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Cystic Fibrosis (CF) and Congenital Chloride Diarrhea (CLD) are two 

genetic diseases which without treatment can be fatal.  Cystic Fibrosis is a disease 

which disrupts normal fluid secretion in multiple organs and tissues, and is caused 

by mutations in the Cystic Fibrosis Transmembrane Conductance Regulator 

(CFTR) gene.  Congenital Chloride Diarrhea is a disease caused by mutations in 
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the SLC26A3 gene, which cause patients to suffer from watery stool and 

dehydration.  The proteins encoded by the CFTR and SLC26A3 genes have been 

demonstrated to be a chloride channel and a chloride-bicarbonate exchanger 

respectively.  They have also been shown to reciprocally activate one another’s 

transport activity.  Understanding how these proteins transport chloride and 

bicarbonate across the apical membrane of epithelial cells, and how they mutually 

activate one another’s transport activity is critical for our understanding of CF and 

CLD. 

The SLC26A3 protein is a membrane protein predicted to contain 12 

transmembrane spanning α-helices, and a C-terminal STAS domain which is 

homologous to the bacterial anti-sigma factor antagonists.  The STAS domain is 

required for proper SLC26A3 chloride-bicarbonate exchange function, and it is 

also required for the reciprocal activation of SLC26A3 and CFTR activities.  Here 

we investigate the molecular interaction between the STAS domain of SLC26A3 

and the R-domain of CFTR, as well as the molecular mechanism(s) by which four 

CLD causing mutations (ΔY526/7, I544N, I675/6ins and G702Tins) residing in 

the SLC26A3 STAS domain lead to disease.  The STAS domain and R-domain 

have been demonstrated to directly bind to one another, and this interaction is 

modulated by phosphorylation of the R-domain.  Functional, biochemical and cell 

biological experiments performed on wild type and mutant SLC26A3 proteins 

suggest that the CLD mutations cause transporter misfolding and/or 
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mistrafficking.  Biochemical and biophysical studies performed on the purified 

STAS domains suggest that these CLD causing mutations have differential effects 

on the STAS domain’s structure.  Our data taken together suggest that the CLD 

causing mutations cause disease by at least two distinct molecular mechanisms, 

ultimately leading to loss of functional protein at the plasma membrane. 



 xiv 
 

Table of Contents 

Dedication                  ii 
Acknowledgments                  v 
Abstract                   ix 
Table of Contents               xiv 
List of Prior Publications             xvi 
List of Figures            xviii 
List of Tables              xxii 
List of Abbreviations           xxiii 
 
Chapter 1:  Introduction                  1 
 
Chapter 2:  Literature Review                6 
  Introduction                 6 

ABC Transporters              10 
  Cystic Fibrosis              22 
  SLC26A Transporters              34 
  STAS Domains              55 
 
Chapter 3:  Characterization of CFTR NBD1 and NBD2          62 
  Introduction               62 
  Experimental Procedures             70 
  Results                73 
  Discussion               81 
 
Chapter 4:  Characterization of the Human SLC26A3 STAS Domain       92 
  Introduction               92 
  Experimental Procedures             94 
  Results              101 
  Discussion             118 
 
Chapter 5:  The Effect of CLD Causing Mutations on SLC26A3 Structure 

and function               128 
  Introduction             128 
  Experimental Procedures           131 
  Results              142 
  Discussion             164 
 



 xv 
 

Chapter 6:  Structural Studies of the Human SLC26A3 and Aquifex    
Sultr STAS Domain            183 

 Introduction             183 
 Experimental Procedures           186 
 Results              191 
 Discussion             202 
 
Chapter 7:  Future Directions            211 
 
Bibliography               219 



 xvi 
 

Prior Publications 
 

Michael Dorwart, Nikolay Shcheynikov, Jennifer Baker, Michael Brinkman, 
Julie Forman-Kay, Shmuel Muallem, Philip Thomas.  The effect of CLD causing 
mutations in the STAS domain on SLC26A3 function.  In Preparation 
 
Youxue Wang, Abigail A. Soyombo, Nikolay Shcheynikov, Weizhong Zeng, 
Michael Dorwart, Christopher R. Marino, Philip J. Thomas and Shmuel 
Muallem.  Slc26a6 regulates CFTR activity in vivo to determine pancreatic duct 
HCO3

- secretion: Relevance to Cystic Fibrosis (2006) EMBO J., In Press. 
 
Nikolay Shcheynikov, Youxue Wang, Meeyoung Park, Shigeru B.H. Ko, 
Michael Dorwart, Satoru Naruse, Philip J. Thomas, and Shmuel Muallem. 
Coupling Modes and Stoichiometry of Cl–/HCO3

– Exchange by slc26a3 and 
slc26a6 (2006) J Gen Physol. May;127(5):511-24. 
 
Michael Dorwart, Patrick Thibodeau and Philip Thomas.  Cystic fibrosis: recent 
structural insights (2004) J. Cystic Fibros Aug;3 Suppl 2:91-4. 
 

Shigeru B.H. Ko, Weizhong Zeng, Michael R. Dorwart, Xiang Luo, Kil Hwan 
Kim, Linda Millen, Hidemi Goto, Satoru Naruse, Abigail Soyombo, Philip J. 
Thomas & Shmuel Muallem.  Gating of CFTR by the STAS domain of SLC26 
transporters (2004) Nat Cell Biol. Apr;6(4):343-50. 

Nikolay Shcheynikov , Kil Hwan Kim, Kyung-mi Kim, Michael R. Dorwart, 
Shigeru B. H. Ko, Hidemi Goto, Satoru Naruse, Philip J. Thomas, and Shmuel 
Muallem.  Dynamic Control of Cystic Fibrosis Transmembrane Conductance 
Regulator Cl-/HCO3

- Selectivity by External Cl–.  (2004) J. Biol Chem.  May 
21;279(21):21857-65. 

Hal A Lewis, Sean G Buchanan, Stephen K Burley, Kris Conners, Mark Dickey, 
Michael Dorwart, Richard Fowler, Xia Gao, William B Guggino, Wayne A 
Hendrickson, John F Hunt, Margaret C Kearins, Don Lorimer, Peter C Maloney, 
Kai W Post, Kanagalaghatta R Rajashankar, Marc E Rutter, J Michael Sauder, 
Stephanie Shriver, Patrick H Thibodeau, Philip J Thomas, Marie Zhang, Xun 
Zhao, and Spencer Emtage.  Structure of nucleotide-binding domain 1 of the 
cystic fibrosis transmembrane conductance regulator (2004) EMBO J. Jan 
28;23(2):282-93. 



 xvii 
 

Yong-Hwan Lee, Michael R. Dorwart, Karsten R. O. Hazlett, Ranjit K. Deka, 
Michael V. Norgard, Justin D. Radolf, and Charles A. Hasemann.  The Crystal 
Structure of Zn(II)-Free Treponema pallidum TroA, a Periplasmic Metal-Binding 
Protein, Reveals a Closed Conformation (2002) J Bacteriol. April; 184(8): 2300–
2304. 



 xviii 
 

List of Figures 

Figure 2-1: Lipid schematic and bilayer assembly             7 

Figure 2-2: ABC transporter structure             12 

Figure 2-3: The crystal structure of HisP            14 

Figure 2-4: A cartoon schematic of an ABC transporter NBD dimer         15 

Figure 2-5: Examples of the ABC transporter NBD fold          17 

Figure 2-6: Crystal structures of ABC transporter NBD dimers         18 

Figure 2-7: The crystal structures of complete ABC transporters         20 

Figure 2-8: The domain structure of CFTR            26 

Figure 2-9: CFTR conformation is altered by Cl- ions           28 

Figure 2-10: The crystal structure of mouse CFTR NBD1          29 

Figure 2-11: An ABC transporter NBD multiple sequence alignment         30 

Figure 2-12: CFTR NBD sequence variations and their potential impact         
on NBD ATPase activity             32 

Figure 2-13: SLC26A domain structure and evolutionary relationships     36 

Figure 2-14: Reciprocal activation of CFTR and SLC26A3          42 

Figure 2-15: The STAS domain of SLC26A3 and the R-domain of CFTR 
are required for co-immunoprecipitation           43 

Figure 2-16: The R-domain is required for SLC26A3 activation         44 

Figure 2-17: MBP-STAS activates CFTR in HEK 293 cells and in parotid 
duct cells               46 

Figure 2-18: STAS domain alignment              56 



 xix 
 

Figure 2-19: σF regulation by SpoIIAA, SpoIIAB and SpoIIE          57 

Figure 2-20: SpoIIAA crystal structure             60 

Figure 3-1: Nucleotide binding domain multiple sequence alignment         64 

Figure 3-2: The crystal structure of HisP            65 

Figure 3-3: Crystal structure of a “head-to-tail” dimer of MJ0796         67 

Figure 3-4: CFTR NBD1 expression and purification           74 

Figure 3-5: CFTR NBD2 expression and purification           75 

Figure 3-6: Oligomeric state of CFTR NBD1/2            76 

Figure 3-7: ATP binding and hydrolysis of mouse NBD1          77 

Figure 3-8: Oligomeric state of mouse CFTR NBD1           78 

Figure 3-9: The crystal structure of mouse CFTR NBD1          79 

Figure 3-10: A revised nucleotide binding domain alignment          80 

Figure 3-11: Proposed ATPase cycle for ABC transporter NBDs         88 

Figure 3-12: The C-terminal helix is found in multiple conformations         90 

Figure 4-1: GST-R production            102 

Figure 4-2: Phosphorylation of GST and GST-R with PKA        103 

Figure 4-3: Phosphorylated GST-R pulls down the STAS domain more 
readily than unphosphorylated GST-R         104 

Figure 4-4: MBP-STAS activates CFTR in HEK 293 cells and in parotid 
duct cells             106 

Figure 4-5: Defining the STAS domain boundaries         108 

Figure 4-6: GST-R pull-downs of the Smt3-STAS fusion proteins       109 



 xx 
 

Figure 4-7: Purification of the Smt3-STAS 510-741 construct        110 

Figure 4-8: STAS 510-741 gel filtration chromatography        111 

Figure 4-9: STAS 510-741 analytical ultra centrifugation        112 

Figure 4-10: Trypsin digest of the STAS 510-741 protein        113 

Figure 4-11: Electrospray mass spectrometry of the Trypsin digested  
  STAS 510-741 protein            114 

Figure 4-12: STAS 510-741 folding and unfolding transitions        116 

Figure 4-13: HSQC spectrum of CFTR R-domain in the presence or    
  absence of the STAS domain           117 

Figure 5-1: SLC26A3 Cl-/HCO3
- exchange activity         143 

Figure 5-2: The glycosylation state of SLC26A3         145 

Figure 5-3:  SLC26A3 immunofluorescence          147 

Figure 5-4: Cell surface biotinylation of SLC26A3         148 

Figure 5-5: STAS solubility assay              151 

Figure 5-6: Wild type and mutant STAS domain purification        153 

Figure 5-7: SLC26A3 STAS structural analysis         154 

Figure 5-8: Normalized tryptophan fluorescence of wild type and   
  mutant STAS domain 510-741          155 

Figure 5-9: Co-transfection of wild type STAS with ΔSTAS        157 

Figure 5-10: The STAS domain antibody recognizes multiple SLC26A 
proteins             158 

Figure 5-11: The STAS domain antibody can immunoprecipitate various 
SLC26A3 constructs            159 



 xxi 
 

Figure 5-12: The STAS domain antibody allows detection of SLC26A3 by 
immunofluorescence            160 

Figure 5-13: The termini of SLC26A3 are located in the cytosol       161 

Figure 5-14: Trypsin digest of SLC26A3           162 

Figure 5-15: A model for wild type and mutant SLC26A3 folding and 
trafficking             180 

Figure 6-1: Dynamic light scattering of STAS 510-741         193 

Figure 6-2: Additional STAS domain constructs for structural studies   195 

Figure 6-3: Aquifex STAS NMR HSQC           196 

Figure 6-4: Aquifex STAS domain boundary refinement        197 

Figure 6-5: Aquifex STAS 450-588 mass spectrometry and N-terminal 
sequencing              198 

Figure 6-6: HSQC spectrum of Aquifex STAS 450-588        199 

Figure 6-7: NMR spectra of SLC26A3 STAS 510-741          200



 xxii 
 

List of Tables 

Table 6-1: Jancarick optimization screen buffer conditions        192 

Table 6-2: STAS domain DLS results           194



 xxiii 
 

List of Abbreviations 

ABC   ATP Binding Cassette 

ADP   Adensine 5’-diphosphate 

AE1   Anion exchanger 1 

ATP    Adensine 5’-triphosphate 

AUC   Analytical ultra centrifugation 

BCECF-AM 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, 
acetoxymethyl ester 

cAMP   Cyclic adensine 5’-monophosphate 

CAP70  CFTR associated protein 70 

CD   Circular Dichroism 

CF   Cystic Fibrosis 

CFTR Cystic Fibrosis Transmembrane Conductance 
Regulator 

CLD   Congenital Chloride Diarrhea 

ΔF508   Deletion of Phe 508 in CFTR which causes CF 

ΔIVS STAS  Deletion of the IVS in the SLC26A3 STAS domain 

ΔSTAS  Deletion of the STAS domain in SLC26A3 

DLS   Dynamic Light Scattering 

DMEM  Delbecco’s modified eagle medium 

DNA   Deoxyribonucleic acid 

DRA   Down regulated in adenocarcinoma 



 xxiv 
 

DTDST  Diastrophic Dysplasia sulfate transporter  

DTT    Dithiothreitol 

E3KARP Na/H exchanger isoform 3 kinase A regulatory protein 

EndoH  Endoglycosidase H 

ER   Endoplasmic Reticulum 

EST   Expressed Sequence Tags 

FITC   Fluorescein isothiocyanate 

GDP-γS Guanosine 5’-triphosphate with a sulfur atom replacing 
the γ- phosphate 

GST   Glutathione S-transferase 

GTP   Guanosine 5’-triphosphate 

HRP   Horseradish peroxidase 

HSQC   Heteronuclear single quantum correlation 

IPTG   Isopropyl β-D-thiogalactopyranoside 

IVS   Intervening sequence 

LB   Luria-Bertoni broth  

LPS   Lipopolysaccharide 

MAPK  Mitogen-activated protein kinase 

MBP    Maltose binding protein 

NAD+/NADH  Nicotine adenine dinucleotide 

NBD   Nucleotide binding domain 



 xxv 
 

NHERF   Na/H exchanger isoform 3 regulatory factor 

NMR   Nuclear magnetic resonance 

O.D.   Optical density 

PBS   Phosphate buffered saline 

PDS The gene responsible for Pendred Syndrome (also 
known as SLC26A4) 

PDZ   PDS-95/disklarge/ZO-1 

pHi   Intracelluar pH 

PKA   Protein kinase A 

PNGaseF  Peptide N-glycosidase F 

PVDF   Polyvinylidene fluoride 

rcf   relative centrifugal force 

RIPA   Radio-immunoprecipitation assay 

RMSD   Root Mean Square Deviation 

RNA   Ribonucleic acid 

SDS-PAGE  Sodium dodecyl sulfate polyacrylamide electrophoresis 

SLC4   Solute carrier family 4 

SLC26   Solute carrier family 4 

STAS   Sulfate transporter and anti-sigma factor antagonist 

Sultr   Sulfate transporter 

TBS   Tris buffered saline 



 xxvi 
 

TMD   Transmembrane domain 

TRITC  Tetramethylhodamine isothiocyanate 

TROSY-HSQC Transverse Relaxation-Optimized Spectroscopy 

Ulp1   Ubiquitin like protease 1 

UV   Ultraviolet  

 

 

 
 



1 

Chapter One 

Introduction 

 

 All living organisms are composed of one or more cells and the physical 

boundaries of each cell are defined by the plasma membrane.  The plasma 

membrane separates the intracellular environment, or cytosol, from the 

extracellular environment.  This separation allows a different composition of 

molecules to be established in the cytosol than in the extracellular environment.  

In eukaryotic cells, intracellular membrane bound organelles exist that have a 

similar membrane composition to that of the plasma membrane.  These additional 

intracellular membrane compartments allow for further separation of ions and 

molecules resulting in the specialization of each organelle’s function. 

 Biological membranes of cells are composed of various lipid molecules 

which have hydrophilic “head groups” and hydrophobic “tails.”  These lipid 

molecules assemble into a lipid bilayer in which the polar head groups are facing 

the aqueous environment while the hydrophobic tails associate on the inside of the 

bilayer, forming an aqueous impermeable barrier.  It is this hydrophobic barrier 

which prevents polar and charged molecules from freely passing through the 

membrane, and is the physical basis by which the cell can separate the 

extracelluar environment from the inside of the cell.   
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 In addition to lipid molecules, cholesterol and proteins are also found in 

cellular membranes.  As a consequence of forming a lipid membrane, methods for 

moving charged and polar molecules across the membrane had to be developed by 

the cell.  Through the course of evolution proteins, the primary structural and 

functional machines of the cell, evolved to satisfy this requirement.  The 

movement of ions across the membrane is critical for cellular function, as it 

allows for the concentration of nutrients in the cell as well as excretion of 

metabolic waste products.  Establishing ion concentration gradients across 

biological membranes is also critical for life as it is one of the fundamental energy 

sources in biological systems.   

 There are two main classes of membrane proteins which move ions and 

molecules across biological membranes: channels and transporters.  Ion channels 

and transporters differ both in architecture and in function.  Ion channels 

essentially form a selective pore or hole in the membrane that is opened and 

closed by a gate.  When the gate is open, the ion specific to that class of channel 

can flow down its electrochemical gradient until equilibrium is established or the 

gate is closed.  Transporters differ in the sense that they can move molecules 

against their electrochemical gradient by coupling the movement of a second 

molecule down its electrochemical gradient, or by utilizing another energy source 

such as ATP.  Transporters are thought to function by binding their target 
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molecules and undergoing a conformational change which alters access to the 

extracellular and cytosolic environments. 

 Ion channels and transporters play a number of important roles in the 

human body.  Ion channels in neurons are responsible for the rapid propagation of 

electrical signals across these cells, and when coupled with chemical signals 

between neurons form the basis of communication in our nervous system.  Ion 

channels are also important for ion uptake in our intestine, which in turn forms the 

ionic gradient which causes water absorption in the colon.  Ion transporters also 

play an important role in nutrient uptake, coupling sodium transport down its 

electrochemical gradient to the import of various sugars or amino acids into the 

cell.   

 Bicarbonate plays an important role in a number of physiologically 

important processes.  Bicarbonate is used by our bodies to buffer the pH of our 

cells as well as secreted fluids.  It plays a role in buffering the mucus lining of our 

stomach to protect it from the low pH of stomach acid, and it helps to regulate the 

pH and viscosity of the mucus lining in our lungs.  Bicarbonate transporters in the 

pancreas are responsible for secreting high concentrations of bicarbonate which is 

responsible for helping to neutralize the acidic chyme passing from the stomach 

into the small intestine, as well as to keep the zymogen digestive enzymes 

secreted by the pancreas from prematurely activating before they reach the small 

intestine.  Bicarbonate also plays a central role in our respiratory system.  
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Bicarbonate is in equilibrium with carbon dioxide which is a waste product of 

cellular respiration.  This carbon dioxide waste can diffuse across the plasma 

membrane of the cell and into the bloodstream where most of it diffuses into 

erythrocytes.  In the erythrocyte the enzyme carbonic anhydrase catalyzes the 

hydration of carbon dioxide to carbonic acid, which can then dissociate into 

bicarbonate and a proton.  The bicarbonate ion is then efficiently transported back 

into the bloodstream via the chloride/bicarbonate exchanger 1 (AE1).  The 

bicarbonate ion, which is more soluble in plasma than carbon dioxide, can then 

travel in the bloodstream to the lungs where the partial pressure of carbon dioxide 

is lower than it is in the blood.  This results in the diffusion of carbon dioxide out 

of the blood and into the lungs, and drives bicarbonate transport back into the 

erythrocyte by mass action through AE1, where it is converted into carbon 

dioxide by carbonic anhydrase.  The carbon dioxide in the erythrocyte then freely 

diffuses out of the cell and into the lungs to be exhaled, and thereby a major 

metabolic waste product of our bodies is efficiently removed. 

 With the number of physiologically important processes that ion channels 

and transporters play in the body, it should come as no surprise that when these 

processes are impaired, severe physiological consequences sometimes arise.  

Cystic fibrosis is a disease that is caused by mutations in a chloride channel 

named the cystic fibrosis transmembrane conductance regulator (CFTR).  This 

disease affects the proper function of secretory epithelial cells and often results in 
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pancreatic and lung disease.  In addition, mutations in the solute carrier 26 family 

member A3 (SLC26A3), which is a chloride-bicarbonate transporter, cause a 

disease named congenital chloride diarrhea.  The studies described in this 

dissertation will focus on the structural and functional characterization of four 

congenital chloride diarrhea causing mutations found in the C-terminal domain of 

SLC26A3, as well biochemical studies of the intracellular domains of CFTR.  

Chapter II presents a review of the literature of CFTR structure, function and 

regulation as well as the function of SLC26A3 and other SLC26A family 

members.  Chapter III describes experiments that addressed the biochemical 

properties of the first and second nucleotide binding domains of CFTR, along 

with a discussion of the three dimensional structure of the first nucleotide binding 

domain of CFTR.  Chapter IV describes the expression and characterization of the 

biochemical, biophysical and functional properties of the C-terminal STAS 

domain of SLC26A3, while chapter V will discuss the molecular pathology of 

four congenital chloride diarrhea causing mutations impact these properties of the 

STAS domain as well as the properties of the full length transporter.  Chapter VI 

presents structural data collected on the SLC26A3 STAS domain as well as a 

bacterial homolog of the STAS domain.  In conclusion, chapter VII suggests 

future experiments that will extend and expand upon the work described in the 

previous chapters of this dissertation. 
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Chapter Two 

Literature Review 

  

Introduction: 

 The cell is the basic unit of life, and all organisms are comprised of one or 

more cells.  A common feature among all cells regardless of the organism or the 

cell’s specialized function is the plasma membrane.  The plasma membrane is 

comprised of lipid molecules, which are amphipathic molecules that have a 

hydrophilic “head group” and a “hydrophobic tail.”  The amphipathic nature of 

these molecules allows them to form lipid bilayers where the “hydrophobic tails” 

orient themselves on the inside of the bilayer while the hydrophilic “head groups” 

face the aqueous environment (Figure 2-1).  The plasma membrane of the cell 

extends around the cell and forms a water-impermeable barrier that separates the 

inside of the cell from the extracellular environment.  This separation allows 

different concentrations of molecules to be established in the cytosol of the cell 

compared to the external environment, a process which is essential for life.   

 The hydrophobic core of the lipid bilayer prohibits most polar and charged 

molecules from passing through it unaided.  The cell has evolved protein 

molecules that reside in the lipid bilayer to facilitate the movements of ions and 

other solutes across biological membranes.  These membrane proteins catalyze 
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the movement of various solutes across cellular membranes, and are responsible 

for the cell’s ability to concentrate nutrients in the cytosol and expel waste 

products into the extracellular environment.   

 Membrane proteins that move solutes across biological membranes can be 

divided into one of two broad classes of proteins: channels or transporters.  Both 

channels and transporters have distinct functions in the cell as well as solute 

transport properties.  Ion channels are comprised of a selective pore which 

typically allows for the transport of a specific ion across the membrane, and a gate 

that regulates the opening and closing of the pore.  When the gate is open, the ion 

specific to the channel can flow down its electrochemical gradient until the 

gradient no longer exists and equilibrium is reached, or the gate is closed.  Ion 

Hydrophilic  
Head Group 

Hydrophobic  
Tail 

Lipid 

Lipid  
Bilayer 

FIGURE 2-1:  Lipid schematic and bilayer assembly.  A cartoon model of a lipid 
molecule is shown depicting the hydrophilic head group and hydrophobic tail.  
Hydrophobic interactions between lipid tails and repulsive forces between the lipid 
tails and the aqueous environment result in the assembly of bilayers.  

K+ 

Cl-
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channels are considered “passive transporters” since they use existing 

electrochemical gradients to move their solute across the membrane.  In contrast 

to channels, transporter proteins can move a wide variety of molecules across 

biological membranes such as ions, sugars, amino acids and proteins.  Transporter 

proteins are thought to function by altering access of the solute binding sites to the 

cytosol and extracellular environment by undergoing a conformational change.  

Transporters come in four main varieties: pumps, uniporters, symporters and 

exchangers.  Pumps utilize chemical energy from molecules such as ATP to 

transport solutes against their electrochemical gradient.  One distinguishing 

feature between pumps and the other transporters are that pumps are enzymes and 

can catalyze the hydrolysis of ATP to ADP and Pi, thereby utilizing the energy of 

ATP binding and hydrolysis for the vectoral transport of substrate.  As a result 

pumps are often referred to as “primary active transporters,” as they are 

responsible for establishing electrochemical gradients that are used by “secondary 

active transporters” to move other solutes across membranes (see below).  

Uniporters on the other hand transport a single solute down its electrochemical 

gradient similar to ion channels, thus are considered “passive transporters.”  

Symporters and exchangers move two or more substrates across the membrane 

during each transport cycle.  Symporters move their substrates in the same 

direction while exchangers move their solutes in opposite directions across the 

membrane.  Depending upon the concentration gradients of the solutes, 
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symporters and exchangers can be “passive transporters” moving their solutes 

down their electrochemical gradients, or they can couple the movement of one 

solute down its electrochemical gradient to another solute which is transported up 

its electrochemical gradient.  In the latter example, the transporter is releasing 

some of the potential energy stored in the electrochemical gradient by moving one 

solute “downhill,” while coupling that released energy to the movement of a 

second solute “uphill” against its electrochemical gradient.  Since the transporter 

is using the energy stored in the electrochemical gradient to actively concentrate a 

solute, this membrane protein is considered to be a “secondary active transporter.”   

The ATP binding cassette (ABC) transporter family is an example of 

“primary active transporters” which use the chemical energy stored in ATP to 

concentrate solutes against their chemical gradient, and will be reviewed in the 

following section of this chapter.  Subsequent to the review of ABC transporters, 

the solute carrier family 26A (SLC26A), which are ion exchangers, will be 

extensively reviewed.  The final section of this literature review will be on the 

structure and function of the SLC26A C-terminally conserved STAS domains, 

and their ability to regulate the function of a unique member of the ABC 

transporter family, the cystic fibrosis transmembrane conductance regulator 

(CFTR). 
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ABC Transporter Introduction: 

 ATP binding cassette (ABC) transporters move solutes across biological 

membranes by utilizing the energy of ATP binding and hydrolysis to pump a 

solute up its chemical gradient  (Higgins, 1992; Schneider and Hunke, 1998).  

ABC transporters are found in all three kingdoms of life, and thus likely represent 

an ancient mechanism for solutes transport  (Higgins, 1992).  These transporters 

have a number of biological functions that include but are not limited to nutrient 

uptake, protein secretion, lipid transport, antibiotic resistance, and antigen 

presentation (Dean et al., 2001; Frelet and Klein, 2006; Higgins, 1992; Schneider 

and Hunke, 1998).  In humans, ABC transporter dysfunction can lead to a variety 

of diseases such as Cystic Fibrosis, Tangier and Stargardt disease and 

Adrenoleukodystrophy.   

 ABC transporters can be recognized by their domain structure and 

conserved sequence motifs.  Typically ABC transporters are composed of two 

transmembrane domains (TMDs), each containing 6 or more transmembrane α-

helices, and two cytoplasmic nucleotide binding domains (NBDs) (Gottesman and 

Ambudkar, 2001; Higgins, 1992; Schneider and Hunke, 1998).  The NBDs 

contain the highly conserved Walker A (GXXGXGKS/T) and extended Walker B 

(ΦΦΦΦDEP) motifs where X represents any amino acid and Φ is a hydrophobic 

amino acid, and a third highly conserved motif called the signature sequence 

(LSGGQ)  (Higgins, 1992).  The Walker A and B motifs are known to play a role 
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in ATP binding and hydrolysis in other proteins (Higgins et al., 1985), while the 

signature motif is unique to ABC transporters (Walker et al., 1982).   

The architecture of ABC transporters often differ in prokaryotes and 

eukaryotes.  In prokaryotes the TMDs and NBDs are often encoded by different 

genes while in eukaryotic organisms the TMDs and NBDs are often fused 

together as a single polypeptide (Figure 2-2)  (Higgins, 1992).  However, other 

domain organizations do exist with some ABC transporters existing as a single 

TMD fused with a single NBD, creating a “half transporter” or having the two 

TMDs fused together on a single gene and the two NBDs fused together on a 

separate gene (Figure 2-2).  In some ABC transporters, additional regulatory  

domains exist which provide additional functionality for these transporters.  The 

mechanism by which ABC transporters moves solutes across biological 

membranes, and the roles that the individual domains play are not completely 

understood.  However, ABC transporters are predicted to function by coupling the 

energy of ATP binding and hydrolysis in the NBDs to substrate translocation 

through the TMDs.  Recent findings have begun to elucidate the molecular 

mechanism(s) by which ABC transporters function, and the role that the 

individual domains play during the transport process. 
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ABC Transporter NBD Structure and Function: 

 The NBDs of ABC transporters are approximately 200 amino acids in 

length and contain the conserved Walker A and B motifs along with the signature 

sequence which are thought to be required for ATP binding and hydrolysis  

(Higgins, 1992; Higgins et al., 1985; Walker et al., 1982).  Indeed, many 

recombinantly expressed and purified NBDs have ATPase activity which supports 

the idea that the ATP binding and hydrolysis function of ABC transporters resides 
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FIGURE 2-2:  ABC transporter structure. ABC transporters typically contain four 
domains, two transmembrane domains (TMDs) and two nucleotide binding domains 
(NBDs).  The genetic structure of these domains vary as they can exist as independent 
polypeptide chains that can assemble into active transporters, or they can be fused 
together in multiple ways to form the basic four domain structure.  Six examples of 
ABC transporter domain architectures are shown with independent or fused domains, 
and identical or different NBDs or TMDs. 
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(NBDs).  The genetic structure of these domains vary as they can exist as independent 
polypeptide chains that can assemble into active transporters, or they can be fused 
together in multiple ways to form the basic four domain structure.  Six examples of 
ABC transporter domain architectures are shown with independent or fused domains, 
and identical or different NBDs or TMDs. 
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in the NBDs (Morbach et al., 1993; Nikaido et al., 1997).  Prior to 1998, no high-

resolution structures of ABC transporters NBDs existed, and mutational studies 

provided the main source of information regarding these domains.  The highly 

conserved Walker A lysine residue is thought to play a role in coordinating the γ-

ATP phosphate.  Thus mutation studies of transporters in which this lysine is 

mutated support this hypothesis, and typically result in proteins which have 

reduced ATP hydrolysis activities (Aparicio et al., 1996; Delepelaire, 1994; Lewis 

et al., 2004; Schneider et al., 1994).  The crystal structures of the F1-ATPase and 

the RecA protein suggested that the Walker B aspartate residue may be involved 

in hydrolysis of ATP (Abrahams et al., 1994; Story and Steitz, 1992; Story et al., 

1992).  Mutations of the Walker B aspartate residue also resulted in proteins that 

have abolished ATPase activity and nucleotide binding (Koronakis et al., 1995; 

Panagiotidis et al., 1993; Shyamala et al., 1991).  Mutations in the ABC 

transporter signature sequence are also known to cause a loss of ATPase activity, 

suggesting that this sequence forms part of the ATP binding site (Bakos et al., 

1997; Bliss et al., 1996; Browne et al., 1996; Hoof et al., 1994; Panagiotidis et al., 

1993; Schmees et al., 1999). 

 The first crystal structure of an ABC transporter NBD was solved in 1998 

(Hung et al., 1998).  The HisP structure revealed a mixed α/β protein which can 

be divided into two sub-domains, one with a core Rossman-like fold and a second 

sub-domain comprised of α-helices (Figure 2-3).  The HisP NBD was crystallized 
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in the presence of ATP which allowed the molecular interactions between the 

HisP residues and the ATP molecule to be better understood.  As predicted, the 

Walker A lysine was found to help coordinate the γ-phosphate of the ATP 

molecule, while additionally conserved residues in the Walker A motif help 

coordinate the β-phosphate of the ATP molecule.  The highly conserved Walker 

B aspartate was found to coordinate a water molecule that interacts with the γ-

phosphate of ATP, and it was suggested that the position of this water would 

likely be the position of a Mg2+ ion in a hydrolytically competent complex based 

upon the RecA and F1-ATPase structures (Hung et al., 1998).  The conserved 

glutamate residue just after the Walker B aspartate also interacts with a water 
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FIGURE 2-3: The crystal structure of HisP. The crystal structure of HisP (PDB: 
1B0U) is shown in three different orientations.  The α-helices and β-strands are 
colored orange and green respectively while the ATP molecule is colored red.  The 
blue colored secondary structural elements represent the highly conserved Walker A 
and B motifs and the ABC signature sequence which are labeled appropriately along 
with the N and C-termini.  Notice that HisP contains a mixed α/β and an α-helical 
subdomain, which can be easily observed in the orientation on the left.
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molecule which is in position to facilitate the hydrolysis of the β-γ phosphate 

bond, consistent with it being the “attacking water” for the ATP hydrolysis 

reaction, suggesting that this glutamate residue may serve as the activating 

residue.  Interestingly, the signature sequence of HisP was not found to be close to 

the ATP binding site, and there was no obvious structural requirement for this 

sequence which could explain the high sequence conservation. 

 Shortly after the publication of 

HisP, a mini-review of ABC 

transporters was published by Jones 

and George who suggested a 

functional role for the signature 

sequence (Jones and George, 1999).  

They proposed that ABC transporter 

NBDs form symmetrical head-to-tail 

dimers, where the Walker A and B 

motifs of one monomer are in close 

proximity to the signature sequence of 

the opposing monomer (Figure 2-4).  

Their hypothesis for an NBD dimer 

was based on the fact that the 
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FIGURE 2-4: A cartoon schematic of 
an ABC transporter NBD dimer. A 
cartoon of two ABC transporter NBDs
forming the proposed “head-to-tail”
dimer.  Notice that the ATP binding 
pocket is composed of the highly 
conserved Walker A and B motifs of one 
monomer, and the signature sequence 
(labeled C) of the opposing monomer. 
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conservation of the Walker A and B motifs was most likely due to their 

involvement in ATP binding and hydrolysis, and logic suggested that the 

conservation of the signature sequence would also be due to its involvement in 

ATP binding and hydrolysis.  In addition, Jones and George proposed this model 

based upon another symmetry-related HisP dimer not discussed in the original 

publication that had two residues close to the signature sequence interacting with 

the ATP γ-phosphate.  Models created from the HisP coordinates suggested that 

an NBD dimer could exist without significant steric clashes of backbone and side 

chain atoms which further supported their model for dimerization.  This model 

also explained the previously reported data suggesting cooperativity between the 

two NBDs and their ATPase activities (Davidson et al., 1996; Liu et al., 1997).  

