ENaC structure 

has been developed from studies of the homologous acid sensing ion channel 1 (ASIC1). 

However, ENaC has several notable functional differences compared to ASIC1, thereby 

providing justification for determination of its three-dimensional structure. Unfortunately, 

this goal remains elusive due to several experimental challenges. Of the subunits that 

comprise a physiological hetero-trimeric αβγENaC, the α-subunit alone is of significant 

interest. Among the ENaC subunits, αENaC is unique in that it is capable of forming a 

homo-trimeric structure capable of conducting Na+ ions. Despite functional and structural 

interest in αENaC, a key factor preventing structural studies of αENaC is its interaction 

with actin amongst several other proteins which disrupts its homogeneity. In order to ad-

dress this issue, a novel protocol was used to reduce the number of proteins that associate 

and co-purify with αENaC and increase its homogeniety.  In the following we now report 

a novel expression system coupled with a two-step affinity purification using NiNTA, 

followed by a GFP antibody column as a rapid procedure that provides relatively pure rat 

αENaC. 

Introduction 

The epithelial sodium channel (ENaC) is a sodium ion channel in the ENaC/De-

generin (DEG) superfamily [1]. ENaCs are expressed throughout the body such as the 

bladder, kidney, brain, lung, endothelia, osteoblast, keratinocytes, taste cells, lympho-

cytes, and many more [2]. Physiologically, ENaC has been implicated in many different 

diseases and may be a therapeutic target in conditions such as acute respiratory distress 
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syndrome (ARDS), deafness, cystic fibrosis, gastroesophageal reflux disease, hyperten-

sion, inflammatory bowel disease, infertility, polycystic kidney disease, melanoma, gli-

oma, and many more [3]. Due to the many systems and diseases ENaC is specifically a 

player in, there is need for an ENaC structure to aid in its study. 

To date there is no high resolution structure of ENaC. However, there is a model 

of ENaC [4] based on the recently solved acid sensing ion channel 1 (cASIC1) [5-8]. De-

spite the overall low sequence identity of 17-20%, the extracellular domain of ENaC and 

cASIC1 exhibit 25% identity and 37% similarity [4]. Functionally ENaC and ASIC1 dif-

fer in several important ways. ENaC has self-inhibition domains of 26 residues which 

need to be cleaved by proteases in order to become an active channel, a feature which is 

not found in ASIC1 [9]. As the name suggest, ASIC1 is an acid sensing channel that is 

activated when the pH is dropped from 7.5 to 4-6[10], while ENaC is generally consid-

ered constitutively active[1].  Another aspect where ENaC and ASIC1 differ substantially 

is in the selectivity of Na+/K+, which in ASIC is ≤10, while ENaC is >500 [1]. This dif-

ference is based in the selectivity filter where ENaC is mostly permeable to small mono-

valent cations (Na+, Li+, H+), which is structurally near the basis of this superfamily’s 

sensitivity to the inhibitor amiloride [1, 7, 11]. ENaC sensitivity to amiloride is approxi-

mately 100x greater than ASIC1 [1]. These differences in activation and ion selectivity 

among others give credence to the pursuit of the ENaC structure.  

ENaC has been isolated from many cell types [3] and has been recombinantly ex-

pressed in different expression systems ranging from Xenopus laevis oocytes [12], Sac-

charomyces cerevisiae yeast[13], SF9 insect cells[14], rabbit reticulocyte cell extracts 

[15], MDCK [16], COS-7 [17], HEK293 [17], and CHO [18] cells. Members of the 
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ENaC superfamily are glycoproteins generally between 530-740 amino acids in size and 

consist of two transmembrane domains. The cytoplasmic domains are relatively small 

and are predicted to be unstructured by the secondary structure predictor program Jpred 

[19], while the extracellular region is a largely structured domain. Stoichiometrically, the 

arrangement of the ENaC superfamily has been under great debate. It has been known in 

particular that ENaC is a heteromeric channel consisting of at least three subunits desig-

nated α, β, and γ [20, 21]. There is another subunit, δ, which is functionally similar and 

interchangeable with the α subunit, however its physiological function is not clearly un-

derstood [22]. Initially the assembly of ENaC was thought to be a heterotetramer consist-

ing of two α’s, with a single β and γ subunit [23-25] which were subsequently followed 

by ENaC subunit arrangements ranging between 8-9 subunits [26-29].  However that de-

bate was essentially ended with the solving of the cASIC1 channel and the community as 

a whole has settled on the heterotrimeric channel [6]. In order to attain full activity, the 

co-expression of the three subunits α, β, and γ are needed [21]. On the amino acid level, 

α, β, and γ ENaC are ~30% identical [21], across species human and rat ENaC orthologs 

are ~85% identical. Despite the requirement for three α, β, and γ subunits for ENaC to at-

tain full activity, a homotrimeric αENaC channel is able to conduct sodium ions [15, 20]. 

Therefore for the sake of simplicity, a homotrimeric α channel was pursued in these 

structural studies. 

Methods 

Adherent Cell Culture and Adaption to Suspension Culture 

Human embryonic Kidney (HEK293) and Chinese hamster ovary (CHO) cells 

from American Type Culture Collection (ATCC) were cultured in DMEM-F12 with 10% 
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fetal bovine serum supplemented with penicillin, streptomycin, glutamine, and Fungizone 

Amphotericin B (all from Life Technologies, Grand Island, NY, USA) at manufacturer 

specified concentrations, as adherent monolayers in polystyrene tissue culture flasks 

(Corning, Corning, NY, USA). Cells were maintained in a CO2 incubator set at 37°C and 

5% CO2.  In order to adapt CHO cells to suspension cultures, fully confluent adherent 

cells in T75 flasks were trypsinized (Life Technologies, Grand Island, NY, USA), slowly 

spun down and resuspended in suspension media which consists of a 50:50 mixture of 

Hyclone CDM4HEK293 and CDM4CHO media (GE Healthcare, Logan, Utah, USA), 

supplemented at manufacture specified concentrations with penicillin, streptomycin, glu-

tamine, Fungizone Amphotericin B, Anti clumping agent, and L-Glutamine (Life Tech-

nologies, Grand Island, NY, USA). The cells were carefully monitored under a micro-

scope with fresh media added every 2-3 days in order to maintain cell density above 

5x105 cells/mL as determined by Cellometer Auto T4 Cell Counter (Nexcelom, Law-

rence, MA, USA). Once the volume of cells exceeded 30mL, the cells were transferred 

into roller bottle flasks (Thermo Fisher Scientific, Waltham, MA, USA) and placed on a 

low profile roller bottle apparatus (IBI Scientific, Peosta, IA, USA). All suspension cul-

tures were maintained in a CO2 incubator set at 37°C and 7% CO2.   

Construct Design 

Recombinant α rat ENaC (αrENaC) was produced in HEK293 and CHO cells us-

ing a tet-on gene expression system(TRE) [30] due to the toxicity of overexpressing a 

constitutively active sodium channel α ENaC. PCR amplified cDNA of the full length 

αENaC open reading frame was inserted into a HIV-1-based lentiviral vector containing 

LTR-Psi-RRE-cts/ppt-TRE upstream of the inserted αrENaC fused with a tobacco etch 
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virus (TEV) protease cleavage site of the following residues ENLYFQG [31], enhanced 

green fluorescent protein (eGFP)[32] contains an A206K mutation in order to remove di-

merization[33], and a 10x His-Tag, followed downstream by a Ubq-Puro-wpre-LTRΔU3 

element (Figure 1a). Some of the design features include: (1) an independently driven 

ubiquitin promoter (Ubq) to constitutively express puromycin resistance without having 

to express ENaC, (2) woodchuck hepatitis virus (wpre) to enhance protein expres-

sion[34], and (3) an eGFP fusion to monitor protein expression and location throughout 

the purification. The fidelity of the vector plus insert was verified by nucleotide sequenc-

ing. The vector was packaged and pseudotyped with the amphotropic VSV-G envelope 

glycoprotein as described previously [35, 36].  Full length αrENaC is 78.9 kD and eGFP 

26.9kD with the total construct expressed as approximately 108kD.  

Infecting and Small Scale Expression of αrENaC 

Packaged lentiviruses were infected into either adherent HEK293 or CHO cells. 

Due to the constitutively expressed puromycin resistance, puromycin 1ug/mL, was added 

to the culture 2 days later for cell selection. An aliquot of cells were induced in a T75 

flask with doxycycline (DOX) 2ug/mL to observe the αrENaC-eGFP expression under a 

fluorescence microscope. Once αrENaC expression was confirmed, the cells were 

adapted to suspension culture.  

Large Scale Bioreactor Expression   

CHO cells were continuously cultured in roller bottles to maintain a density be-

tween 1-5x106 cells/mL and ~97% viability as determined by trypan blue staining. Once 

suspension cell culture volume exceeded 2L with at least a total of 8 billion cells, the sus-
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pension culture was diluted with 2L of media to ~2x106 cells/mL and added to a pre-cali-

brated CelliGen 310 bioreactor (Eppendorf, New Brunswick, NJ, USA) with a 14L sterile 

glass vessel with a temperature, pH, and dissolved oxygen probe fed with compressed O2, 

N2, CO2, and air as well as a 10%(w:v) sodium bicarbonate solution. During the entire 

time the culture was in the bioreactor, the temperature, pH, and dissolved oxygen (DO) 

was continuously monitored in order to maintain the temperature at 37°C, the pH at 7.2, 

and the DO concentration at 50%. Both pH and DO concentrations were independently 

verified with pH strips and a DO meter daily (Mettler Toledo, Columbus, OH, USA). 

Cell density, size, and viability was monitored with the Cellometer using trypan blue. 

Once the cells reached ~4x106 cells/mL, an additional 4L of media was added. Again, 

once the cells reached ~4x106 cells/mL, an additional 2L of media was added. Finally, 

once the cells reached ~6x106 cells/mL, the glucose concentration was measured with a 

GluCell glucose meter (CESCO Bioengineering, Taichung, Taiwan, R.O.C.) and 500mL 

of media was added and supplemented with the following to give final concentrations, 

2ug/mL doxycycline and glucose 500mg/dL. The cells were induced for 20-24 hours with 

a small aliquot taken to monitor eGFP expression. At the end of the bioreactor run, the 

cells were pelleted in a centrifuge at 1000xg. From a ~10.5L bioreactor run, yields were 

approximately ~6x107 cells or ~150g pellet. Throughout this entire growth period, cell 

size was monitored and varied between 13-15µm. 

Solubilization of αrENaC from whole CHO Cells 

Pelleted cells were resuspended in 5-6mL/g of solubization buffer (20 mM Tris 

(pH 8), 300 mM NaCl, 5% glycerol) supplemented with 0.5x Roche Complete Protease 

Inhibitor Cocktail (Roche Diagnostics, Indianapolis, IN, USA) and a final concentration 
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of 1% (w:v) of n-Dodecyl β-D-maltoside (DDM) (Anatrace, Maumee, OH, USA) and 

placed on a stirrer for 1hr at 4C. If the solution changed viscosity during the solubiliza-

tion, it was because DNA was released from the nucleus and 20 µg/ml DNase-I (Sigma-

Aldrich, St. Louis, MO, USA) was added and the solution was sonicated with a sonic dis-

membrator (Thermo Fisher Scientific, Waltham, MA, USA) until no longer viscous. The 

solubilized αrENaC solution was centrifuged at 100,000g for 1hr at 4C. A sample was 

collected for future analysis.  

Isolation of CHO Cell Membranes and Solubilization of αrENaC 

Pelleted cells were resuspended in 5-6mL/g of hypotonic buffer (10mM HEPES 

(pH 7.2), 1mM EDTA), supplemented with 0.5x Roche Complete Protease Inhibitor 

Cocktail and placed in a pre-chilled N2 cell disrupter (Parr Instruments, Moline, Illinois, 

USA). N2 gas was added to a final pressure of 1000psi and allowed to sit at 4C for 20 

minutes on a stirrer before releasing the pressure. The resulting solution was supple-

mented with sucrose to a final concentration of 250mM and placed back in the N2 cell 

disrupter on a stirrer for 5 minutes before releasing the pressure. To ensure proper break-

age, the lysed cells were stained with trypan blue and observed under a microscope. The 

subsequent lysate was centrifuged at 1000g for 10 minutes to pellet unbroken cells and 

organelles. In order to pellet the membrane, the supernatant was centrifuged at 100,000g 

for 1hr at 4C. The resulting membrane pellets were resuspended with a dounce homoge-

nizer in a high salt wash buffer (20 mM Tris (pH 8), 500 mM NaCl) and 0.5x Roche 

Complete Protease Inhibitor Cocktail and was centrifuged at 100,000g for 1hr at 4C. The 

pellets were collected and stored in a -80C freezer. The membrane pellets were resus-
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pended with a dounce homogenizer at 10mL/g in solubization buffer and a final concen-

tration of 1% (w:v) of DDM and placed on a stirrer for 1hr at 4C. The solubilized mem-

branes were centrifuged at 100,000g for 1hr at 4C. Samples were collected for future 

analysis. 

Purification of αrENaC 

After centrifugation, the lysate was mixed with pre-equilibrated NiNTA resin (Qi-

agen, Venlo, Limburg, Germany) with solubilization buffer supplemented with a final 

concentration of 60mM imidazole and batch bound for 4-16hrs. Next, the resin was 

loaded onto a low pressure chromatography column and attached to an AKTA FPLC sys-

tem (GE Healthcare, Piscataway, NJ, USA). The beads were thoroughly washed with 10 

column volumes of wash buffer (20 mM Tris (pH 8), 150 mM NaCl, 75mM imidazole, 

and 1mM DDM), and eluted with 4 column volumes of elution buffer (20 mM Tris (pH 

8), 150 mM NaCl, 1M imidazole, and 1mM DDM). Samples that were positive for αrE-

NaC via SDS PAGE under GFP fluorescence were collected and batch bound onto pre-

equilibrated GFP antibody (ab) resin with cleavage buffer (20 mM Tris (pH 8), 150mM 

NaCl, and 1mM DDM), overnight. Subsequently, the GFP ab column was washed with a 

high salt wash buffer twice (20 mM Tris (pH 8), 1M NaCl, and 1mM DDM). To elute αr-

ENaC from the GFP ab column, an on-column cleavage was conducted in cleavage 

buffer, supplemented with 1:10 (w:w) TEV to αrENaC (estimated via UV extinction co-

efficient), and rocked overnight at 4°C. Additionally PNGase F (NEB, Ipswich, MA, 

USA) can be added to the cleavage buffer with TEV to cleave the N-linked glycosyla-

tions. The GFP ab resin elution was ran over NiNTA resin pre-equilibrated with cleavage 

buffer to remove TEV and any free His-tag proteins, collected and concentrated and run 
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over a Yarra S-3000 size exclusion chromatography column (Phenomenex, Torrance, 

CA, USA) on an AKTA.  Samples were collected at each step for future analysis.  

SDS PAGE with Coomassie Staining and Western blot 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE) gels 

were either 7.5% hand poured gels or 4-20% gradient Mini-PROTEAN TGX gels (Bio-

Rad, Hercules, CA, USA). EZ-run protein markers (Thermo Fisher Scientific, Waltham, 

MA, USA) was used for calibration and gels were stained with GelCode Coomassie 

(Thermo Fisher Scientific, Waltham, MA, USA). For western blots, a GFP monoclonal 

mouse antibody  (Abgent, San Diego, CA, USA) or a penta-His HRP conjugated anti-

body (Qiagen, Venlo, Limburg, Germany) were used. In addition an αrENaC polyclonal 

antibody was created from residues 79-101 (sequence 

NLMKGNREEQGLGPEPAAPQQPTC) of human alpha ENaC centering around the N-

terminal cytoplasmic edge of the first transmembrane domain. Secondary antimouse and 

antirabbit antibodies were HRP conjugated (Southern Biotech, Birmingham, AL, USA). 

Enhanced chemiluminescence (ECL) was detected either using x-ray film, or on a 

G:BOX Chemi XT4 (Syngene, Frederick, MD, USA) imager. Additionally eGFP was de-

tected in SDS PAGE gels using the G:BOX fitted with eGFP filters.    

TEV Expression and Purification 

A pET based plasmid containing TEV and a 6x His-Tag was expressed in E. coli 

and purified after a NiNTA column followed by a Superdex 75 column. TEV protease 

was concentrated to ~0.7mg/mL and stored as single use aliquots at -80C.  
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GFP Antibody Production and Immobilizing onto Resin 

A monoclonal GFP antibody was generated at UAB. B-cells were grown in serum 

free media and purified with protein G resin (GE Healthcare, Piscataway, NJ, USA). Ap-

proximate final purified GFP antibody yield was about 1mg/dL of media. Purified GFP 

antibody was bound to the free carbonyl group of Actigel ALD (Stereogene, Carlsbad, 

CA, USA). GFP antibody resin was stored in 20% ethanol at 4C.  

Screening with Fluorescence Size Exclusion Chromatography 

The fluorescence size exclusion chromatography (FSEC) setup was a modified 

version of what was previously reported by Gouaux’s group [37]. A Superose 6 or Super-

dex 200 10/30 SEC column (GE Healthcare, Piscataway, NJ, USA) was attached to a 

1260 Infinity fluorescence detector FPLC (Agilent Technologies, Santa Clara, CA, USA) 

and equilibrated with 50mM Tris (pH 7.5), 200mM NaCl, 0.1% NaN3, and 0.03% DDM. 

Samples were filtered with a 0.1µM Anotop syringe filter (GE Healthcare, Piscataway, 

NJ, USA) before loading onto the FSEC. The SEC column was calibrated with various 

fluorescent conjugated proteins and a high molecular weight calibration kit (GE 

Healthcare, Piscataway, NJ, USA) to develop a standard molecular weight curve.  