 

ABC Transporter NBD Dimerization: 

  The first structural evidence to support the “head-to-tail” hypothesis came 

from the crystal structure of the DNA repair enzyme Rad50, a homolog of ABC 

transporter NBDs (Hopfner et al., 2000).  The Rad50 structure showed a 

symmetrical dimer similar to that which was proposed by Jones and George a 

year earlier.  However, subsequent to the publication of the Rad50 structure, four 

separate NBD crystal structures were published, none of which crystallized in a 

“head-to-tail” fashion (Diederichs et al., 2000; Gaudet and Wiley, 2001; 

Karpowich et al., 2001; Yuan et al., 2001).  All of these structures revealed very 
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similar overall structures to HisP (Figure 2-5), but it wasn’t until the publication 

of the BtuCD and MJ0796 structures that the “head-to-tail” dimer was observed in 

ABC transporter NBDs (Locher et al., 2002; Smith et al., 2002) (Figure 2-6).   

 Both the BtuD and MJ0796 structures were “trapped” in a dimer state, 

BtuD by vanadate and the transmembrane domains of BtuC, while MJ0796 was 

trapped in a dimer by the mutation E171Q (Locher et al., 2002; Moody et al., 

2002).  The subunits in the vanadate trapped BtuD dimer are not as close together 

as those in the ATP MJ0796 dimer, suggesting that the BtuD dimer may represent 

a transition state of the NBD ATP hydrolysis cycle.  The E171Q mutation in 

HisP Tap1 MalK

MJ0796 MJ1267 Rad50
FIGURE 2-5:  Examples of the ABC transporter NBD fold. Five crystal 
structures are shown of ABC transporter NBDs along with one NBD-like fold 
from the DNA repair enzyme Rad50.  The PDB files shown in the figure are as 
follows: HisP 1B0U, Tap1 1JJ7, MalK 1G29, MJ0796 1F3O, MJ1267 1G6H, 
Rad50 1F2U. 
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FIGURE 2-5:  Examples of the ABC transporter NBD fold. Five crystal 
structures are shown of ABC transporter NBDs along with one NBD-like fold 
from the DNA repair enzyme Rad50.  The PDB files shown in the figure are as 
follows: HisP 1B0U, Tap1 1JJ7, MalK 1G29, MJ0796 1F3O, MJ1267 1G6H, 
Rad50 1F2U. 
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MJ0796 abolishes ATPase activity and allows for stable dimers to form in the 

presence of ATP as measured by gel filtration and analytical ultracentrifugation, 

whereas wild type dimers were not observable by these techniques (Moody et al., 

2002).  Since these initial studies, several other groups have observed the “head-

to-tail” dimers in crystal structures including another full length ABC transporter 

as well as in isolated NBDs.  These studies suggest that this dimeric arrangement 
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FIGURE 2-6:  Crystal structures of ABC transporter NBD dimers. The crystal 
structures of E171Q MJ0796 (PDB: 1L2T) and BtuD (PDB: 1L7V) are shown with 
their α-helices and β-strands are colored orange and green respectively, while the 
ATP or vanidate molecules are colored red.  The blue colored secondary structural 
elements represent the highly conserved Walker A and B motifs and the ABC 
signature sequence in the NBDs.

MJ0796

BtuD

90°

90°

Signature Sequence Walker A
Walker B

FIGURE 2-6:  Crystal structures of ABC transporter NBD dimers. The crystal 
structures of E171Q MJ0796 (PDB: 1L2T) and BtuD (PDB: 1L7V) are shown with 
their α-helices and β-strands are colored orange and green respectively, while the 
ATP or vanidate molecules are colored red.  The blue colored secondary structural 
elements represent the highly conserved Walker A and B motifs and the ABC 
signature sequence in the NBDs.
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of the NBDs is functionally important for the transport activity of ABC 

transporters (Chang, 2003; Chen et al., 2003; Horn et al., 2003; Reyes and Chang, 

2005; Verdon et al., 2003b; Zaitseva et al., 2005). 

 

ABC Transporter Transmembrane Domains: 

 The transmembrane domains of ABC transporters provide the permeation 

pathway for solute transport across the membrane.  ABC transporters typically 

have two transmembrane domains, each consisting of six transmembrane 

spanning α-helices (Higgins, 1992).  However, the TMDs are not as well 

conserved across the ABC transporter superfamily as are the NBDs, thus 

variations in the number of TM spans do exist which may stem from the wide 

variety of solutes that ABC transporters move across membranes.  The crystal 

structures of BtuCD from E. coli and MsbA from E. coli, S. typhimurium and V. 

cholera provide a molecular picture of the α-helical organization and a potential 

permeation pathway through the TMDs (Locher et al., 2002; Reyes and Chang, 

2005) (Figure 2-7).   

 MsbA is a lipid flipase which transports lipid A and lipopolysaccharide 

(LPS) to the outer membrane (Karow and Georgopoulos, 1993; Polissi and 

Georgopoulos, 1996; Reuter et al., 2003; Zhou et al., 1998).  Three different 

crystal structures have been solved for the MsbA protein and show varied 

structural details in the orientation of the TMDs and NBDs (Chang, 2003; Chang 



 

 

20

and Roth, 2001; Reyes and Chang, 2005).  Each MsbA molecule has six 

transmembrane α-helices, which in the E. coli structure have portions that are not 

continuous α-helix.  This is possibly due to the transmembrane spans being 

partially unfolded in the E. coli  structure, which is in contrast to the V. cholera or 

S. typhimurium structures that have continuous transmembrane α-helices.  

Consistent throughout the three structures is TM span six which lines the inner 

cavity of the transporter and is thought to play a role in binding lipid A and 

BtuCD MsbA

FIGURE 2-7:  The crystal structures of complete ABC transporters. The crystal 
structures of the ABC Transporters BtuCD (PDB: 1L7V) and MsbA (PDB: 1Z2R) are 
shown.  The α-helices and β-strands are colored orange and green respectively, while 
the ATP molecule is colored red.  The blue colored secondary structural elements 
represent the highly conserved Walker A and B motifs and the ABC signature 
sequence in the NBDs.  The horizontal lines represent the lipid bilayer in which the 
TMDs are imbedded.  The TMD-NBD interface is composed of specific cytoplasmic 
loops of the TMDs and the α-helical sub-domain of the NBDs.

BtuCD MsbABtuCD MsbA

FIGURE 2-7:  The crystal structures of complete ABC transporters. The crystal 
structures of the ABC Transporters BtuCD (PDB: 1L7V) and MsbA (PDB: 1Z2R) are 
shown.  The α-helices and β-strands are colored orange and green respectively, while 
the ATP molecule is colored red.  The blue colored secondary structural elements 
represent the highly conserved Walker A and B motifs and the ABC signature 
sequence in the NBDs.  The horizontal lines represent the lipid bilayer in which the 
TMDs are imbedded.  The TMD-NBD interface is composed of specific cytoplasmic 
loops of the TMDs and the α-helical sub-domain of the NBDs.
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transporting it from the inner to outer leaflet of the membrane (Chang, 2003; 

Chang and Roth, 2001; Reyes and Chang, 2005).  Indeed, when the MsbA 

monomers are superimposed upon one another, TM spans five and six show 

significant conformational changes in the post-hydrolysis S. typhimurium 

structure, consistent with these α-helices contributing to the transport cycle 

(Reyes and Chang, 2005).   

 BtuCD is a vitamin B12 transporter and unlike most ABC transporters has 

ten transmembrane spanning α-helices instead of the canonical six.  The BtuCD 

structure shows the TMDs closely packed with one another, and a cavity that is 

formed between the two BtuD monomers by TM spans five and ten (Figure 2-7).  

Although the BtuCD structure was crystallized in the absence of vitamin B12, this 

cavity is of sufficient size to accommodate a vitamin B12 molecule and is 

suspected to be the permeation pathway (Locher et al., 2002).  The intracellular 

loop between TM spans four and five form the putative gate that separates the 

cytosol from the periplasmicly filled cavity (Locher et al., 2002).   

 The BtuCD and the V. cholera and S. typhimurium MsbA structures show 

intradomain contacts between the NBDs and the TMDs (Chang, 2003; Locher et 

al., 2002; Reyes and Chang, 2005).  Much of the interaction between the TMDs 

and NBDs is formed by intracellular loops of the TMDs which interact with the 

α-helical sub-domain of the NBDs, as well as the groove formed between the α-

helical and α/β core sub-domains.  Previously, the α-helical sub-domain of the 
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NBDs had been postulated to be involved in providing specificity between NBDs 

and TMDs as well as coupling conformational changes in the NBDs from ATP 

binding and hydrolysis to conformational changes in the TMDs which ultimately 

result in substrate transport (Hyde et al., 1990).   

 

Cystic Fibrosis Introduction: 

 Cystic Fibrosis (CF) is an autosomal recessive disease which causes 

dysfunction of epithelial cells in several organ systems.  The loss of proper 

pulmonary function is the most common cause of death in CF patients.  The loss 

of function in these organs arises from mutations in the cystic fibrosis 

transmembrane conductance regulator (CFTR) gene, which encodes an ABC 

transporter (Kerem et al., 1989; Riordan et al., 1989; Rommens et al., 1989).  

ABC transporters typically use the energy of ATP binding and hydrolysis to move 

solutes across biological membranes (Higgins, 1992; Schneider and Hunke, 

1998).  However, the CFTR protein is unusual among the ABC transporters in 

that it is not a transporter, rather it is an ATP gated chloride channel (Rich et al., 

1990).  Mutations in the CFTR gene that give rise to CF do so in a number of 

ways and as a result, CF causing mutations can be categorized into one of five 

classes.  Class I mutations affect CFTR biosynthesis while class II mutations 

affect protein maturation (Kulczycki et al., 2003; Rowntree and Harris, 2003).  

Class III and IV mutations affect CFTR channel gating and conductance 



 

 

23

respectively, while class V mutations lower the expression of the CFTR protein 

(Kulczycki et al., 2003; Rowntree and Harris, 2003).  The most common CF 

causing mutation is the deletion of phenylalanine at position 508 (ΔF508) in 

CFTR.  This mutation is a class II mutation and accounts for approximately 70% 

of the CF alleles and roughly 90% of CF patients have at least one copy of this 

mutation (Kerem et al., 1989; Riordan et al., 1989).   

 The CFTR protein is found in multiple tissues and organs and as a result 

the loss of normal CFTR function impacts a wide variety of bodily functions 

(Gadsby et al., 2006; Rowntree and Harris, 2003).  The CFTR protein plays a role 

in the exocrine pancreatic function which is responsible for secreting a number of 

enzymes that aid in the digestion of consumed foodstuffs (Ahmed et al., 2003; 

Choi et al., 2001a; Choi et al., 2001b; Soleimani and Ulrich, 2000).  The loss of 

proper CFTR function in the pancreatic duct leads to blockage of the duct and 

retention of the digestive enzymes, which in turn digest the acini and islets cells 

and results in pancreatic insufficiency.  Pancreatic insufficiency can result in 

malnutrition and death if left untreated.  A genotype-phenotype correlation exists 

between mutations in CFTR and pancreatic insufficiency, while no such 

correlation exists for airway disease (Kulczycki et al., 2003; Rowntree and Harris, 

2003; Zielenski, 2000).  Airway disease in CF patients is complicated and not 

completely understood.  The loss of normal CFTR function leads to viscous 

mucus accumulation in the lungs that is difficult for patients to clear (Moskowitz 
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et al., 2005).  This leads to chronic bacterial infection by the Pseudomonas 

aeruginosa bacterium which causes inflammation and ultimately leads to lung 

failure (Moskowitz et al., 2005; Pier, 2002).  The reason for the increase in 

viscosity of the airway mucus in CF patients is not well understood, and two 

hypotheses have been put forth to explain the increase in mucus viscosity.  One 

hypothesis suggests that the loss of proper CFTR function leads to improper 

hydration of the mucus in the lung due to a reduced airway surface liquid layer 

(Guggino, 1999; Guggino, 2001; Song et al., 2003; Tarran et al., 2001; Zabner et 

al., 1998), while the second hypothesis suggests that the loss of proper CFTR 

function results in increased salt concentration in the airway surface liquid layer 

that inhibits the potency of the antimicrobial defensin molecules and causes 

mucins to precipitate out of solution (Bhaskar et al., 1991; Coakley et al., 2003; 

Devor et al., 1999; Lee et al., 1998).  Regardless of the cause of the increased 

mucus viscosity, combating the Pseudomonas aeruginosa infections presents one 

of the greatest challenges to CF patients and physicians alike. 

 With the high prevalence of the ΔF508 mutation in the CF population, and 

its highly deleterious effects on the patient’s lung and pancreatic functions, it has 

been intensely studied.  Many studies have focused on trying to understand what 

is wrong with the ΔF508 protein and how can it be corrected.  The ΔF508 

mutation has been shown to inhibit protein trafficking and maturation to the 

plasma membrane (Cheng et al., 1990; Ward and Kopito, 1994).  If cells 
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expressing ΔF508 CFTR protein are grown at a reduced temperature, some of the 

mutant protein can properly traffic to the plasma membrane (Sato et al., 1995).  

Growing cells expressing the ΔF508 CFTR protein in the presence of osmolytes 

such as glycerol and myoinositol have also been demonstrated to help correct the 

trafficking defect of the mutant CFTR protein (Sato et al., 1995; Zhang et al., 

2003).  Once at the plasma membrane, the ΔF508 CFTR protein does have some 

chloride channel activity (Cheng et al., 1995; Hwang et al., 1997; Sato et al., 

1995; Zhang et al., 2003).  This suggests, and gives hope, that if a therapeutic 

agent can be found to allow the proper trafficking of the ΔF508 CFTR protein to 

the plasma membrane, it may restore proper epithelial function and help to reduce 

or eliminate the pancreatic insufficiency and airway disease that afflicts CF 

patients. 

 

CFTR Structure and Function: 

 When the CFTR gene was cloned it was found to encode a 1480 amino 

acid protein which contained two putative transmembrane domains, two 

nucleotide binding domains and a unique regulatory or R-domain (Kerem et al., 

1989; Riordan et al., 1989; Rommens et al., 1989) (Figure 2-8).  The domain 

structure of the protein along with the highly conserved Walker A and B motifs 

and the signature sequence suggested that the CFTR protein was a member of the 

ABC transporter superfamily.  The cloning of an ABC transporter was 
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unexpected, as it was previously 

known that CF patients had epithelia 

that were deficient in chloride 

transport and thus the assumption was 

that the protein responsible for CF was 

a chloride channel (Quinton, 1983).  It 

was also known at the time that the 

chloride channel activity of secretory 

epithelial was cAMP protein kinase A 

(PKA) dependant, and the regulatory 

domain of CFTR contained numerous PKA phosphorylation consensus sites  

(Riordan et al., 1989).  As a result, the CFTR gene product was suspected of 

regulating chloride channel activity and hence the name cystic fibrosis 

transmembrane conductance regulator (Riordan et al., 1989). 

 Although the CFTR protein is a member of the ABC transporter family, it 

was discovered to have chloride channel properties itself (Anderson et al., 1991b; 

Kartner et al., 1991) which were regulated by PKA phosphorylation (Anderson et 

al., 1991a; Berger et al., 1991; Cheng et al., 1991).  ATP is required for proper 

channel gating, and chloride conductance is observed only when ATP can bind to 

both NBD1 and NBD2 (Anderson et al., 1991a; Anderson and Welsh, 1992; 

Berger et al., 1991; Cheng et al., 1991).  More recently it has been demonstrated 
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that ATP binding to NBD1 and NBD2 is required for opening of the CFTR 

channel, while hydrolysis of ATP at NBD2 closes the channel (Basso et al., 2003; 

Berger et al., 2005; Vergani et al., 2005; Vergani et al., 2003). 

In addition to chloride channel activity CFTR has also been suggested to 

transport bicarbonate (Gray et al., 1990; Linsdell et al., 1997; Poulsen et al., 

1994).  This data is consistent with the observation that bicarbonate transport is 

altered in CF patients (Choi et al., 2001b; Johansen et al., 1968; Kopelman et al., 

1988).  Recently, CFTR was demonstrated to transport bicarbonate only in the 

absence of extracelluar chloride (Shcheynikov et al., 2004).  It was demonstrated 

that CFTR undergoes a conformational change in the absence of chloride which 

presumably alters the pore region of CFTR and allows for bicarbonate transport 

(Shcheynikov et al., 2004) (Figure 2-9).  However, when chloride is present the 

CFTR pore is more selective for chloride than bicarbonate, suggesting that under 

many physiological conditions CFTR does not transport the majority of 

bicarbonate in secretory epithelial cells (Shcheynikov et al., 2004).   

High-resolution structural information regarding CFTR is only available 

for NBD1 (Lewis et al., 2004; Lewis et al., 2005).  The first structures reported 

for CFTR NBD1 were of mouse sequence, and revealed a number of important 

findings.  Firstly, the domain structure of the mouse CFTR NBD1 was highly 

similar to other NBDs whose crystal structures had been previously solved 

(Chang, 2003; Chang and Roth, 2001; Chen et al., 2003; Diederichs et al., 2000; 
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Gaudet and Wiley, 2001; Horn et al., 2003; Hung et al., 1998; Karpowich et al., 

2001; Locher et al., 2002; Reyes and Chang, 2005; Schmitt et al., 2003; Smith et 

al., 2002; Verdon et al., 2003a; Yuan et al., 2001) (Figure 2-10).  The structure 

also revealed that there was a large unstructured insertion between the first and 

second β-strands of the domain which had not been identified previously (Figure 

2-11).  As a result, the N-terminus of CFTR NBD1 is earlier in sequence than 

previously predicted (Lewis et al., 2004).  In addition to the location of the N-

terminus, the C-terminus was also found to be further in sequence than predicted 

FIGURE 2-9: CFTR conformation is altered by Cl- ions. Cell lysates from Calu-3 
cells were made using buffers where the major anion was Cl– or gluconate, as 
indicated in the figure. The lysates were subjected to digestion by various 
concentrations of trypsin for 10 min on ice and separated by SDS-PAGE. The digests 
were probed with a mixture of anti-CFTR antibodies to maximize detection of CFTR 
fragments. Similar results were obtained in four experiments.  Arrowheads on the right 
mark CFTR fragments while FL indicates full-length.  Molecular weight markers are 
measured in kDa.  Adapted by permission from ASBMB:  Shcheynikov et al. J Biol
Chem (2004) 279(21):21857-65.

FIGURE 2-9: CFTR conformation is altered by Cl- ions. Cell lysates from Calu-3 
cells were made using buffers where the major anion was Cl– or gluconate, as 
indicated in the figure. The lysates were subjected to digestion by various 
concentrations of trypsin for 10 min on ice and separated by SDS-PAGE. The digests 
were probed with a mixture of anti-CFTR antibodies to maximize detection of CFTR 
fragments. Similar results were obtained in four experiments.  Arrowheads on the right 
mark CFTR fragments while FL indicates full-length.  Molecular weight markers are 
measured in kDa.  Adapted by permission from ASBMB:  Shcheynikov et al. J Biol
Chem (2004) 279(21):21857-65.
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(Lewis et al., 2004).  The CFTR NBD1 structure also revealed that the F508 

residue was on the surface of the domain near the end of the first α-helix in the α-

helical sub-domain.  Subsequently, the structure of human CFTR NBD1 was 

solved with and without the F508 residue, but with a number of solubilizing 

mutations (Lewis et al., 2005).  The loss of the F508 residue did not grossly 

change the structure of the domain, consistent with previous suggestions that the  
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FIGURE 2-10:  The crystal structure of mouse CFTR NBD1. The crystal 
structure of mouse CFTR NBD1 (PDB: 1R0X) is shown with its α-helices and β-
strands colored orange and green respectively, while the ATP molecule is colored 
red.  The blue colored secondary structural elements represent the highly conserved 
Walker A and B motifs and the ABC signature sequence.  The F508 side chain is 
shown in stick figure representation and is colored purple.
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CFTR NBD1 H.sap  380 ---------YKTLEYNLTTTEVVMENVTAFWEEGFGELFEKAKQNNNNRKTSNGDDSLFFSNFSLLGTPVLKDINFKIERGQLLAVAGSTGAGKTSLLMMIMGELEPSEGKIKHSG--------------------------RISFCSQFS-WIMPGTIKENIIFGVSYDEY-------- 
CFTR NBD1 M.mus  380 ---------YKVLEYNLMTTGIIMENVTAFWEEGFGELLQKAQQSNGDRKHSSDENNVSFSHLCLVGNPVLKNINLNIEKGEMLAITGSTGLGKTSLLMLILGELEASEGIIKHSGR--------------------------VSFCSQFS-WIMPGTIKENIIFGVSYDEY-------- 
CFTR NBD2 H.sap 1198 ---------VKKDDIWPSGGQMTVKDLTAKYTEG--------------------------------GNAILENISFSISPGQRVGLLGRTGSGKSTLLSAFLRLLNT-EGEIQIDGVSWDSITLQQWR-------------KAFGVIPQKVFIF-SGTFRKNLDPYEQWSDQ-------- 
CFTR NBD2 M.mus 1194 ---------VKKSDIWPSGGEMVVKDLTVKYMD--------------------------------DGNAVLENISFSISPGQRVGLLGRTGSGKSTLLSAFLRMLNI-KGDIEIDGVSWNSVTLQEWR-------------KAFGVITQKVFIF-SGTFRQNLDPNGKWKDE-------- 
HisP S.typ         1 ---------------MMSENKLHVIDLHKRYG----------------------------------GHEVLKGVSLQARAGDVISIIGSSGSGKSTFLRCINFLEKPSEGAIIVNGQNINLVRDKDGQLKVADKNQLRLLRTRLTMVFQHFNLWSHMTVLENVMEAPIQVLG-------- 
MalK E.col         1 ------------------MASVQLQNVTKAWG----------------------------------EVVVSKDINLDIHEGEFVVFVGPSGCGKSTLLRMIAGLETITSGDLFIGEKRMNDTPPA---------------ERGVGMVFQSYALYPHLSVAENMSFGLKLAGA-------- 
0796 M.jan         1 --------------------MIKLKNVTKTYKMG------------------------------EEIIYALKNVNLNIKEGEFVSIMGPSGSGKSTMLNIIGCLDKPTEGEVYIDNIKTNDLDDDELT---------KIRRDKIGFVFQQFNLIPLLTALENVELPLIFKYR-------- 
1267 M.jan         1 --------------MRDTMEILRTENIVKYFG----------------------------------EFKALDGVSISVNKGDVTLIIGPNGSGKSTLINVITGFLKADEGRVYFENKDITNKEPAE------------LYHYGIVRTFQTPQPLKEMTVLENLLIGEINPGESPLNSLFY 
MsbA E.col       330 ---------EGKRVIERATGDVEFRNVTFTYPGR--------------------------------DVPALRNINLKIPAGKTVALVGRSGSGKSTIASLITRFYDIDEGEILMDGHDLREYTLASL-------------RNQVALVSQNVHLFND-TVANNIAYARTEQYS-------- 
Tap1 H.sap       497 ---------------LHLEGLVQFQDVSFAYPNR-------------------------------PDVLVLQGLTFTLRPGEVTALVGPNGSGKSTVAALLQNLYQPTGGQLLLDGKPLPQYEHRYLH-------------RQVAAVGQEPQVFGR-SLQENIAYGLTQKPT-------- 
RbsA E.col         1 -----------------MEALLQLKGIDKAFPG----------------------------------VKALSGAALNVYPGRVMALVGENGAGKSTMMKVLTGIYTRDAGTLLWLGKETTFTGPKS------------SQEAGIGIIHQELNLIPQLTIAENIFLGREFVNR-------- 
 
 
 
 
 
 
 
 
 
 
CFTR NBD1 H.sap  516 --RYRS-VIKACQLEEDISKFAEKDNIVLGEGGITLSGGQRARISLARAVYKDADLYLLDSPFGYLDVLTEKEIFESCVCKLMA-NKTRILVTS-KMEHL-KKADKILILHEGSSYFYGTFSELQNLQPDFSSKLMGCDSFDQFSAERRNSILTETLHRFSLEGDAPVSWTETKKQ---- 
CFTR NBD1 M.mus  516 --RYKS-VVKACQLQQDITKFAEQDNTVLGEGGVTLSGGQRARISLARAVYKDADLYLLDSPFGYLDVFTEEQVFESCVCKLMA-NKTRILVTS-KMEHL-RKADKILILHQGTSYFYGTFSELQSLRPSFSSKLMGYDTFDQFTEERRSSILTETLRRFSVDDSSAPWSKPKQSFRQTG 
CFTR NBD2 H.sap 1314 ---EIWKVADEVGLRSVIEQFPGKLDFVLVDGGCVLSHGHKQLMCLARSVLSKAKILLLDEPSAHLDPVTYQIIRRTLKQAFA--DCTVILCEH-RIEAM-LECQQFLVIEENKVRQYDSIQKLLNERSLFRQAISPSDRVKLFPHRNSSKCKSKP------------------------ 
CFTR NBD2 M.mus 1310 ---EIWKVADEVGLKSVIEQFPGQLNFTLVDGGYVLSHGHKQLMCLARSVLSKAKIILLDEPSAHLDPITYQVIRRVLKQAFA--GCTVILCEH-RIEAM-LDCQRFLVIEESNVWQYDSLQALLSEKSIFQQAISSSEKMRFFQGRHSSKHKPRTQITALKEETEEE------------ 
HisP S.typ       124 ----LSKHDARERALKYLAKV-GIDERAQGKYPVHLSGGQQQRVSIARALAMEPDVLLFDEPTSALDPELVGEVLRIMQQLAEE-GKTMVVVTH-EMGFARHVSSHVIFLHQGKIEEEGDPEQVFGN--------PQSPRLQQFLKGSLK------------------------------ 
MalK E.col       106 ---KKEVINQRVNQVAEVLQLAH----LLDRKPKALSGGQRQRVAIGRTLVAEPSVFLLDEPLSNLDAALRVQMRIEISRLHKRLGRTMIYVTHDQVEAM-TLADKIVVLDAGRVAQVGKPLELYHY--------PADRFVAGFIGS--------------------------------- 
0796 M.jan       114 --GAMSGEERRKRALECL-KMAELEERFANHKPNQLSGGQQQRVAIARALANNPPIILADEPTGALDSKTGEKIMQLLKKLNEEDGKTVVVVTH-DINVA-RFGERIIYLKDGEVEREEKLRGFDDR----------------------------------------------------- 
1267 M.jan       121 KKWIPKEEEMVEKAFKILEFL--KLSHLYDRKAGELSGGQMKLVEIGRALMTNPKMIVMDEPIAGVAPGLAHDIFNHVLELKAK-GITFLIIEH-RLDIVLNYIDHLYVMFNGQIIAEGRGEEEIKN------VLSDPKVVEIYIGE--------------------------------- 
MsbA E.col       447 -REQIEEAARMAYAMDFINKMDNGLDTVIGENGVLLSGGQRQRIAIARALLRDSPILILDEATSALDTESERAIQAALDELQK--NRTSLVIAH-RLSTI-EKADEIVVVEDGVIVERGTHNDLLEHRGVYAQLHKMQFGQ--------------------------------------- 
Tap1 H.sap       609 -MEEITAAAVKSGAHSFISGLPQGYDTEVDEAGSQLSGGQRQAVALARALIRKPCVLILDDATSALDANSQLQVEQLLYESPERYSRSVLLITQ-HLSLV-EQADHILFLEGGAIREGGTHQQLMEKKGCYWAMVQAPADAPE------------------------------------- 
RbsA E.col       110 -FGKIDWKTMYAEADKLLAKL--NLRFKSDKLVGDLSIGDQQMVEIAKVLSFESKVIIMDEPTDALTDTETESLFRVIRELKSQ-GRGIVYISH-RMKEIFEICDDVTVFRDGQFIAEREVASLTEDS---------------------------------------------------- 
 

 
FIGURE 2-11: An ABC transporter multiple sequence alignment.  A multiple sequence alignment of ABC transporter nucleotide binding 
domains was constructed using the T-coffee and Boxshade programs, and highlights the N-terminal insertion in CFTR NBD1 which was 
missed in previous alignments.  The highly conserved Walker A and B motifs along with the signature sequence are denoted with a bar above 
the sequence and are labeled accordingly.  The conserved Gln and His are labeled the Q and H-loops respectively, and the most common CF 
causing mutation, ∆F508, is denoted with a ∆.  The names of the proteins and the numerical position of the first amino acid in the alignment 
are labeled on the left along with the species the protein sequence is from (H.sap-Homo sapiens, M.mus-Mus musculus, S.typ-Salmonella 
typhimurium, M.jan-Methanococcus jannaschii, E.col-Escherichia coli). 
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loss of F508 impacts the folding pathway of the protein and not the native state 

stability (Qu et al., 1997; Qu and Thomas, 1996; Strickland et al., 1997).  

Functional data suggests that CFTR NBD1 and NBD2 form a heterodimer 

similar to those observed in previous crystal structures (Aleksandrov et al., 2002; 

Basso et al., 2003; Berger et al., 2005; Vergani et al., 2005; Vergani et al., 2003).  

This is consistent with the fact that critical residues involved in ATP hydrolysis 

are absent from both NBD1 and NBD2.  The lack of a canonical signature motif 

in NBD2 and the lack of the conserved histidine and aspartate in the H-loop and 

Walker B motif respectively in NBD1 suggest that homodimers would not 

support ATPase activity (Figure 2-12).  Consistent with this notion are 

biochemical data that suggest that NBD1 alone does not support ATP hydrolysis 

(Lewis et al., 2004; Yike et al., 1996).  When NBD1 and NBD2 are mixed with 

one another the ATPase activity of the mixture is approximately three fold above 

the ATPase activity of NBD1 or NBD2 alone, consistent with the heterodimers 

forming a hydrolytically competent active site (Kidd et al., 2004).   

 In contrast to the NBDs of CFTR, the TMDs are functionally less well 

understood.  Numerous mutational studies have been performed on residues in the 

TMDs in an attempt to define the pore region of CFTR.  The results from many of 

those studies suggest that transmembrane spans 1, 5, 6 and 12 line the pore of 

CFTR (Cheung and Akabas, 1996; Cheung and Akabas, 1997; Mansoura et al., 

1998; McDonough et al., 1994; Zhang et al., 2000; Zhang et al., 2002).  Even with 
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the mutational data available a complete picture of the chloride permeation 

pathway through CFTR is not apparent, and a complete understanding of the 

CFTR pore and transport mechanism will likely require high resolution 

crystallographic studies of the TMDs. 

 The R-domain is unique to CFTR and contains multiple PKA 

phosphorylation consensus sites (Riordan et al., 1989).  Eight serine residues are 

phosphorylated by PKA in vitro while five residues have been demonstrated to be 

phosphorylated in vivo (Cheng et al., 1991; Neville et al., 1997; Picciotto et al., 

1992; Townsend et al., 1996).  The R-domain has been shown to be highly 
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unstructured in solution by CD and limited proteolysis experiments, regardless of 

the phosphorylation state of the domain (Ostedgaard et al., 2000).  The molecular 

mechanism by which the R-domain regulates CFTR activity is not well 

understood.  Current models suggest that the R-domain activates CFTR by 

binding to unknown sites after PKA phosphorylation which results in a 

conformational change of CFTR that allows channel gating to occur in the 

presence of ATP (Chappe et al., 2005; Ostedgaard et al., 2001).  In this sense the 

R-domain of CFTR is operating like the clutch of a car, where phosphorylation of 

the domain allows the clutch to engage and channel activity to occur.  In the 

absence of phosphorylation the clutch of the car is disengaged, and channel 

activity is not observed. 

 In addition to the regulation of CFTR channel activity, the R-domain has 

also been shown to be involved in regulating the activity of members of the 

SLC26A family of proteins (Ko et al., 2002; Ko et al., 2004).  In a reciprocal 

fashion, the intracellular domains of the SLC26A proteins activate CFTR’s 

chloride channel activity, and this activity is mediated through the R-domain of 

CFTR (Ko et al., 2002; Ko et al., 2004).  This novel regulatory interaction will be 

reviewed in the following section along with an extensive discussion on the 

SLC26A3 protein and additional SLC26A family members.  
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Introduction to SLC26A Transporters: 

 The solute carrier 26 A (SLC26A) family of proteins is a recently 

described family of anion transporters that are expressed in the apical or 

basolateral membrane of epithelial cells.  These membrane proteins transport a 

wide variety of anions across cellular membranes that include chloride, 

bicarbonate, hydroxide, formate, oxalate, sulfate, and iodide (Jiang et al., 2002; 

Karniski et al., 1998; Moseley et al., 1999; Satoh et al., 1998; Scott and Karniski, 

2000; Shcheynikov et al., 2006; Soleimani et al., 2001; Xie et al., 2002).  This 

family of proteins currently has eleven members, ten of which have been shown 

to be expressed in humans and one, SLC26A10, which is thought to be a 

pseudogene (Mount and Romero, 2004).  The individual SLC26A family 

members have various tissue expression patterns with some members being 

expressed in very specific cells of the body, such as SLC26A5, while others like 

SLC26A6 are expressed in many tissues throughout the body (Dawson and 

Markovich, 2005; Haila et al., 2001; Hoglund et al., 1996b; Jacob et al., 2002; 

Knauf et al., 2001; Lohi et al., 2000; Lohi et al., 2002a; Royaux et al., 2000; Satoh 

et al., 1998; Soleimani et al., 2001; Toure et al., 2001; Waldegger et al., 2001; Xie 

et al., 2002).  Mutations in SLC26A2, SLC26A3, SLC26A4 and SLC26A5 have 

all been implicated in different human diseases, highlighting the important role 

the SLC26A transporters play in the human body (Everett et al., 1997; Hastbacka 

et al., 1994; Hastbacka et al., 1996a; Hastbacka et al., 1996b; Hoglund et al., 
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1996b; Liu et al., 2003; Superti-Furga et al., 1996a; Superti-Furga et al., 1996b; 

Superti-Furga et al., 1999). 