Patch Clamp Recordings of αrENaC 

Whole-cell current recordings were obtained using conventional methodology at 

room temperature from cells mounted on a flow through chamber on the stage of a Leica 

DM IRB inverted microscope (Leica Microsystems, Heidelberg, Germany). Currents are 

obtained using an Axopatch 200B patch clamp amplifier (Axon Instruments, Molecular 

Devices, USA) with voltage commands and data acquisition was controlled by Clampex 

software (pClamp 10, Axon Instruments) and digitized (Digidata 1440A interface, Axon 
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Instruments). Data will be analyzed using Clampfit software (pClamp 10). Pipette solu-

tions contained (in mM) 130 KCl, 10 EGTA, 5 Na2ATP, 1 MgCl2, 1 CaCl2 10 HEPES 

(pH 7.2 KCl/HCl). Bath solutions contained 140 NaCl, 4.0 KCl, 1.8 CaCl2, 1.0 MgCl2, 

10 glucose, and 10 HEPES, pH 7.4 (NaCl/HCl). Appropriate vehicle controls were per-

formed. 

Results 

Expression of αrENaC     

Many different constructs were designed and tested to optimize αrENaC expres-

sion and purification. A problem with many of the earlier constructs was that the binding 

affinity of the His-Tag was quite weak (Supplemental Figure 1a). We suspected that the 

high detergent concentration occluded/buried the His-Tag in the detergent micelle pre-

venting it from interacting with the NiNTA in the protein-detergent complex [38]. There-

fore constructs were designed to sequester the His-Tag from the detergent micelle. Sev-

eral constructs were made including using eGFP as the sequestering agent. Initially eGFP 

with a 10x His-Tag was placed on either the N or C-terminal region of αrENaC, however 

constructs with eGFP (in SF9 cells) or a SUMO-Tag on the N-terminal were not properly 

expressed and solubilized with DDM. Instead when eGFP was placed on the C-terminal, 

αrENaC was expressed and solubilized with DDM (Supplemental Figure 1b). Addition-

ally, while testing for the initial NiNTA purification step, it should be noted that when a 

sufficient amount of NiNTA resin was used, nearly all solubilized αrENaC bound to the 

NiNTA and virtually nothing remained in the NiNTA flow through (Supplemental Figure 

1a). This is in contrast with previous construct designs where the majority of the solubil-

ized αrENaC remained in the NiNTA flow through. After many construct iterations, 
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which also included decoupling the puromycin resistance from the expression of αrE-

NaC, the final construct used is shown in Figure 1a.  

Initially much of the early work of αrENaC expression was performed in HEK293 

cells, including demonstrating that the final construct was physiologically active in patch 

clamp experiments (Supplemental Figure 2a). As shown in figure S2a, the observed Na+ 

current was sensitive to amiloride. When not induced to express αrENaC, the HEK293 

cells grew well as adherent cultures. However when the scale up protocol required adapt-

ing the adherent cells to suspension cultures, two problems occurred. First when adapted 

as a suspension culture, much of the αrENaC expressed could not be solubilized from the 

plasma membrane (Supplemental Figure 2b). Additionally, what did get solubilized was 

mostly a monomeric protein (αrENaC 108kD plus ~20kD for glycosylation and 70kD for 

DDM[39] for a total of 178kD). These results seems to suggest most of the αrENaC pro-

duced was an insoluble (by DDM) aggregate. Another issue was that adapted HEK293 

suspension cells were not healthy. Viability was approximately 50-70% at the start of the 

suspension adaption, but the majority of these cells would die in the subsequent weeks. 

As can be seen in Supplemental Figure 2c, HEK293 suspension cells induced to express 

αrENaC are sickly looking as determined by trypan blue staining (data not shown) as 

well as surrounded by cellular debris. After testing several other expression systems (in-

cluding SF9 insect cells), it was determined that CHO cells were much better suited to 

expressing αrENaC. Figure 1b shows αrENaC expression in induced suspension CHO 

cells. The viability of these cells are >98% as determined with trypan blue staining. The 

differences between the expression αrENaC in HEK293 and CHO cells can be seen in the 

FSEC traces between the two expression systems (Supplemental Figure 2d).  
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αrENaC Detergent Screen 

Detergent is the main mechanism used to isolate and therefore purify membrane 

proteins from their lipid bilayer environment. Often in the process of solubilizing the 

membrane protein with a detergent can cause the protein itself to unfold or even denature. 

Utilizing a list of candidate detergents developed by Wiener [40], 70 different detergents 

were tested on adherent HEK293 cells for their ability to extract αrENaC. SDS PAGE 

gels were run on the pellet and supernatant of the solubilized cells and were analyzed by 

immunoblots blot (data not shown). Of those 70 detergents, 9 were determined to extract 

αrENaC from HEK293 adherent cells (Supplemental Table 1) and they were further ana-

lyzed via FSEC to measure protein retention time on the column which is proportional to 

the molecular weight of the complex. Of the 9 detergents tested, several detergents main-

tained αrENaC as a trimer and/or a monomer on the FSEC as determined by a previously 

determined calibration curve. αrENaC with GFP fusion and glycosylations is approxi-

mately a 130kD monomer (as determined with markers on a SDS-paged gel) or 390kD 

trimer plus a 70kD detergent micelle. Of all the detergents tried, one of the best deter-

gents was DDM. The FSEC chromatogram of αrENaC is shown in Figure 2a. It should be 

noted that only peaks around the 28, 31, and 36 minutes have fluorescent eGFP proteins, 

while all the other peaks contain fluorescence that does not correspond to eGFP, but in-

stead corresponds to the intrinsic fluorescence of solubilized CHO cells (Figure 2b) as 

shown in the control. Future FSEC chromatograms will focus on the subset of the FSEC 

run that focuses on the region of eGFP fluorescence.  
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Different Cell Lysis Techniques Can Affect Protein Stability  

One point that should be considered when dealing with membrane proteins is the 

effects of the lysis process on protein stability. There exist many different techniques to 

lyse mammalian cells including sonication, exposure of cells to high detergent concentra-

tions, and nitrogen decompression. To varying degrees all the techniques have worked in 

lysing cells, but more importantly, the resulting condition of αrENaC is different. The 

key aspect to observe in Figure 3 is with the whole cell sonicated and solubilized curve 

(blue). Notice how the appearance of the peak around 36 minutes is larger than the whole 

cell solubilized (red). In turn, the isolated membranes and solubilized sample has the 

smallest 36 minute peak (orange). This 36 minute peak corresponds to free eGFP (Figure 

2b). Sonication by comparison is a harsh technique in lysing cells and seems to increase 

the chance of breaking the peptide bond between αrENaC and eGFP, however the pro-

cess of solubilizing whole cells on a stirrer is not as gentle as expected. Of the three tech-

niques investigated, the nitrogen decompression is the gentlest lysis technique that is the 

least likely to destabilize proteins.  

Total cells αrENaC vs Isolated Membrane αrENaC 

After lysing cells to purify the membrane protein, there exists the option to either 

isolate membranes and then solubilize the isolated membrane proteins with detergent, or 

to directly add detergent to the lysed cells and solubilize everything. The latter protocol is 

much simpler and quicker, but at the expense of using more detergent. However, the pro-

cess of isolating membranes is a time consuming, but valuable step in the purification of 

αrENaC. Figure 3 compares nitrogen decompression solubilized αrENaC from isolated 

membranes (orange) to the solubilized αrENaC from whole cell lysate (blue and red). 
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There are two distinct populations of αrENaC in the whole cell lysate solubilization solu-

tion (regardless of sonication) centering on the 27.7 minute and 31.1 minute peaks, while 

in the nitrogen decompression solubilized isolated membranes, there is a large single 

peak around 29.7 minutes. According to our calibrated curve 29.7 minute peak is approx-

imately 300kD. This size is neither a monomer nor a trimer, but may be something in be-

tween. Also it must be noted that with the nitrogen decompression solubilized isolated 

membrane there is a smaller hump before the 29.7 peak centering around 27.5 minutes.      

Salt Anions Can Affect αrENaC Stoichiometric Arrangement 

It has been known since the earliest days[41] that the choice of salt anions and 

cations have an effect on protein stability. As shown in Figure 4, FSEC runs were con-

ducted with different sodium based salts. Following a Hofmeister anion series Cl-> Br-

>ClO3
->I->NO3

-, different anions were used with Na+ where the progression of the anions 

increases a protein’s propensity to denature and therefore reduces protein stability [42]. 