 Because SLC26A transporters are newly described, little is known about 

them.  The transport properties and biological functions are known for many of 

the SLC26A family members.  A number of functional roles have been described 

for the SLC26A transporters which include thyroid hormone and cartilage 

synthesis, gastric acid secretion and neutralization, as well as skeletal 

development and the transport of various ions in the kidney (Mount and Romero, 

2004).  With the wide variety of anions transported and the various biological 

functions the SLC26A play in the body, it is not unexpected that the sequence 

identity of SLC26A homologs range from 21-43% (Mount and Romero, 2004).  

The SLC26A transporters typically are between 700-800 amino acids in length, 

although exceptions exist as SLC26A8 is 970 amino acids long.  The N-terminal 

two-thirds of the protein are largely hydrophobic and presumably comprise the 

transmembrane spans of the transporter and form the ion permeation pathway.  

Various models have been put forth as to the number of transmembrane spans 

each SLC26A protein contains, but the emerging consensus is that most SLC26A 

transporters likely have twelve transmembrane spanning α-helices with their N 

and C-termini located in the cytosol (Lohi et al., 2002a; Lohi et al., 2003; 

Moseley et al., 1999; Navaratnam et al., 2005; Taylor et al., 2002; Toure et al., 

2001; Zheng et al., 2001) (Figure 2-13).  The C-terminal third of the SLC26A 
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proteins is comprised of a conserved STAS domain (Aravind and Koonin, 2000).  

The name STAS stands for sulfate transporters and anti-sigma factor antagonists, 

as these domains are homologous to the bacterial anti-sigma factor antagonists 

that regulate bacterial sporulation (Aravind and Koonin, 2000).  A detailed 

description of the STAS domains and anti-sigma factor antagonists will be 

described in the last section of this literature review. 

 While the transport function of many of the SLC26A proteins is known, 

the regulatory mechanisms that control their function remain largely unknown.  

The SLC26A3, 6, 7, 8 and 9 proteins all contain a PDZ binding motif at their C-

termini (Lohi et al., 2002a; Mount and Romero, 2004).  The PDZ binding 

sequence of SLC26A3 have been demonstrated to bind to the PDZ domain-

containing proteins E3KARP and CAP70, which have also been shown to bind to 

CFTR (Ko et al., 2004; Lamprecht et al., 2002; Rossmann et al., 2005; Sun et al., 
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FIGURE 2-13:  SLC26A domain structure and evolutionary relationships. (A) A 
cartoon model of the predicted domain structure of the SLC26A protein showing a 
TMD containing twelve α-helices and a cytosolic STAS domain.  (B) A phylogenetic
tree showing the evolutionary relationships between the eleven human SLC26A 
family members.  The phylogenetic tree was made using the Molphy program and the 
STAS domains of the SLC26A proteins without the intervening sequence.
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2000; Wang et al., 2002a).  Indeed, functional regulation between CFTR and 

SLC26A3, SLC26A4 and SLC26A6 have been previously observed (Ko et al., 

2002; Ko et al., 2004), suggesting a functional complex between the CFTR 

protein and some members of the SLC26A protein family.   

  

SLC26A1: 

 SLC26A1, also known as the sulfate anion transporter or Sat-1, was first 

cloned from rat liver and demonstrated to be a glycoprotein with sulfate 

transporting properties (Bissig et al., 1994; Karniski et al., 1998).  Subsequently, 

the SLC26A1 gene has been cloned from human, mouse and rainbow trout and 

shown to transport sulfate in exchange for chloride (Bissig et al., 1994; Katoh et 

al., 2006; Lee et al., 2003).  Additional functional studies have shown that 

SLC26A1 can support sulfate transport as well as minimal amounts of chloride 

and oxalate (Bissig et al., 1994; Lee et al., 2003; Regeer et al., 2003). 

 The biological function of SLC26A1 is not entirely clear, however it has 

been suggested that SLC26A1 plays a role in sulfate transport in liver canalicular 

cells (Meier et al., 1985; Meier et al., 1987).  In addition, it has recently been 

shown that SLC26A1 can mediate sulfate-bicarbonate exchange, further 

supporting the proposed role of SLC26A1 in sulfur transport in the liver 

(Quondamatteo et al., 2006).  In addition to the liver, SLC26A1 is highly 

expressed in the kidney and expressed to lower levels in the pancreas and testes 
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(Regeer et al., 2003).  This led Regeer and colleagues to suggest a role for 

SLC26A1 in sulfate reabsorption in the kidney.  SLC26A1 has been demonstrated 

to be localized to the basolateral membrane of various epithelial cells (Karniski et 

al., 1998; Quondamatteo et al., 2006; Regeer and Markovich, 2004).  In addition, 

a dilucine motif in the C-terminal domain of SLC26A1 has been suggested to be 

the basolateral targeting sequence, and when mutated the protein appears to be 

retained intracellularly (Regeer and Markovich, 2004).  When the C-terminal 70 

amino acids were placed on the Tac protein, which is targeted to the apical 

membrane, Tac traffics to the basolateral membrane.  In addition, when the 

dilucine motif is removed by deleting the last 30 amino acids of the fusion 

protein, Tac regained apical membrane targeting.  However, it is still possible that 

the targeting sequence is not the dilucine motif and resides elsewhere in C-

terminal portion of SLC26A1. 

 

SLC26A2: 

 SLC26A2, also known as DTDST, was discovered by positional cloning 

of the gene responsible for diastrophic dysplasia (Hastbacka et al., 1994).  

Dystrophic dysplasia is an autosomal recessive disorder that is characterized by 

dwarfism as well as bone and joint malformations.  In addition to diastrophic 

dysplasia, three additional chondrodysplasias (achondrogenesis, atelosteogenesis 

type II and autosomal recessive multiple epiphyseal dysplasia) have also been 
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liked to mutations in the SLC26A2 gene (Hastbacka et al., 1994; Hastbacka et al., 

1996a; Hastbacka et al., 1996b; Superti-Furga et al., 1996a; Superti-Furga et al., 

1996b; Superti-Furga et al., 1999).  The SLC26A2 gene product is a sulfate 

transporter that also likely transports chloride and bicarbonate (Satoh et al., 1998).  

Consistent with the chondrodysplasia phenotype, mutant SLC26A2 was found to 

be highly expressed in cartilage, where it may play a key role in the production of 

sulfated proteoglycans necessary for proper cartilage function (Forlino et al., 

2005; Satoh et al., 1998; Superti-Furga et al., 1996c).  SLC26A2 transcript has 

also been found in a variety of other tissues including the placenta, small 

intestine, colon and testis (Haila et al., 2001; Satoh et al., 1998) where it may play 

a role in sulfating other proteins such as mucins.  The SLC26A2 protein is 

expressed in the apical membrane of epithelial cells, which is in contrast to its 

closest paralog SLC26A1, which is expressed in the basolateral membrane (Haila 

et al., 2001).  A number of chondrodysplasia causing mutations in the SLC26A2 

gene have been studied, and a genotype-phenotype correlation exists between the 

residual sulfate transport activity and the severity of the disease (Karniski, 2001; 

Karniski, 2004; Macias-Gomez et al., 2004; Maeda et al., 2006; Rossi and 

Superti-Furga, 2001). 
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SLC26A3: 

 The SLC26A3 gene was first identified as a gene that was down regulated 

in human colon adenomas and adenocarcinomas and hence named DRA 

(Schweinfest et al., 1993).  SLC26A3 has not been conclusively proven to be a 

tumor suppressor gene, but it has been suggested to play a role in growth 

suppression and individuals with mutations in the SLC26A3 gene do have a 

slightly elevated risk of intestinal cancers (Antalis et al., 1998; Chapman et al., 

2002; Hemminki et al., 1998).  SLC26A3 transcript has been identified in the 

cecum, colon and prostate, while mouse SLC26A3 protein has been identified in 

the pancreas, small intestine and parotid ducts (Byeon et al., 1996; Greeley et al., 

2001; Hoglund et al., 1996b; Ko et al., 2004; Silberg et al., 1995).  The high level 

of SLC26A3 transcript observed in the colon is consistent with the proposed 

tumor suppressor role and potentially an anion transport role as well. 

 Functional studies on SLC26A3 have demonstrated that it is an anion 

exchanger which transports sulfate, oxalate, chloride, hydroxide and bicarbonate 

(Byeon et al., 1998; Chernova et al., 2003; Ko et al., 2004; Lamprecht et al., 

2002; Moseley et al., 1999; Silberg et al., 1995).  SLC26A3 has also been 

demonstrated to have a chloride:bicarbonate stoichiometry of 2:1 (Shcheynikov et 

al., 2006).  Consistent with SLC26A3’s chloride base exchange, mutations in the 

SLC26A3 gene were identified in patients who suffer from congenital chloride 

diarrhea (CLD) (Hoglund et al., 1996a).  This disease is characterized by watery 
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diarrhea with low pH which results in dehydration and death if left untreated 

(Holmberg, 1986).  Butyrate has been shown to be effective in relieving the 

diarrhea suffered by patients, while increased salt and water uptake are part of the 

traditional clinical management of the disease (Canani et al., 2004).  Unlike the 

chondrodysplasias caused by mutations in SLC26A2, no genotype-phenotype 

correlation exists for CLD, and distinct clinical outcomes are possible depending 

upon the age of diagnosis and clinical intervention (Hoglund et al., 2001).  Similar 

to CF patients, males who suffer from CLD often also suffer from infertility, 

which is consistent with the observation that the SLC26A3 gene is transcribed in 

the prostate (Hihnala et al., 2006b; Hoglund et al., 1996a; Hoglund et al., 2006). 

  The SLC26A3 protein has been demonstrated to be a membrane 

glycoprotein that resides in the apical membrane of epithelial cells (Byeon et al., 

1996; Ko et al., 2004).  A PDZ binding sequence resides on the C-terminus of 

SLC26A3 which has been demonstrated to bind to the PDZ domain containing 

proteins CAP70 and E3KARP (Lamprecht et al., 2002; Rossmann et al., 2005).  

CAP70 and E3KARP have also been demonstrated to interact with CFTR’s C-

terminal PDZ domain, likely co-localizing CFTR and SLC26A3 in the apical 

membrane (Lamprecht et al., 2002; Sun et al., 2000; Wang et al., 2002b).  In 

addition, some CF patients have abnormal bicarbonate secretion and CFTR is not 

likely to be the primary bicarbonate transporting protein (Choi et al., 2001b; 

Greeley et al., 2001; Poulsen et al., 1994; Shcheynikov et al., 2004; Shumaker et 
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al., 1999).  Since CFTR was not likely the major bicarbonate transporting protein 

of secretory epithelia, it was possible that CFTR was regulating a bicarbonate 

transporter.  Members of the SLC4 family of bicarbonate transporters (the anion 

exchangers AE1-4) as well as members of the SLC26A family of anion 

transporters were tested for their ability to be activated by CFTR.  It was found 

that the SLC4 family of proteins was not activated by CFTR, however, members 

of the SLC26A family of transporters were markedly activated by CFTR (Ko et 

al., 2002) (Figure 2-14).  In addition, CFTR’s chloride channel activity was 

activated by the presence of SLC26A3 indicating that these two proteins 

reciprocally activated each other’s ion transport activity (Ko et al., 2002) (Figure 
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stimulation.  (B)  Cl- current measurements were recorded from HEK 293 cells 
transfected with CFTR or co-transfected with CFTR and mouse SLC26A3 in the 
presence or absence of forskolin stimulation.  Data collected by S.B. Ko.
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2-14).  The interaction between SLC26A3 and CFTR has been studied in detail 

which has revealed an approximately four fold enhancement of SLC26A3 

exchange activity, and roughly a three fold activation of CFTR’s chloride 

exchange activity (Ko et al., 2004) (Figure 2-14).  This functional activation 

suggested a possible physical association between SLC26A3 and CFTR.  Co-

immunoprecipitation experiments demonstrated a physical association between 

SLC26A3 and CFTR (Ko et al., 2004) (Figure 2-15).  The PDZ domains were 

found to be important for this interaction but not required as increased expression 

of mutant CFTR and SLC26A3 proteins that did not contain the PDZ binding 
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FIGURE 2-15: The STAS domain of SLC26A3 and the R-domain of CFTR are 
required for co-immunoprecipitation.  Western blots and co-immunoprecipitation
experiments of CFTR, CFTR R-domain (RD), mouse SLC26A3 with the STAS 
domain deleted (ΔSTAS), and mouse SLC26A3 STAS domain (STAS) are presented 
with the blotting and immunoprecipitation antibodies indicated below the blots.  The 
ΔSTAS and STAS domain constructs are myc-tagged while the R-domain is HA 
tagged.  The proteins transfected in each lane are as follows: lane 1) CFTR, 2) CFTR 
+ ΔSTAS, 3) CFTR + STAS, 4) RD + ΔSTAS, 5) RD + STAS.  Adapted by 
permission from Macmillan Publishers Ltd:  Ko et al. Nat Cell Biol. (2004) 
6(4):343-50. 
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sequences preserved the co-immunoprecipitation interaction, whereas in the 

absence of over expression no interaction was detected (Ko et al., 2004).  This 

interaction required the STAS domain of SLC26A3 and the R-domain of CFTR 

(Figure 2-15), suggesting that these domains play a role in the reciprocal 
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activation previously observed (Ko et al., 2004).  Deletion studies of CFTR 

confirmed that the R-domain was required for SLC26A3 activation (Figure 2-16), 

while the STAS domain alone was sufficient to stimulate CFTR’s chloride 

channel activity in cell culture models as well as in mouse parotid duct cells (Ko 

et al., 2004) (Figure 2-17).  This data prompted further investigation of the STAS 

domain which is the subject of chapters four, five and six of this dissertation. 

 

SLC26A4: 

  Positional cloning of the gene responsible for Pendred syndrome 

identified the fourth member of the SLC26A family (Coyle et al., 1996; Sheffield 

et al., 1996).  Mutations in SLC26A4, also known as pendrin or PDS, is known to 

cause Pendred syndrome, which is the most common form of syndromic hearing 

loss, as well as DFNB4, which is a non-syndromic form of deafness (Campbell et 

al., 2001; Coyle et al., 1996; Fraser, 1965; Li et al., 1998; Prasad et al., 2004).  In 

addition to deafness, patients with Pendred syndrome can also present with goiter 

suggesting a SLC26A4 function in the thyroid (Fraser, 1965).  Consistent with 

clinical observations, SLC26A4 transcript and protein has been identified in the 

thyroid, kidney and cochlea (Everett et al., 1997; Royaux et al., 2000).  SLC26A4 

has been demonstrated to transport a wide variety of monovalent anions including 

chloride, hydroxide, bicarbonate, nitrate, bromide, iodide and formate, but not 

divalent anions such as sulfate (Royaux et al., 2000; Scott and Karniski, 2000; 
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Soleimani et al., 2001).  Over 90 mutations have been identified in the SLC26A4 

gene to date (www.medicine.uiowa.edu/pendredandbor), some of which have 

been biochemically characterized.  Many of these mutations have been 

characterized using functional and cell biological techniques indicating that loss 
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of the Cl- current stimulation of the parotid duct cells and the transiently 
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of iodide efflux and ER retention are major causes of Pendred syndrome  

(Rotman-Pikielny et al., 2002; Taylor et al., 2002).  A genotype-phenotype 

correlation has been suggested for DFNB4 and Pendred syndrome, however, other 

modifying genes and or environmental factors likely play a role in determining 

the severity of the disease (Campbell et al., 2001; Masmoudi et al., 2000; Scott 

and Karniski, 2000; Taylor et al., 2002). 

 

SLC26A5: 

 The fifth member of the SLC26A protein family was found when Zheng 

and co-workers identified a gene highly expressed in outer hair cells of the 

cochlea which they named Prestin (Zheng et al., 2000).  Zheng and colleagues 

were looking for the protein responsible for outer hair cell electomotility in 

response to changes in membrane potential, which is thought to be the basis of 

cochlear amplification (Ashmore, 1987; Dallos, 1992).  Unlike other members of 

the SLC26A family of proteins, SLC26A5 does not seem to be an anion 

exchanger; rather it shows voltage-dependent charge movement across the 

membrane that can be measured in the form of nonlinear capacitance (Santos-

Sacchi, 1991; Santos-Sacchi and Huang, 1998; Zheng et al., 2000).  It was later 

shown that unlike voltage-gated ion channels, the charge movement across the 

membrane was not mediated by acidic or basic residues in the protein, but rather 

intracellular chloride and bicarbonate ions served as the voltage sensor (Oliver et 
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al., 2001).  The C-terminal domain of SLC26A5 has been demonstrated to play a 

role in this nonlinear capacitance as well as protein trafficking (Bai et al., 2006; 

Zheng et al., 2005).  A recent report suggests that the nonlinear capacitance of 

SLC26A5 cannot fully account for the previously published data, and the authors 

suggest that an electrogenic anion transport model for SLC26A5 can better 

describe the previously observed data (Muallem and Ashmore, 2006).  However, 

conclusive data showing anion transport activity has not yet been published. 

Unlike other SLC26A family members SLC26A5 has been proposed to 

function as an oligomer.  The N-terminal portion of SLC26A5 as well as cystine 

residues in the transmembrane domain have been identified as sites of 

homomultimerization (Navaratnam et al., 2005; Zheng et al., 2005).  Additional 

studies on other SLC26A family members may also identify physiologically 

relevant oligomers, or this oligomerization may continue to be a unique property 

of the SLC26A5 protein.  As in SLC26A4, mutations in SLC26A5 have also been 

linked to non-syndromic forms of hearing loss (Liu et al., 2003).  This is 

consistent with the deafness phenotype of the SLC26A5 knock out mouse and the 

chromosomal mapping of the SLC26A5 gene to the non-syndromic hearing loss 

loci DFNB14 (Liberman et al., 2002; Zheng et al., 2000). 
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SLC26A6: 

 The SLC26A6 gene was identified through homology searches of the 

human genome using the sequences of other SLC26A family members as probes 

(Lohi et al., 2000).  SLC26A6 transcript was found in a number of human tissues 

including skeletal muscle, kidney, pancreas, small intestine, stomach and heart 

(Lohi et al., 2000; Waldegger et al., 2001; Wang et al., 2002b).  The SLC26A6 

protein localizes to the apical membrane of epithelial cells (Lohi et al., 2000; 

Waldegger et al., 2001; Wang et al., 2002b), and has been demonstrated to be a 

chloride, formate and bicarbonate exchanger in the kidney, as well as a chloride 

bicarbonate exchanger in the heart, stomach and small intestine (Alvarez et al., 

2004; Knauf et al., 2001; Petrovic et al., 2003a; Petrovic et al., 2003b; Petrovic et 

al., 2002; Simpson et al., 2005).  In addition to monovalent anions such as 

chloride, formate and bicarbonate, SLC26A6 has also been demonstrated to 

transport the divalent anions oxalate and to a lesser extent sulfate (Jiang et al., 

2002).  Interestingly, SLC26A6 has an overlapping expression pattern with 

SLC26A3 in the pancreas.  Careful examination of the transport stoichiometries 

of SLC26A6 and SLC26A3 revealed that both proteins are electrogenic 

transporters, in the case of SLC26A6 exchanging a single chloride ion for two 

bicarbonate ions while SLC26A3 transports two chloride ions for a single 

bicarbonate ion (Shcheynikov et al., 2006).  These transport stoichiometries are 

consistent with the model of pancreatic bicarbonate secretion previously proposed 
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by Ko and colleagues in which SLC26A6 secretes large quantities of bicarbonate 

in the proximal pancreatic duct, while SLC26A3 absorbs the remaining chloride 

in the distal pancreatic duct and increases the bicarbonate concentration in the 

lumen to approximately 140 mM (Ko et al., 2004).  

Like SLC26A3, SLC26A6 also has a functional PDZ binding sequences at 

its C-terminus which can interact with the PDZ domain containing proteins 

E3KARP and NHERF, which have previously been shown to interact with CFTR 

(Ahn et al., 2001; Lohi et al., 2002a; Sun et al., 2000).  Consistent with this 

observation, SLC26A6 has been demonstrated to be functionally regulated by 

CFTR in both cell culture models and in animal tissues (Ko et al., 2002; Simpson 

et al., 2005).  In addition to the functional regulation by CFTR, SLC26A6 has also 

been demonstrated to interact physically and functionally with carbonic anhydrase 

II, forming a bicarbonate metabolon that greatly enhances bicarbonate transport 

across epithelial membranes (Alvarez et al., 2005).  A third regulatory mechanism 

of SLC26A6 has recently been identified, in which prostaglandin E2 stimulates 

SLC26A6 bicarbonate secretion in the duodenum (Tuo et al., 2006). 

 

SLC26A7: 

 SLC26A7 was identified by searching the EST database for SLC26A2 

homologs (Vincourt et al., 2002).  The SLC26A7 protein showed a tissue 

distribution which included expression in the kidney, high endothelial venules, 
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placenta, testis and the stomach (Barone et al., 2004; Dudas et al., 2006; Kujala et 

al., 2005; Petrovic et al., 2004; Petrovic et al., 2003a; Vincourt et al., 2002).  Like 

other SLC26A family members, the SLC26A7 protein has been demonstrated to 

be a transporter of chloride, sulfate, oxalate and bicarbonate (Dudas et al., 2006; 

Kujala et al., 2005; Lohi et al., 2002a; Petrovic et al., 2004; Petrovic et al., 

2003a).  However, a more recent study presents data that contradicts the 

suggestion that SLC26A7 is a transporter.  Instead, Kim and co-workers present 

data that suggests that SLC26A7 is a chloride channel that is regulated by pHi 

(Kim et al., 2005).   

 Most published studies in the literature suggest that the physiological role 

of SLC26A7 is to absorb chloride and secrete bicarbonate in epithelial cells 

(Barone et al., 2004; Petrovic et al., 2003a; Petrovic et al., 2003b).  An alternative 

hypothesis has recently been suggested by Kim and colleagues that the role of 

SLC26A7 is to electrically couple the chloride entry and exit pathways of acid 

secreting cells to allow for efficient acid secretion (Kim et al., 2005).  Similar to 

SLC26A1, the SLC26A7 protein is targeted to the basolateral membrane of outer 

medullary collecting duct cells of the kidney where it is thought to help facilitate 

bicarbonate absorption by the medullary collecting duct (Petrovic et al., 2004).  

SLC26A7 has also been shown to be expressed in the basolateral membrane of 

parietal cells of the stomach (Petrovic et al., 2003a), where it is thought to play a 

role in maintaining intracellular chloride and bicarbonate levels that are critical 
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for proper gastric acid secretion.  The mechanisms by which SLC26A7 is 

regulated are now beginning to be uncovered.  Hypertonicity and water 

deprivation have been shown to play a role in regulating the protein levels of 

SLC26A7 (Barone et al., 2004; Petrovic et al., 2004).  In addition, a vasopressin 

analog has been reported to regulate the SLC26A7 post-transcriptionally, while 

MAPK has been suggested to be involved in the targeting and trafficking of 

SLC26A7 from intracellular endosomes to the basolateral membrane of the outer 

medullary collecting duct cells (Petrovic et al., 2006; Xu et al., 2006).  One 

potential regulatory mechanism that  has been described, but not yet in detail, is 

the alternatively spliced form of SLC26A7, the SLC26A7.2 protein, which has an 

altered C-terminus (Vincourt et al., 2002).  The SLC26A7.2 isoform lacks the 

PDZ binding sequence that the canonical SLC26A7 protein contains, suggesting 

that PDZ domain-containing proteins may also differentially regulate the various 

isoforms of SLC26A7. 

 

SLC26A8, SLC26A9 and SLC26A11: 

 The eighth, ninth and eleventh members of the SLC26A family of proteins 

were all identified through homology searches of the human genome (Lohi et al., 

2000; Lohi et al., 2002a; Vincourt et al., 2003).  These proteins have been more 

recently identified and no human diseases have been linked to these genes at the 
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time of writing of this dissertation.  SLC26A10 is thought to be a pseudogene and 

thus will not be further discussed (Mount and Romero, 2004).   

 Little information is known about SLC26A8, however, it does have the 

ability to transport chloride, sulfate and oxalate like other members of the 

SLC26A family (Lohi et al., 2002a; Toure et al., 2001).  It was independently 

identified through a yeast two-hybrid screen as a protein which interacted with the 

RhoGTPase MgcRacGAP, and was found to be exclusively expressed in the testes  

(Toure et al., 2001).  This led to the hypothesis that SLC26A8 might be involved 

in male infertility, which was subsequently tested and shown that mutations in 

SLC26A8 do not cause an increase in male infertility (Makela et al., 2005). 

 SLC26A9 expression has been identified in the lung and the stomach 

where it presumably plays a role in bicarbonate secretion and mucus pH 

regulation (Lohi et al., 2002a; Xu et al., 2005).  The SLC26A9 protein has been 

demonstrated to be expressed on the apical membrane of stomach epithelial cells 

and its bicarbonate transport activity is inhibited by ammonium (Xu et al., 2005).  

This finding led to the hypothesis that the bacterium Helicobacter pylori, the 

causative agent in stomach ulcers, may be inhibiting the activity of SLC26A9 by 

secreting ammonia in the stomach.  It was hypothesized that the loss of SLC26A9 

activity may cause the mucus lining to have a lower buffering capacity which 

could result in increased acid damage to the epithelial cells of the stomach.  This 

hypothesis was tested in mice where it was found that mice infected with the H. 
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pylori bacteria had a thinner tightly adherent mucus layer which was not as well 

buffered as that in the control animals (Henriksnas et al., 2006).  In addition, the 

SLC26A9 transcript was upregulated in the stomach cells of infected mice over 

the control animals, consistent with the epithelial cells trying to compensate for 

the loss of proper bicarbonate secretion due to ammonium inhibition of SLC26A9 

(Henriksnas et al., 2006). 

 SLC26A11 was cloned from an EST database by searching for human 

homologs of the S. cerevisiae Sul2 protein (Vincourt et al., 2003).  Vincourt and 

coworkers reported SLC26A11 expression in the kidney, placenta, brain and high 

endothelial venules as well as sulfate transport activity (Vincourt et al., 2003).  

One potential difference between SLC26A11 and other SLC26A family members 

is that the N-terminus of SLC26A11 was reported to be extracellularly exposed 

(Vincourt et al., 2003), whereas for all other SLC26A family members data 

indicate, or it is predicted, that both the N and C-termini are intracellularly located 

(Lohi et al., 2002a; Lohi et al., 2003; Moseley et al., 1999; Mount and Romero, 

2004; Navaratnam et al., 2005; Taylor et al., 2002; Toure et al., 2001; Zheng et 

al., 2001).  Further investigation of the topology of SLC26A11 as well as that of 

other members of the SLC26A family will help to reconcile this potential 

discrepancy as well as further our understanding of the structure and function of 

these proteins. 
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STAS Domains:   

The recently described solute carrier family 26A (SLC26A) comprises ten 

human genes (Lohi et al., 2000; Mount and Romero, 2004).  These genes encode 

putative membrane proteins that contain a C-terminally conserved domain which 

is one of the hallmarks of this protein family.    (Lohi et al., 2002a; Lohi et al., 

2003; Moseley et al., 1999; Navaratnam et al., 2005; Taylor et al., 2002; Toure et 

al., 2001; Zheng et al., 2001).  These C-terminally conserved domains have been 

shown to be homologous to the bacterial SpoIIAA anti-sigma factor antagonists 

(Aravind and Koonin, 2000) (Figure 2-18).  As a result, the C-terminally 

conserved domain of the SLC26A was named STAS for sulfate transporters and 

anti-sigma factor antagonists.  The function of the STAS domain in the SLC26A 

transporters is not well understood.  However, the function of the STAS domain 

homologs, the SpoIIAA proteins, has been well established.   

The SpoIIAA proteins function as regulators of gene transcription during 

bacterial spore formation (Errington, 2003).  The regulatory function of SpoIIAA 

is achieved through a somewhat complex four component signaling circuit that 

includes the anti-sigma factor kinase SpoIIAB, a phosphatase SpoIIE and a RNA 

polymerase sigma factor F (σF) (Figure 2-19).  Under normal growth conditions 

the SpoIIAB protein binds to σF, effectively sequestering it from solution and 

preventing it from binding to the RNA polymerase and activating specific gene 

transcription (Duncan and Losick, 1993).  The SpoIIAA protein can also bind to  



 
 
 
 
SLC26A1 H.sap    505 TQRPRTALLARIGDT---------AFYEDATEFEGLVPEPG-VRVFRFGGPLY-YANKDFFLQSLYSL-TGLDAGCMAARRKEGG------------------------------------SET------------------------------------------------------------------GVGEGGPAQG 
SLC26A2 H.sap    546 TQKPKSSLLGLVEES---------EVFESVSAYKNLQTKPG-IKIFRFVAPLY-YINKECFKSALYKQ-TVNPILIKVAWKKAAK------------------------------------RKI------------------------------------------------------------------------KEKV 
SLC26A3 H.sap    503 TQFPKCSTLANIGRT---------NIYKNKKDYYDMYEPEG-VKIFRCPSPIY-FANIGFFRRKLIDA-VGFSPLRILRKRNKAL------------------------------------RKIRKL-----QKQGLLQ-VTPKGFIC------------TVDTIKDSDE--ELDNNQIEVLDQPINTT--------DLP 
SLC26A4 H.sap    513 VQFPSWNGLGSIPST---------DIYKSTKNYKNIEEPQG-VKILRFSSPIF-YGNVDGFKKCIKST-VGFDAIRVYNKRLKAL------------------------------------RKIQKL-----IKSGQLR-ATKNGIIS-----------DAVSTNNAFEP--DEDIEDLEELDIPTK----------EIE 
SLC26A5 H.sap    502 TQSPSYKVLGKLPET---------DVYIDIDAYEEVKEIPG-IKIFQINAPIY-YANSDLYSNALKRK-TGVNPAVIMGARRKAM------------------------------------RKYAKE-----VGNANM--ANATVVKADA----------EVDGEDATKP--EE-------EDGEVKYP--------PIV 
SLC26A6 H.sap    488 TQMPHYSVLGQVPDT---------DIYRDVAEYSEAKEVRG-VKVFRSSATVY-FANAEFYSDALKQR-CGVDVDFLISQKKKLL------------------------------------KKQEQLKLKQLQKEEKLRKQAASPKGASV----------SINVNTSLEDMRSNNVEDCKMMQVSSG----------DKM 
SLC26A7 H.sap    460 VVCTIAIVIGRFPRAMTVSIKNMKEMEFKVKTEMDSETLQQ-VKIISINNPLV-FLNAKKFYTDLMNM-IQKENA-----CNQPLDD-----------------------------------------ISKCEQNTLLN------------------------------------------------------------- 
SLC26A8 H.sap    520 SHRAKILLLGQIPNT---------NIYRSINDYREIITIPG-VKIFQCCSSIT-FVNVYYLKHKLLKE-VDMVKVPLKEEEIFSLFNSSDTNLQGGKICRCFCNCDDLEPLPRILYTERFENKLDPEA----SSINLIH-CSHFESMNTSQTASEDQVPYTVSSVSQKNQ--GQQYEEVEEVWLPNNSSRNSSPGLPDVA 
SLC26A9 H.sap    497 TQFRNGYALAQVMDT---------DIYVNPKTYNRAQDIQG-IKIITYCSPLY-FANSEIFRQKVIAK-TGMDPQKVLLAKQKYL------------------------------------KKQEKRRMRPTQQRRSLFMKTKTVSLQ------------ELQQDFENAPPTDPNNNQTPANGTSVS----------YIT 
SLC26A11 H.sap   447 -EVQYGILAGALVSL---------LMLLHSAARPETKVSEGPVLVLQPASGLS-FPAMEALREEILSR------------------------------------------------------------------------------------------------------------------------------------ 
Sultr 1.1 A tha  495 VTRPRTTVLGKLPNS---------NVYRNTLQYPDAAQIPG-ILIIRVDSAIY-FSNSNYVRERASRW-VRE---EQENAK----------------------------------------------------------------------------------------------------------------------- 
Sultr 1.2 A tha  500 VTRPRTAVLGNIPRT---------SVYRNIQQYPEATMVPG-VLTIRVDSAIY-FSNSNYVRERIQRW-LHE---EEEKVK----------------------------------------------------------------------------------------------------------------------- 
Sultr 1.3 A tha  503 VTRPRTAILGKIPGT---------SVYRNINQYPEATRIPG-VLTIRVDSAIY-FSNSNYVRERIQRW-LTD---EEEMVE----------------------------------------------------------------------------------------------------------------------- 
Sultr 2.1 A tha  525 SIRPGIETLGRMPGT---------DTFTDTNQYPMTVKTPG-VLIFRVKSALLCFANASSIEERIMGW-VDEEEEEENTK------------------------------------------------------------------------------------------------------------------------ 
Sultr 2.2 A tha  517 SIRPSIEALGRLSKT---------DIFGDINQYPMANKTAG-LLTLRISSPLLCFANANFIRDRILNS-VQEIEGEENEQEV---------------------------------------------------------------------------------------------------------------------- 
Sultr 3.1 A tha  491 VSRPKTAVKGNIPNS---------MIYRNTEQYPSSRTVPG-ILILEIDAPIY-FANASYLRERIIRW-IDE---EEERVK----------------------------------------------------------------------------------------------------------------------- 
Sultr 3.2 A tha  482 VGRPKIYVMGNIQNS---------EIYRNIEHYPQAITRSS-LLILHIDGPIY-FANSTYLRDRIGRW-IDE---EEDKLR----------------------------------------------------------------------------------------------------------------------- 
Sultr 3.3 A tha  475 VTRPKMVIMGNIPGT---------DIYRDLHHYKEAQRIPG-FLVLSIESPVN-FANSNYLTERTSRW-IEE---CEEEEA----------------------------------------------------------------------------------------------------------------------- 
Sultr 3.4 A tha  498 VTRPNTSEFGNIPGT---------QIYQSLGRYREASRIPG-FLILAIESPIY-FANSTYLQDRILRW-ARE---EENRIK----------------------------------------------------------------------------------------------------------------------- 
Sultr 3.5 A tha  486 VARPSTCKLGRIPNS---------VMFRDIEQYPASEEMLG-YIILQLGSPVF-FANSTYVRERILRW-IRD---EPE-------------------------------------------------------------------------------------------------------------------------- 
Sultr 4.1 A tha  496 SANPHIAVLGRLPGT---------TVYRNIKQYPEAYTYNG-IVIVRIDSPIY-FANISYIKDRLREYEVAV---DKYTNR----------------------------------------------------------------------------------------------------------------------- 
Sultr 4.2 A tha  483 SANPHIAVLGRLPGT---------TVYRNMKQYPEAYTYNG-IVIVRIDAPIY-FANISYIKDRLREYEVAI---DKHTSK----------------------------------------------------------------------------------------------------------------------- 
Sultr A.aeo      429 TMYPRIVTLTRDPVT---------RTFVNAEK-RGLPECPQ-IMFIRPNMSIY-FGNAQYVYDYIMNK-VEDA------------------------------------------------------------------------------------------------------------------------------- 
Sultr D.vul      420 RMSEVTQICTCLDGE---------ATKVQGRETAELDVPEG-VKVYEIDGPFF-FGVADRFQNVLAAL--DRQP------------------------------------------------------------------------------------------------------------------------------ 
SpoIIAA B.sph      1 -----------------------------MAFQLEMVTR-E-TVVIRLFGELD-HHAVEQIRAKISTA------------------------------------------------------------------------------------------------------------------------------------ 
SpoIIAA B.sub      1 -----------------------------MSLGIDMNVKES-VLCIRLTGELD-HHTAETLKQKVTQS------------------------------------------------------------------------------------------------------------------------------------ 
SpoIIAA G.ste      1 -----------------------------MSLAIDLEVKQD-VLIVRLSGELD-HHTAEELREQVTDV------------------------------------------------------------------------------------------------------------------------------------ 
SpoIIAA T.mar      1 ----------------------------MNNLKLDIVEQDD-KAIVRVQGDID-AYNSSELKEQLRNF-IST-------------------------------------------------------------------------------------------------------------------------------- 
 
 
 
 
 
 
 
 
SLC26A1 H.sap    591 EDLGPVST----RAA--------------LVPAAAGFHTVVIDCAPLLFLDAAGVSTLQDLRRDYGALGISLLLACCSPPVRDILSRGGFLGEGPGDTAE--EEQLFLSVHDAVQTARARHRELEATDA--------------HL------------------------------------------------------ 
SLC26A2 H.sap    626 VTLGGIQD----EMSVQ------------LSHDPLELHTIVIDCSAIQFLDTAGIHTLKEVRRDYEAIGIQVLLAQCNPTVRDSLTNGEYCK-----KEE--ENLLFYSVYEAMAFAEVSKNQKGVCVP--------------NGLSLSSD------------------------------------------------ 
SLC26A3 H.sap    627 FH-IDWND----DLPLN------------IEVPKISLHSLILDFSAVSFLDVSSVRGLKSILQEFIRIKVDVYIVGTDDDFIEKLNRYEFF-DG---EVK--SSIFFLTIHDAVLHILMKKDYSTSK-----------------------------------FNPSQEKDGKIDFTINTNGGLRNRVYEVPVETKF--- 
SLC26A4 H.sap    636 IQ-VDWNS----ELPVK------------VNVPKVPIHSLVLDCGAISFLDVVGVRSLRVIVKEFQRIDVNVYFASLQDYVIEKLEQCGFFDD----NIR--KDTFFLTVHDAILYLQNQVKSQEGQ-----------GSILETITLIQDC---KDTLELIETELTEEELDVQDEAMRTLAS----------------- 
SLC26A5 H.sap    620 IK-STFPE----EMQ-R------------FMPPGDNVHTVILDFTQVNFIDSVGVKTLAGIVKEYGDVGIYVYLAGCSAQVVNDLTRNRFF-EN---PAL--WELLFHSIHDAVLGSQLREALAEQE-----------ASAPPSQEDLEPNATPATPEA---------------------------------------- 
SLC26A6 H.sap    620 ED-ATANG----QEDSK---APDGSTLKALGLPQPDFHSLILDLGALSFVDTVCLKSLKNIFHDFREIEVEVYMAACHSPVVSQLEAGHFF-DA---SIT--KKHLFASVHDAVTFALQHPRPVPDSP----------VSVTRL------------------------------------------------------- 
SLC26A7 H.sap    550 -----SLSNGNCNEEAS-------------QSCPNEKCYLILDCSGFTFFDYSGVSMLVEVYMDCKGRSVDVLLAHCTASLIKAMTYYGNL-DS-----E--KPIFFESVSAAISHIHSNKNLSKLSDHSEV------------------------------------------------------------------- 
SLC26A8 H.sap    701 ES-QGRRS----LIPYS------------DASLLPSVHTIILDFSMVHYVDSRGLVVLRQICNAFQNANILILIAGCHSSIVRAFERNDFF-DA---GIT--KTQLFLSVHDAVLFALSRKVIGSSE-----------LSIDESETVIRETYSETDKNDNSRYKMSSSFLGSQKNVSP-----GFIKIQQPVEEESE-- 
SLC26A9 H.sap    627 FS-PDSSSPAQSEPPASAEAPGEPSDMLASVPPFVTFHTLILDMSGVSFVDLMGIKALAKLSSTYGKIGVKVFLVNIHAQVYNDISHGGVF-EDG--SLE--CKHVFPSIHDAVLFAQANARDVTPGHNFQGAPGDAELSLYDSEEDIR-----------SYWDLEQEMFGSMFHAETLTAL----------------- 
SLC26A11 H.sap   504 ------------------------------ALEVSPPRCLVLECTHVCSIDYTVVLGLGELLQDFQKQGVALAFVGLQVPVLRVLLSADLK-----------GFQHFSTLEEAEKHLRQEPGTQPYNIR------------------------------------------------------EDSILDQKVALLKA-- 
Sultr 1.1 A tha  561 ------------------------------EYGMPAIRFVIIEMSPVTDIDTSGIHSIEELLKSLEKQEIQLILANPGPVVIEKLYASKFV-EE----IG--EKNIFLTVGDAVAVCSTEVAEQQT------------------------------------------------------------------------- 
Sultr 1.2 A tha  566 ------------------------------AASLPRIQFLIIEMSPVTDIDTSGIHALEDLYKSLQKRDIQLILANPGPLVIGKLHLSHFA-DM----LG--QDNIYLTVADAVEACCPKLSNEV-------------------------------------------------------------------------- 
Sultr 1.3 A tha  569 ------------------------------AARLPRIQFLIIEMSPVTDIDTSGIHALEDLYKSLQKRDIQLVLANPGPPVINKLHVSHFA-DL----IG--HDKIFLTVAEAVDSCSPKLSDEV-------------------------------------------------------------------------- 
Sultr 2.1 A tha  594 ------------------------------SNAKRKILFVVLDMSSLINVDTSGITALLELHNKLIKTGVELVIVNPKWQVIHKLNQAKFV-DR----IG--GK-VYLTIGEALDACFGLKV----------------------------------------------------------------------------- 
Sultr 2.2 A tha  588 -------------------------------LKENGLQVVILDMSCVMGVDTSGVFALEELHQELASNDIRLVIASPRWRVLHKLKRAKLD-EK----IK--TENIYMTVGEAVDIYVRARSTSHEL-----------C------------------------------------------------------------ 
Sultr 3.1 A tha  557 ------------------------------QSGESSLQYIILDMSAVGNIDTSGISMMVEIKKVIDRRALKLVLSNPKGEVVKKLTRSKFIGDH----LG--KEWMFLTVGEAVEACSYMLHTFKTEPA---------SKNEPWNNV---------------------------------------------------- 
Sultr 3.2 A tha  548 ------------------------------TSGDISLQYIVLDMSAVGNIDTSGISMLEELNKILGRRELKLVIANPGAEVMKKLSKSTFI-ES----IG--KERIYLTVAEAVAACDFMLHTAKPD-----------SPVPEFNNV---------------------------------------------------- 
Sultr 3.3 A tha  541 ------------------------------QEKHSSLQFLILEMSAVSGVDTNGVSFFKELKKTTAKKDIELVFVNPLSEVVEKLQRADEQKEF----MR--PEFLFLTVAEAVASLSLKGPSLSNV------------------------------------------------------------------------ 
Sultr 3.4 A tha  564 ------------------------------ENNGTTLKCIILDMTAVSAIDTSGLEAVFELRRRLEKQSLQLVLVNPVGTVMEKLHKSKII-EA----LG--LSGLYLTVGEAVADLSSTWKANGQP------------------------------------------------------------------------ 
Sultr 3.5 A tha  549 -----------------------------------AIEFLLLDLSGVSTIDMTGMETLLEIQRILGSKNIKMVIINPRFEVLEKMMLSHFV-EK----IG--KEYMFLSIDDAVQACRFNLTTTKPEV----------------------------------------------------------------------- 
Sultr 4.1 A tha  563 ------------------------------GLEVDRINFVILEMSPVTHIDSSAVEALKELYQEYKTRDIQLAISNPNKDVHLTIARSGMV-EL----VG--KEWFFVRVHDAVQVCLQYVQSSNLE-----------D---------------------KHLSFTRRYGGSNNNSSS-----SNALLKEPLLSVEK-- 
Sultr 4.2 A tha  550 ------------------------------GPDMERIYFVILEMSPVTYIDSSAVEALKDLYEEYKTRGIQLAISNPNKEVLLTLARAGIV-EL----IG--KEWFFVRVHDAVQVCVHYVNRPTDV-----------E---------------------ESSKPSLWRRSGLKNSSTYTEVESNIVLEEPLLSREK-- 
Sultr A.aeo      489 ------------------------------LFNGRPLKFVLIDMEAVNYVDATGAETIVRLVKDIKQKGVEVAFANIGCDVYPILENAGFD-EV----VN--QDLVFNAKGEAIGKLFEKLDHDYCR--------------------EKCPYAVFDECLE-------------------------VKPPEKVQELKKAS 
Sultr D.vul      481 -------------------------------------EVFILRMRKVSTLDSTAVNALEVFWRKCRSDGTQLLLSGVRETMRTTLRRMGTL-SLI--GEGNICENIDAALARAG---------------------QVLAERREAEDRPQ-------------------------------------------------- 
SpoIIAA B.sph     37 -------------------------------IFQGAVTTIIWNFERLSFMDSSGVGLVLGRMRELEAVAGRTILLNPSPTMRKVFQFSGLG-PWM----------MDATEEEAIDRVRGIVNG---------------------------------------------------------------------------- 
SpoIIAA B.sub     38 -------------------------------LEKDDIRHIVLNLEDLSFMDSSGLGVILGRYKQIKQIGGEMVVCAISPAVKRLFDMSGLF-K-----II----RFEQSEQQALLTLGVAS----------------------------------------------------------------------------- 
SpoIIAA G.ste     38 -------------------------------LENRAIRHIVLNLGQLTFMDSSGLGVILGRYKQIKNVGGQMVVCAVSPAVKRLFDMSGLF-K-----II----RVEADEQFALQALGVA------------------------------------------------------------------------------ 
SpoIIAA T.mar     42 ----------------------------------TSKKKIVLDLSSVSYMDSAGLGTLVVILKDAKINGKEFILSSLKESISRILKLTHL-DK-----IF----KITDTVEEA-------------------------------------------------------------------------------------- 
 
 

 
FIGURE 2-18:  STAS domain alignment.  A multiple sequence alignment of the ten SLC26A STAS domains from Homo sapiens along with twelve sulfate transporters (Sultr) from Arabidopsis thaliana, two predicted 
sulfate transporters from Desulfovibrio vulgaris Hildenborough (gi:46448107) and Aquifex aeolicus VF5 (gi:15606490), and four SpoIIAA proteins from Bacillus sphaericus, Bacillus subtilis, Geobacillus 
stearothermophilus, Thermotoga maritime.  The multiple sequence alignment was generated using T-coffee and manually edited while the program Boxshade was used to color the alignment.  The arrows and tubes found 
below the alignment represent the consensus of the α-helices and β-strands found in the three dimensional structures of the SpoIIAA proteins.  The line above the alignment denotes the intervening sequence (IVS) which is 
defined as the large sequence insertion in the STAS domains not present in the SpoIIAA proteins.   The “*” indicates the position of known CLD causing mutations found in the SLC26A3 STAS domain, and the ρ symbol 
denotes the site of phosphorylation in the SpoIIAA proteins. 
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SpoIIAB, which physically displaces σF from SpoIIAB due to overlapping 

binding sites (Duncan et al., 1996; Garsin et al., 1998; Ho et al., 2003; Masuda et 

al., 2004).  However, SpoIIAA is a substrate for the kinase activity of SpoIIAB, 

and is phosphorylated at a highly conserved serine residue, which dissociates the 

SpoIIAA•SpoIIAB complex due to electrostatic repulsion between the SpoIIAA 

phospho-serine and the β-phosphate of ADP bound to SpoIIAB (Clarkson et al., 
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FIGURE 2-19:  σF regulation by SpoIIAA, SpoIIAB and SpoIIE. The 
regulatory network that controls the transcription of the genes under σF
control is schematically diagramed.  SpoIIAB inhibits σF activity by 
physically sequestering it from the RNA polymerase, while the un-
phosphorylated SpoIIAA releases this inhibition.  This activity of SpoIIAA
can be inhibited by phosphorylation by the kinase activity of SpoIIAB.  
SpoIIAA can be reactivated by the phosphatase SpoIIE which removes the 
phosphate from the highly conserved Ser58 on SpoIIAA.
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FIGURE 2-19:  σF regulation by SpoIIAA, SpoIIAB and SpoIIE. The 
regulatory network that controls the transcription of the genes under σF
control is schematically diagramed.  SpoIIAB inhibits σF activity by 
physically sequestering it from the RNA polymerase, while the un-
phosphorylated SpoIIAA releases this inhibition.  This activity of SpoIIAA
can be inhibited by phosphorylation by the kinase activity of SpoIIAB.  
SpoIIAA can be reactivated by the phosphatase SpoIIE which removes the 
phosphate from the highly conserved Ser58 on SpoIIAA.
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2003; Kovacs et al., 1998; Kovacs et al., 2001; Magnin et al., 1996; Masuda et al., 

2004; Seavers et al., 2001a).  Therefore, under normal growth conditions the vast 

majority of SpoIIAA protein is in the phosphorylated state.  This allows formation 

of stable SpoIIAB•σF complexes that prevent the transcription of the genes under 

σF control.   

Under sporulating conditions, transcription and translation of the SpoIIE 

phosphatase is induced (Guzman et al., 1988).  SpoIIE can dephosphorylate 

SpoIIAA-P, allowing it to bind to SpoIIAB and disrupt the SpoIIAB•σF complex 

(Duncan et al., 1996; Magnin et al., 1997).  In the presence of SpoIIE, the 

SpoIIAA protein is not typically phosphorylated because the SpoIIE phosphatase 

activity out-competes the SpoIIAB kinase activity due to the low turnover rate of 

SpoIIAB (Magnin et al., 1997; Najafi et al., 1997).  The low turnover rate of 

SpoIIAB results in a SpoIIAB(ADP) complex with which unphosphorylated 

SpoIIAA forms a stable complex (Lee et al., 2000; Magnin et al., 1997).  The 

SpoIIAB(ADP)SpoIIAA complex is refractory to nucleotide exchange due to 

SpoIIAA binding, which physically traps the nucleotide in the binding pocket 

(Lee et al., 2000; Masuda et al., 2004).  Thus, σF is free to bind to the RNA 

polymerase and specifically alter gene transcription (Duncan et al., 1996; Lee et 

al., 2000).   

A great deal of structural work has been done on this signaling circuit and 

has resulted in several crystal and NMR structures of the SpoIIAA protein alone 
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or in complex with SpoIIAB (Clarkson et al., 2001; Clarkson et al., 2003; Kovacs 

et al., 1998; Kovacs et al., 2001; Masuda et al., 2004; Seavers et al., 2001a; 

Seavers et al., 2001b).  The SpoIIAA structures solved to date show a mixed α/β 

protein containing a central four stranded β-sheet and four surrounding α-helices 

(Clarkson et al., 2001; Kovacs et al., 1998; Kovacs et al., 2001; Masuda et al., 

2004; Seavers et al., 2001a; Seavers et al., 2001b).  Since the SpoIIAA proteins 

were identified as homologues of the SLC26A transporter C-terminal domains, 

researchers studying this family of transporters have used the SpoIIAA protein as 

a structural model to aid in interpreting experimental results (Rouached et al., 

2005; Shibagaki and Grossman, 2004; Shibagaki and Grossman, 2006).   

The Sultr sulfate transporters from Arabidopsis thaliana are members of 

the SLC26A family of proteins.  They too contain a C-terminally conserved 

STAS domain which has been shown to be important for proper protein 

trafficking and sulfate transport activity of the Sultr1.2 protein (Shibagaki and 

Grossman, 2004).  The highly conserved serine residue in the SpoIIAA proteins is 

a threonine residue in Sultr1.2.  When this residue is mutated to a serine, 

aspartate, alanine or deleted altogether, transport activity is decreased, suggesting 

that phosphorylation of this residue may be critical for function (Rouached et al., 

2005).  A pair of cystine residues which are predicted to be in a loop between the 

final two α-helices in the Sultr1.2 STAS domain have also been demonstrated to 

be important for function.  Mutation of these two residues to serines reduce the 
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sulfate transport activity of the transporter, while C-terminal truncations that 

remove them are no longer able to sustain growth, suggesting that these residues 

are critical for the structure and function of the STAS domain (Rouached et al., 

2005).  Shibagaki and Grossman also found a number of residues in the Sultr1.2 

STAS domain which caused a loss of sulfate transport activity which map to the 

“top” face of the SpoIIAA crystal structure as shown in figure 2-20 (Shibagaki 

and Grossman, 2006).   

N

C

FIGURE 2-20:  SpoIIAA crystal structure. The crystal structure of the 
SpoIIAA protein from Bacillus sphaericus (PDB: 1H4Y) is shown with the α-
helices and β-sheets colored orange and green respectively.  The N and C-
termini are labeled accordingly.
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FIGURE 2-20:  SpoIIAA crystal structure. The crystal structure of the 
SpoIIAA protein from Bacillus sphaericus (PDB: 1H4Y) is shown with the α-
helices and β-sheets colored orange and green respectively.  The N and C-
termini are labeled accordingly.
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In addition to the studies on the Sultr1.2 STAS domain, the STAS 

domains of the human SLC26A family of transporters have also been implicated 

in protein trafficking and functional regulation.  The SLC26A1 and SLC26A5 

STAS domains have been suggested to be involved in proper protein trafficking 

consistent with the results from the Sultr1.2 studies (Regeer and Markovich, 

2004; Shibagaki and Grossman, 2004; Zheng et al., 2005).  In addition, the 

SLC26A5 STAS domain has also been demonstrated to be critical for proper 

voltage sensing (Bai et al., 2006; Zheng et al., 2005).  The STAS domains of 

SLC26A3 and SLC26A6 have also been found to participate in protein-protein 

interactions with the R-domain of CFTR and carbonic anhydrase II (Alvarez et 

al., 2005; Ko et al., 2004).  When taken together, the data on the STAS domains 

suggest that it plays an important role in the proper function and regulation of 

these transporters.  To further explore the functional role of the STAS domain, I 

studied the impact that four CLD causing mutations, which reside in the STAS 

domain of SLC26A3, had on transporter structure and function.   
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Chapter Three: 

Biochemical and Biophysical Characterization of CFTR NBD1 

and NBD2 

 

Introduction: 

 Cystic Fibrosis (CF) is an autosomal recessive disease which causes 

dysfunction of epithelial cells in several organ systems.  The loss of proper 

pancreatic and pulmonary function is the most common cause of death in CF 

patients.  The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR), 

the gene mutated in Cystic Fibrosis (Kerem et al., 1989; Riordan et al., 1989; 

Rommens et al., 1989), is a member of the ABC transporter superfamily of 

proteins which typically transport solutes across membranes in an ATP dependant 

fashion (Higgins, 1992; Schneider and Hunke, 1998).  The protein encoded by the 

CFTR gene is a 1,480 amino acid membrane protein comprised of two 

transmembrane spanning domains (TMDs), two nucleotide binding domains 

(NBDs), and a regulatory domain (R-domain) (Gregory et al., 1990; Riordan et 

al., 1989).  The first NBD is the site of the most common CF causing mutation, an 

in-frame deletion of Phe508 (ΔF508), which accounts for approximately 70% of 

all CF alleles and at least one copy of this mutant allele is found in 90% of CF 

patients (Kerem et al., 1989; Riordan et al., 1989).  Unlike most ABC 
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transporters, CFTR is a cAMP regulated Cl- channel where phosphorylation of 

multiple sites in the R-domain by PKA leads to channel activity in the presence of 

ATP (Cheng et al., 1991; Townsend et al., 1996).  ATP is required for proper 

channel gating, and Cl- conductance is observed only when ATP can bind to both 

NBD1 and NBD2 (Anderson et al., 1991a; Anderson and Welsh, 1992).  The 

mechanism by which the NBDs bring about channel activity has been under 

investigation since the CFTR gene was cloned in 1989, but only recently have we 

begun to understand the molecular details of how ATP binding to these domains 

brings about Cl- channel activity. 

 The NBDs of ABC transporters are highly conserved domains containing 

Walker A and B motifs that are involved in ATP binding and hydrolysis (Walker 

et al., 1982), and a C-consensus or signature sequence which is unique to the 

ABC transporter superfamily (Figure 3-1) (Bianchet et al., 1997; Higgins, 1992; 

Walker et al., 1982).  Mutations in these three conserved sequences can lead to 

loss of normal channel activity, indicating that these positions are critical for 

proper channel function (Anderson and Welsh, 1992; Carson et al., 1995; Cotten 

and Welsh, 1998; Gregory et al., 1991; Melin et al., 2004; Smit et al., 1993; 

Wilkinson et al., 1996).  In addition, conserved His and Gln residues in the NBD 

are important for ATP binding and hydrolysis, and have been named the H and Q-

loops respectively (Hopfner et al., 2000; Karpowich et al., 2001).  



 
 
 
 
CFTR NBD1 H.sap  412 ---------AKQNNNNRKTSNGDDSLFFSNFSLLG--TPVLKDINFKIERGQLLAVAGSTGAGKTSLLMMIMGELEPSEGKIKHSG--------------------------RISFCSQ-FSWIMPGTIKENIIFGVSYDEY--------RYR-SVIKACQLEEDISKFAEKDNIVLGEG 
CFTR NBD1 M.mus  412 ---------AQQSNGDRKHSSDENNVSFSHLCLVG--NPVLKNINLNIEKGEMLAITGSTGLGKTSLLMLILGELEASEGIIKHSGR--------------------------VSFCSQ-FSWIMPGTIKENIIFGVSYDEY--------RYK-SVVKACQLQQDITKFAEQDNTVLGEG 
CFTR NBD2 H.sap 1198 ---------VKKDDIWPSGGQMTVKDLTAKYTEGG--NAILENISFSISPGQRVGLLGRTGSGKSTLLSAFLRLLNT-EGEIQIDGVSWDSITLQQWR-------------KAFGVIPQKVFIF-SGTFRKNLDPYEQWSDQ---------EIWKVADEVGLRSVIEQFPGKLDFVLVDG 
CFTR NBD2 M.mus 1194 ---------VKKSDIWPSGGEMVVKDLTVKYMDDG--NAVLENISFSISPGQRVGLLGRTGSGKSTLLSAFLRMLNI-KGDIEIDGVSWNSVTLQEWR-------------KAFGVITQKVFIF-SGTFRQNLDPNGKWKDE---------EIWKVADEVGLKSVIEQFPGQLNFTLVDG 
HisP S.typ         1 ---------------MMSENKLHVIDLHKRYG--G--HEVLKGVSLQARAGDVISIIGSSGSGKSTFLRCINFLEKPSEGAIIVNGQNINLVRDKDGQLKVADKNQLRLLRTRLTMVFQHFNLWSHMTVLENVMEAPIQVLG-----------LSKHDARERALKYLAKVGIDERAQGKY 
MalK E.col         1 ------------------MASVQLQNVTKAW--GE--VVVSKDINLDIHEGEFVVFVGPSGCGKSTLLRMIAGLETITSGDLFIGEKRMNDTPPAE---------------RGVGMVFQSYALYPHLSVAENMSFGLKLAGA-------------KKEVINQRVNQVAEVLQLAHLLDRK 
0796 M.jan         1 --------------------MIKLKNVTKTYKMGEEIIYALKNVNLNIKEGEFVSIMGPSGSGKSTMLNIIGCLDKPTEGEVYIDNIKTNDLDDDELT---------KIRRDKIGFVFQQFNLIPLLTALENVELPLIFKYR--------GAMSGEERRKRALECL-KMAELEERFANHK 
1267 M.jan         1 --------------MRDTMEILRTENIVKYF--GE--FKALDGVSISVNKGDVTLIIGPNGSGKSTLINVITGFLKADEGRVYFENKDITNKEPAEL------------YHYGIVRTFQTPQPLKEMTVLENLLIGEINPGESPLNSLFYKKWIPKEEEMVEKAFKILEFLKLSHLYDRK 
MsbA E.col       330 ---------EGKRVIERATGDVEFRNVTFTYPGRD--VPALRNINLKIPAGKTVALVGRSGSGKSTIASLITRFYDIDEGEILMDGHDLREYTLASL-------------RNQVALVSQNVHLFN-DTVANNIAYARTEQYS-------REQIEEAARMAYAMDFINKMDNGLDTVIGEN 
Tap1 H.sap       497 ---------------LHLEGLVQFQDVSFAYPNRP-DVLVLQGLTFTLRPGEVTALVGPNGSGKSTVAALLQNLYQPTGGQLLLDGKPLPQYEHRYLH-------------RQVAAVGQEPQVFG-RSLQENIAYGLTQKPT-------MEEITAAAVKSGAHSFISGLPQGYDTEVDEA 
RbsA nt E.col      1 -----------------MEALLQLKGIDKAFP--G--VKALSGAALNVYPGRVMALVGENGAGKSTMMKVLTGIYTRDAGTLLWLGKETTFTGPKS------------SQEAGIGIIHQELNLIPQLTIAENIFLGREFVNR---------FGKIDWKTMYAEADKLLAKLNLRFKSDKL 
 
 
 
 
 
 
 
 
 
 
CFTR NBD1 H.sap  545 GITLSGGQRARISLARAVYKDADLYLLDSPFGYLDVLTEKEIFESCVCKLMA-NKTRILVTS-KMEHL-KKADKILILHEGSSYFYGTFSELQNLQPDFSSKLMGCDSFDQFSAERRNSILTETLHRFSLEGDAPVSWTETKKQ--- 
CFTR NBD1 M.mus  545 GVTLSGGQRARISLARAVYKDADLYLLDSPFGYLDVFTEEQVFESCVCKLMA-NKTRILVTS-KMEHL-RKADKILILHQGTSYFYGTFSELQSLRPSFSSKLMGYDTFDQFTEERRSSILTETLRRFSVDDSSAPWSKPKQSFRQT 
CFTR NBD2 H.sap 1343 GCVLSHGHKQLMCLARSVLSKAKILLLDEPSAHLDPVTYQIIRRTLKQAFA--DCTVILCEH-RIEAM-LECQQFLVIEENKVRQYDSIQKLLNERSLFRQAISPSDRVKLFPHRNSSKCKSKP----------------------- 
CFTR NBD2 M.mus 1339 GYVLSHGHKQLMCLARSVLSKAKIILLDEPSAHLDPITYQVIRRVLKQAFA--GCTVILCEH-RIEAM-LDCQRFLVIEESNVWQYDSLQALLSEKSIFQQAISSSEKMRFFQGRHSSKHKPRTQITALKEETEEE----------- 
HisP S.typ       151 PVHLSGGQQQRVSIARALAMEPDVLLFDEPTSALDPELVGEVLRIMQQLAEE-GKTMVVVTH-EMGFARHVSSHVIFLHQGKIEEEGDPEQVFGNPQSPRLQQFLKGSLK------------------------------------- 
MalK E.col       131 PKALSGGQRQRVAIGRTLVAEPSVFLLDEPLSNLDAALRVQMRIEISRLHKRLGRTMIYVTHDQVEAM-TLADKIVVLDAGRVAQVGKPLELYHYPADRFVAGFIGS---------------------------------------- 
0796 M.jan       143 PNQLSGGQQQRVAIARALANNPPIILADEPTGALDSKTGEKIMQLLKKLNEEDGKTVVVVTH-DINVA-RFGERIIYLKDGEVEREEKLRGFDDR---------------------------------------------------- 
1267 M.jan       151 AGELSGGQMKLVEIGRALMTNPKMIVMDEPIAGVAPGLAHDIFNHVLELKAK-GITFLIIEH-RLDIVLNYIDHLYVMFNGQIIAEGRGEEEIKNVLSDPKVVEIYIGE-------------------------------------- 
MsbA E.col       478 GVLLSGGQRQRIAIARALLRDSPILILDEATSALDTESERAIQAALDELQK--NRTSLVIAH-RLSTI-EKADEIVVVEDGVIVERGTHNDLLEHRGVYAQLHKMQFGQ-------------------------------------- 
Tap1 H.sap       640 GSQLSGGQRQAVALARALIRKPCVLILDDATSALDANSQLQVEQLLYESPERYSRSVLLITQ-HLSLV-EQADHILFLEGGAIREGGTHQQLMEKKGCYWAMVQAPADAPE------------------------------------ 
RbsA nt E.col    139 VGDLSIGDQQMVEIAKVLSFESKVIIMDEPTDALTDTETESLFRVIRELKSQ-GRGIVYISH-RMKEIFEICDDVTVFRDGQFIAEREVASLTEDS--------------------------------------------------- 
 
 
 

FIGURE 3-1: Nucleotide binding domain multiple sequence alignment.  A multiple sequence alignment of ABC transporter nucleotide 
binding domains was constructed using the T-coffee and Boxshade programs.  The highly conserved Walker A and B motifs along with the 
signature sequence are denoted with a bar above the sequence and are labeled accordingly.  The conserved Gln and His are labeled as the Q 
and H-loops respectively, and the most common CF causing mutation, ∆F508, is also labeled.  The names of the proteins and the first amino 
acid in the alignment are labeled to the left of the alignment along with the species the protein sequence is from (H.sap-Homo sapiens, 
M.mus-Mus musculus, S.typ-Salmonella typhimurium, M.jan-Methanococcus jannaschii, E.col-Escherichia coli) 
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 The first high resolution crystal structure solved of an NBD was HisP, and 

it revealed a mixed α/β protein with two sub-domains (Hung et al., 1998) (Figure 

3-2).  The HisP structure revealed the close proximity of the Walker A and B 

motifs in the α/β sub-domain, while the signature sequence resides in the α-

helical sub-domain.  A molecule of ATP crystallized in the active site of the NBD 

Signature

Walker B

Walker A

N

C

FIGURE 3-2: The crystal structure of HisP: The crystal structure of HisP
(PDB: 1B0U) is shown as a ribbon diagram with α-helices and β-strands 
colored orange and green respectively.  The conserved Walker A and B motifs 
along with the signature sequence are colored blue and labeled accordingly.  
The molecule of ATP bound to the Walker A and B motifs is colored red and 
the N and C-termini of the protein are labeled appropriately with an N and C.
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FIGURE 3-2: The crystal structure of HisP: The crystal structure of HisP
(PDB: 1B0U) is shown as a ribbon diagram with α-helices and β-strands 
colored orange and green respectively.  The conserved Walker A and B motifs 
along with the signature sequence are colored blue and labeled accordingly.  
The molecule of ATP bound to the Walker A and B motifs is colored red and 
the N and C-termini of the protein are labeled appropriately with an N and C.
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bound to the Walker A and B motifs as expected.  The highly conserved signature 

sequence is over 20 Å away from the ATP molecule, suggesting that it does not 

play a role in ATP binding.  As a result, the signature sequence was postulated to 

be critical for the stability of the HisP molecule while the α-helical sub-domain 

was suggested to be imbedded in the membrane (Hung et al., 1998).  

 A different role for the signature sequence was put forth by Jones and 

George who suggested it played a role in ATP binding and hydrolysis (Jones and 

George, 1999).  They postulated that the NBDs dimerized in a “head-to-tail" 

fashion which would put the signature sequence of one monomer in close 

proximity of the Walker A and B motifs of the second monomer.  This neatly 

solved the problem of why the signature sequence is so highly conserved 

throughout all NBDs, as well as why the ATP binding site is so open to solvent.  

Biochemical evidence supporting this hypothesis soon followed with the 

observation of ATP-dependant NBD dimers harboring a mutation of the highly 

conserved Glu at the end of the Walker B motif to Gln (Moody et al., 2002; 

Verdon et al., 2003b).  Structural evidence of the proposed head-to-tail dimer 

came with additional crystal structures of MJ0796 and GlcV NBD dimers, and the 

structures of the full length ABC transporters BtuCD and MsbA which showed 

the NBDs in an orientation conducive to forming a head-to-tail dimer (Chang, 

2003; Chen et al., 2003; Locher et al., 2002; Reyes and Chang, 2005; Smith et al., 

2002; Verdon et al., 2003a) (Figure 3-3).   
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 In spite of all the data  on homologous NBDs, a number of questions still 

remained regarding the CFTR NBDs.  The structure of CFTR NBD1 with and 

without F508 remained an important question as it had been suggested that the 

ΔF508 mutation was a folding mutation with a minimal effect on the native state 

of the domain (Qu et al., 1997; Qu and Thomas, 1996; Strickland et al., 1997).  In 

Walker A1

Walker A2

Walker B1

Walker B2

Signature Sequence2

Signature Sequence1

Monomer 1 Monomer 2

Figure 3-3:  Crystal structure of a “head-to-tail” dimer of MJ0796. The 
crystal structure of E171Q MJ0796 (PDB: 1L2T) is shown as a ribbon 
diagram with α-helices and β-strands colored orange and green respectively, 
and the conserved Walker A and B motifs along with the signature sequence 
are colored blue.  Notice that the Walker A and B motifs from one monomer 
along with the signature sequence from the opposing monomer form the ATP 
binding sites of MJ0796. 
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Figure 3-3:  Crystal structure of a “head-to-tail” dimer of MJ0796. The 
crystal structure of E171Q MJ0796 (PDB: 1L2T) is shown as a ribbon 
diagram with α-helices and β-strands colored orange and green respectively, 
and the conserved Walker A and B motifs along with the signature sequence 
are colored blue.  Notice that the Walker A and B motifs from one monomer 
along with the signature sequence from the opposing monomer form the ATP 
binding sites of MJ0796. 
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addition, a number of questions regarding the ATPase activity and dimerization 

state of CFTR NBD1 still remained.  A number of reports suggested that 

recombinantly expressed CFTR NBD1 could bind ATP (Ko et al., 1997; Ko et al., 

1993; Qu et al., 1997; Qu and Thomas, 1996; Yike et al., 1996), while others 

indicated that NBD1 had the capacity for ATP hydrolysis (Annereau et al., 2003; 

Duffieux et al., 2000; Howell et al., 2000; Ko and Pedersen, 1995).  The data 

suggesting that CFTR NBD1 can hydrolyze ATP is interesting because the 

sequence lacks the highly conserved Glu residue at the end of the Walker B motif 

which is thought to be the catalytic base for ATP hydrolysis (Hung et al., 1998), 

as well as the conserved His in the H-loop (Figure 3-1).  The reports of ATP 

hydrolysis suggest that the ATPase cycle of CFTR NBD1 may differ slightly from 

other NBDs.  Complicating the conflicting ATP binding and hydrolysis data is the 

fact that the domain boundaries of CFTR NBD1 have not yet been well 

established, and a number of N-terminal and C-terminal boundaries have been 

reported (Annereau et al., 2003; Chan et al., 2000; Duffieux et al., 2000; Howell 

et al., 2000; Ko et al., 1997; Ko and Pedersen, 1995; Ko et al., 1993; Qu et al., 

1997; Qu and Thomas, 1996; Strickland et al., 1997; Townsend et al., 1996; 

Wang et al., 2002a; Yike et al., 1996).   