Only NaBr is shown as the FSEC chromatographic traces of NaClO3, NaI, and NaNO3 

were almost identical. How this manifests itself stoichiometrically is that with NaCl there 

are two species of protein, one centering on the 27.7 minute peak and one on the 31.1 mi-

nute peak, however starting with Br-, the 27.7 minute peak starts to disappear and the 

31.1 minute becomes sharper. The 31.1 minute peak corresponds to an approximate mon-

omer, which based on the definition of an active ENaC channel that only a trimer should 

be capable of conducting sodium ions, likely is nonfunctional. Additionally notice the ap-

pearance of a 36 minute peak corresponding to eGFP. Trading Cl- for other anions such 

as Br- allows αrENaC to become more homogenous at the expense of the potential for-

mation of functional channel. Another possibility is that ever since the first structure of 
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ASIC1 was discovered, there has been a Cl- ion in the binding interface of the subunits 

[5]. It might be that the replacement of Cl- with any other anion (especially larger anions) 

might disrupt the inter-subunit packing. It has been shown that the activity of αβγENaC is 

affected by the use of different anions [43].         

Purification of αrENaC 

One of the fundamental problems of purifying αrENaC is its propensity to bind to 

many different proteins both in functional and non-functional ways. When purifying αrE-

NaC in NaCl the number of proteins that are in the NiNTA elution after a thorough high 

imidazole wash (75mM) are numerous (Figure 5a). It must be noted that having the 10x 

His-Tag on the C-terminal domain of eGFP yielded a tightly binding interaction between 

the His-Tag and NiNTA. Imidazole concentrations as high as 100mM can be used in the 

binding buffer and a majority of αrENaC still binds to the NiNTA (data not shown). 

Likewise, in the elution process, 500mM imidazole was not enough to completely re-

move αrENaC from NiNTA and instead required a 1M imidazole elution. A key change 

in the NiNTA elution purity occurred when the replacing NaCl with NaBr in the buffers. 

When using NaBr, the elution off the NiNTA was significantly more pure yielding only 

two major bands on the Coomassie gel as opposed to the numerous bands that can be 

seen with NaCl (Figure 5a). On the NaBr NiNTA elution, the top band is αrENaC, while 

the bottom band is actin, which were independently confirmed by mass spectrometry. 

Figure 5b utilizes the eGFP of the αrENaC fusion protein to monitor αrENaC in an SDS 

PAGE gel on a fluorescence imager. This figure shows that the TEV cleavage site was 

accessible to the TEV protease and could be cleaved. Also it shows that αrENaC has pro-

gressed through the trans-Golgi network, which allows it to be properly glycosylated, 
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which is known to occur at six sites [44]. As shown in Figure 5B, this glycosylation and 

can be cleaved by PNGase F. In addition to actin, there were many other proteins albeit in 

smaller quantities that necessitated additional purification steps. After developing a GFP 

antibody resin, the NiNTA elution was placed on the GFP ab resin column and washed 

with a high salt wash. This salt wash helped remove many of the contaminating proteins 

including actin. However eluting αrENaC off the column was problematic. Both antibody 

specific peptides and low pH 3 washes did not elute αrENaC off the column. Instead an 

on-column cleavage with TEV successfully eluted αrENaC. Figure 5c shows a Coo-

massie gel and western blot using an alpha ENaC antibody after NiNTA to clean up the 

TEV protease and a final SEC (Yarra S-3000) step. Our purification of αrENaC ulti-

mately produced ~0.5mg of αrENaC as estimated by extinction coefficient from a 150g 

pellet of CHO cells.      

Discussion 

The expression of ENaC subunits and fully active channels has been done many 

times before in many different species. In spite of this no one has published a protocol ca-

pable of expressing milligrams of ENaC for crystallographic or any other structural anal-

ysis. The traditional high producing systems such as SF9 insect cells and E. coli failed to 

express folded full length soluble αrENaC in our experience (data not shown, SF9 cells 

did express αrENaC in our laboratory and by another group [14], but it was a high molec-

ular weight aggregate as determined by FSEC). It is only by utilizing our own unique ex-

pression system that we were able to produce αrENaC of approximately the correct size 

in both HEK293 and CHO cell lines. However it was only in CHO cells we were able to 

scale up culture size.  
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One of the characteristics of a fully active ENaC channel is the proteolytic pro-

cessing that occurs in the trans-Golgi network by furin and on the surface of the mem-

brane by the serine protease family of channel activating proteases (CAPs) [45]. It is with 

these cleavages that αrENaC is able to attain full activity. In αrENaC, there are two 

cleavage sites for furin, a protease in the Golgi, which releases an inhibitory tract of 

amino acids (Asp-206 - Arg-231). Adding back the peptide inhibits an active αrENaC 

channel in an amiloride independent manner [46]. One particular feature of the αrENaC 

purified here is the distinct lack of proteolytically cleaved channels (Figure 5b and 5c). 

With that being said, there is a small species of αrENaC in the eGFP fluorescence gel 

(Figure 5b) that is the result of some low occurrence cleavage events, however we do not 

know if that was as a result of degradation, furin, or a CAP. If αrENaC were to be 

cleaved with furin, there would be two specific bands on a reduced SDS PAGE, a large 

C-terminal domain of about 52.1kD and a smaller N-terminal domain about 23.9kD. 

There are several disulfide bonds that can maintain the connection between the N- and C-

terminal domains [47]. In Figure 5c, the western blot to the N-terminal domain of alpha 

ENaC only shows a single band at the full length 78.9kD (no 23.9kD band is visible). 

This result confirms what Kleyman et al. observed when only expressing αrENaC alone 

in CHO cells [18]. Without the other subunits (β and γ), the α subunit does not get proteo-

lytically processed and exists as a single species on a gel. 

In order to see physiologically active ENaC channels, αβγENaC need to be ex-

pressed together, but due to the differential processing of the channels by proteases, it has 

been shown that the sample will not be homogenous [18]. Additionally, by using buffers 

containing NaCl, we show a large species of homotrimeric channels, but we also see a 
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large amount of monomer channel. In our purification, we made a decision to pursue a 

homogenous sample at the expense of activity. Instead of expressing αβγENaC for a 

physiologically relevant channel, we expressed only αENaC in order to get uniformly 

processed channels. In addition, instead of using NaCl based buffers to maintain a tri-

meric channel, we use a NaBr based buffer in order to disassociate the ENaC timer in or-

der to get pure monomer ENaC subunits. Furthermore, instead of isolating all expressed 

ENaC, we isolated just the membrane expressed fraction in order to obtain a single stoi-

chiometric species. At each step, we have actively made decisions to select for a uni-

formly processed monomer subunit in an attempt to purify as homogenous a protein sam-

ple as possible at the expense of function. In order to do a wide range of structural stud-

ies, such as crystallography, differential scanning calorimetry, light scattering, etc., hav-

ing a homogenous sample especially for crystallography is extremely important [48]. The 

question is, if we have pure channel subunits, can we reconstitute a channel? Once ho-

mogenous channel is formed, it might be possible to restore partial function with the use 

of trypsin[45].  Another possible future strategy as a compromise between crystallizabil-

ity and function, would be pursuing an αβγENaC channel with the furin sites and inhibi-

tory tracts removed from the α [49] and γ [50] subunits. However, as a first step towards 

our overall goal of obtaining a high resolution structure, we now have a protocol to ex-

press nearly homogenous milligram quanties of αrENaC.   
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Figures and Tables 

 

Figure 1. αrENaC Construct Design and Expression 

(a) Overall construct design that was packaged into the lentiviral head for infection. Long 

terminal repeats (LTR) flank the gene in order to insert our construct into the host ge-

nome. On the 3’ LTR there is a U3 domain deletion to remove RNA polyadenylation[51]. 

Ψ is a viral packaging signal. Rev response element (RRE) is a signal to export from the 

nucleus to the cytoplasm. The polypurine tract (PPT) and the central termination se-

quence (CTS) mediate nuclear import[52]. TRE is the tetracycline response element pro-

moter used to induce our gene expression in response to doxycycline. αrENaC is fused to 

TEV, GFP, and a 10x His-Tag. Ubq is a constitutively active promoter from the expres-

sion of ubiquitin, used to drive the expression of the puromycin resistance gene, which is 

our selection marker. Woodchuck hepatitis virus (wpre) is inserted to enhance protein ex-

pression[34]. (b) Image of dox induced αrENaC expression in suspension CHO cells with 

a Zeiss Laser Scanning 710 Confocal Microscope with a bright field image overlaid with 

an eGFP image.   
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Figure 2. αrENaC solubilization with DDM 

(a)Whole suspension CHO cell sonicated lysates were solubilized with DDM and were 

injected on a FSEC running a Superose 6 10/30 column (blue). Additionally a control 
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was run with whole suspension CHO cell sonicated lysate without the infection of any 

GFP contain virus (grey). Fractions corresponding to the color bars below the FSEC 

peaks were run on SDS PAGE and analyzed for eGFP fluorescence with the Syngene 

G:BOX Chemi XT4(b). The size markers on the FSEC chromatogram correspond to run-

ning the following purified protein samples to observe retention time on the column: Blue 

Dextran (2000kD), Thyroglobulin (669kD), Ferritin (440kD), R-phycoerytherin (240kD), 

Fluoroscene Fab (100kD), and Free-GFP (28kD). The S on the SDS PAGE represents the 

solubilized lysates injected into the FSEC. 