In addition to the ATPase data, the dimeric state of the CFTR NBD1 is 

unclear.  Recent biochemical and structural data suggest that the NBDs most 

likely form symmetrical dimers which are thought to be necessary for ATP 
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hydrolysis (Chen et al., 2003; Horn et al., 2003; Locher et al., 2002; Moody et al., 

2002; Smith et al., 2002; Verdon et al., 2003b).  Despite the fact that CFTR is 

thought to be functional as a monomer (Ramjeesingh et al., 2001), there are 

reports of CFTR existing in a higher order oligomers (Ramjeesingh et al., 2003a; 

Ramjeesingh et al., 2003b; Schillers et al., 2001; Schillers et al., 2004).  If CFTR 

exists as a monomer in vivo then the functional dimer would have to be a NBD1-

NBD2 heterodimer.  If CFTR is functional as a dimer or as a higher oligomeric 

species, then NBD1 and NBD2 homodimers would be possible in addition to 

NBD1-NBD2 heterodimers.  To help establish the domain boundaries of the 

CFTR NBDs, to resolve the dimeric state of NBD1 and NBD2, and to produce 

protein constructs suitable for structural studies, we expressed and purified the 

soluble fraction of recombinantly expressed and purified human CFTR NBD1 

(amino acids 419-655) and CFTR NBD2 (amino acids 1206-1456).  Size 

exclusion chromatography experiments were performed to monitor the 

ologomeric state of the NBDs in the presence and absence of saturating 

concentrations of ATP.  In addition, we tested the ATP binding and ATPase 

activity of solubly expressed and purified mouse CFTR NBD1 389-673, and 

monitored the dimeric state of the domain by gel filtration chromatography in the 

presence and absence of saturating ATP concentrations. 
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Experimental Procedures: 

CFTR NBD1/2 plasmid construction:  CFTR amino acids 419-655 (NBD1) or 

1206-1456 (NBD2) were cloned into the pET 28 and pET 19 expression vectors 

respectively, down stream of the N-terminal His-tag using standard techniques.  

Positive clones were selected and correct sequences were confirmed by DNA 

sequencing.  Plasmids harboring the correct sequences were transformed into E. 

coli CondonPlus (DE3)-RIL cells (Stratagene) for protein expression.   

 

CFTR NBD1/2 expression and purification:  E. coli CondonPlus (DE3)-RIL cells 

harboring the NBD1 or NBD2 expression plasmids were grown in 8L of LB to an 

O.D. of 1.0, and shifted to 14°C and induced with 100 μM IPTG for 24 hr.  Cells 

were collected via centrifugation and were resuspended in 60 ml lysing buffer 

(15-mM Tris pH 8.0, 600 mM NaCl, 5% glycerol, 1% Triton X 100, 1 mg/ml 

Lysozyme and Roche Complete Protease Inhibitor Tablets) and lysed via 

sonication.  The lysate was centrifuged at 60,000 rcf, and Ni chromatography was 

performed with the following buffers: binding buffer (15 mM Tris pH 8.0, 600 

mM NaCl, 5% glycerol), wash buffer (15 mM Tris pH 8.0, 600 mM NaCl, 5% 

glycerol, 40 mM imidazole), and elution buffer (15 mM Tris pH 8.0, 600 mM 

NaCl, 5% glycerol, 400 mM imidazole).   

 Fractions containing the NBD were pooled and 10 mM octyl-β-glucoside 

was added to the protein which was concentrated to 2 ml.  The protein was loaded 
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onto a HiPrep 16/60 Sephacryl S-300 column and run with a 0.3 ml/min flow rate 

in 15 mM Tris pH 8.0, 600 mM NaCl, 5% glycerol, 10 mM octyl-β-glucoside, 

1-mM DTT.  NBD1 protein eluting from the gel filtration column in the 

monomeric region was pooled and concentrated as needed. 

 

Analytical HPLC gel filtration chromatography:  The purified NBDs were 

subjected to analytical gel filtration chromatography on a Tosoh QC-PAK TSK 

200GL column, and the absorbance was monitored at 220 nm.  All samples were 

filtered through a 0.2 μM filter before injection onto the column, and all 

chromatography was performed at room temperature in 50 mM Tris pH 7.6, 

200-mM NaCl.   

 

Mouse CFTR NBD1 purification and ATP binding and hydrolysis:  The mouse 

CFTR NDB1 protein (amino acids 389-673) was expressed and purified as 

previously described (Lewis et al., 2004).  Briefly, the Smt3-NBD1 fusion was 

expressed in E. coli and Ni column chromatography was performed followed by 

Ulp1 cleavage and gel filtration chromatography.  A subsequent Ni 

chromatography step was performed to ensure complete removal of the Smt3 tag.   

 The ATP binding and hydrolysis methods for mouse CFTR NBD1 have 

been described previously (Lewis et al., 2004).  Briefly, standard filter binding 

assays were performed on mouse CFTR NBD1 using α-32P ATP.  The filters were 
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washed twice with ice cold buffer and bound α-32P ATP was measured in a 

scintillation counter.  The hydrolysis reactions were performed using a 

colorimetric assay where ATP hydrolysis is coupled to the conversion of NADH 

to NAD+  (Rosing et al., 1975).  This conversion was monitored by the 

absorbance at 340 nm on a UV spectrophotometer.   
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Results: 

 As a first step in characterizing the biochemical and biophysical properties 

of CFTR NBD1 and NBD2 the amino acid boundaries of the domain had to be 

identified.  To guide this effort a multiple sequence alignment was generated 

using the program T-coffee to compare the human CFTR sequence to a number of 

bacterial NBDs.  A number of the bacterial NBD sequences used in the multiple 

sequence alignment had crystal structures available; which aided in predicting the 

amino acid boundaries of CFTR NBD1 and NBD2 to be amino acids 419-655 and 

1206-1456 respectively (Figure 3-1).  

CFTR NBD1 expression constructs were produced by cloning CFTR 

amino acids 419-655 into the pET 28 vector and transforming this plasmid into E. 

coli BL21 CodonPlus (DE3)-RIL for protein expression and purification.  Large 

quantities of CFTR NBD1 were produced, but unfortunately most of the protein 

was found in the insoluble fraction after cell lysis (Figure 3-4).  Nevertheless, 

some NBD1 was expressed solubly and could be captured via Ni affinity 

chromatography and further purified by gel filtratration chromatography in the 

presence of octyl-β-glucoside (Figure 3-4).   

CFTR amino acids 1206-1456 were cloned into the pET 19 vector which 

was then transformed into E. coli BL21 CodonPlus (DE3)-RIL for protein 

expression and purification.  As with CFTR NDB1, NBD2 was also 

predominantly expressed as an insoluble aggregate, and only a small fraction of 
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NBD2 remained in the supernatant 

fraction (Figure 3-5).  However, a 

small amount of soluble CFTR 

NBD2 could be captured via Ni 

column chromatography, and then 

further purified by gel filtration 

chromatography in the presence of 

10 mM octyl-β-glucoside (Figure 

3-5). 

It had been previously 

shown that some of the bacterial 

NBDs dimerized in an ATP 

dependant fashion (Chen et al., 2003; Horn et al., 2003; Locher et al., 2002; 

Moody et al., 2002; Smith et al., 2002; Verdon et al., 2003a), so the oligomeric 

state of NBD1 and NBD2 was monitored by gel filtration chromatography.  The 

purified NBD1 and NBD2 proteins were flowed through a Tosoh QC-PAK TSK 

200GL column in the presence and absence of ATP, and the UV absorbance at 

220 nm was monitored to track any changes in the oligomeric state of the proteins 

upon the addition of nucleotide (Figure 3-6).  No apparent shift in the retention 

time of NBD1 or NBD2 was observed upon the addition of 20 mM ATP, nor was 
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FIGURE 3-4:  CFTR NBD1 
expression and purification.
Coomassie-stained gel lanes of the 
expression and purification of human 
CFTR NBD1 (amino acid boundaries 
419-655) from E. coli. The molecular 
weight markers are measured in kDa
and the protein samples loaded are as 
follows: 1) Induced cell lysate; 2) 
supernatant fraction of the cell lysate; 
3) Ni column elution; 4) monomeric 
NBD1 elution off of a Sephacryl S-300 
gel filtration column.
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expression and purification.
Coomassie-stained gel lanes of the 
expression and purification of human 
CFTR NBD1 (amino acid boundaries 
419-655) from E. coli. The molecular 
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and the protein samples loaded are as 
follows: 1) Induced cell lysate; 2) 
supernatant fraction of the cell lysate; 
3) Ni column elution; 4) monomeric 
NBD1 elution off of a Sephacryl S-300 
gel filtration column.
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there a change in the retention time of NBD1 and NBD2 upon equamolar mixing 

of the two proteins in the presence or absence of 20 mM ATP (Figure 3-5).   

Approximately the same 

time these experiments were 

performed, the company SGX had 

discovered a way to produce 

soluble mouse CFTR NBD1, and 

had approached us to perform 

some biochemical experiments to 

help characterize the protein.  They 

cloned mouse CFTR amino acids 

389-673 into the His6-Smt3 

expression vector (Mossessova and 

Lima, 2000) and were able to 

express and purify milligram quantities of soluble protein (Figure 3-7A).  SGX 

shipped us purified protein and ATP binding and hydrolysis experiments were 

performed.  Using a coupled ATPase assay it was found that mouse CFTR NBD1 

had no measurable ATPase activity but did bind ATP with an affinity of 200 μM 

using a standard filter binding assay (Figure 3-7B and C) (Lewis et al., 2004).  As 

a positive control for the coupled ATPase assay a Methanococcus jannaschii 

NBD, MJ0796, was used and a hydrolytic rate of 7.8 ATP min-1 was measured. 
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FIGURE 3-5: CFTR NBD2 expression 
and purification. Coomassie-stained 
gel lanes of the expression and 
purification of human CFTR NBD2 
(amino acids 1206-1456) from E. coli.
The molecular weight markers are 
measured in kDa and the protein 
samples loaded are as follows: 1) 
Induced cell lysate; 2) supernatant 
fraction of the cell lysate; 3) Ni column 
elution; 4) monomeric NBD1 elution 
off of a Sephacryl S-300 gel filtration 
column.
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FIGURE 3-5: CFTR NBD2 expression 
and purification. Coomassie-stained 
gel lanes of the expression and 
purification of human CFTR NBD2 
(amino acids 1206-1456) from E. coli.
The molecular weight markers are 
measured in kDa and the protein 
samples loaded are as follows: 1) 
Induced cell lysate; 2) supernatant 
fraction of the cell lysate; 3) Ni column 
elution; 4) monomeric NBD1 elution 
off of a Sephacryl S-300 gel filtration 
column.
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In addition to the ATP binding and hydrolysis experiments, the oligomeric 

state of the mouse CFTR NDB1 protein was monitored by gel filtration 

chromatography in the presence and absence of ATP (Figure 3-8).  As a positive 

control for the dimerization of NBDs, MJ0796 E171Q was used.  This protein had 

been purified by Jonathan Moody in our lab, who had previously shown MJ0796 

E171Q dimerized in the presence of ATP (Figure 3-8A) (Moody et al., 2002).  
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FIGURE 3-6: Oligomeric state of CFTR NBD1/2. The oligomeric state of 
the purified human CFTR NBD1 and NBD2 was monitored on a Tosoh QC-
PAK TSK 200GL HPLC analytical gel filtration column.  The retention time 
of the NBDs, either in isolation, or mixed in equamolar ratios, was measured 
in the presence or absence of 20 mM ATP.  The NBD and ATP peaks are 
labeled, and the flow rate of the experiment was 0.75 ml/min.
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labeled, and the flow rate of the experiment was 0.75 ml/min.
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Performing the same experiment on mouse CFTR NBD1 resulted in no 

observable ATP dependant dimerization upon the addition of 10 mM ATP (Figure 

3-8B).     

SGX was able to crystallize the mouse CFTR NBD1 protein and solve the 

three dimensional structure of the domain at 2.2 Å resolution (Figure 3-9).  

Several interesting observations were made from this crystal structure.  First of 

all, the overall fold of the protein domain was similar to the other NBD crystal 

structures.  However, the N-terminus of the domain was further upstream in the 

primary sequence than had originally been predicted.  In addition there was a 

large loop between the first and second β-strands that was not visible in the 

crystal structure, and the F508 side chain was largely exposed to solvent (Figure 
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FIGURE 3-7: ATP binding and hydrolysis of mouse NBD1.  The ability of mouse 
CFTR NBD1 to bind and hydrolyse ATP was tested on protein expressed and 
purified by SGX Pharmaceuticals.  (A) A Coomassie-stained gel of the purified 
mouse CFTR NBD1 protein.  (B) ATP binding of mouse CFTR NBD1.  (C) ATPase
activity of mouse CFTR NBD1. Adapted by permission from Macmillan Publishers 
Ltd:  Lewis et al. EMBO (2004) 23(2):282-93. 
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FIGURE 3-7: ATP binding and hydrolysis of mouse NBD1.  The ability of mouse 
CFTR NBD1 to bind and hydrolyse ATP was tested on protein expressed and 
purified by SGX Pharmaceuticals.  (A) A Coomassie-stained gel of the purified 
mouse CFTR NBD1 protein.  (B) ATP binding of mouse CFTR NBD1.  (C) ATPase
activity of mouse CFTR NBD1. Adapted by permission from Macmillan Publishers 
Ltd:  Lewis et al. EMBO (2004) 23(2):282-93. 
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3-9).  The N-terminal boundary of CFTR NBD1 was predicted to be between 

amino acids 415 and 419 based upon existing multiple sequence alignments as 

well as the HisP structure.  However, if a careful multiple sequence alignment is 

constructed using CFTR NBD1 amino acids 380-670 the true N-terminus can be 

identified using the multiple sequence alignment program T-coffee.  (Figure 
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state of mouse CFTR 
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PAK TSK 200GL HPLC 
analytical gel filtration 
column in the presence or 
absence of 10 mM ATP.
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3-10).  In addition to this insertion in NBD1, the C-terminus of the domain was 

found to be further downstream in the primary amino acid sequence than was 

predicted.  The final secondary structural element of NBD1 is a helix which lies 

close to the Walker A and B motifs and resides in the putative dimer interface.  A 

helix in this position would not be conducive to forming a NBD dimer which is 

the current model for ABC transporter NBD1’s ATPase cycle, suggesting that the 

position of this helix is influenced by the crystallization conditions or perhaps this 

is a novel regulatory mechanism not found in other NBDs.   

45°

Signature

Walker BWalker A

90°
N

C-terminal helix

α/β Sub-domain α-helical Sub-domain

F508

C

FIGURE 3-9: The crystal structure of mouse CFTR NBD1. The crystal structure 
of mouse CFTR NBD1 (PDB: 1R0X) is shown as a ribbon diagram with α-helices 
colored orange and β-strands colored green.  The protein was crystallized in the 
presence of 2 mM ATP which is shown in red.  Two views of the NBD are shown; 
on the left is the conventional view of the NBD while on the right the NBD is rotated 
to show one half of the putative “head-to-tail” dimer.  F508 is colored purple and 
shown in stick representation, while the highly conserved Walker A, B, and signature 
motifs are colored blue.
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FIGURE 3-9: The crystal structure of mouse CFTR NBD1. The crystal structure 
of mouse CFTR NBD1 (PDB: 1R0X) is shown as a ribbon diagram with α-helices 
colored orange and β-strands colored green.  The protein was crystallized in the 
presence of 2 mM ATP which is shown in red.  Two views of the NBD are shown; 
on the left is the conventional view of the NBD while on the right the NBD is rotated 
to show one half of the putative “head-to-tail” dimer.  F508 is colored purple and 
shown in stick representation, while the highly conserved Walker A, B, and signature 
motifs are colored blue.



 
 
 
 
 
CFTR NBD1 H.sap  380 ---------YKTLEYNLTTTEVVMENVTAFWEEGFGELFEKAKQNNNNRKTSNGDDSLFFSNFSLLGTPVLKDINFKIERGQLLAVAGSTGAGKTSLLMMIMGELEPSEGKIKHSG--------------------------RISFCSQFS-WIMPGTIKENIIFGVSYDEY-------- 
CFTR NBD1 M.mus  380 ---------YKVLEYNLMTTGIIMENVTAFWEEGFGELLQKAQQSNGDRKHSSDENNVSFSHLCLVGNPVLKNINLNIEKGEMLAITGSTGLGKTSLLMLILGELEASEGIIKHSGR--------------------------VSFCSQFS-WIMPGTIKENIIFGVSYDEY-------- 
CFTR NBD2 H.sap 1198 ---------VKKDDIWPSGGQMTVKDLTAKYTEG--------------------------------GNAILENISFSISPGQRVGLLGRTGSGKSTLLSAFLRLLNT-EGEIQIDGVSWDSITLQQWR-------------KAFGVIPQKVFIF-SGTFRKNLDPYEQWSDQ-------- 
CFTR NBD2 M.mus 1194 ---------VKKSDIWPSGGEMVVKDLTVKYMD--------------------------------DGNAVLENISFSISPGQRVGLLGRTGSGKSTLLSAFLRMLNI-KGDIEIDGVSWNSVTLQEWR-------------KAFGVITQKVFIF-SGTFRQNLDPNGKWKDE-------- 
HisP S.typ         1 ---------------MMSENKLHVIDLHKRYG----------------------------------GHEVLKGVSLQARAGDVISIIGSSGSGKSTFLRCINFLEKPSEGAIIVNGQNINLVRDKDGQLKVADKNQLRLLRTRLTMVFQHFNLWSHMTVLENVMEAPIQVLG-------- 
MalK E.col         1 ------------------MASVQLQNVTKAWG----------------------------------EVVVSKDINLDIHEGEFVVFVGPSGCGKSTLLRMIAGLETITSGDLFIGEKRMNDTPPA---------------ERGVGMVFQSYALYPHLSVAENMSFGLKLAGA-------- 
0796 M.jan         1 --------------------MIKLKNVTKTYKMG------------------------------EEIIYALKNVNLNIKEGEFVSIMGPSGSGKSTMLNIIGCLDKPTEGEVYIDNIKTNDLDDDELT---------KIRRDKIGFVFQQFNLIPLLTALENVELPLIFKYR-------- 
1267 M.jan         1 --------------MRDTMEILRTENIVKYFG----------------------------------EFKALDGVSISVNKGDVTLIIGPNGSGKSTLINVITGFLKADEGRVYFENKDITNKEPAE------------LYHYGIVRTFQTPQPLKEMTVLENLLIGEINPGESPLNSLFY 
MsbA E.col       330 ---------EGKRVIERATGDVEFRNVTFTYPGR--------------------------------DVPALRNINLKIPAGKTVALVGRSGSGKSTIASLITRFYDIDEGEILMDGHDLREYTLASL-------------RNQVALVSQNVHLFND-TVANNIAYARTEQYS-------- 
Tap1 H.sap       497 ---------------LHLEGLVQFQDVSFAYPNR-------------------------------PDVLVLQGLTFTLRPGEVTALVGPNGSGKSTVAALLQNLYQPTGGQLLLDGKPLPQYEHRYLH-------------RQVAAVGQEPQVFGR-SLQENIAYGLTQKPT-------- 
RbsA E.col         1 -----------------MEALLQLKGIDKAFPG----------------------------------VKALSGAALNVYPGRVMALVGENGAGKSTMMKVLTGIYTRDAGTLLWLGKETTFTGPKS------------SQEAGIGIIHQELNLIPQLTIAENIFLGREFVNR-------- 
 
 
 
 
 
 
 
 
 
 
CFTR NBD1 H.sap  516 --RYRS-VIKACQLEEDISKFAEKDNIVLGEGGITLSGGQRARISLARAVYKDADLYLLDSPFGYLDVLTEKEIFESCVCKLMA-NKTRILVTS-KMEHL-KKADKILILHEGSSYFYGTFSELQNLQPDFSSKLMGCDSFDQFSAERRNSILTETLHRFSLEGDAPVSWTETKKQ---- 
CFTR NBD1 M.mus  516 --RYKS-VVKACQLQQDITKFAEQDNTVLGEGGVTLSGGQRARISLARAVYKDADLYLLDSPFGYLDVFTEEQVFESCVCKLMA-NKTRILVTS-KMEHL-RKADKILILHQGTSYFYGTFSELQSLRPSFSSKLMGYDTFDQFTEERRSSILTETLRRFSVDDSSAPWSKPKQSFRQTG 
CFTR NBD2 H.sap 1314 ---EIWKVADEVGLRSVIEQFPGKLDFVLVDGGCVLSHGHKQLMCLARSVLSKAKILLLDEPSAHLDPVTYQIIRRTLKQAFA--DCTVILCEH-RIEAM-LECQQFLVIEENKVRQYDSIQKLLNERSLFRQAISPSDRVKLFPHRNSSKCKSKP------------------------ 
CFTR NBD2 M.mus 1310 ---EIWKVADEVGLKSVIEQFPGQLNFTLVDGGYVLSHGHKQLMCLARSVLSKAKIILLDEPSAHLDPITYQVIRRVLKQAFA--GCTVILCEH-RIEAM-LDCQRFLVIEESNVWQYDSLQALLSEKSIFQQAISSSEKMRFFQGRHSSKHKPRTQITALKEETEEE------------ 
HisP S.typ       124 ----LSKHDARERALKYLAKV-GIDERAQGKYPVHLSGGQQQRVSIARALAMEPDVLLFDEPTSALDPELVGEVLRIMQQLAEE-GKTMVVVTH-EMGFARHVSSHVIFLHQGKIEEEGDPEQVFGN--------PQSPRLQQFLKGSLK------------------------------ 
MalK E.col       106 ---KKEVINQRVNQVAEVLQLAH----LLDRKPKALSGGQRQRVAIGRTLVAEPSVFLLDEPLSNLDAALRVQMRIEISRLHKRLGRTMIYVTHDQVEAM-TLADKIVVLDAGRVAQVGKPLELYHY--------PADRFVAGFIGS--------------------------------- 
0796 M.jan       114 --GAMSGEERRKRALECL-KMAELEERFANHKPNQLSGGQQQRVAIARALANNPPIILADEPTGALDSKTGEKIMQLLKKLNEEDGKTVVVVTH-DINVA-RFGERIIYLKDGEVEREEKLRGFDDR----------------------------------------------------- 
1267 M.jan       121 KKWIPKEEEMVEKAFKILEFL--KLSHLYDRKAGELSGGQMKLVEIGRALMTNPKMIVMDEPIAGVAPGLAHDIFNHVLELKAK-GITFLIIEH-RLDIVLNYIDHLYVMFNGQIIAEGRGEEEIKN------VLSDPKVVEIYIGE--------------------------------- 
MsbA E.col       447 -REQIEEAARMAYAMDFINKMDNGLDTVIGENGVLLSGGQRQRIAIARALLRDSPILILDEATSALDTESERAIQAALDELQK--NRTSLVIAH-RLSTI-EKADEIVVVEDGVIVERGTHNDLLEHRGVYAQLHKMQFGQ--------------------------------------- 
Tap1 H.sap       609 -MEEITAAAVKSGAHSFISGLPQGYDTEVDEAGSQLSGGQRQAVALARALIRKPCVLILDDATSALDANSQLQVEQLLYESPERYSRSVLLITQ-HLSLV-EQADHILFLEGGAIREGGTHQQLMEKKGCYWAMVQAPADAPE------------------------------------- 
RbsA E.col       110 -FGKIDWKTMYAEADKLLAKL--NLRFKSDKLVGDLSIGDQQMVEIAKVLSFESKVIIMDEPTDALTDTETESLFRVIRELKSQ-GRGIVYISH-RMKEIFEICDDVTVFRDGQFIAEREVASLTEDS---------------------------------------------------- 
 

 
FIGURE 3-10: A revised nucleotide binding domain alignment.  A multiple sequence alignment of ABC transporter nucleotide binding 
domains was constructed using the T-coffee and Boxshade programs, and highlights the N-terminal insertion in CFTR NBD1 which was 
missed in our previous alignments.  The highly conserved Walker A and B motifs along with the signature sequence are denoted with a bar 
above the sequence and are labeled accordingly.  The conserved Gln and His are labeled the Q and H-loops respectively, and the most 
common CF causing mutation, ∆F508, is denoted with a ∆.  The names of the proteins and the numerical position of the first amino acid in 
the alignment are labeled on the left along with the species the protein sequence is from (H.sap-Homo sapiens, M.mus-Mus musculus, S.typ-
Salmonella typhimurium, M.jan-Methanococcus jannaschii, E.col-Escherichia coli). 
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Discussion: 

 I set out to identify the domain boundaries of CFTR NBD1 and NBD2, 

along with resolving the controversy surrounding the ATP binding and hydrolysis 

ability of CFTR NBD1.  In addition, I hoped to create a method for expressing 

and purifying CFTR NBD1 which would be suitable for NMR and 

crystallographic studies.  To aid in reaching these goals I produced a multiple 

sequence alignment with human CFTR NBD1 and NBD2 along with a number of 

other prokaryotic and eukaryotic ABC transporter NBDs (Figure 3-1).  From this 

alignment the beginning of the CFTR NBD1 was predicted to be amino acid 419, 

and the C-terminal end of the domain was predicted to be amino acid 655.   

The multiple sequence alignment was not significantly different than those 

previously published (Hung et al., 1998; Jones and George, 1999; Karpowich et 

al., 2001; Locher et al., 2002; Smith et al., 2002; Yuan et al., 2001).  In addition, 

our predicted domain boundaries were similar to those of Duffieux and colleagues 

who used CFTR amino acids 422-650 as their NBD1 boundaries.  Using this 

construct Duffieux and coworkers were able to purify soluble NBD1 and obtain 

an NMR HSQC spectrum of NBD1, suggesting that this construct was suitable for 

high resolution structural studies (Duffieux et al., 2000).  Similarly, I was also 

able to express and purify soluble NBD1 protein.  However, my NBD1 construct 

suffered from low levels of soluble expression and tended to aggregate unless in 

the presence of octyl-β-glucoside.  Duffieux and colleagues NBD1 construct was 
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also purified in the presence of 0.1% Triton X-100, and perhaps in the absence of 

detergent their NBD1 construct may suffer from aggregation and poor solubility 

similar to my experiences with CFTR NBD1 419-655.   

The NBD1 construct most similar to the mouse CFTR NBD1 boundaries 

previously reported in the literature was that of Yike and colleagues (Yike et al., 

1996).  They reported testing the expression levels of constructs containing two 

different N-terminal and four C-terminal NBD1 boundaries, and concluded that 

CFTR amino acids 383-650 encompassed the NBD1 (Yike et al., 1996).  Their 

domain boundaries were a few amino acids longer on the N-terminus and 

approximately 20 amino acids shorter on the C-terminus.  Interestingly, this 

construct was expressed as an insoluble protein; however, upon refolding this 

protein was stable in solution for up to 10 days (Yike et al., 1996).  In addition, 

they mention in the text that Dulhanty and Riordan had defined the C-terminal 

boundary of CFTR to be between 672 and 679 (Dulhanty and Riordan, 1994).  In 

this sense the domain boundaries of CFTR NBD1 had been identified in the 

literature eight years earlier.  However, without combining this data to produce 

the 383-672 construct, and identify soluble expression conditions for CFTR 

NBD1, these domain boundaries were not widely adopted until the mouse CFTR 

NBD1 crystal structure was solved (Lewis et al., 2004).   

A number of studies have now identified ATP dependent dimerization of 

ABC transporter NBDs (Chen et al., 2003; Howell et al., 2000; Locher et al., 
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2002; Lu and Pedersen, 2000; Moody et al., 2002; Smith et al., 2002; Verdon et 

al., 2003a; Verdon et al., 2003b).  The ATP dependent dimers are not typically 

stable in solution unless catalytic mutations are introduced into the protein to 

stabilize the dimeric state of the NBDs.  When the highly conserved Glu in the 

Walker B sequence is mutated to Gln (E/Q), putatively removing the catalytic 

base required for ATP hydrolysis, stable ATP dependent dimers have been 

observed (Moody et al., 2002; Smith et al., 2002; Verdon et al., 2003b).  In 

addition to the head-to-tail dimers observed in E/Q mutant NBDs, dimers have 

also been observed in crystal structures of wild type sequences for BtuCD and 

MalK (Chen et al., 2003; Locher et al., 2002).  However, in both the BtuCD and 

MalK structures additional protein domains were present which held the NBDs in 

close proximity to one another, allowing the head-to-tail dimers to form in the 

absence of the E/Q mutation.  Our experimental results on the short (419-655 and 

1206-1456) and long (389-673) CFTR NBD constructs suggest that neither NBD1 

nor NBD2 form stable ATP dependent dimers in solution (Figure 3-6 and 3-8).  

One possible explanation for why ATP dependant dimerization was not observed 

in our experiments is that we did not make the E/Q mutation that allows efficient 

dimerization (Moody et al., 2002; Verdon et al., 2003b).  However, the conserved 

Walker B Glu is not present in the CFTR NBD1 sequence (Figure 3-1 and 3-10).  

Instead a Ser residue takes the place of the highly conserved Glu, which we 

hypothesized might inhibit the ATPase activity of the domain and allow stable 
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dimers to form.  In addition, the highly conserved His of the H-loop is also a Ser 

residue in CFTR NBD1, which provides further evidence that NBD1 probably 

cannot hydrolyze ATP, and suggested that we may be able to observe ATP 

dependent dimerization of the wild type CFTR NBD1 sequence.  However, this 

was not the case.  Perhaps if the E/Q mutations were made in CFTR NBD1 and 

NBD2, ATP dependant dimerization could be observed for the two NBDs either 

alone (homodimers) or when mixed together (heterodimers). 

ATP binding experiments with mouse CFTR NBD1 indicated that this 

protein construct was capable of binding ATP with an affinity of 149 ± 48 μM 

(Figure 3-7B).  Our results are consistent with previous reports that human CFTR 

NBD1 has ATP binding properties (Ko et al., 1997; Qu et al., 1997; Qu and 

Thomas, 1996; Yike et al., 1996).  However, the measured ATP binding affinity 

for the various NBD1 constructs reported in the literature range from the low 

micromolar to several millimolar (Ko et al., 1997; Qu et al., 1997; Qu and 

Thomas, 1996; Yike et al., 1996).  The differences observed between our ATP 

binding constant of 149 ± 48 μM with the complete domain and those previously 

reported most likely stem from differences in the domain boundaries of CFTR 

NBD1.  Nonetheless, sequence variation between mouse and human NBD1 may 

also contribute to the differences in measured ATP binding affinity.  

In addition to ATP binding experiments, ATPase activity assays were also 

performed on the mouse NBD1 protein.  No ATP hydrolysis activity was 
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measured for mouse CFTR NBD1 using a standard coupled assay (Rosing et al., 

1975) (Figure 3-7C).  MJ0796 was used as a positive control, and an ATPase 

activity of 7.8 min-1 was measured, which is similar to the previously reported 

value (Moody et al., 2002).  The lack of observed ATPase activity for the mouse 

CFTR NBD1 contrasts with previous reports of ATPase activity for human CFTR 

NBD1 (Annereau et al., 2003; Duffieux et al., 2000; Howell et al., 2000; Ko and 

Pedersen, 1995).  Differences in the domain boundaries of the protein constructs 

used as well as the sequence differences between species may account for the 

observed differences in the ATPase activity.  In addition, the lack of the critical 

Glu and His residues at the end of the Walker B motif and H-loop respectively, 

may contribute significantly to the lack of ATPase activity.  The fact that CFTR 

NBD1 lacks these critical residues known to be important for ATP hydrolysis 

suggests that it is unlikely that CFTR NBD1 supports ATP hydrolysis on its own.  

Indeed, studies of full length CFTR have suggested that NBD1 and NBD2 form a 

head-to-tail dimer in which the NBD1 site has ATP binding properties with 

minimal to no ATPase activity while the NBD2 site can bind and hydrolyze ATP 

(Aleksandrov et al., 2002; Basso et al., 2003; Berger et al., 2005; Vergani et al., 

2005; Vergani et al., 2003).  A recent report on the isolated NBDs demonstrated 

that the ATPase activity of CFTR NBD1 and NBD2 increases approximately 

three fold when the domains are mixed together compared to their individual 

activities alone (Kidd et al., 2004).  These data taken together suggest that NBD1 
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and NBD2 may form a functional heterodimer in CFTR which regulates channel 

opening and closing. 

The crystal structure of the mouse CFTR NBD1 revealed that the domain 

is highly similar to other NBDs whose crystal structures had been solved (Chang, 

2003; Chang and Roth, 2001; Chen et al., 2003; Diederichs et al., 2000; Gaudet 

and Wiley, 2001; Horn et al., 2003; Hung et al., 1998; Karpowich et al., 2001; 

Locher et al., 2002; Reyes and Chang, 2005; Schmitt et al., 2003; Smith et al., 

2002; Verdon et al., 2003a; Yuan et al., 2001).  The mouse NBD1 structure has a 

mixed α/β domain that contains the highly conserved Walker A and B motifs, and 

an α-helical sub-domain which contains F508, the deletion of which is the most 

prevalent CF causing mutation (Figure 3-9).  The structure also revealed that there 

was an insertion between the first and second β-strands of the domain which had 

previously not been identified (Figure 3-9 and 3-10).  A large portion of this 

insertion was not visible in the electron density map which suggests that this 

region of the domain is highly flexible in the crystal.  As a result of this 

previously undetected insertion, the N-terminus of NBD1 is earlier in sequence 

than most had predicted.  This implies that most of the previously reported NBD1 

constructs were truncated domains, which may help explain some of the poor 

biochemical properties previously observed.  In addition to the insertion and the 

location of the N-terminus, the C-terminus was further in sequence than most had 

predicted.   
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Interestingly, the final secondary structural element in NBD1 is an α-helix 

that is not found in other NBDs, and lies across the putative head-to-tail dimer 

interface (Figure 3-11A and B).  If the models for ABC transporter NBD ATPase 

activity are correct then ATP binding to two NBDs allows for a dimer to form 

which places the signature sequence of one NBD opposite to the Walker A and B 

motifs from the opposing dimer.  The three highly conserved sequences come 

together to complete the ATP binding site and allow for ATP hydrolysis to occur; 

this results in NBD dimer dissociation and product release (Figure 3-11A).  The 

gating models for CFTR suggest that the formation of NBD1-NDB2 heterodimers 

control channel gating (Aleksandrov et al., 2002; Basso et al., 2003; Berger et al., 

2005; Vergani et al., 2005; Vergani et al., 2003).  The position of this α-helix 

would sterically inhibit the formation of a head-to-tail dimer and prevent the 

ATPase cycle from occurring unless there are substantial changes to the NBD2 

dimer interface which can accommodate this C-terminal helix (Figure 3-11B).  