  

 

Figure 3. FSEC of Differential Cell Lysis and Solubilization of αrENaC with DDM 

FSEC running a Superose 6 10/30 column injected with the whole suspension CHO cell 

sonicated and solubilized αrENaC with DDM (blue), whole suspension CHO cell solubil-

ized αrENaC with DDM on a stirrer (red), and isolated CHO cell membrane using nitro-

gen decompression and solubilized αrENaC with DDM (orange).  
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Figure 4. Salt Anions and αrENaC Stoichiometry 

FSEC running a Superose 6 10/30 column injected with the whole suspension CHO cell 

sonicated and solubilized αrENaC with DDM using a NaCl based buffer (blue) and a 

NaBr based buffer (purple). 

 

 

Figure 5. αrENaC Purification 

(a) 4-20% gradient SDS PAGE stained with Coomassie after concentrating the NiNTA 

elutions with NaCl based buffers on the left and a 7.5% SDS PAGE stained with Coo-

massie after concentrating the NiNTA elutions with NaBr based buffers on the right. On 

the NaBr gel, both αrENaC and actin were verified via mass spectrometry on the cut gel 
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bands. The gels were imaged on a desktop scanner. (b) Concentrated NiNTA elutions 

were digested with PNGase, TEV, or both were run on a 7.5% SDS PAGE stained with 

Coomassie on the left. The Coomassie stained gel was imaged with an Li-Cor Odyssey 

imaging system which reads the infrared signal from Coomassie and the eGFP fluores-

cence was imaged with a Syngene G:BOX Chemi XT4 with the eGFP filters. (c) αrENaC 

after all purification steps including the GFP antibody column and SEC was run on a 4-

20% gradient SDS PAGE and stained with Coomassie (left) or run on a western probed 

with an anti-αENaC ab using ECL on the Syngene G:BOX Chemi XT4 (right). 

 

 

Supplemental Figure 1. αrENaC Construct Iterations 

(a) Binding whole adherent HEK293 cell solubilized αrENaC with DDM on a stirrer (S) 

onto NiNTA resin and observing what did not bind in the flow through (Ft). Analyzed by 

a 7.5% SDS PAGE western probing with the anti-his ab for the initial constructs without 

eGFP (left) and with the anti-GFP ab for the C-terminal GFP construct (right) using ECL 

on film. (b) Testing the solubility αrENaC in DDM with whole adherent HEK293 cell on 

a stirrer by testing the placement of the eGFP on the C- or N- terminal with a 7.5% SDS 

PAGE western probing with anti-GFP using ECL on film.  
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Supplemental Figure 2. αrENaC Construct in Mammalian Cells 

(a) Representative current-voltage relationship for a HEK293 cell transfected with αrE-

NaC (construct D282) in the presence (red circles) and absence (black squares) of 10 µM 

amiloride. In five experiments amiloride application resulted in a mean inhibition of 

whole cell current by 18.3 ± 4.3 %. Inhibition of whole cell currents by amiloride was not 

observed in control experiments. (b) FSEC running a Superdex 200 10/30 column in-

jected with whole HEK293 cell solubilized membrane with DDM on a stirrer of either 

adherent (light green), adapted to suspension (dark green), or uninfected suspension 

HEK293 cells (gray). Fractions were collected at the FSEC peaks corresponding to 20.6 

and 25 minutes. Those fractions were run on a 7.5% SDS PAGE gel western probed with 

anti-His. The blot was visualized with ECL on x-ray film. (c) Image of dox induced αrE-

NaC expression in suspension HEK293 cells with a Zeiss Laser Scanning 710 Confocal 

Microscope with a bright field image overlaid with an eGFP image. (d) FSEC running on 

a Superdex 200 10/30 column injected with suspension CHO (blue) or HEK293 (dark 

green) whole cell solubilized membranes with DDM on a stirrer, or uninfected adherent 

HEK293 cells with DDM on a stirrer (gray). 
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Detergent MW Class CMC (mM) Trimer 

NP-40 650 Non-Ionic 0.3 Yes 

CHAPS 614.9 Zwitterionic 8 Yes 

n-Tetradecyl-β-D-maltropyranoside 538.6 Non-Ionic 0.01 Yes 

n-Dodecyl-β-D-maltropyranoside 510.6 Non-Ionic 0.17 Yes 

CYMAL-7 522.5 Non-Ionic 0.19 Yes 

Sucrose monododecanoate 524.61 Non-Ionic 0.3 Yes 

n-Undecyl-α-D-maltropyranoside 496.6 Non-Ionic 0.58 No 

n-Undecyl-β-D-maltropyranoside 496.6 Non-Ionic 0.59 Yes 

n-Dodecyl-N,N-dimethlamine-N-oxide 229.41 Zwitterionic 1 Yes 

 
 

Supplemental Table 1. List of Detergents that Solubilize αrENaC
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Abstract 

The crystallographic structure of Mycobacterium tuberculosis (TB) protein 

Rv3902c (176 residues; molecular mass of 19.8kDa) was determined at 1.55 Å resolu-

tion. The function of Rv3902c is unknown though several TB genes involved with bacte-

rial pathogenesis are expressed from the operon containing the Rv3902c gene. Rv3902c’s 

unique structural fold contains two domains, each consisting of anti-parallel β-sheets and 

α-helices creating a hand-like binding motif with a small binding pocket in the palm. 

Structural homology searches reveal that Rv3902c has an overall structure similar to that 

of the Salmonella virulence factor chaperone, InvB, with an RMSD for Ca atoms of 2.3 Å 

along an aligned domain. 

Introduction  

Mycobacterium tuberculosis (TB) is an aerobic acid-fast Gram-positive bacte-

rium. A waxy coating on the cell surface of the TB organism makes it exceedingly re-

sistant to host defense mechanisms, particularly when present in the alveoli of lung tis-

sue. Despite the wide use of antibiotics and attenuated vaccines, TB is one of the leading 

causes of death from bacterial infections, killing an estimated 1.3 million people each 

year[1]. Today the occurrence of multidrug-resistant tuberculosis (MDR-TB) and exten-

sively drug-resistant (XRD-TB) are becoming more prevalent in both developing and in-

dustrialized nations, and has been reported in 84 countries [1]. There is a vital need for 

new vaccines and small molecule therapeutics to combat these drug resistant strains of 

TB. In 1998 researchers sequenced the complete genome of TB and revealed approxi-

mately 4000 genes [2], which was followed by the establishment of the TB Structural Ge-

nomics Consortium under the NIH Protein Structure Initiative in 2000. The TB Structural 
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Genomics Consortium was established in an effort to expedite the structure determination 

of all TB proteins in an effort to further the understanding of TB biology [3]. It is hoped 

that this structural knowledge will provide a basis for the identification of new protein 

targets and drug discovery strategies with which to treat infections caused by TB.  

Rv3902c is a TB protein with a molecular weight of 19.8 kDa comprised of 176 

amino acids expressed on the same operon as esxF, esxE, and Rv3903c (TBDB.org). The 

function of Rv3902c is unknown, however two genes transcribed along with Rv3902c, 

esxE and esxF, are paralogs to early secreted antigenic target-6 (Esat-6) proteins found in 

TB [4]. Esat-6 proteins are potent T-cell antigens and play a role in TB pathogenesis [5]. 

Since Rv3902c is expressed on the same operon as Esat-6 proteins, this suggests that 

Rv3902c may play a role in TB virulence. Here we present the crystal structure of the TB 

protein Rv3902c. 

Materials and Methods  

Protein Expression and Purification 

Rv3902c was subcloned into a pVP16 vector consisting of an N-terminal fusion 

of 6x His tag, maltose binding protein (MBP), and a tobacco etch virus protease (TEV) 

cleavage site via the Gateway® cloning method (Invitrogen). It should be noted that due 

to the TEV construct used, an additional serine remains at the protein’s N-terminus after 

TEV protease cleavage. The resulting construct N-His8-MBP-Linker-

TEV+Rv3902c/pVP16 was transformed into Escherichia coli BL21(DE3). A seed culture 

was created via selection of a single ampicillin resistant colony and inoculation into 

25mL of Luria Broth (LB) containing 100 µg/mL of ampicillin (cultured overnight in an 

incubator shaker set at 250 rpm and 37°C). On the following day, a 1:100 dilution of the 
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seed culture was placed into two 1L LB flasks each containing 100 µg/mL ampicillin and 

grown in an incubator shaker set at 250 rpm and 37°C for ~4 hours. When OD600 ~0.6 

was reached, the flasks were removed from the incubator, cooled on ice to 16°C, and iso-

propyl β-D-1-thiogalactopyranoside (IPTG) was added to a final concentration of 0.5 mM 

to induce expression. Induced cultures were allowed to grow overnight in an incuba-

tor/shaker set at 250rpm and 16°C.  