Based upon sequence similarity it is probably a safe assumption that the dimer 

interface between CFTR NBD1 and NBD2 is similar to the previously reported 

head-to-tail dimers.  This suggests that this C-terminal helix might play a role in 

regulating the formation of an NDB1-NBD2 heterodimer.  The sequence that 

forms the C-terminal helix has traditionally been assigned to the R-domain of 

CFTR and it contains a PKA phosphorylatable Ser at position 660 (Cheng et al., 

1991).  It is possible that PKA phosphorylation of the R-domain 
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FIGURE 3-11: Proposed ATPase cycle for ABC transporter NBDs.  Crystal structures of 
MJ0796 (PDB: 1L2T) and mouse CFTR NBD1 (PDB: 1R0X) are shown with α-helices 
colored orange and β-strands colored green.  The highly conserved Walker A and B motifs 
along with the signature sequence are colored blue while the nucleotides are colored red.  (A) 
The proposed ATPase cycle of MJ0796 begins with two MJ0796 monomers binding two ATP 
molecules which allow the formation of the “head-to-tail” dimer (note: the Walker A and B 
sequences are in close proximity of the signature sequence of the opposing monomer).  Once a 
dimer is formed, the NBDs can hydrolyze ATP to ADP and Pi, and upon product release the 
ATPase cycle is completed, and the NBDs are ready for another cycle of ATP binding and 
hydrolysis.  (B) In the absence of a NBD2 structure, a mouse CFTR NBD1 homodimer is 
modeled to demonstrate that the C-terminal helix (colored yellow) is sterically preventing the 
typical “head-to-tail” dimer from forming, which in turn would prevent the proposed NBD 
ATPase cycle from occurring. 
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influences the position of this C-terminal helix, providing a molecular mechanism 

for the PKA dependant regulation of CFTR’s Cl- channel activity.  However, 

phosphorylation of Ser660 alone does not affect the location of this helix which 

can be seen in the phosphorylated (PDB: 1R0Z) and unphosphorylated (PDB: 

1R0X) mouse CFTR NBD1 structures which have an RMSD of 0.558 Å.  It is 

also possible that the position of the C-terminal helix is influenced by the 

crystallization conditions and the contacts formed in the crystal lattice, and under 

physiological conditions it does not reside at the dimer interface.  Additional 

crystallographic studies which have found that this C-terminal helix can adopt at 

least two different conformations, suggesting this helix may be loosely associated 

with the dimer interface (Figure 3-12).   

Subsequent to the mouse CFTR NBD1 crystal structure, a number of other 

CFTR NBD1 structures with different mutations have been solved in various 

space groups.  This gives us the opportunity to look at different crystal packing 

arrangements to determine if the crystal contacts are possibly influencing the 

position of the C-terminal helix.  Figure 3-12A shows the structure of human 

CFTR NBD1 containing the ΔF508 mutation which crystallized in the space 

group P43212, while Figure 3-12B shows human CFTR NBD1 F508A which 

crystallized in the space group C2221.  Both structures contain bound ATP yet 

they show very different positions of the NBD1 C-terminal helix, suggesting that 
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the crystal contacts may be influencing the location of this helix.  Upon closer 

inspection of the two structures, the F508A structure reveals that the C-terminal 

helix is involved in very different crystal contacts than is the C-terminal helix of 

the ΔF508 structure, suggesting that these crystal contacts may be influencing the 

position of this helix.  However, even in this altered crystal form the C-terminal 
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FIGURE 3-12: The C-terminal helix is found in multiple conformations.
Human CFTR NBD1 crystal structures of ΔF508 (PDB: 1XMJ) and F508A (PDB: 
1XMI) are shown with α-helices colored orange and β-strands colored green.  The 
highly conserved Walker A and B motifs along with the signature sequence are 
colored blue while the C-terminal helix is colored yellow and the nucleotides are 
colored red.  The C-terminal helix is shown to occupy two different conformations, 
both of which reside in the putative dimer interface.  The two respective positions 
of the C-terminal helix have different crystal contacts which suggest that the 
position of this helix is dependent upon the crystal packing of the protein.
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Human CFTR NBD1 crystal structures of ΔF508 (PDB: 1XMJ) and F508A (PDB: 
1XMI) are shown with α-helices colored orange and β-strands colored green.  The 
highly conserved Walker A and B motifs along with the signature sequence are 
colored blue while the C-terminal helix is colored yellow and the nucleotides are 
colored red.  The C-terminal helix is shown to occupy two different conformations, 
both of which reside in the putative dimer interface.  The two respective positions 
of the C-terminal helix have different crystal contacts which suggest that the 
position of this helix is dependent upon the crystal packing of the protein.
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helix still resides in the dimer interface and would prevent a dimer from forming.  

Since all of the high resolution structural data on CFTR NBD1 are from 

crystallographic studies, a NMR structure of CFTR NBD1 would help to clarify 

where this C-terminal helix is in solution.  In addition, crystal structures of 

NBD1-R as well as a full length CFTR may shed additional light on the location 

of this helix relative to the putative NBD1 dimer interface, which may in turn give 

us a better understanding of the biological role of C-terminal helix. 

The crystal structure of mouse CFTR NBD1 revealed a number of 

important findings regarding the domain boundaries of the domain as well as 

providing the CF community with a structure in which the structural implications 

of various CF causing mutations could be better understood.  In addition, the 

mouse NBD1 structure provided a key stepping stone which led to additional 

crystal structures of human wild type and ΔF508 CFTR NBD1 corrected with 

additional mutations (Lewis et al., 2005).  The corrected ΔF508 crystal structure 

is consistent with previous reports that the loss of F508 did not have a large effect 

on the native state of the protein; rather, the defect manifested itself along the 

folding pathway (Qu et al., 1997; Qu and Thomas, 1996).  Hopefully the recent 

advances in the structural understanding of CFTR NBD1 will lead to a true ΔF508 

structure and expand into other domains of CFTR, ultimately leading to a 

structure of the complete CFTR molecule. 
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Chapter Four: 

Characterization of the human SLC26A3 STAS domain 

 

Introduction: 

 One of the hallmarks of the SLC26A family of proteins is that they all 

have a C-terminally conserved domain which is homologous to the SpoIIAA anti-

sigma factor antagonists (Aravind and Koonin, 2000) (see Figure 2-18).  As a 

result, the C-terminal domain of the SLC26A transporters has been named STAS 

for sulfate transporters and anti-sigma factor antagonists.  The function of the 

SpoIIAA family of antisigma-factor antagonists is to regulate sporulation of 

bacteria through a protein-protein interaction with the antisigma-factors (Duncan 

et al., 1996; Duncan and Losick, 1993; Garsin et al., 1998).  The anti-sigma factor 

antagonist binds to the anti-sigma factor protein, and in the process displaces the 

sequestered sigma factor which is then free to bind the RNA polymerase 

holoenzyme and alter gene transcription.   

Since the SLC26A STAS domains are homologous to the SpoIIAA 

proteins, they have been used as a structural model for the SLC26A STAS 

domains.  However, there are some important differences between the SLC26A3 

STAS domains and the SpoIIAA proteins.  The biggest difference is that the 

SLC26A3 STAS domains have an insertion of sequence between the first α-helix 
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and the third β-strand of the SpoIIAA fold (Aravind and Koonin, 2000) (see 

Figure 2-18).  We have named this insertion the intervening sequence (IVS), and 

it varies in length between the different SLC26A transporters from no IVS to 140 

residues for SLC26A11 and SLC26A8 respectively.   In addition, the highly 

conserved STAS domain N-terminal sequence GΦXIΦXXXSPIYFAN and C-

terminal sequence FΦS/TVXD/EAΦ (where X is any amino acid and Φ is a 

hydrophobic amino acid) are not as highly conserved in the SpoIIAA proteins, yet 

the high degree of conservation of these sequences suggests that they are critical 

for the function of the SLC26A STAS domains.  As a result of the low sequence 

identity between the STAS domains and the SpoIIAA proteins it is difficult to 

predict the exact boundaries of the domain.  Thus, the boundaries of the STAS 

domain must be determined experimentally.  

The biological function of the STAS domain is not known.  However, 

CFTR has been demonstrated to stimulate the Cl-/HCO3
- exchange activity of 

SLC26A transporter’s, and this activation is inhibited by a CLD-causing mutation 

in the SLC26A3 STAS domain (Ko et al., 2002).  This result suggests that the 

STAS domain may be important for this regulatory interaction.  Therefore we 

hypothesized that the STAS domain may be required for this regulatory 

interaction.  To test this hypothesis we decided to biochemically and 

biophysically characterize the STAS domain and identify the domain(s) of CFTR 

that are required for the activation of the SLC26A3 Cl-/HCO3
- exchange activity.   
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Experimental Procedures: 

Plasmid Construction:  The GST and GST-R domain constructs were constructed 

by first inserting a longer linking region between the GST and target protein in the 

pGEX-2T vector (Amersham).  The new linker region was put in shortly after the 

Thrombin cleavage site, and has the sequence LVPRGSPGISGGGGGILDH.  The 

CFTR R-domain constructs (654-855, 654-835, 670-855, 670-835) were cloned 

into this vector so that the first residue of the R-domain followed the last His of 

the elongated linker.   

 The wild type CFTR pCMV plasmid was a gift from Dr. J. Rommens 

(Hospital for Sick Children, Toronto).  The mouse SLC26A3 STAS domain myc-

pCMV vector has been previously described (Ko et al., 2004).  Briefly, amino 

acids 518-713 were cloned into the myc-pCMV vector and confirmed by DNA 

sequencing.   

 Human SLC26A3 STAS domain was produced either as an MBP or Smt3 

fusion.  The MBP fusion protein was constructed by cloning human SLC26A3 

amino acids 503-764 into the pMAL C2X vector.  Nine human SLC26A3 STAS 

domain constructs were produced by cloning them into the Smt3 pET28 vector 

(Mossessova and Lima, 2000) using three N-terminal boundaries (503, 510, 525) 

and three C-terminal boundaries (720, 741, 764).  All constructs were verified to 

be correct by DNA sequencing. 
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GST and GST-R Expression and Purification:  GST and GST-R protein was 

expressed in E. coli BL21 CodonPlus (DE3)-RIL cells (Stratagene) in 1L and 4L 

of LB respectively.  The cells were grown at 37°C, to an O.D. of 0.65 and then 

induced with 100 μM IPTG and shifted to 20°C for overnight expression.  The 

following day the cells were collected by centrifugation and resuspended in 40 ml 

of lysing buffer (50 mM Tris pH 7.5, 200 mM NaCl, 0.2% Triton X 100 + Roche 

Protease Inhibitors) per liter of cells and lysed via sonication on ice.  The lysates 

were cleared via centrifugation at 40,000 rcf for 30 min, and the supernatant was 

removed.  The GST and GST-R supernatant fraction had 225 μl of resuspended 

glutathione beads (Amersham Biosciences) added, and the lysates were rocked at 

4°C for 2 hr.  The beads were then washed 5 times with 1.4 ml of wash buffer (50 

mM Tris pH 7.5, 200 mM NaCl, 0.2% Triton X 100) and after the final wash the 

beads were resuspended in 1 ml of wash buffer. 

 

Phosphorylation of GST and GST-R: GST and GST-R beads were washed 3 times 

in 1 ml of PKA buffer (50 mM Tris pH 7.5, 10 mM MgCl2 and 0.1 mg/ml BSA), 

then resuspended in 550 μl of PKA buffer.  1 μl of bovine heart PKA catalytic 

subunit (a generous gift from Dr. Melanie Cobb) was used per 50 μl reaction 

volume, and incubated with 1 mM ATP at 30°C for 1hr.  After the incubation the 
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beads were washed 3 times with 1.4 ml wash buffer, and then resuspended in 

600-μl of wash buffer. 

 

STAS Domain Expression and Purification:  The MBP and MBP-STAS 503-764 

constructs were transformed into E. coli BL21 CodonPlus (DE3)-RIL (Stratagene) 

and positive clones selected.  Cells were grown in LB to an O.D. of 0.5 at 37ºC 

and induced with 100 μM IPTG and allowed to express protein for 4 hr.  Cells 

were collected via centrifugation and resuspended in 40 ml of lysing buffer 

(20_mM Tris pH 7.5, 200 mM NaCl, Roche protease inhibitors) per L of bacterial 

culture.  Cells were lysed via sonication and the resulting lysates were cleared via 

centrifugation at 40,000 rcf for 30 min at 4ºC.  The supernatant fraction was run 

over an amylose column, and protein was eluted from the column in lysing buffer 

containing 10 mM maltose.   

 The Smt3-STAS constructs were expressed in E.coli BL21 CodonPlus 

(DE3)-RIL cells (Stratagene) and grown at 37°C in LB containing 50-μg/L 

Kanamycin and 34 μg/L Chloramphenicol to an O.D.600 of 0.8.  The cells were 

then induced with 750 μM IPTG (Research Products International) and shifted to 

15°C for overnight expression.  The following day the cells were pelleted at 3000 

rcf and then resuspended in buffer A (20 mM Tris pH 7.9, 200 mM NaCl, 1 mM 

BME).  The cells were then lysed via sonication and the resulting lysates were 

cleared by centrifugation at 40,000 rcf.  Standard Ni chromatography was then 
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performed on the resulting supernatants using 10 ml bed volume of resin 

(Novagen) using buffer A as the equilibration buffer, buffer A containing 40 mM 

imidazole as the wash buffer and buffer A containing 400 mM imidazole as the 

elution buffer.  Fractions containing the Smt3-STAS fusion protein were pooled 

together and digested overnight with a 1:1000 dilution of the Ulp1 protease at 

4°C.   

The following day 750 mM Ammonium Sulfate was added to the cleaved 

Smt3 STAS protein and then subjected to butyl hydrophobic interaction 

chromatography (Amersham Biosciences).  The equilibration/binding buffer 

contained 20 mM Na2PO4 pH 5.9, 750 mM Ammonium Sulfate, 1 mM DTT and 

the elution buffer contained 20 mM Na2PO4 pH 6.2, 1 mM DTT.  Fractions 

containing the STAS protein were pooled together and 350 mM NaCl was added 

to the solution.  The protein was then concentrated to 2 ml and run over a HiPrep 

16/60 Sephacryl S-200 column (Amersham Biosciences) in 20 mM Na2PO4 pH 

6.2, 350 mM NaCl, 1 mM DTT.   

 

GST and GST-R Pull-Downs:  HEK 293 cells were transiently transfected with 

mouse SLC26A3 myc-STAS and allowed to express the protein for 48 hr.  The 

cells were lysed in 20 mM Tris pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton 

X 100 and protease inhibitors on ice for 30 min and the lysates were cleared via 

centrifugation at 12,000 rcf.  130 μl of the STAS lysates were added to 50 μl of 
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GST or GST-R beads and incubated overnight at 4°C on a rocking platform.  The 

following day the beads were allowed to settle by gravity, and the supernatant 

aspirated off.  The beads were washed 4 times with 500 μl of wash buffer (50 mM 

Tris pH 7.5, 200 mM NaCl, 0.2% Triton X 100), and the bound proteins were 

eluted using sample buffer and subjected to western blot analysis.   

 A similar protocol was used for the Smt3-STAS pull-down experiments 

except 200 μl of Ni column purified Smt3-STAS protein was used in place of 

mouse SLC26A3 myc-STAS protein lysate from HEK 293 cells.   

 

CFTR Cl- Current Recordings:  Whole cell recordings of CFTR Cl- currents in 

HEK 293 cells have been described elsewhere (Ko et al., 2004; Zeng et al., 1997).  

Briefly, the bath and pipette solutions were such that the only permeable ion was 

Cl- allowing for the direct measurement of Cl- currents.  The membrane potential 

was held at -60 mV throughout the experiment, and the resistances of the pipet, 

access and seals were 3-7 MΩ, 10 MΩ and >10 GΩ respectively.   

 

Analytical HPLC Gel Filtration Chromatography: A Tosoh QC-PAK TSK 

200GL column was used to monitor the oligomeric state of the purified human 

STAS 510-741 protein.  150 μg of STAS protein in 20 mM Na2PO4 pH 6.5, 1 mM 

DTT and either 0, 250 or 500 mM NaCl, was injected onto the column which had 

a flow rate of 1 ml/min and a mobile phase of 20 mM Na2PO4 pH 6.5.   
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Analytical Ultracentrifugation:  Analytical ultracentrifugation was performed on 

the purified STAS domain at 1, 5 and 10 mg/ml in 20 mM Na2PO4 pH 5.9, 

350-mM (NH4)2SO4 and 1 mM DTT.  The protein was centrifuged in a Beckman 

XLI centrifuge in an AN60Ti rotor at 17 and 24 Krpm.  Interference optics data 

was collected at 675 nm at 4ºC using the Beckman Optima software.  Partial 

specific volume and the solvent densities were calculated using Sednterp. 

 

Trypsin Digests:  Overnight trypsin digests were performed on the purified STAS 

protein in 20 mM Na2PO4 pH 5.9, 200 mM NaCl, 1 mM DTT at 4ºC with various 

STAS to trypsin ratios (1:10,000, 1:1,000 and 1:100).  The digest reactions were 

stopped by the addition of sample buffer and the protein fragments visualized by 

SDS-PAGE.   

 

Mass Spectrometry and N-terminal Sequencing:  The purified human STAS 

domain 510-741 was given to the UT Southwestern Biopolymer Laboratory for 

electrospray mass spectrometry analysis and by Edman Degradation N-terminal 

sequencing.   

 

STAS Urea Denaturation:  Tryptophan fluorescence spectra were taken of the 

purified STAS domain 510-741 protein with increasing concentrations of urea 
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with an excitation wavelength of 290 nm.  The folded STAS domain has a 

tryptophan fluorescence maximum at 327 nm, and the denatured STAS domain 

(in 6 M urea) has a tryptophan fluorescence maximum at 345 nm.  A ratio of the 

folded to unfolded fluorescence maximums was calculated by dividing the 

fluorescence intensity at 327 nm by the fluorescence intensity at 345 nm for each 

urea concentration.  This fluorescence ratio was then plotted as a function of urea 

concentration and pre and post-transition baselines were calculated.  The fraction 

native was then calculated using the following equation: Fn(C)=(Yx(C)-

Yu(C))/(Yn(C)-Yu(C)).  Where Fn(C) is the fraction native, Yx(C) is the 

fluorescence ratio at urea concentration x, Yu(C) is the value of the post-transition 

baseline at urea concentration x and Yn(C) is the value of the pre-transition 

baseline at urea concentration x.  The average and standard deviation of three 

independent experiments is shown.   

 

NMR of the STAS Domain and CFTR R-domain: 15N labeled CFTR R-domain 

(CFTR amino acids 654-838) was expressed and purified by Jennifer Baker in Dr. 

Julie Forman-Kay’s laboratory following our protocol.  A 15N/1H TROSY 

spectrum was collected of 50-μM CFTR R-domain on an 800 MHz spectrometer 

in 20 mM Na2PO4 pH 6.8, 350-mM NaCl, 2 mM DTT for 1½ hr in the presence 

or absence of 150 μM unlabeled purified human SLC26A3 STAS. 



 

 

101

Results: 

 To biochemcially and biophysically characterize the SLC26A3 STAS 

domain I needed protein constructs with which I could produce milligram 

quantities of soluble, well folded protein.  I also wanted to produce protein that 

was biologically active, and the only known function of the STAS domain to date 

is its role in SLC26A3 activation by CFTR.  It was hypothesized that the STAS 

domain may be interacting with the R-domain of CFTR since PKA was required 

for the observed activation.  To test this hypothesis I began by producing GST-R 

domain fusion proteins with different N and C-terminal boundaries for use in 

pull-down experiments to test for a physical interaction between the STAS and R-

domains. 

 Four different GST-R-domain fusion proteins (CFTR amino acids 670-

835, 670-855, 645-835, 654-855) were constructed and then tested for expression 

and purification in E. coli (Figure 4-1).  All four of the fusion proteins were 

expressed however; only a very small fraction of the total protein was soluble.  

Differing amounts of degradation were also observed for the four different GST-R 

constructs.  The two constructs whose C-terminal boundaries are CFTR amino 

acid 855, showed high levels of protein degradation.  This contrasts with the 

GST-R constructs whose C-terminal boundary is CFTR amino acid 835 which 

showed very little to no protein degradation.  The GST-R construct with domain 

boundaries 654-835 was selected for pull-down experiments because it had the 
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highest level of soluble expression with relatively low levels of degradation, and 

without precise knowledge of what residues were important for the interaction 

between the STAS and R-domains, we wanted to include as many of the R-

domain residues as possible. 

 Since the functional interaction between CFTR and SLC26A3 only occurs 

when the R-domain of CFTR is phosphorylated by PKA (Ko et al., 2004), we 

decided to perform our pull-down experiments with both unphosphorylated and 

phosphorylated GST-R.  Phosphorylation reactions were set up of the GST and 
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FIGURE 4-1: GST-R production. A Coomassie-stained gel showing the purity 
of the GST and the four GST-R proteins.  The proteins were expressed and 
purified from E. coli using glutathione beads as described in experimental 
procedures.  The molecular weight markers are measured in kDa, and the protein 
samples in each lane are as follows: Lane 1) GST-R 670-835, 2) GST-R 670-
855, 3) GST-R 654-835, 4) GST-R 654-855, 5) GST.
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FIGURE 4-1: GST-R production. A Coomassie-stained gel showing the purity 
of the GST and the four GST-R proteins.  The proteins were expressed and 
purified from E. coli using glutathione beads as described in experimental 
procedures.  The molecular weight markers are measured in kDa, and the protein 
samples in each lane are as follows: Lane 1) GST-R 670-835, 2) GST-R 670-
855, 3) GST-R 654-835, 4) GST-R 654-855, 5) GST.
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GST-R proteins in the presence of PKA and ATP.  A Coomassie-stained gel is 

shown of GST and GST-R phosphorylation reactions in the presence or absence 

of ATP (Figure 4-2A), along with a phosphoimage of the reactions in the presence 

of γ32P-ATP (Figure 4-2B).  A shift in the electrophoretic mobility of the GST-R 

construct can be seen in the Coomassie-stained gel indicating that all the GST-R 

protein has been phosphorylated.  This is in contrast to the GST protein where no 

shift in the electrophoretic mobility is observed.  In addition, the phosphoimage of 
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FIGURE 4-2: Phosphorylation of GST and GST-R with PKA. The purified GST 
and GST-R 654-835 were incubated with PKA and ATP for in vitro 
phosphorylation.  Panel (A) shows a Coomassie-stained gel of purified GST and 
GST-R 654-835 before and after in vitro phosphorylation.  The molecular weight 
markers are measured in kDa and the protein samples in each lane are as follows: 1) 
GST, 2) GST + PKA and ATP, 3) GST-R 654-835, 4) GST-R 654-835 + PKA and 
ATP.  (B) A phosphoimage of GST and GST-R 654-835 before and after an in vitro 
phosphorylation reaction using γ-32P labeled ATP is shown. The molecular weight 
markers are measured in kDa and the protein samples in each lane are as follows: 1) 
GST, 2) GST-R 654-835, 3) PKA and ATP, 4) GST + PKA and ATP, 5) GST-R 
654-835 + PKA and ATP. 
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FIGURE 4-2: Phosphorylation of GST and GST-R with PKA. The purified GST 
and GST-R 654-835 were incubated with PKA and ATP for in vitro 
phosphorylation.  Panel (A) shows a Coomassie-stained gel of purified GST and 
GST-R 654-835 before and after in vitro phosphorylation.  The molecular weight 
markers are measured in kDa and the protein samples in each lane are as follows: 1) 
GST, 2) GST + PKA and ATP, 3) GST-R 654-835, 4) GST-R 654-835 + PKA and 
ATP.  (B) A phosphoimage of GST and GST-R 654-835 before and after an in vitro 
phosphorylation reaction using γ-32P labeled ATP is shown. The molecular weight 
markers are measured in kDa and the protein samples in each lane are as follows: 1) 
GST, 2) GST-R 654-835, 3) PKA and ATP, 4) GST + PKA and ATP, 5) GST-R 
654-835 + PKA and ATP. 
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FIGURE 4-3: Phosphorylated
GST-R pulls down the STAS 
domain more readily than 
unphosphorylated GST-R.  HEK 
293 cells transiently transfected
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unphosphorylated GST-R pull 
down of the STAS domain (second 
lane) and the phosphorylated GST-
R pull down of the STAS domain 
(lane 3).  The molecular weight 
markers are measured in kDa.  
Adapted by permission from 
Macmillan Publishers Ltd: Ko et al.
Nat Cell Biol. (2004) 6(4):343-50.

Pull-down:
R      pR

Blot:Myc

STAS
47
32
25
16

FIGURE 4-3: Phosphorylated
GST-R pulls down the STAS 
domain more readily than 
unphosphorylated GST-R.  HEK 
293 cells transiently transfected
with the mouse STAS domain were 
used with GST-R 654-835 for pull 
down experiments plus and minus 
phosphorylation.  A western blot is 
shown of the expressed STAS 
domain (first lane), the 
unphosphorylated GST-R pull 
down of the STAS domain (second 
lane) and the phosphorylated GST-
R pull down of the STAS domain 
(lane 3).  The molecular weight 
markers are measured in kDa.  
Adapted by permission from 
Macmillan Publishers Ltd: Ko et al.
Nat Cell Biol. (2004) 6(4):343-50.

the gel shows only the GST-R construct 

being labeled with 32P.  Using the 

specific activity of the 32P and the 

protein concentration a stoichiometry of 

4 phosphates for every GST-R molecule 

was calculated. 

 Now that I was able to produce 

phosphorylated or unphosphorylated 

GST-R protein, GST pull-down 

experiments were performed with HEK 

293 cell lysates which had been 

transiently transfected with mouse 

SLC26A3 STAS domain (amino acids 

518-713).  The phosphorylated GST-R 

protein was able to pull-down the mouse 

STAS domain more readily than was the unphosphorylated GST-R protein, 

suggesting that the phosphorylation of the R-domain strengthens this interaction 

(Figure 4-3).   

 These results suggest that CFTR amino acids 654-835 and mouse 

SLC26A3 518-713 are sufficient for the physical association of these domains.  

To characterize the interaction between the human SLC26A3 STAS domain and 
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the CFTR R-domain, the human SLC26A3 STAS domain was cloned into a 

suitable expression vector.  To aid in identifying the appropriate human SLC26A3 

STAS domain boundaries, a multiple sequence alignment of the SLC26A 

transporters and four bacterial anti-sigma factor antagonists which have been 

identified as structural homologs of the SLC26A STAS domains was constructed 

(see Figure 2-18).  From this alignment human SLC26A3 amino acids 525-720 

were cloned into the pMAL C2X vector to produce an MBP-STAS fusion 

construct.  When expressed in E. coli, the MBP-STAS domain 525-720 protein 

was produced but was not well behaved biochemically.  The fusion protein was 

soluble to roughly 3 mg/ml and Factor Xa was able to cleave the MBP tag from 

the STAS domain.  However, when the STAS domain was run over a gel filtration 

column the protein was eluted in the void volume.  As a result, this construct was 

deemed to be unfit for further biochemical and biophysical studies and new 

improved constructs had to be produced.   

 I thought that perhaps our human STAS domain boundaries were too short 

on the N and C-termini, so I produced another MBP-STAS fusion with SLC26A3 

amino acids 503-764.  This construct could be concentrated approximately 

4.5-mg/ml before precipitation was observed.  However, the STAS domain itself 

still migrated in the void volume of gel filtration column after cleavage from 

MBP, while MBP eluted as expected.  Interestingly, the longer MBP-STAS fusion 

protein was functional in terms of its ability to activate CFTR channel activity.  
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MBP and MBP-STAS 503-764 fusion proteins were purified using amylose 

affinity chromatography (Figure 4-4A), and the purified protein was given to Dr. 

Weizhong Zeng who infused the protein into HEK 293 cells transiently 

transfected with CFTR, or freshly dissected mouse Parotid duct cells (Figure 4-

4B-E) (Ko et al., 2004).  It was found that the MBP-STAS protein was capable of 

activating CFTR’s Cl- channel activity in both HEK 293 cells and mouse parotid 

duct cells. 
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FIGURE 4-4: MBP-STAS activates CFTR in HEK 293 cells and in parotid duct 
cells. (A) A Coomassie-stained gel of the human STAS domain expressed and 
purified from E. coli as an MBP fusion with domain boundaries 503-764 is shown.  
The molecular weight markers are measured in kDa and the protein samples loaded 
on the gel are as follows: lane 1) uninduced cell lysate, 2) induced cell lysate, 3) 
supernatant fraction of cell lysate, 4) pellet fraction of cell lysate, 5) MBP-STAS 
elution off of an amylose column.  (B) and (C) show Cl- current recordings from 
HEK 293 cells transiently transfected with CFTR and infused with either MBP or 
MBP-STAS and treated with forskolin (Fsk) or glibenclamide (Glib).  (D) and (E) 
show Cl- current recordings from mouse parotid duct cells infused with MBP (panel 
D) or MBP-STAS (panel E) and treated with forskolin (Fsk) and glibenclamide
(Glib).  (F) A summary of the Cl- current stimulation of the parotid duct cells and the 
transiently transfected HEK 293 cells. Adapted by permission from Macmillan 
Publishers Ltd:  Ko et al. Nat Cell Biol. (2004) 6(4):343-50. 
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 From this data I knew I could produce functional human STAS domain 

protein, but I still needed a way to express and purify biochemical amounts of 

soluble protein.  I decided to try cloning the STAS domain into the Smt3 pET 28 

expression vector to test if a different fusion partner might aid the expression and 

purification of soluble human SLC26A3 STAS domain.  I chose to produce nine 

different STAS domain constructs to test various N and C-terminal boundaries for 

the domain.  Human SLC26A3 amino acids 503, 510, and 525 were chosen as the 

N-terminal boundaries while 720, 741, and 764 were selected as the C-terminal 

boundaries.  Using these N and C-termini, I produced the nine possible constructs 

as Smt3-STAS fusion proteins and tested their soluble expression, purification 

and ability to be cleaved from the Smt3 tag (Figure 4-5).  All three of the 

constructs produced with amino acid 720 as their C-terminal boundary were 

expressed exclusively as insoluble proteins.  However, the remaining six 

constructs were all expressed with some improved degree of solubility.  In 

addition, all of the solubly produced protein was efficiently cleaved by the Ulp1 

protease and the free STAS domain remained soluble, allowing for further 

purification of the domain (Figure 4-5).   

This left six soluble SLC26A3 STAS constructs which all had similar 

expression and purification characteristics.  In order to identify which construct to 

more extensively characterize biochemically and biophysically, I performed GST 

pull-down experiments to test the ability of the Smt3-STAS 
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proteins to interact with the R-domain of CFTR (Figure 4-6A).  Five of the six 

Smt3-STAS constructs showed non-specific binding to GST, while the STAS 

domain with amino acid domain boundaries 510-741 showed specific binding to 
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FIGURE 4-5: Defining the STAS domain boundaries. Nine different STAS 
domain constructs were produced as Smt3 fusions with three different N-termini 
(amino acids 503, 510 and 525) and three C-termini (amino acids 720, 741 and 764).  
Six different gels are shown of uninduced, induced, pellet, supernatant, Ni Bead 
Elution and Ulp1 cleaved samples for the various constructs.  The molecular weight 
markers are measured in kDa and the protein constructs in each lane are as follows: 1) 
Smt3-503-764 2) Smt3-503-741, 3) Smt3-503-720, 4) Smt3-510-764, 5) Smt3-510-
741, 6) Smt3-510-720, 7) Smt3-525-764, 8) Smt3-525-741, 9) Smt3-525-720.
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GST-R.  For this reason the STAS 

domain with amino acid boundaries 

510-741 was selected as the construct 

for further biochemical and 

biophysical characterization (Figure 4-

6B). 

 In order to biochemically and 

biophysically characterize the 

SLC26A3 STAS domain 510-741, I 

needed to purify it to homogeneity.  

This was accomplished using a three 

step purification process (Figure 4-7).  

Standard Ni affinity chromatography 

was performed as the initial 

purification step followed by fusion 

protein cleavage with Ulp1.  The 

resulting protein mixture was eluted 

from a Butyl column and the fractions containing the STAS domain were pooled 

and run over a Sephacryl S-200 gel filtration column. 

The gel filtration column allowed me to estimate the monomeric state of 

the STAS domain.  The elution profile from the Sephacryl S-200 
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FIGURE 4-6: GST-R pull-downs of 
the Smt3-STAS fusion proteins. (A) 
An anti-His6 western blot is shown of 
the six soluble Smt3-STAS fusion 
proteins pulled down by GST (top 
panel) or by GST-R (bottom panel).  
Lane 1) Smt3-STAS 503-764, lane 2) 
Smt3-STAS 503-741, lane 3) Smt3-
STAS 510-764, lane 4) Smt3-STAS 
510-741, lane 5) Smt3-STAS 525-764, 
lane 6) Smt3-STAS 525-741.  (B)  An 
anti-His6 western blot of GST and 
GST-R pull-down experiments 
performed in triplicate with the Smt3-
STAS 510-741 construct.  The 
molecular weight markers shown to the 
left of the gels are measured in kDa.
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column was consistent with the STAS domain being a monomer (Figure 4-8A).  