The following morning, the incubated cells were centrifuged at 8,000 x g and re-

suspended into 70mL of Buffer A (20mM Tris-HCl, pH 8.0, 200mM KCl, 5% Glycerol, 

and 1.4mM 2-Mercaptoethanol) with 1x complete protease inhibitor (Roche). All subse-

quent purification steps were performed either on ice or at 4°C. The cells were sonicated 

and cellular debris was spun down at 25,000 x g for 30 minutes. The supernatant was fil-

tered using a 0.45µm filter, supplemented with imidazole to a final concentration of 

20mM, and batch bound to 5mL of Ni-NTA superflow beads (Qiagen) pre-equilibrated 

with Buffer A and rocked for 1hr. The Ni-NTA beads were packed into a column and at-

tached to an AKTA FPLC system (GE Healthcare). The Ni-NTA column was washed 

with 5 column volumes (CV) of 95% of Buffer A and 5% of Buffer B (Buffer A plus 1M 

imidazole) and eluted at 2mL/min on a gradient from 5% to 100% of Buffer B over 10 

CV. Peak fractions were analysed via SDS-PAGE for purity followed by concentration of 

the peak fractions to a final volume of 5mL with Amicon 10,000 NMWL (Millipore) spin 

concentrators. TEV protease was added to the pooled and concentrated fractions in a 

1:100 (protease to protein) ratio to cleave the His-tagged MBP followed by gentle over-

night rocking. The sample was filtered with a 0.45µm filter and applied to a Superdex 75 
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size exclusion column with 26mm diameter x 60cm length (flow rate = 2.5mL/min) at-

tached to a AKTA FPLC system pre-equilibrated with Buffer A. Peak fractions were ana-

lysed via SDS-PAGE for purity. Since further purification was required to remove the 

His-tagged MBP, the peak fractions were applied to a Ni-NTA column pre-equilibrated 

with Buffer A. Because the purified and cleaved Rv3902c did not bind to the Ni-NTA 

column, the flow-through was collected, concentrated to 25mg/mL and then analysed via 

SDS-PAGE. The purified protein was snap-frozen in liquid nitrogen and stored at -80°C.  

Crystallization, Data Collection, and Structure Determination 

Nano crystallization trials of purified Rv3902c were conducted with kits from 

Hampton Research, Emerald Biosystems, and Qiagen. Each trial utilized the Gryphon 

(Art Robbins Instruments) nano dispensing robot with 200nL 1:1 drops (protein:well so-

lution volume ratio) in 96-well sitting drop plates. Several hits were found and optimized 

vapour diffusion 1µL 1:1 hanging drops with the final optimized crystallization condition 

being 1.5M ammonium sulphate and 200mM sodium cacodylate, pH = 6.5.  Clusters of 

hexagonal crystals often appeared 16 to 48hrs later at room temperature. The crystals 

were manually separated with Hampton’s microtool set with some of the larger crystals 

reaching 0.2 x 0.2 x 0.5mm.  

Crystals were cryo-protected with a final concentration of 25% glycerol followed 

by flash-freezing in a nitrogen cryo-stream. Phases were obtained by soaking some of the 

crystals in cryo-solution supplemented with 1M sodium bromide for 30 – 60 seconds and 

immediately flash-freezing them. Diffraction data were collected at SER-CAT 22-BM 

beamline (Advance Photon Source, Argonne National Laboratory). The bromide-soaked 

crystals were exposed to X-ray radiation (wavelength tuned to the bromide absorption 
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edge at 0.9198 Å).  A Single Anomalous Difference (SAD) data set was then collected to 

1.62 Å. Additionally, a native dataset was collected at a wavelength of 1Å to a resolution 

of 1.55Å. Both data sets were indexed and scaled with IMOSFLM [6] and AIMLESS [7], 

respectively, and resolution limits were determined by CC1/2 criteria [8]. A P61 space 

group was determined with POINTLESS [9] [10].  

With one subunit in the asymmetrical unit, the Matthews coefficient (Vm) was cal-

culated to be 3.32 Å3/Da with an estimated solvent content of 63% [11]. The bromide 

atom positions, phasing and initial model were determined using Phenix’s AutoSol mod-

ule [12]. The model was further refined utilizing the native dataset with iterative rounds 

of Phenix automated refinement and manual refinements using COOT [13]. Residues 

175-178 were not traced due to missing electron density. Ramachandran plots revealed 

98.3% in the favoured and 1.7% in the additionally allowed sections [12]. All structural 

figures including the electrostatic map were made using PyMOL (http://www.pymol.org). 

The topology diagram was constructed with Pro-origami [14] with additional modifica-

tions made with inkscape (http://inkscape.org/). Atomic coordinates and structure factors 

were deposited in the Protein Data Bank [15] with the accession code 4O6G. 

Results and Discussion  

General features of Rv3902c structure 

Initial phases were determined via bromine soaked crystals utilizing the single-

wavelength anomalous dispersion (SAD) method [16]. An additional high-resolution na-

tive crystal data set was collected to 1.55Å. The final structure consists of 174 residues 

and 216 waters (Fig. 1a). Electron density was not observed for residues 175-178. The 

core of Rv3902c consists of two main structural domains. The first domain is composed 

http://www.pymol.org/
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of two anti-parallel β-sheets, containing β-strands 1-5 and 7-9 (Fig. 1b) as well as two β-

α-β motifs with 310-helices (B, C) positioned between β-strands 1-2 and 2-3 and a third 

310 helix (E) immediately preceding β-strand 7. The second domain consists of α-helices 

A, D, F, and G and two short anti-parallel β-strands 6 and 10. A feature of notable func-

tional interest is the creation of a hydrophobic pocket with an acidic entrance between α-

helices D and F that is ~7 Å in diameter and ~7 Å deep (Figure 2). The interior surface of 

this pocket is lined with side chains of residues Y80, Y84, L145, Y148, R141 (the ali-

phatic portion) and I156 as well as the main chain of residues K79 and G83. The carbox-

ylic acid moiety of E144 and the hydroxyl of Y148 are major acid charge contributors lo-

cated at the entrance to the pocket. This small pocket is located in the center (palm) of a 

hand-like binding motif with the bottom of the palm and thumbs made of anti-parallel β-

strands, 1-5, and 310-helices, B and C, and fingers made up of α-helices D and F (Figures 

1a and 2). The surface of Rv3902c is highly charged with an estimated pI of 4.77 [17].   

Homology search and analysis 

3D structural homology searches utilizing the iPBA webserver [18] did not iden-

tify structures with reasonable homology to Rv3902c. However, a type III virulence fac-

tor chaperone, InvB from Salmonella, exhibited an RMSD of 2.3Å along the aligned ho-

mologous domains comprising 24.2% of the main chain structure (60 residues) of 

Rv3902c. Virulence factor chaperones vary greatly in structural homology and sequence 

similarity and are typically small acidic proteins without an ATP binding site or hydro-

lytic function and are involved in the secretion and translocation of bacterial virulence 

proteins [19].  Rv3902c has some of the physical characteristics of these chaperones. Fig-

ure 3 aligns the structures of Rv3902c and InvB along the aligned homologous domains. 
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The aligned domain consists of the anti-parallel β-strands 2-5 of Rv3902c, while much of 

the alpha helical domains are not structurally homologous. If Rv3902c is a virulence fac-

tor chaperone, it would represent the first known TB virulence factor chaperone crystal-

lized. Several other virulence factor chaperones have been crystalized in other species 

and often these virulence factor chaperones are in complex with their respective virulence 

factors [19, 20]. The only other low homology match to Rv3902c suggested by iPBA was 

a biotin protein ligase with a score of 3.2Å along aligned regions comprising 10.5% of 

the structure of Rv3902c [18]. An additional homology search was performed using Dali 

[21], but it did not yield any clear matches among aligned domains. Finally, a functional 

search for Rv3902c, conducted using the ProFunc server [22] yielded no significant hits. 

We conclude that it is possible that there is a set of secreted virulence factors including 

esxF, esxE, and Rv3903c and that the Rv3902c protein may be a chaperone involved with 

the secretion of these proteins. 
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Figures and Tables 

Parameter Native Br-Soaked 

Experiment Native SAD 

Wavelength (Å) 1.0000 0.9198 

Cell Dimensions a,b, c (Å) 
 

91.81, 91.81, 54.23 

 

92.08, 92.08, 54.03 

Space Group P61 P61 

Resolution (Å) 39.76-1.55 (1.58-1.55) 32.08-1.62 (1.65-1.62) 

No. of unique reflections 37938 (1875) 33300 (1646) 

Completion (%) 100 (100) 100 (100) 

Multiplicity 14.7 (11.5) 7.5 (6.5) 

Mean I/σ(I) 18.2 (2.1) 11.8 (2.0) 

Molecules in asymmetric unit 1 1 

Matthews coefficient (Å3 Da-1) 3.32 3.32 

Solvent content (%) 62.90 62.98 

Rmerge 0.087 (1.373) 0.096 (0.972) 

Rmeas 0.094 (1.510) 0.110 (1.146) 

Rpim 0.034 (0.617) 0.054 (0.603) 

CC(1/2) 0.999 (0.609) 0.997 (0.597) 

Anomalous Completion  91.7 (88.8) 

Anomalous multiplicity  3.5 (2.9) 



 

60 

 

Refinement Statistics   

Rwork/Rfree (%) 16.5/17.7  

No. atoms 

Protein 

Water 

Heavy atoms 

 

1595 

221 

 

 

 

18 

RMS deviations 

Bond lengths (Å) 

Bond angles (°) 

 

0.006 

0.98 

 

Average B-factor (Å2) 

Protein 

Water 

 

22.1 

37.3 

 

Ramachandran plot statistics 

Most favored regions 

Additionally allowed regions 

Generously allowed regions 

Disallowed regions 

 

144 

8 

0 

0 

 

MolProbity statistics 

Score 

Clash Score 

Poor rotamers (%) 

 

1.08 

2.95 

0 

 

*Values in parentheses refer to the highest resolution shell. 

 

Table 1. Summary of Rv3902c crystallographic data 
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Figure 1. Rv3902c Structure 

(A) Stereoview of the crystal structure of Rv3902c. (B) Secondary structure diagram of 

Rv3902c. The structure is colored according to secondary structure elements: loops 

(green), 310-helices (cyan), α-helices (red), and β-strands (yellow). Each β-strand (1-10) is 

numbered and each helix is lettered (A-G).  

 

 

 

 

 

 

 

Figure 2. Rv3902c Electrostatic Potential Map 

Surface electrostatic potential map generated by PyMOL of Rv3902c with basic and acidic 

regions in blue and red respectively. The views differ by a 90° rotation about the vertical 

axis.    

 

 

 

90
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Figure 3. Homology Modelling of Rv3902c 

Alignment of Rv3902c (red) with InvB (green). The regions not transparent are the aligned 

homologous domains anti-parallel β-strands 2-5 of Rv3902c.    
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DISCUSSION 

 This study has shown the expression and purification of full length rat α ENaC 

(αrENaC), and a structure of a virulence factor chaperone. This section will summarize 

the results and identify weaknesses in the data. In addition this section reviews the myr-

iad of experiments undertaken in an effort to express milligram quantities of homogene-

ous ENaC and potential future directions with these projects. 

 Expression and Purification of αrENaC 

The expression of milligram quantities of purified ENaC subunits for crystallo-

graphic or other structural studies has not previously been reported. A critical aspect in 

achieving this goal was utilizing a unique expression system and construct that made it 

was possible to monitor and optimize the expression in both HEK293 and CHO cell lines, 

of mature αrENaC exhibiting the correct stoichiometry. However, the production of milli-

gram quantities of αrENaC was only possible using CHO cells grown in suspension.  

In spite of expressing milligrams of αrENaC, one of the characteristics of a fully 

active ENaC channel is the proteolytic processing that occurs in the trans-Golgi network 

by furin and on the surface of the membrane by the serine protease family of channel ac-

tivating proteases (CAP)[63]. αrENaC contains two furin sites that when cleaved release 

an inhibitory tract of amino acids (Asp-206 - Arg-231) [108]. A feature of the purified αr-

ENaC described here is the distinct lack of proteolyticly cleaved channels as there is only 

one band in the anti-αENaC immunoblot. This result confirms previous observations 
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where expression of αrENaC alone (without the β and γ subunits) in CHO cells results in 

non-cleaved αrENaC [71].  

When expressed in HEK293 cells, the αrENaC construct utilized was able to con-

duct a sodium current. However, there is no data demonstrating activity for the extracted 

αrENaC. Nevertheless, this is to be expected since physiologically active ENaC channel 

consists of the complete heterotrimer, αβγENaC [71].  αrENaC was chosen as the prime 

construct for subsequent crystallization in an effort to produce homogeneous protein by 

limiting post-translational processing. Additionally, buffers containing NaCl were 

demonstrated to contain a significant amount of trimeric αrENaC channels as determined 

by fluorescent size exclusion chromatography (FSEC). However, by replacing the NaCl 

with NaBr, the homotrimer component disappears leaving a monomeric species of αrE-

NaC as the major component (determined via FSEC). At each purification step, decisions 

were made to select a uniformly processed homogeneous monomer subunit at the ex-

pense of attempting to maintain function. The goal is to produce purified protein of suffi-

cient quality to support a wide range of structural studies, such as crystallography, differ-

ential scanning calorimetry, light scattering, etc. To achieve this goal a homogenous sam-

ple is of the utmost importance, in particular for crystallographic studies [109]. 

Rv3902c a Tuberculosis Virulence Factor Chaperone 

The crystallographic structure of Rv3902c was determined at 1.55Å with the ini-

tial phases identified via a single-wavelength anomalous dispersion (SAD) using bromine 

as the heavy atom [110]. The Rv3902c structure consists of 174 residues and 216 waters 

along with two main structural domains. Together the two structural domains make a 
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hand like structure with the first domain making up the palm and the second domain con-

taining the fingers. The first domain is composed of two anti-parallel β-sheets containing 

eight β-strands and three 310-helices, while the second domain consists of four α-helices 

and two short anti-parallel β-strands. An interesting feature of Rv3902c is a large hydro-

phobic pocket with an acidic entrance that is ~7 Å in diameter and ~7 Å deep located be-

tween the palm and fingers. It is expected that this pocket will play a critical role in its 

function. The surface of Rv3902c is highly charged with an estimated pI of 4.77 [111].  

The function of Rv3902c is unknown. Therefore, 3D structural homology 

searches utilizing the iPBA or Dali webservers [112, 113] were conducted, but these 

searches did not identify structures with significant homology to Rv3902c. It is only by 

thoroughly examining the results,  that a low scoring possible match was found; a type III 

virulence factor chaperone, InvB from Salmonella. InvB exhibited an RMSD of 2.3Å 

along the aligned homologous domains comprising 24.2% of the main chain structure (60 

residues) of Rv3902c. In general, virulence factor chaperones vary greatly in structural 

homology, sequence similarity and are typically small acidic proteins without enzymatic 

function [114]. The aligned domain consists of only half of the anti-parallel β-strands in 

the palm, while the rest of the structure has no structural homology. Recently, a virulence 

factor membrane channel protein, Rv3903c was characterized [115]. Rv3902c and 

Rv3903 are on the same σE operon, an σ factor know for virulence, since they are ex-

pressed together it is likely that they function together. Therefore Rv3902c might be a 

virulence factor chaperone that binds to Rv3903c and is involved in the secretion and 

eventual virulence of Tuberculosis (TB). 
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Expression of Other ENaCs 

Extracellular Region of ENaC 

 The extracellular (EC) region of ENaC comprises more than 60% of full-length 

ENaC. The EC region is an attractive target for structural studies as this region contains a 

majority of ENaC’s structured domains: finger, thumb, palm, knuckle, and β-ball. To-

gether these domains form most of the channel’s vestibule, the extracellular gating mech-

anism, most of the inter-subunit interacting domains, an amiloride binding site, both Na+ 

and Cl- inhibition sites, and finally has an extended finger domain important in regulating 

channel activity that does not exist in ASIC1[35]. To date no one has published a proto-

col to express milligrams of the EC region, much less produce the structure. The con-

struct designed was based on wild type αrENaC from residues 132-586. The reason for 

choosing these residues is that they encompass the entire EC region with the termini in-

cluding a small region of the alpha helical transmembrane domains that include a portion 

of the GAS selectivity filter. Additional consideration for using this construct was that it 

was largely predicted by iupred [116] to contain stable structured regions. Iupred is a pro-

gram designed to predict intrinsically unstructured/disordered protein regions.  

 Expression studies of the EC region were performed in E. coli, by sub-cloning the 

construct into a pET21a vector with a fused C-terminal His-Tag. Initial expression results 

were poor and a variety of E. Coli strains ranging from BL21, Rosseta2, Rosseta2-

oragami, Codon+, cell lines were tested. In addition to different cell lines, different ex-

pression variables such as induction temperatures of 16-37°C, and isopropyl β-D-1-thio-

galactopyranoside (IPTG) induction concentrations (0.01mM-1mM) were evaluated. The 

end result was that much of the expressed extracellular domain of ENaC was expressed in 
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the insoluble fractions. However, a small amount was also expressed into the soluble 

fraction of E. coli. The soluble fraction was isolated and applied to a NiNTA resin.  

Eluted EC domain was applied to a size exclusion column (SEC) and found to be non-ho-

mogenous with different populations of aggregated EC domain. A large fraction eluted in 

the void volume of a Superdex 200 column.  Despite that result, crystallization trials were 

attempted but unsuccessful.    