The STAS domain was also run over an analytical HPLC Tosoh QC-PAK TSK 

200GL gel filtration column to more carefully monitor the oligomeric state of the 

protein.  The STAS domain eluted from the analytical Tosoh HPLC gel filtration 

column in two peaks, one with a 5.7 min retention time which is consistent with it 

being a monomer, and another peak with a retention time of 6.3 min which is 

consistent with a smaller protein species (Figure 4-8B).  Both of these peaks were 

collected and run on an SDS-PAGE gel to determine if the second peak was 

175
83
62
47

32
25
16

7

1 2 3 54 6

Smt3-STAS
STAS

Smt3

FIGURE 4-7: Purification of the Smt3-STAS 510-741 construct. A 
representative Coomassie-stained gel showing the purity of the STAS 510-741 
protein after each purification step. The samples loaded in each lane are as 
follows: 1) uninduced cell lysate, 2) induced cell lysate, 3) Ni column elution, 
4) Ulp1 digest of Ni column elution, 5) Butyl column elution, 6) Sephacryl S-
200 gel filtration elution.  The molecular weight markers are shown to the left 
of the gel and are measured in kDa.
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FIGURE 4-8: STAS 510-741 gel filtration chromatography.  (A) A representative 
HiPrep Sephacryl S-200 Hi Resolution gel filtration chromatogram of the STAS 510-
741 protein.  Conductivity and UV absorbance (280 nm) traces are labeled along with 
the void, Smt3-STAS and STAS UV absorbance peaks.  The retention times of 
Catalyase (175 kDa), BSA (62 kDa), and Lysozyme (13 kDa) are indicated below the 
UV absorbance trace.   (B) The UV absorbance (220 nm) profile of purified STAS 510-
741 protein eluting from an analytical Tosoh QC-PAK TSK 200GL gel filtration 
column.  Retention times of the molecular weight standards BSA (62 kDa), Carbonic 
Anhydrase (28 kDa) and Lysozyme (13 kDa) are shown below the trace.  The inset 
Coomassie-stained gel shows the purity of the protein loaded onto and eluted from the 
column with molecular weight standards measured in kDa shown to the left of the gel.
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Coomassie-stained gel shows the purity of the protein loaded onto and eluted from the 
column with molecular weight standards measured in kDa shown to the left of the gel.
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a degradation product of the STAS domain, however, both samples appeared to be 

full length protein (Figure 4-8B inset).  In addition the peak heights appeared to 

be modulated by the NaCl concentration.  As the NaCl concentration increased so 

did the absorbance of the 6.3 min peak.    

There are two possible explanations for the two STAS elution peaks from 

the Tosoh gel filtration column.  One possible explanation is that the STAS 

domain is adopting two different conformations, one of which is much more 

compact than the other.  The second possibility is that the STAS domain is indeed 

dimerizing, and both the monomer and dimer species have greater retention times 

than would be predicted for a protein of their size.  To distinguish between these 

two possibilities, analytical ultracentrifugation was performed as an additional 

method to monitor the oligomeric state of the protein (Figure 4-9).  The analytical 

ultracentrifugation was performed at three different protein concentrations; the 
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FIGURE 4-9: STAS 510-741 analytical ultracentrifugation. Three different 
concentrations of STAS 510-741 were subjected to analytical ultracentrifugation at 
17,000 rpm for 48 hr.  The resulting fringe data was best fit by a single species 
model, estimating the molecular weight of the protein to be 27.1, 31.7 and 33.3 kDa
at the 1, 5 and 10 mg/ml concentrations respectively.  A monomer-dimer model did 
not significantly improve the fitting of the experimental data.
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not significantly improve the fitting of the experimental data.
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experimental data was fit to a single 

species which predicted the STAS 

molecular weight to be 27.7, 31.7 and 

33.3 kDa at 1, 5 and 10 mg/ml 

respectively. Fitting the experimental 

data to a monomer-dimer equilibrium 

did not significantly improve the fit of 

the data, consistent with the STAS 

domain being a monomer. 

To look at the stability of the 

STAS domain we performed trypsin 

digests with varying molar ratios of 

STAS to trypsin, and allowed the 

digest to proceed overnight at 4°C.  

The trypsin digest revealed two stable 

bands which were present at 

approximately 18 and 10 kDa (Figure 

4-10).  N-terminal sequencing was 

performed on these two bands to determine the trypsin cleavage site.  N-terminal 

sequencing of the smaller of the two bands yielded the sequence STLAN which is 

the beginning of the STAS domain construct, while the larger band yielded the 
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FIGURE 4-10: Trypsin digest of the 
STAS 510-741 protein. A Coomassie-
stained gel is shown of a trypsin digest 
experiment which was performed on 
purified STAS 510-741 protein at 4°C 
overnight with increasing 
concentrations of trypsin.  Two stable 
bands were observed at the intermediate 
trypsin concentrations and were 
subjected to N-terminal sequencing 
which yielded the amino acid sequences 
GFICT (amino acids 593-597) and 
STLAN (amino acids Ser-510-513).  
Note: the Ulp1 cleavage of the STAS 
510-741 protein results in a single N-
terminal Ser residue left on the STAS 
domain construct, which happens to be 
the 509th residue of SLC26A3.  The 
molecular weight markers left of the gel 
are measured in kDa.
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amino acid sequence GFICT which corresponds to SLC26A3 amino acids 593-

597 in the IVS. 
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FIGURE 4-11: Electrospray mass spectrometry of the Trypsin digested STAS 
510-741 protein.  (A) The trypsin digested STAS 510-741 protein shown in Figure 
4-12 (lane 2) was subjected to electrospray mass spectrometry.  Multiple masses 
were observed and are listed A-G in the top right hand corner of the figure.  (B)  The 
trypsin digested STAS 510-741 protein shown in Figure 4-12 (lane 3) was subjected 
to electrospray mass spectrometry.  Multiple masses were observed and are listed A-
L in the top right hand corner of the figure.  (C)  The mass spectrometry tools on the 
Protein Prospector website were used to identify the various STAS 510-741 protein 
fragments which are shown schematically with the intervening sequence (IVS) 
shown in gray and the rest of the STAS sequence shown in black.  The N and C-
terminal residues of each fragment are listed on the left and right side of the 
schematic respectively, and the asterisks denote the N-termini (STLAN and GFICT) 
which were observed in the N-terminal sequencing reactions performed on the two 
most predominant bands in the trypsin digest shown in Figure 5-10. 
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Samples from the trypsin digest were also given to the UT Southwestern 

biopolymer laboratory for mass spectrometry analysis (Figure 4-11).  The 

electrospray spectrum of the 1:1000 trypsin to STAS ratio shows seven observed 

peptides and their respective molecular weights (Figure 4-11A), while the 1:100 

molar ratio digest shows twelve peptide fragments and their molecular weights 

(Figure 4-11B).  The mass spectrometry tools on the Protein Prospector website 

were used to determine the various cleavage sites in the STAS domain that were 

cleaved.  The various cleaved protein peptides identified from the two mass 

spectrometry experiments are shown schematically in Figure 4-13C. 

The stability of the STAS domain was also assessed by performing urea 

denaturation experiments.  Tryptophan fluorescence emission scans were 

collected by exciting the protein at 290 nm in various concentrations of urea 

(Figure 4-12).  The fluorescence ratio of 327 nm (folded STAS fluorescence 

maximum) to 345 nm (denatured STAS fluorescence maximum) was calculated 

and plotted as a fraction folded after baseline corrections were made.  From this 

fraction folded plot the midpoint of the urea denaturation curve is calculated to be 

3.1 M urea, and hysteresis is observed for the folding reaction of the STAS 

domain (open circles in Figure 4-14).  The inset panel of Figure 4-14 shows 

fluorescence spectra of the folded and unfolded STAS domain. 

After characterization of the purified SLC26A3 STAS domain 510-741, 

we sent our protein constructs to the laboratory of Dr. Julie Forman-Kay to look 
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at the purified protein’s ability to interact with the R-domain of CFTR.  TROSY-

HSQC experiments using 50 μM purified 15N labeled CFTR R-domain (amino 

acids 654-838) were conducted in the presence or absence of 150 μM unlabeled 
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FIGURE 4-12: STAS 510-741 folding and unfolding transitions.  
Purified STAS 510-741 protein was unfolded using various concentrations 
of urea (filled circles) and tryptophan fluorescence spectra were collected.  
The folded STAS 510-741 protein fluorescence peak maximum was at 
327_nm, while the unfolded protein had a fluorescence peak maximum at 
345 nm.  A ratio of the 327 nm/345 nm fluorescence intensity was
calculated and converted into a fraction native and plotted as a function of 
urea concentration.  The midpoint of the unfolding transition for the STAS 
510-741 protein is 3.1 M urea.  Hysteresis is observed upon refolding 
(open circles).  The inset shows the folded STAS domain tryptophan
fluorescence spectra in 0 M urea or the unfolded spectra in 6 M urea.
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327_nm, while the unfolded protein had a fluorescence peak maximum at 
345 nm.  A ratio of the 327 nm/345 nm fluorescence intensity was
calculated and converted into a fraction native and plotted as a function of 
urea concentration.  The midpoint of the unfolding transition for the STAS 
510-741 protein is 3.1 M urea.  Hysteresis is observed upon refolding 
(open circles).  The inset shows the folded STAS domain tryptophan
fluorescence spectra in 0 M urea or the unfolded spectra in 6 M urea.
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STAS domain.  Several specific residues in the R-domain, including Ser670, 

show significant line broadening in the presence of the STAS domain, suggesting 

that these residues are involved in the binding interaction with the STAS domain 

(Figure 4-13).  This result suggests that the STAS domain 510-741 is not only 

biochemically well behaved but also functionally competent to bind to the R-

domain after purification. 
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FIGURE 4-13: HSQC spectrum of CFTR R-domain in the presence or absence 
of the STAS domain. (A) A TROSY-HSQC spectra of purified 15N labeled CFTR 
R-domain.  (B) TROSY-HSQC spectrum of the 15N labeled phosphorylated R-
domain (black peaks) or 15N labeled phosphorylated R-domain mixed with 
unlabeled STAS domain (red peaks).  Ser670 is experiencing a significantly 
different chemical environment in the presence of the STAS domain than in its 
absence.  (C) A different portion of the TROSY-HSQC spectrum shown in B 
highlighting the overlap of most of the proton-nitrogen coupled cross peaks.
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FIGURE 4-13: HSQC spectrum of CFTR R-domain in the presence or absence 
of the STAS domain. (A) A TROSY-HSQC spectra of purified 15N labeled CFTR 
R-domain.  (B) TROSY-HSQC spectrum of the 15N labeled phosphorylated R-
domain (black peaks) or 15N labeled phosphorylated R-domain mixed with 
unlabeled STAS domain (red peaks).  Ser670 is experiencing a significantly 
different chemical environment in the presence of the STAS domain than in its 
absence.  (C) A different portion of the TROSY-HSQC spectrum shown in B 
highlighting the overlap of most of the proton-nitrogen coupled cross peaks.
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Discussion: 

 I set out to biochemically and biophysically characterize the SLC26A3 

STAS domain and to determine if it interacted with the R-domain of CFTR.  

Thus, I needed to create STAS and R-domain constructs which would be useful 

for binding experiments.  The GST-R 654-835 construct was chosen for the 

pull-down experiments because it was the longest construct which had the least 

amount of degradation (Figure 4-1).  The R-domain of CFTR has been previously 

demonstrated to be phosphorylated by PKA in vivo (Cheng et al., 1991; Picciotto 

et al., 1992), so to test my recombinantly produced GST-R protein’s ability to be 

phosphorylated, in vitro phosphorylation reactions were performed using PKA 

and ATP.  Most if not all of the GST-R protein was phosphorylated by PKA, and 

the phosphorylated GST-R had a stoichiometry of four moles of phosphate per 

mole of protein which is similar to previously reported values (Cheng et al., 1991; 

Picciotto et al., 1992; Townsend et al., 1996). 

 GST pull-down experiments were performed using both unphosphorylated 

and phosphorylated GST-R to monitor the potential physical interaction between 

the STAS and R-domains.  I found that the mouse SLC26A3 STAS domain 

interacted with the phosphorylated R-domain of CFTR more readily than it did 

with the unphosphorylated R-domain (Ko et al., 2004) (Figure 4-3).  This is 

consistent with the STAS domain of SLC26A3 binding to the phosphorylated R-
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domain of CFTR in vivo and increasing CFTR’s open probability (Ko et al,. 

2004).   

  The SLC26A3 STAS domain encompassing amino acids 503-764 was 

expressed and purified as an MBP fusion protein.  The purified MBP-STAS 503-

764 protein was competent to activate CFTR Cl- current when it was infused into 

CFTR expressing HEK 293 cells or freshly dissected mouse Parotid duct cells 

(Figure 4-4).  This is consistent with previous observations that the STAS domain 

is required for the activation of CFTR’s Cl- channel activity (Ko et al., 2002).  In 

addition, these results also suggest that my recombinantly expressed STAS 

domain is biologically active even though the biochemical properties of the 

protein are not ideal. 

 In an attempt to produce milligram quantities of monomeric purifiable 

STAS domain protein, nine different human SLC263 STAS domain constructs 

were cloned into the Smt3 pET 28 expression vector (Figure 4-5) (Mossessova 

and Lima, 2000).  The three protein constructs which contained SLC26A3 amino 

acid 720 as their C-terminal boundary were expressed almost exclusively as 

insoluble protein.  Interestingly, amino acid 720 was also the same domain 

boundary used in the short MBP-STAS 525-720 construct which showed elevated 

levels of aggregation and poor solubility compared to the longer MBP-STAS 503-

764 construct.  This is consistent with the hypothesis that the human SLC26A3 

STAS domain probably includes residues C-terminal to amino acid 720.  In 
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addition, residue 720 in human SLC26A3 is analogous to mouse SLC26A3 amino 

acid 713, which was the C-terminal residue of the mouse SLC26A3 STAS 

domain construct used in the initial GST pull-down experiments (Figure 4-3).  

This suggests that there may be domain boundary differences between the mouse 

and human SLC26A3 STAS domains, or that mammalian cells can fold and 

maintain the shorter STAS domain in solution with greater efficiency than can 

bacterial cells.  Additional GST pull-down experiments were performed on the six 

soluble Smt3-STAS fusion proteins with unphosphorylated GST-R, and the Smt3-

STAS 510-741 construct was found to specifically bind with GST-R protein in 

three out of five experiments (Figure 4-6).  Since these pull-down reactions were 

performed with purified GST-R and purified Smt3-STAS protein, these results 

also indicate that the interaction between the STAS domain and the R-domain is 

direct and no additional adaptor or bridging proteins are necessary for their 

interaction.  From these results, the STAS 510-741 construct was chosen for 

further biochemical and biophysical characterization.   

 After I had established that I would use amino acid 510 as the N-terminal 

boundary of the SLC26A3 STAS domain construct, a report was published that 

used SLC26A6 amino acid 497 as their N-terminal STAS domain boundary 

(Alvarez et al., 2005).  Amino acid 497 in SLC26A6 is analogous to amino acid 

513 in SLC26A3 which indicates that two independent groups have identified 

very similar N-terminal boundaries for the STAS domain (Alvarez et al., 2005).  
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However, Alvarez and colleagues defined the C-terminal boundary of the 

SLC26A6 STAS domain to be amino acid 633, which from our multiple sequence 

alignment is predicted to be near the end of the IVS, suggesting that their GST-

STAS domain construct is likely incomplete, and truncated on the C-terminus 

(Alvarez et al., 2005). 

 The purified SLC26A3 STAS domain 510-741 yielded soluble and highly 

pure protein which appeared monomeric from the elution profile of a HiPrep 

Sephacryl S-200 gel filtration column (Figure 4-8A).  However, when the purified 

STAS domain was run over the Tosoh size exclusion column a large absorbance 

peak was observed at a retention time of 5.7 min, consistent with a 27 kDa 

protein, and a second absorbance peak was observed with a retention time of 6.3 

min which is consistent with a 22 kDa protein.  SDS-PAGE results suggested that 

both elution peaks contained full-length STAS domain protein eliminating the 

possibility that the 22 kDa peak was a degradation product (Figure 4-8B inset).  

This suggested that the STAS protein may be dimerizing, and the two observed 

absorbance peaks could correspond to a mononomer and dimer which elute from 

the column with a greater retention time than predicted for typical globular 

proteins.  Another possible explanation for this data is that the STAS domain 

protein may adopt at least two distinct conformations which can be separated by 

gel filtration chromatography, or the STAS domain may be interacting with the 

matrix of the column.  In addition, the ionic strength of the protein buffer seems 
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to modulate the relative intensities of these two peaks, with increasing ionic 

strengths giving rise to a larger absorption peak at 6.3 min.  This suggests that the 

salt concentration is somehow affecting the oligomeric state of the STAS domain 

or its conformation.   

 The potential dimerization of the STAS domain is of interest because it is 

a homolog of the SpoIIAA proteins which have been shown to dimerize with the 

SpoIIAB protein (Aravind and Koonin, 2000; Duncan et al., 1996; Garsin et al., 

1998).  As a result, it may be possible that the STAS domain has retained the 

protein binding function of the SpoIIAA protein, and can either form dimers on its 

own, or form complexes with additional proteins such as the R-domain of CFTR 

(Aravind and Koonin, 2000; Duncan et al., 1996; Garsin et al., 1998; Ko et al., 

2004). 

To further characterize the oligomeric state of the STAS domain, 

equilibrium analytical ultracentrifugation (AUC) experiments were performed on 

the purified protein (Figure 4-9).  At a STAS domain concentration of 1 mg/ml, 

the single species fit to the AUC data was 27.1 kDa, which is very close to the 

27.0 kDa molecular weight predicted for the STAS domain from the amino acid 

sequence.  However, when the STAS domain concentration was increased to 

5-mg/ml or to 10 mg/ml the single species fit to the AUC data increased from 

27.1 kDa to 31.7 and 33.3 kDa respectively, suggesting that the STAS domain or 

some other contaminant in our sample was beginning to oligomerize.  Since the 
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equilibrium AUC was performed under different buffer conditions than were the 

Tosoh gel filtration experiments, it is difficult to directly compare these two sets 

of data.  Nonetheless, since AUC is an equilibrium method which is insensitive to 

protein shape (Lebowitz et al., 2002), it seems likely that the STAS domain 

protein is monomeric at least at protein concentrations of 1 mg/ml and below. 

Limited proteolysis experiments performed on the STAS domain yielded 

two stable fragments with the N-terminal sequence STLAN, which corresponds to 

the N-terminus the STAS protein construct (amino acids 509-513), and GFICT 

which corresponds to amino acids 593-597.  This data indicated that our STAS 

domain construct was not being proteolytically cleaved on the N-terminus during 

the expression and purification procedure.  It also indicated that our domain was 

relatively resistant to proteolysis, suggesting that our STAS domain is well 

folded. 

 In addition to N-terminal sequencing of the two main proteolytic bands 

from the limited proteolysis experiment, the 1:100 and 1:1000 trypsin to STAS 

ratio digests were analyzed by mass spectrometry.  Using the mass spectrometry 

tools from the Protein Prospector website (http://prospector.ucsf.edu/) the 

identification of some of the minor proteolytic fragments observed in our digest 

were determined (Figure 4-11).  Twelve proteolytic cuts were observed 

throughout the STAS domain out of a predicted 34 possible cleavage sites.  The 

trypsin cleavage sites are scattered throughout the domain without any significant 
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clustering.  One interesting set of predicted cleavage sites which were not 

identified as being cleaved in our mass spectrometry experiments were the nine 

predicted trypsin cleavage sites found from amino acids 566 to 580.  It is possible 

that these sites are readily cut by trypsin and simply not detected in our mass 

spectrometry experiments.  However, it is also possible that there is another 

secondary structural element in this sequence that is absent from the SpoIIAA 

structures, which is preventing trypsin cleavage.   

The sequence from 565-645 is defined as the IVS which is not found in 

the SpoIIAA structural homologs and currently has no known function.  Using the 

secondary structure prediction program Jpred 

(http://www.compbio.dundee.ac.uk/~www-jpred/), the IVS sequence is predicted 

to be largely unstructured except for residues 565-583, which are predicted to be 

α-helical in nature.  This is consistent with the idea that trypsin sites in this 

sequence may not be readily cleaved by trypsin, which would explain why these 

peptides were not observed in our mass spectrometry experiments.  It is also 

worth noting that the next trypsin cleavage site that we observed in our mass 

spectrometry experiments is 583, which is predicted by Jpred to be the end of an 

α-helix.  In addition, there is significant homology between the various SLC26A 

transporters (with the exception of SLC26A11) up to human SLC26A3 amino 

acid 577 where the sequence similarity drops off until the end of the IVS, 

suggesting that perhaps most of the SLC26A STAS domains contain an extra 
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secondary structural element which the SpoIIAA domains lack.  Finally, the 

proteolytically cleaved peptides observed by mass spectrometry include some 

which contain the N and C-termini, confirming that our STAS domain is not 

being proteolytically cleaved on the N or C-termini during protein expression and 

purification.   

 To further characterize the stability of the STAS domain, urea 

denaturation experiments were performed and tryptophan fluorescence spectra of 

the protein samples were collected.  The tryptophan fluorescence spectra show a 

fluorescence maximum at 327 nm, consistent with the single tryptophan being in 

a relatively hydrophobic environment.  This is noteworthy because W631 is 

located towards the end of the IVS which is not predicted to contain any regular 

secondary structural elements.  This suggests that the secondary structure 

prediction of the STAS domain IVS is not completely accurate, or that the W631 

packs up against the STAS domain in a relatively apolar environment.  When the 

STAS domain is unfolded by 6.0 M urea, the fluorescence maximum is 

red-shifted to 345 nm, consistent with the tryptophan being exposed to a relatively 

polar environment (Figure 4-12 inset).  A urea denaturation curve was constructed 

by collecting fluorescence spectra of the STAS domain in the presence of varying 

concentrations of urea as described in the experimental procedures.  The 

unfolding and refolding curves of the STAS domain did not overlay one another, 

indicating that there was hysteresis under these experimental conditions and thus, 
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the folding and unfolding reactions of the STAS domain were not at equilibrium.  

As a result, no thermodynamic parameters for STAS domain folding could be 

calculated.    

 It had previously been shown that the Smt3-STAS 510-741 construct was 

competent to bind to the GST-R construct but it had not yet been shown that the 

purified STAS domain without the Smt3 tag could bind to the R-domain of 

CFTR.  NMR experiments conducted by Jennifer Baker in Dr. Julie Forman-

Kay’s laboratory suggest that indeed purified STAS domain does interact with the 

R-domain of CFTR (Figure 4-13).  Specifically, Ser670 experienced significant 

line broadening upon the addition of the unlabeled STAS domain.  Ser670 is an 

interesting residue in the sense that it can be phosphorylated by PKA (Wilkinson 

et al., 1997) and it resides in the C-terminal helix of NBD1 (see Figure 3-11 and 

chapter 3 for more details).  This is of great interest because the CFTR NBD1 

structures have revealed that this C-terminal helix which lies across the dimer 

interface which would prevent the typical ATPase cycle for NBDs from occurring 

(see chapter three for details).  One possibility is that this C-terminal helix does in 

fact lie across the dimer interface under physiological conditions, and upon 

binding of the STAS and R-domains the C-terminal helix undergoes a 

conformational change which moves it away from the dimer interface.  This 

reorientation of the C-terminal helix would allow the typical “head-to-tail” NDB 

dimer to form and allow the proposed NBD ATPase cycle to occur, thereby 
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opening the Cl- channel of CFTR.  Alternatively, the position of the C-terminal 

helix may be influenced by the crystallization conditions, and this helix may 

rarely adopt this conformation in vivo.  The C-terminal helix is not part of the core 

NBD fold as it is absent in all other NBD structures solved to date (Chang, 2003; 

Chang and Roth, 2001; Chen et al., 2003; Diederichs et al., 2000; Gaudet and 

Wiley, 2001; Horn et al., 2003; Hung et al., 1998; Karpowich et al., 2001; Locher 

et al., 2002; Reyes and Chang, 2005; Schmitt et al., 2003; Smith et al., 2002; 

Verdon et al., 2003a; Yuan et al., 2001).  This suggests that the C-terminal helix 

may be better ascribed to the R-domain of CFTR than the NBD1.  It also suggests 

that in solution the C-terminal helix of the CFTR NBD1 may not reside in the 

NBD1 dimer interface, and the position of this helix may influenced by the 

crystallization conditions and crystal contacts.  Indeed, this helix can adopt two 

distinct conformations with respect to the core fold of NBD1 depending upon the 

crystal contacts, and perhaps in the context of additional domains of CFTR this 

helix would reside elsewhere, and not be found in the putative dimer interface 

(see chapter three discussion for more details).  Additional studies will be 

required to fully understand the position of this helix relative to the dimer 

interface of NBD1, as well as what residues in the C-terminal helix and the rest of 

the R-domain are required for its interaction with the STAS domain. 
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Chapter Five: 

The Effect of CLD Causing Mutations on SLC26A3 Structure and 

Function 

 

Introduction: 

SLC26A3 was first identified as a gene that was down regulated in human 

colon adenocarcinomas and subsequently named DRA (Rouached et al., 2005).  

Thus far SLC26A3 has not been conclusively demonstrated to be a tumor 

suppressor gene (Chapman et al., 2002; Hemminki et al., 1998), but it has been 

unequivocally demonstrated to be a Cl-/HCO3
- exchanger with a 2:1 transport 

stoichiometry (Chapman et al., 2002; Hemminki et al., 1998; Ko et al., 2002; Ko 

et al., 2004; Shcheynikov et al., 2006).  The transport function of SLC26A3 is 

thought to play an important role in Cl- absorption and HCO3
- secretion in the 

colon and pancreas respectively (Chapman et al., 2002; Hemminki et al., 1998; 

Hoglund et al., 1996b; Ko et al., 2002; Ko et al., 2004; Moseley et al., 1999).   

The highly conserved C-terminal STAS domain of the SLC26A proteins 

has been demonstrated to be important for proper ion transport activity (Chernova 

et al., 2003; Ko et al., 2002; Ko et al., 2004; Rouached et al., 2005; Shibagaki and 

Grossman, 2004; Shibagaki and Grossman, 2006).  This C-terminal domain has 

been shown to be homologous to the SpoIIAA family of antisigma-factor 
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antagonists (Aravind and Koonin, 2000) (see Figure 2-18).  The SLC26A3 STAS 

domain has been demonstrated to undergo a protein-protein interaction with the 

R-domain of CFTR, which is regulated by phosphorylation (Ko et al., 2004).  The 

result of the STAS and R-domain interaction is the reciprocal activation of 

CFTR’s Cl- channel activity and SLC26A3’s Cl-/HCO3
- exchange activity (Ko et 

al., 2004), which is thought to be important for proper pancreatic function  (Ko et 

al., 2002; Ko et al., 2004).   

Mutations found in the SLC26A3 gene (also known as DRA or CLD) have 

been linked to congenital chloride diarrhea (CLD) (Hoglund et al., 1996b), a 

disease in which patients suffer from watery diarrhea containing elevated Cl- 

concentrations which can prove fatal if left untreated (Holmberg, 1986).  Clinical 

management of the disease includes increased dietary uptake of water, KCl and 

NaCl (Hihnala et al., 2006a; Holmberg, 1986).  However, a recent report also 

suggests butyrate is effective in controlling the patient’s diarrhea (Canani et al., 

2004).  There are currently over 30 mutations identified in SLC26A3 which have 

been linked to CLD (Dawson and Markovich, 2005; Holmberg, 1986; Makela et 

al., 2002).  Four of these mutations are missense and/or insertion mutations which 

reside in the STAS domain of SLC26A3 (ΔY526/7, I544N, I675/6ins and G702T 

followed by the nine amino acid insertion TGFEVKIQNF (G702Tins)).  The 

I544N and I675/6ins mutations have been demonstrated to cause a loss of 

measurable transport activity of the human and mouse SLC26A3 protein 
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respectively (Chernova et al., 2003; Ko et al., 2002; Ko et al., 2004).  However, 

no information regarding how these mutations may result in the loss of function 

has been reported.  In addition, no information regarding the effect that the 

ΔY526/7 or G702Tins mutations have on the SLC26A3 protein has been 

published to date.  In an attempt to elucidate the molecular mechanism(s) by 

which the CLD causing mutations residing in the SLC26A3 STAS domain give 

rise to disease, we functionally, biochemically and cell biologically characterized 

the wild type and mutant transporters.  In addition, we monitored the effect of the 

CLD causing mutations on the isolated STAS domain.  These data has led us to a 

better understanding of the molecular mechanisms by which the CLD causing 

mutations in the STAS domain give rise to disease. 
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Experimental Procedures: 

Plasmid construction:  Mammalian expression constructs for full-length human 

SLC26A3 protein were constructed using standard molecular biology techniques 

and cloned into the BglII and NotI restriction sites of the pCMV-Myc vector 

(Clontech).  Site directed mutagenesis was performed using Pfu Turbo DNA 

polymerase (Stratagene) to generate the ΔY526/7, I544N, I675/6ins and 

G702Tins mutations in the SLC26A3 protein.  Human SLC26A3 STAS domain 

constructs were generated with domain boundaries encompassing residues 509-

741, and were cloned into the BglII and NotI sites of the pCMV-Myc vector, 

while amino acid residues 510-741 were cloned into the BamHI site of the Smt3-

pET28 vector (Mossessova and Lima).  All constructs were verified by DNA 

sequencing. 

 

Cl-/HCO3
- Exchange:  HeLa cells grown on glass cover slips were transfected 

with 0.5 μg of the appropriate SLC26A3 plasmid along with 0.5 μg of a GFP 

expression plasmid.  3 μl of Fugene 6 (Roche) was used per transfection, and the 

cells were used for Cl-/HCO3
- exchange experiments 48 hr post transfection.  GFP 

positive cells were selected on a fluorescence microscope (Nikon) and then 

incubated with 10 μM 2',7'-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein, 

acetoxymethyl ester (BCECF-AM) (Molecular Probes) and 0.2% Pluronic F-127 

(Molecular Probes) for 10 min in Cl- Buffer (10 mM Hepes pH 7.4, 140 mM 
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sodium chloride, 5 mM potassium chloride, 1 mM magnesium chloride, 1 mM 

calcium chloride, 10 mM Glucose, osmolarity (Osm) 310).  Cells were perfused 

with Cl- buffer until a steady baseline was achieved, then cells were perfused with 

HCO3
- buffer for 5 min (2.5 mM Hepes pH 7.4, 120 mM sodium chloride, 5 mM 

potassium chloride, 1 mM magnesium chloride, 1 mM calcium chloride, 10 mM 

Glucose, Osm 260, then 50 mM of  sodium bicarbonate was added).  

Subsequently the cells were perfused with Cl- free HCO3
- buffer for 5 min 

(2.5-mM Hepes pH 7.4, 120 mM sodium gluconate, 5 mM potassium gluconate , 

1 mM magnesium sulfate, 1 mM cyclamic acid, 10 mM Glucose, Osm 260 then 

50 mM sodium bicarbonate was added), followed by a 5 min perfusion with 

HCO3
- buffer and finally the cells were perfused with Cl- buffer for 5 min.  

Carbon dioxide gas was bubbled through buffers containing bicarbonate 

throughout the experiment.  The change in the fluorescence excitation ratio of 

BCECF-AM was monitored at 490 nm/440 nm with the emission at 510 nm.  pHi 

was calibrated using three standard buffers containing 10 mM Hepes, 140 mM 

potassium chloride, 1 mM magnesium chloride, 1 mM calcium chloride, 10 mM 

glucose and 5 μM nigercin at pH 6.65, 7.4 and 8.15. 

 

Immunofluorescence:  HeLa and COS7 cells were grown on glass cover slips 

(Fisher) in 35 mm dishes using DMEM (Gibco) containing 10% calf serum 

(Gemini) and supplemented with penicillin and streptomycin at 37°C in a 
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humidified incubator with 5% CO2.  HeLa cells were transfected with 1 μg of 

wild type or mutant SLC26A3 pDNA using Fugene 6 following the 

manufacture’s protocol.  48 hr post transfection cells were washed twice with 

PBS and then fixed in 3.7% formaldehyde for 20 min and subsequently washed 

twice for 5 min in PBS.  Cells were permeablized with 0.1% Triton X 100 for 10 

min at room temperature followed by two washes with PBS.  The permeablized 

cells were incubated for 20 min in blocking solution (1.3% fish skin gelatin and 

1% BSA in PBS) followed by a 1 hr incubation with a 1:100 dilution of rabbit 

anti-Grp78 (Bip) (Stressgen), 1:500 anti-c-Myc (Santa Cruz Biotechnology) or 

1:500 anti-STAS, and a 1:500 Phalloidin conjugated to tetramethylrhodamine 

isothiocyanate (TRITC) (Sigma) in blocking solution.  The cells were 

subsequently washed twice with PBS for 5 min and then incubated with a 1:100 

dilution of anti-rabbit antibody conjugated to cyanine-5.18 (cy5) (Jackson 

Immuno Research) and a 1:500 dilution of anti-mouse antibody conjugated to 

fluorescein isothiocyanate (FITC) (Jackson Immuno Research) in blocking 

solution.  Cells were washed and mounted using gel mount (Biomedia).  Stained 

cells were visualized and images collected using a Ziess confocal microscope and 

Zeiss LSM 510 software version 2.8. 

 

Glycosylation Assay:  COS7 cells were grown in DMEM (Gibco) containing 10% 

calf serum (Gemini) supplemented with penicillin and streptomycin at 37°C or 
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30°C in a humidified incubator with 5% CO2.  35 mm dishes of COS7 cells were 

transfected with 1 μg of wild type or mutant SLC26A3 pDNA using Fugene 6 

(Roche) following the manufacture’s guidelines.  48 hr post transfection the cells 

were washed twice with 0.5 ml TBS and then lysed in 0.5 ml of RIPA buffer 

(20-mM Tris pH 8.0, 140 mM sodium chloride, 0.1% SDS, 0.5% DOC, 1% 

IGEPAL and protease inhibitors (Roche)) on ice for 30 min.  The lysates were 

centrifuged at 12,000 rcf for 5 min and then 100 μl of lysate was incubated at 

37°C for 1 hr with 500 units of EndoH (NEB), 500 units of PNGaseF (NEB) or no 

enzyme.  The proteins were separated by SDS-PAGE and transferred to PVDF 

membrane for western blot analysis. 

 

STAS Solubility assay:  E. coli BL21 Codon Plus RIL cells (Stratagene) 

containing the human wild type and mutant Smt3-SLC26A3 STAS domain 

plasmids were grown at 37°C in LB (Qbiogene) containing 50 μg/L Kanamycin 

and 34 μg/L Chloramphenicol to an O.D.600 of 1.0.  The cells where induced with 

750 μM IPTG (Research Products International) and shifted to 15°C for overnight 

expression.  The following day O.D.600 measurements were taken and used to 

ensure that the same number of cells were pelleted at 4°C at 3000 rcf.  The cell 

pellets were then resuspended in 20 ml of lysing buffer (20 mM Tris pH 7.9, 

200-mM sodium chloride, 1 mM 2-mercapto ethanol) and lysed via sonication 

with a Branford 450 Sonicator.  The resulting lysates were cleared via a 40,000 
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rcf centrifugation step at 4°C for 30 min.  Equal volumes of cell lysates were 

separated by SDS-PAGE and stained with coomassie blue or transferred for 

western blot analysis.   