To address the problem of poor ex-

pression of homogeneous EC region in E. 

coli, different tags were attached to the N or 

C terminus of the EC domain. The most 

promising tag utilized was the addition of 

chitin binding domains from NEB’s 

IMPACT protein expression system [117]. 

Approximately 90% pure EC region was 

co-purified with GroEL as shown in Figure 

1. GroEL is a chaperone for the a degrada-

tion of proteins in E. coli [118]. The pres-

ence of GroEL as a co-purified product with 

the protein of interest, generally indicates 

that the protein of interest is misfolded 

[119]. Therefore no further structural stud-

ies were pursued. Some other tags included 

95 
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EC ENaC 

GroEL 

Figure 1. SDS PAGE gel loaded with 

purified EC ENaC with IMPACT sys-

tem stained with Coomassie. Both EC 

ENaC and GroEL were confirmed with 

Mass Spectroscopy. 
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adding entropic bristles from Molecular Kinetics [120] and eGFP, however none of the 

constructs expressed well using various E. coli strains and expression conditions.  

Considering that the problem might be a consequence of attempting to express a 

eukaryotic protein in a prokaryotic system, SF9 insect cells were explored with baculovi-

rus expression systems. Two different approaches were pursued. One approach used a 

pFastBac system with a fused eGFP for intracellular expression, while the second ap-

proach incorporated a gp67 tag, known to cause protein secretion into the extracellular 

milieu. In both cases the EC region was expressed as aggregates in the insoluble fraction 

of SF9 cells.   

Expression of αENaC including the Transmembrane Domains 

While the eventual expression of full length αrENaC fused with eGFP in CHO 

cells proved to be successful, expression trials were initially carried out in E. coli strains 

including BL21, Rosseta2, Rosseta2-oragami, Codon+. Full length αrENaC, as well as 

combinations of N- and C-terminal truncations, residues 1-77 and 613-698 respectively, 

were conducted with no observable expression. In addition to rat, several orthologs were 

attempted including bovine, human, mouse, and frog with similar results. 

In parallel to the E. coli expression trials, a novel expression system (a Rhodobac-

ter sphaeroides expression system developed at Argon National Laboratory) was utilized 

to attempt expression of single ENaC subunits. R. sphaeroides are light harvesting bacte-

ria with large regions of intracytoplasmic membranes reserved for photosynthetic ma-

chinery. In the Rhodobacter heterologous expression system, the photosynthetic machin-

ery is replaced with the gene of interest. Once expression is induced, nearly pure protein 
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is expressed in place of the light harvesting complexes in the intracytoplasmic mem-

branes [121]. Various constructs of αrENaC including full-length as well as combinations 

of N- and C-terminal truncations were attempted. In the end however, expression was not 

observed via immunoblots. While this Rhodobacter expression system works well with 

prokaryotic proteins, it may be of limited utility for expression of glycosylated eukaryotic 

proteins.  

SF9 insect cells were also investigated for expression of αrENaC using the pFast-

Bac baculovirus system. The constructs attempted include the full-length frog αENaC 

and full-length αrENaC (as well as different combinations of N- and C-terminal trunca-

tions with eGFP fusions on either the N- or C-terminal of αrENaC). All constructs at-

tempted were expressed and monitored using a fluorescent microscope to detect the eGFP 

fluorescence. However, when it came to extracting the membrane proteins, the constructs 

with the N-terminal eGFP fusions were unable to be extracted with n-Dodecyl β-D-

maltoside (DDM). The constructs with C-terminal eGFP fusions were able to be solubil-

ized with DDM, however upon expression, all of them were high molecular weight ag-

gregates as determined by fluorescence SEC (FSEC).  

Expression and Crystallization of Chicken Acid Sensing Ion Channel 1 

 Since the determination of the x-ray crystallographic structure of chicken Acid 

Sensing Ion Channel 1 (cASIC1) [26], the number of biological questions that were an-

swered structurally is enormous. Two particular questions that were undertaken was the 

location of the exact binding site of amiloride and the cause of the paradoxical stimula-

tion of BNC1 in response to amiloride [101]. With a construct obtained for the Gouaux’s 

group [31], cASIC1 was expressed in SF9 cells. Using the published purification protocol 
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resulted in nearly pure cASIC1. However in the sub-

sequent step using thrombin to cleave the eGFP, re-

sulted in multiple bands as thrombin seems to have 

committed some additional cleavages. Despite the 

multiple bands, crystallization trials were conducted 

as described with no success. An additional construct 

was produced with the thrombin cleavage site re-

placed by a specific tobacco etch virus (TEV) cleav-

age site. This resulted in purer protein as shown in 

Figure 2.  High throughput detergent-based crystallization trials were conducted utilizing 

vapor diffusion sitting drop and liquid counter diffusion in capillaries, with no success. 

Additional crystallization trials in lipids were also conducted. Crystallization experiments 

utilizing lipidic cubic phase yielded no usable crystals, however experiments using lipid 

bicelles yielded small poorly diffracting crystals as shown in Figure 3. Since the creation 

of these crystals, 

the complex 

structure contain-

ing the amiloride 

binding site has 

been solved [6].  

Figure 3. cASIC1 crystals grown in lipid bicelles. 
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Figure 2. SDS PAGE gel 

loaded with purified cASIC1 

after NiNTA and Superdex 

200 stained with Coomassie. 
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Expressing βENaC 

 The βENaC subunit by itself is a functionally relevant channel component respon-

sible for the trafficking and regulation of a heterotrimeric ENaC. However by itself, it is 

not capable of conducting Na+ ions [10]. As for αENaC, βENaC was expressed in both 

lentiviral (CHO) and baculovirus (SF9) systems with a C-terminal eGFP fusion. In either 

case, the expressed βENaC was observed using a fluorescent microscope. However, at-

tempts to solubilize the expressed protein in DDM were unsuccessful and expressed and 

“solubilized” protein could not be detected via FSEC. 

Expressing αβγENaC 

One of the drawbacks of expressing αrENaC, is that it is a minimally functional 

channel [122]. The physiologically active channel consists of αβγENaC. The β and γ have 

a role in trafficking and regulating the channel’s activity [10]. Additionally, by express-

ing β and γ subunits along with the α subunit results in channel cleavage, which is re-

sponsible for removing inhibitory tracks of residues blocking channel activity [71]. In or-

der to investigate a fully active channel, a lentiviral construct was made with α, γ, and β 

fused to eGFP ENaC subunits followed by transfection in CHO cells. The CHO cells 

were adapted to suspension and ENaC expression was induced.  The CHO cells were col-

lected, solubilized with DDM in a NaCl based buffer, and batch bound to NiNTA. The 

NiNTA elution is shown in Figure 4. Observation of two distinct β-subunit bands, with 

and without glycosylation, is in agreement with previous observations for expression of 

βENaC in CHO cells [71]. While the expression of α or γ ENaC, exists predominantly as 

one band according based on immunobloting results. Additionally, as shown on the Coo-

massie stained gel, all of the individual α, β, and γ ENaC subunits are visible.  
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Future Directions 

Now that there is a protocol to purify milligrams of αrENaC, numerous structural 

studies including crystallographic, differential scanning calorimetry, light scattering, etc. 

are possible in the future. Since the focus of the initial purification was to produce milli-

gram quantities of homogenous protein, it would be interesting to see if it is possible to 

reconstitute the homogenous αrENaC into a homotrimeric channel and record channel 

Figure 4. Suspension Cho cells were solubilized with DDM and bound to NiNTA. 

The elutions were loaded on a SDS PAGE gel and were either stained with Coo-

massie, immunoblotted against α or γ ENaC, or observed for β-eGFP fusion fluores-

cence. 

Coomassie Anti-αEnaC Anti-γENaC 
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conductance in a lipid bilayer assay. The ultimate goal is to produce large quantities (i.e. 

milligrams) of functional channel for structural studies. 

Another ENaC construct that should be further evaluated (there are already initial 

results for the expression of the physiologically relevant form of ENaC, αβγENaC). 

While having model proteins such as αrENaC are important, it is critical to keep the biol-

ogy in mind and pursue as physiologically a relevant molecule as possible. Through this 

study, a foundation has been established for the eventual crystallization and structure de-

termination of αβγENaC. Additionally, published results demonstrate that the expression 

of β and γ subunits substantially increases expression of the channel ENaC and allow for 

a better conducting channel [10]. Currently, milligram quantities of αrENaC can be ex-

pressed and solubilized from CHO cells.  However these positive results continue to be 

confronted by the homogeniety issues; a problem that must be addressed before high-

quality (diffracting) crystals of ENaC can be produced.  

The function of Rv3902c is most likely that of a virulence chaperone.  Determina-

tion of the structure bound to its target should be pursued. It is known that when Rv3903c 

is expressed  in HEK293 cells, it is a potent virulence factor that kills its host HEK293 

cells [115]. This virulence factor chaperone might be a potential drug target, and might 

lead to a novel TB treatment. 
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