 HEK 293 cells were transiently transfected with wild type and mutant 

pCMV-Myc SLC26A3 STAS domains, and incubated at 37ºC for 48 hr and 

subsequently scraped off the plate in 0.5 ml of lysing buffer.  The cells were lysed 

by sonication and centrifuged at 60,000 rcf for 30 min at 4ºC.  Equivalent 

amounts of protein were loaded on the gel as determined by a Bradford assay. 

 

Western Blotting:  SDS-PAGE gels for western blots were transferred to PVDF 

membrane (Millipore) using the wet transfer method in Tris/Glycine transfer 

buffer containing 10% methanol.  The membranes were blocked using 5% milk 

(BioRad) in TBS containing 0.05% Tween 20 (Sigma), and primary and 

secondary antibody incubations were performed in blocking buffer.  Primary 

antibody dilutions were as follows; a 1:1,000 dilution of the anti-His6 (Novagen), 

a 1:3,000 dilution of the anti-c-Myc (Santa Cruz Biotechnology) and a 1:5,000 

dilution of the anti-STAS antibody.  Secondary antibody dilutions were as 

follows; 1:10,000 of the anit-mouseHRP (Jackson Immuno Research) and 

1:10,000 of the anti-rabbitHRP (Jackson Immuno Research).  ECL Plus 

(Amersham Biosciences) or SuperSignal (Pierce) detection reagent was used 

following the manufacture’s guidelines and visualized using the STORM 840 
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(Amersham Biosciences) or Hyblot CL autoradiography film (Denville 

Scientific). 

 

STAS expression and purification:  Five liters of E.coli BL21 Codon Plus RIL 

cells (Stratagene) containing the wild type or mutant Smt3-STAS domain 

plasmids were grown at 37°C in LB containing 50 μg/L Kanamycin and 34 μg/L 

Chloramphenicol to an O.D.600 of 0.8.  The cells where induced with 750 μM 

IPTG (Research Products International) and shifted to 15°C for overnight 

expression.  The following day the cells were pelleted at 3,000 rcf and 

resuspended in 70 ml of lysing buffer.  The cells were then lysed via sonication 

and the resulting lysates cleared by centrifugation at 40,000 rcf.  Standard Ni 

chromatography was performed on the resulting supernatants using 10 ml bed 

volume of resin (Novagen).  The equilibration/binding buffer (buffer A) contained 

20 mM Tris pH 7.9, 200 mM sodium chloride, 1 mM 2-mercapto ethanol, the 

column was washed using buffer A containing 40 mM imidazole and the protein 

was eluted from the column using buffer A containing 400 mM imidazole.  

Fractions containing the Smt3-STAS fusion protein were pooled together and 

digested overnight with a 1:1,000 dilution of the Ulp1 protease at 4°C.   

750 mM Ammonium Sulfate was added to the cleaved protein solution 

and subjected to butyl hydrophobic interaction chromatography (Amersham 

Biosciences).  The equilibration/binding buffer contained 20 mM sodium 
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phosphate pH 5.9, 750 mM ammonium sulfate, 1 mM DTT and the elution buffer 

contained 20 mM sodium phosphate pH 6.2, 1 mM DTT.  Fractions containing 

the STAS protein were pooled together and 350 mM sodium chloride was added 

to the solution.  The protein was concentrated to 2 ml and run over a HiPrep 16/60 

Sephacryl S-200 column (Amersham Biosciences) in 20 mM sodium phosphate 

pH 6.2, 350 mM sodium chloride, 1mM DTT.   

 

Circular Dichroism:  Circular dichroism spectra were measured using an AVIV 

62DS spectrophotometer in a 0.1 cm quartz cuvette.  The STAS CD spectra and 

thermal denaturation curves were collected at 10 μM in 20 mM sodium phosphate 

pH 6.2, 350 mM sodium chloride, 1 mM DTT. 

 

NMR Spectroscopy:  15N labeled wild type and ΔY526/7 SLC26A3 STAS domain 

were expressed in M9 defined media with 15N ammonia chloride as the only 

nitrogen source.  The proteins were purified as described above with the only 

change being that the protein was eluted off of the gel filtration column in 50 mM 

potassium phosphate pH 6.8, 400 mM potassium chloride, 100 mM arginine, 2% 

glucose, 2 mM DTT.  A TROSY-HSQC spectrum of 90 μM purified STAS 

domain was collected on a 600 MHz spectrometer at 30°C for 12 hr.   
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Tryptophan Fluorescence:  Fluorescence emission spectra (300-370 nm) of the 

wild type, ΔY526/7 and I544N STAS domains were collected using an excitation 

wavelength of 290 nm and a protein concentration of 10 μM.  The fluorescence 

spectra of the folded STAS were taken in 20 mM Na2PO4 pH 6.2, 350 mM NaCl, 

1 mM DTT and the denatured samples were in the same buffer with the addition 

of 6 M GdnHCl.   

 

ΔSTAS and STAS Co-transfection:  HEK 293 cells were transfected with 1 μg of 

the ΔSTAS, STAS, or co-transfected with both the ΔSTAS and STAS constructs.  

The HEK 293 cells were allowed to express the proteins for 48 hr and then were 

lysed in RIPA buffer.  The resulting lysates were used for a glycosylation assay as 

described above. 

 

STAS Domain Antibody Production: Recombinantly expressed and purified 

SLC26A3 STAS domain protein (described above) was used as the antigen for 

rabbit polyclonal antibody production.  Briefly, five milligrams of purified protein 

was shipped to Proteintech Group Inc. for injection of two rabbits following their 

standard 102 day protocol.  Two production bleeds and a final bleed from each 

animal were tested for their reactivity to the STAS domain protein, and all six 

antiserum samples were found to detect the STAS domain protein in a similar 

fashion.   
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SLC26A Recognition by the STAS Domain Antibody:  COS7 cells were 

transfected with various SLC26A expression constructs and were allowed to 

express protein for 48 hr.  The cells were lysed in RIPA buffer and the resulting 

lysates were subjected to western blot analysis using a 1:5,000 dilution of the 

STAS domain antibody.  In addition to expressed SLC26A proteins, freshly 

dissected mouse Kidney and Submandibular gland were dounce homogenized in 

5_ml of RIPA buffer and then briefly sonicated to ensure cell lysis. 

 

SLC26A3 Immuno-precipitation:  HEK 293 cells were transiently transfected with 

the wild type and mutant SLC26A3 transporters and allowed to express protein 

for 48 hr.  The cells were then lysed in 0.5 ml RIPA buffer and 180 μl of the 

lysate was incubated in the presence or absence of 2 μl of the STAS domain 

antibody for 90 min at 4ºC on a rocking platform.  20 μl (bed volume) of protein 

G agarose was added to the immuno-precipitation reactions and incubated 

overnight at 4ºC on a rocking platform.  The protein G agarose beads were 

washed three times for 3 min with 200 μl of RIPA buffer and the bound protein 

was eluted from the beads with SDS sample buffer.   

 

Trypsin Digest:  Transiently transfected HEK 293 cells were allowed to express 

the wild type and mutant SLC26A3 proteins for 48 hr at which time they were 
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washed twice with TBS and then scraped off the plate in 500 μl of 10 mM 

HEPES pH 7.4 and 200 mM sucrose.  The cells were then sonicated twice for 20 

seconds on the lowest power setting and placed on ice.  The resulting lysates were 

incubated in the presence of increasing concentrations of trypsin (0.3, 1, 3, 

10…300 μg/ml) at room temperature for 12 min.  The digests were stopped using 

SDS sample buffer and the digested protein was separated by SDS-PAGE and the 

proteins transferred to PVDF membrane.  Western blots were performed as 

described above using the anti-STAS antibody, and densitometry was performed 

on representative western blots using the ImageJ program. 

 

Biotinylation Assay:  HEK 293 cells were transiently transfected with wild type 

STAS domain, wild type SLC26A3 and the mutant SLC26A3 transporters and 

allowed to express the proteins for 48 hr.  Cells were harvested and washed twice 

in ice cold PBS, and then left in 0.5 ml of ice cold PBS for 20 min on ice.  

Proteins were biotinylated in the presence of 0.74 mM EZ-Link Sulfo-NHS-SS-

Biotin (Pierce) for 30 min at 4ºC.  The cells were then washed three times in ice 

cold wash buffer (25 mM Tris pH 8.0, 200 mM Glycine) and then lysed in 0.5 

RIPA buffer.  350 μl of cell lysate was then incubated with 25 μl (bed volume) of 

ImmunoPure Immobilized Streptavidin agarose beads at 4ºC over night on a 

rocking platform.  The streptavidin beads were washed the following day three 
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times with 350 μl of RIPA buffer, and proteins were eluted from the beads using 

SDS sample buffer and subjected to SDS-PAGE and western blot analysis. 
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Results: 

To better understand how the identified CLD causing mutations in the 

SLC26A3 STAS domain give rise to CLD, I began by measuring the Cl-/HCO3
- 

exchange activity of the wild type and mutant transporters in HeLa cells using the 

pH sensitive fluorescent dye BCECF-AM as previously described (Park et al., 

2002).  Cl-/HCO3
- exchange activity was observed for the wild type and ΔY526/7 

SLC26A3 proteins (Figure 5-1B), but no significant Cl-/HCO3
- exchange activity 

was observed for the I544N, I675/6ins and G702Tins mutant transporters when 

compared to HeLa cells transfected with vector alone (Figure 5-1C).  By 

calculating the rate of intracellular pH (pHi) alkylization upon removal of 

extracellular Cl-, I was able to compare the activities of the wild type and mutant 

transporters.  A 58 ± 21% reduction in Cl-/HCO3
- exchange activity was measured 

for the ΔY526/7 mutant when compared to wild type SLC26A3 activity, and no 

significant activity for the I544N, I675/6ins and G702Tins mutant transporters 

was measured over background Cl-/HCO3
- exchange activity (Figure 5-1D). 

Two different models can account for the functional effects of the CLD 

causing mutations on the transporters; 1) the mutations affect the 

mechanochemistry of the transporter and therefore disrupt the Cl-/HCO3
- 

exchange activity of the protein or 2) the CLD causing mutations result in protein 

misfolding and or mistrafficking, and therefore prevent the transporters from 
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reaching the plasma membrane where we can monitor the Cl-/HCO3
- exchange 

activity.  To distinguish between these two possibilities, biochemical experiments 

were performed on transiently-transfected COS7 cells to monitor the 
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FIGURE 5-1: SLC26A3 Cl-/HCO3
- exchange activity.  (A)  A cartoon 

representation of the SLC26A3 protein depicting the predicted twelve transmembrane
spanning segments, the C-terminal STAS domain and the predicted N-linked 
glycosylation site.  The Cl-/HCO3

- exchange function of SLC26A3 has been 
demonstrated to have a stoichiometry of 2Cl-/1HCO3

-, allowing the indirect 
assessment of HCO3

- transport by measuring pHi.  (B) and (C)  Averaged Cl-/HCO3
-

exchange activity measurements recorded from HeLa cells transiently transfected
with wild type SLC26A3, ΔY526/7 SLC26A3, I544N SLC26A3, I675/6ins 
SLC26A3, G702Tins SLC26A3 or empty vector.  The cells were loaded with 
BCECF-AM and ratiometric fluorescence excitation measurements were recorded 
and converted to pHi as described in experimental procedures.  (D)  Quantified Cl-
/HCO3

- exchange activity between the HCO3
- buffer and Cl- free buffer transition for 

the indicated SLC26A3 construct.  The number of experiments used in the 
quantification is indicated below the bar graph.
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glycosylation state of the protein.  Transfected COS7 cells were allowed to 

express the wild type or mutant transporters for 48 hr at 37ºC, lysed in RIPA 

buffer, and incubated with either EndoH or PNGaseF enzyme, or left untreated 

(Figure 5-2A).  The digestion reactions were visualized via western blot analysis 

using the anti-c-Myc antibody.  The western blot revealed two bands for the 

untreated wild type transporter with the higher molecular weight species being the 

predominant band.  Upon treatment of the wild type lysates with EndoH the lower 

molecular weight species migrated more quickly on a SDS-PAGE gel, consistent 

with this species being core glycosylated.  Upon PNGaseF treatment of the wild 

type lysates, both bands migrated as this lowest molecular weight species on a 

SDS-PAGE gel, consistent with the upper molecular weight species being 

complexly glycosylated SLC26A3 protein.  The ΔY526/7 SLC26A3 protein was 

mostly core glycosylated and only a small amount was complexly glycosylated 

when compared to the wild type protein.  The I544N, I675/6ins and G702Tins 

mutants were all found to be core glycosylated but contained no observable 

complexly glycosylated protein, suggesting that these CLD causing mutations 

give rise to the disease by preventing proper trafficking to the plasma membrane.  

In addition, it is worth noting that at steady state the expression levels of the 

I675/6ins and G702Tins mutant SLC26A3 proteins are consistently reduced 

compared to the wild type, ΔY526/7 and I544N mutant transporters.  
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The CLD causing mutations affect the glycosylation state of the SLC26A3 

transporter, suggesting that these mutations prevent proper trafficking out of the 
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FIGURE 5-2: The glycosylation state of SLC26A3.  (A) COS7 Cells 
transiently transfected with wild type or mutant SLC26A3 vectors were allowed 
to express protein for 48 hr at 37ºC.  Cells were lysed with RIPA buffer and 
lysates were incubated in the presence or absence of the endoglycosidase
enzymes EndoH or PNGaseF for 1 hr at 37ºC.  The reactions were quenched by 
the addition of sample buffer, and western blot analysis was performed using the 
anti-c-Myc antibody for SLC26A3 detection.  (B)  COS7 cells were transiently 
transfected with the wild type and mutant SLC26A3 proteins and grown for 24
hrs at 37°C, and then grown for an additional 24 hr at 30°C.  The cells were 
lysed in RIPA buffer and western blot analysis was performed using the anti-c-
Myc antibody for detection of the SLC26A3 proteins.  SLC26A3 protein lysate
loaded in each lane are as follows:  lane 1) vector control, 2) wild type, 3) 
ΔY526/7, 4) I544N, 5) I675/6ins, 6) G702Tins SLC26A3 protein.  The 
molecular weight markers shown to the right of the gels are measured in kDa.
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ER.  In an attempt to rescue this phenotype, we reduced the expression 

temperature from 37ºC to 30ºC and monitored the amount of the complexly 

glycosylated protein produced.  Transiently transfected COS7 cells were 

incubated at 37ºC for 24 hr, and then either allowed to express the proteins for an 

additional 24 hr at 37ºC, or the cells were shifted to 30ºC for an additional 24 hr 

of expression.  We observed a substantial increase in the amount of the complexly 

glycosylated species for the ΔY526/7 mutant transporter when expressed at 30ºC 

when compared to 37ºC expression (Figure 5-2B).  This is in contrast to the 

I544N, I675/6ins or G702Tins transporters where we did not observe any 

complex glycosylated protein upon low temperature expression (Figure 5-2B). 

In addition to monitoring the glycosylation state of the protein, we also 

directly monitored the cellular location of the wild type and mutant SLC26A3 

transporters by performing immunofluorescence experiments.  HeLa cells stained 

with the anti-c-Myc antibody revealed the wild type transporter is found in the 

plasma membrane and in the ER, consistent with membrane protein synthesis and 

maturation (Figure 5-3B).  Cells transfected with the ΔY526/7 transporter showed 

two distinct populations of cells.  One population of cells showed the ΔY526/7 

transporter being trafficked to the plasma membrane (Figure 5-3C1), and another 

which it is completely retained in the ER (Figure 5-3C2).  The I544N, I675/6ins 

and G702Tins mutant transporters all show ER localization (Figure 5-3D, E and 

F).  Immunofluorescence experiments were also performed with transiently 
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transfected COS7 cells to test for any differences in protein trafficking between 

the two cell lines.  The same subcellular localization results were observed in the 

COS7 cells when compared with the HeLa cells (data not shown).   

To further confirm the presence or absence of the wild type and mutant 

SLC26A3 proteins at the plasma membrane, cell surface biotinylation 

experiments were performed (Figure 5-4).  Cell surface proteins on intact cells 

were biotinylated using 0.74 mM EZ-link biotin on ice for 20 min, and then 
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FIGURE 5-3: SLC26A3 immunofluorescence.  HeLa cells transiently transfected
with the wild type or mutant SLC26A3 proteins were used for immunofluorescence
imaging as described in the experimental procedures.  Briefly, filamentous actin
staining is colored Red, Bip (an ER marker) staining is colored Blue, and Myc
staining is colored green.  (A)  Empty Vector, (B) wild type SLC26A3, (C1 and C2) 
ΔY526/7 SLC26A3, (D) I544N SLC26A3, (E) I675/6ins SLC26A3, (F) G702Tins 
SLC26A3.
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FIGURE 5-4: Cell surface 
biotinylation of SLC26A3. Cell 
surface biotinylation reactions 
were performed as described in 
experimental procedures on 
transiently transfected HEK 293 
cells expressing the wild type and 
mutant SLC26A3 proteins, as 
well as the wild type STAS 
domain.  Briefly, cells were 
incubated in the presence of 
740_μM biotin for 30 min on ice 
and then washed three times in 
25_mM Tris pH 8.0, 200 mM
glycine.  Cells were then lysed via 
sonication and the resulting 
lysates were incubated in the 
presence of streptavidin beads and 
a pull-down reaction was 
performed.  The precipitated 
protein was then subjected to 
western blot analysis using a 
mixture of the anti-c-Myc and 
anti-actin antibody for detection 
of actin and the STAS domain 
(panels A-C) or the M3A7 
antibody to detect CFTR (panel 
D).  (A) HEK 293 cell whole cell 
lysate of   cells    expressing   the

SLC26A3 transporters or the STAS domain.  (B)  A representative western blot of a 
cell surface biotinylation reaction.  (C)  A western blot of a cell surface biotinylation
reaction in the absence of biotin (negative control).  (D)  A representative western blot 
of a cell surface biotinylation reaction of HEK 293 cells transfected with CFTR.  The 
protein lysate loaded in each lane is as follows: 1) wild type STAS domain, 2) wild type 
SLC26A3, 3) ΔY526/7 SLC26A3, 4) I544N SLC26A3, 5) I675/6ins SLC26A3, 6) 
G702Tins SLC26A3, 7) CFTR whole cell lysate after biotinylation, 8) CFTR whole 
cell lysate no biotinylation, 9) untransfected HEK 293 whole cell lysate after 
biotinylation, 10) streptavidin pull-down of biotinylated HEK 293 cells transfected with 
CFTR, 11) streptavidin pull-down of non-biotinylated HEK 293 cells transfected with 
CFTR (negative control).  The molecular weight markers are measured in kDa.
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biotinylation of SLC26A3. Cell 
surface biotinylation reactions 
were performed as described in 
experimental procedures on 
transiently transfected HEK 293 
cells expressing the wild type and 
mutant SLC26A3 proteins, as 
well as the wild type STAS 
domain.  Briefly, cells were 
incubated in the presence of 
740_μM biotin for 30 min on ice 
and then washed three times in 
25_mM Tris pH 8.0, 200 mM
glycine.  Cells were then lysed via 
sonication and the resulting 
lysates were incubated in the 
presence of streptavidin beads and 
a pull-down reaction was 
performed.  The precipitated 
protein was then subjected to 
western blot analysis using a 
mixture of the anti-c-Myc and 
anti-actin antibody for detection 
of actin and the STAS domain 
(panels A-C) or the M3A7 
antibody to detect CFTR (panel 
D).  (A) HEK 293 cell whole cell 
lysate of   cells    expressing   the

SLC26A3 transporters or the STAS domain.  (B)  A representative western blot of a 
cell surface biotinylation reaction.  (C)  A western blot of a cell surface biotinylation
reaction in the absence of biotin (negative control).  (D)  A representative western blot 
of a cell surface biotinylation reaction of HEK 293 cells transfected with CFTR.  The 
protein lysate loaded in each lane is as follows: 1) wild type STAS domain, 2) wild type 
SLC26A3, 3) ΔY526/7 SLC26A3, 4) I544N SLC26A3, 5) I675/6ins SLC26A3, 6) 
G702Tins SLC26A3, 7) CFTR whole cell lysate after biotinylation, 8) CFTR whole 
cell lysate no biotinylation, 9) untransfected HEK 293 whole cell lysate after 
biotinylation, 10) streptavidin pull-down of biotinylated HEK 293 cells transfected with 
CFTR, 11) streptavidin pull-down of non-biotinylated HEK 293 cells transfected with 
CFTR (negative control).  The molecular weight markers are measured in kDa.
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washed and lysed the cells in RIPA buffer.  Streptavidin-linked agarose beads 

were used to pull-down the cell surface biotinylated proteins which were 

separated by SDS-PAGE.  The proteins were transferred to PVDF membrane for 

western blot analysis, and the SLC26A3 proteins were detected using the anti-c-

myc antibody.  The wild type and the mutant SLC26A3 transporters were 

consistently observed being pulled down by the streptavidin beads after cell 

surface biotinylation, but not when biotin was omitted from the pull-down 

reactions (Figure 5-4B and C).  As a control for labeling of intracellular proteins, 

the western blots were probed with an anti-actin antibody along with the anti-c-

myc antibody to determine if actin was being labeled.  No actin was detected in 

the biotin-streptavidin pull-down experiments, suggesting that the SLC26A3 

proteins were being labeled at the cell surface.  To further control for our 

experimental procedure cell surface biotinylation reactions were performed on 

HEK 293 cells transiently transfected with CFTR (Figure 5-4D).  The complexly 

glycosylated form of CFTR, band C, was pulled down by streptavidin while the 

core glycosylated form of CFTR, band B, was not.  This further suggests that our 

biotinylation assay procedure was working as expected.     

The reduced ability of the ΔY526/7 mutant SLC26A3 transporter to traffic 

to the plasma membrane, and the lack of plasma membrane trafficking of the 

I544N, I675/6ins and G702Tins mutants suggested that these mutations may be 

causing the transporters to misfold.  To investigate the possibility that these 
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mutations were specifically disrupting the ability of the STAS domain to fold, I 

expressed the wild type and mutant STAS domains recombinantly in order to 

study their biochemical and biophysical properties.  A multiple sequence 

alignment was produced to help guide us in choosing our initial domain 

boundaries (see Figure 2-18).  Initially I choose three N-terminal boundaries 

(amino acids 503, 510 and 525) and three C-terminal boundaries (amino acids 

720, 741 and 764) and produced the nine possible protein constructs for the wild 

type SLC26A3 STAS domain.  The nine constructs all resulted in protein 

expression.  However, the three constructs ending in amino acid 720 were found 

to be insoluble after cell lysis and a 40,000 rcf centrifugation step (see chapter 4 

for details).  The remaining six constructs were all solubly produced in E. coli, 

and the domain boundaries for our STAS domain construct were chosen based 

upon the biochemical properties of the proteins as well as their ability to bind to 

the R-domain of CFTR (see chapter 4 for details).  From this data, the STAS 

domain construct with domain boundaries of 510-741 was chosen for further 

study.  The mutant STAS domains were cloned with the construct boundaries of 

amino acids 510-741, and the soluble expression pattern in E. coli of the mutants 

was compared to that of the wild type protein.   

 

The wild type, ΔY526/7 and the I544N SLC26A3 STAS domains were all 

found to be solubly expressed in E.coli however, the I675/6ins and G702Tins 
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SLC26A3 STAS domains were found to be produced in an insoluble form (Figure 

5-5A).  This was confirmed by western blot analysis using the His6 tag on the 

Smt3 fusion partner.  Interestingly, the STAS domains showed a similar pattern of 

solubility when produced in COS7 or HEK 293 cells with an N-terminal myc tag, 

suggesting that this solubility phenomenon is due to an intrinsic property of the 
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FIGURE 5-5: STAS solubility assay.  (A)  The wild type and mutant SLC26A3 
STAS 510-741 domains were expressed as Smt3 fusions in E. coli, and the 
amount of solubly expressed STAS domain protein, as defined by a 40,000 rcf
centrifugation step, was assessed by Coomassie-staining or western blot analysis.  
Equivalent amounts of STAS protein lysates were loaded on the gels as follows:  
1) wild type, 2) ΔY526/7, 3) I544N, 4) I675/6ins, 5) G702Tins.  (B)  The wild 
type and mutant SLC26A3 STAS domains were expressed as myc-tagged fusions 
in HEK 293 cells, and the amount of solubly expressed STAS domain protein, as 
defined by a 60,000 rcf centrifugation step, was assessed by western blot analysis.  
Equivalent amounts of total protein were used in this assay, and the anti-c-Myc
antibody was used for protein detection.  The STAS protein lysates were loaded 
on the gel as follows:  1) untransfected cells, 2) wild type, 3) ΔY526/7, 4) I544N, 
5) I675/6ins, 6) G702Tins.  The molecular weight standards are shown to the left 
of the gel and are measured in kDa.
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STAS domain itself, and not likely an artifact due to fusion protein expression 

(Figure 5-5B).   

To better characterize the wild type and mutant STAS domains I 

expressed and purified the protein from E. coli using Ni affinity chromatography 

(Figure 5-6).  As the STAS solubility assay predicted, significant quantities of the 

wild type, ΔY526/7 and I544N STAS domains were readily purified, however, 

significant quantities of the I675/6ins or G702Tins mutant STAS domains were 

not.  The purified wild type, ΔY526/7 and I544N Smt3-STAS proteins were all 

readily cleaved by Ulp1 protease, and were purified to homogeneity using Butyl 

hydrophobic interaction chromatography and gel filtration chromatography 

(Figure 5-7A).  NMR and CD spectra were taken of the purified proteins to 

monitor any significant differences in secondary structure (Figure 5-7B, C and D).  

The wild type and ΔY526/7 STAS domain TROSY-HSQC spectra are very 

similar to one another, with only a few differences in the position of proton-

nitrogen coupled cross peaks consistent with one of the proteins containing a 

deletion of a single amino acid (Figure 5-7B).  In addition, the high degree of 

proton-nitrogen coupled cross peak dispersion in TROSY-HSQC spectra indicates 

that these two domains are well folded (Figure 5-7B).  The CD spectra for the 

wild type and two mutant STAS domains are indistinguishable from one another, 

and indicate that the STAS domain is a mixed α/β protein as evident by local 

minima at 220 nm and 207 nm, consistent with the predicted structure of the 
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STAS domain (Figure 5-7C).  Thermal stability measurements were also made of 

the wild type, ΔY526/7 and I544N STAS domains by monitoring the loss of 

molar elipticity at 222 nm as the temperature was increased from 20°C to 80°C.  
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FIGURE 5-6: Wild type and mutant STAS domain purification. Six Coomassie-
stained gels are shown of the wild type and mutant STAS domains at different stages 
of the Ni column purification.  The molecular weight markers are shown to the left of 
the gel and are measured in kDa.  The protein samples loaded in each lane are as 
follows: 1) uninduced cell lysate, 2) induced cell lysate, 3) pellet fraction of induced 
cell lysate, 4) supernatant fraction of induced cell lysate, 5) Ni column wash, 6) Ni 
column elution, 7) filtered Ni column elution, 8) filtered Ni column elution cleaved 
with Ulp1.
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No significant differences were observed between the wild type, ΔY526/7 and 

I544N STAS domains denaturation curves with all three proteins having a half 

melting point temperature of 53ºC (Figure 5-7D).  
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ΔY526/7 (lane 2) and I544N (lane 3) SLC26A3 STAS domains were produced as 
Smt3 fusions and purified as described in experimental procedures.  Representative 
Coomassie-stained gels of purified STAS 510-741 domain protein is shown with 
molecular weight markers measured in kDa on the left.  (B)  An NMR TROSY-
HSQC spectra of purified 15N wild type (black peaks) and ΔY526/7 (red peaks) 
SLC26A3 STAS 510-741 domain.  (C)  Circular dichroism spectra of the wild type, 
ΔY526/7 and I544N SLC26A3 STAS domains.  The spectra are averages of at least 
3 experiments from at least two separate protein preparations.  (D)  Circular 
dichroism measurements were recorded at 222 nm of the wild type, ΔY526/7 and 
I544N SLC26A3 STAS domains while increasing the temperature of the STAS 
domain protein from 20ºC to 80ºC.  The data presented are averaged data from at 
least three experiments from at least two independent protein preparations.
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In addition to the NMR and CD spectra collected on the wild type, 

ΔY526/7 and I544N STAS domains, tryptophan fluorescence spectra were also 

collected on these proteins (Figure 5-8).  The tryptophan fluorescence spectra of 

the purified STAS domains did not reveal any significant differences in the folded 

state or unfolded states.    

FIGURE 5-8: Normalized tryptophan fluorescence of wild type and 
mutant STAS domain 510-741. Tryptophan fluorescence spectra were 
collected from the purified wild type, ΔY526/7 and I544N STAS domains 
using an excitation wavelength of 290 nm.  Unfolded STAS fluorescence 
spectra were collected after protein unfolding by the addition of 6 M 
guanidinium. 

Wavelength (nm)

280 300 320 340 360 380

Fl
uo

re
sc

en
ce

 (A
U

)

0.00

0.25

0.50

0.75

1.00

Folded Wild Type  STAS
Foldedd ΔY526/7 STAS
Folded I544N STAS
Denatured Wild Type STAS
Denatured ΔY526/7 STAS
Denatured I544N STAS

FIGURE 5-8: Normalized tryptophan fluorescence of wild type and 
mutant STAS domain 510-741. Tryptophan fluorescence spectra were 
collected from the purified wild type, ΔY526/7 and I544N STAS domains 
using an excitation wavelength of 290 nm.  Unfolded STAS fluorescence 
spectra were collected after protein unfolding by the addition of 6 M 
guanidinium. 
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Since no differences were readily observable between the purified wild 

type, ΔY526/7 and I544N STAS domains, I reasoned that the folding defect may 

be due to the inability of the mutant STAS domains to properly associate with the 

transmembrane domain of the SLC26A3 protein.  In an attempt to monitor this 

interaction the predicted transmembrane spans (ΔSTAS) of the SLC26A3 protein 

(amino acids 1-509) were cloned into the myc-pCMV vector as was the SLC26A3 

STAS domain (amino acids 510-741).  These two plasmids were either 

transfected alone or co-transfected into HEK 293 cells, and western blots 

performed to assess the ΔSTAS trafficking (Figure 5-9).  The ΔSTAS construct 

produced some complexly glycosylated protein which made interpreting the 

experimental results difficult.  However, it appeared that co-transfection of the 

wild type STAS domain with the ΔSTAS construct does not significantly increase 

the amount of complexly glycosylated protein, suggesting that the hypothesized 

association of the STAS domain and the transmembrane spans cannot be 

monitored with this experimental system. 

In another attempt to monitor the interaction between the STAS domain 

and the transmembrane domain, trypsin digest experiments were performed to test 

if the mutant SLC26A3 proteins might have a different proteolytic pattern 

compared to the wild type transporter.  HEK 293 cells were transfected with the 

wild type SLC26A3 protein, and limited proteolysis experiments were performed 

followed by western blot analysis.  Unfortunately, when blotting with the anti-
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myc antibody no proteolytic fragments were observable, consistent with the myc 

tag being cleaved off by trypsin.  To monitor the trypsin digest of SLC26A3 

STAS domain containing fragments directly, a polyclonal STAS domain antibody 

was produced in rabbits using purified wild type SLC26A3 STAS domain.   

Characterization of the STAS domain antibody revealed that it recognized 

multiple SLC26A proteins from both human and mouse species in western blots 

(Figure 5-10), and is proficient at immunoprecipitating the wild type and mutant 

+++

+++

+++

+++

+++

+++

83
62
47

32

25
16

ΔSTAS STAS STAS + ΔSTAS

No Treatment

FIGURE 5-9: Co-transfection of wild type STAS with ΔSTAS. HEK 293 cells 
were transiently-transfected with a C-terminally truncated SLC26A3 construct which 
has the STAS domain deleted (ΔSTAS), the STAS domain, or co-transfected with 
both the ΔSTAS and STAS domain constructs.  Cells were lysed in RIPA buffer and 
a glycosylation assay was performed by incubating the cell lysates with EndoH, 
PNGaseF or no enzyme.  The resulting protein samples were separated by SDS-
PAGE and an anti-c-Myc western blot was performed to visualize the various protein 
species.  The molecular weight markers to the left of the gel are measured in kDa.
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FIGURE 5-9: Co-transfection of wild type STAS with ΔSTAS. HEK 293 cells 
were transiently-transfected with a C-terminally truncated SLC26A3 construct which 
has the STAS domain deleted (ΔSTAS), the STAS domain, or co-transfected with 
both the ΔSTAS and STAS domain constructs.  Cells were lysed in RIPA buffer and 
a glycosylation assay was performed by incubating the cell lysates with EndoH, 
PNGaseF or no enzyme.  The resulting protein samples were separated by SDS-
PAGE and an anti-c-Myc western blot was performed to visualize the various protein 
species.  The molecular weight markers to the left of the gel are measured in kDa.
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SLC26A3 transporters as well as the wild type STAS domain from HEK 293 cell 

lysates (Figure 5-11).  The STAS domain antibody is also useful in 

immunofluorescence experiments, and it showed staining patterns for the wild 

type and mutant SLC26A3 transporters similar to the anti-myc antibody (Figure 

5-12).   

With the creation of the STAS domain antibody, there were now epitopes 

on both the N and C-termini of the SLC26A3 constructs that could be probed with 

either the myc or STAS antibodies respectively.  Immunofluorescence 

experiments were performed with and without permeabilizing the cell membrane 
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FIGURE 5-10: The STAS domain antibody recognizes multiple SLC26A 
proteins. A western blot using the rabbit polyclonal STAS domain antibody to 
recognize various SLC26A transporters expressed in HEK 293 cells (lanes 1-8, 11) 
or from native tissues (lanes 9 & 10).  The molecular weight markers are measured 
in kDa and the protein samples loaded in each lane are as follows: 1) untransfected, 
2) human SLC26A3, 3) mouse SLC26A3, 4) human SLC26A6, 5) mouse 
SLC26A6, 6) mouse SLC26A7, 7) mouse SLC26A9, 8) human SLC26A11, 9) 
mouse kidney, 10) mouse sub-mandibular gland, 11) human SLC26A3 STAS 
domain.
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FIGURE 5-10: The STAS domain antibody recognizes multiple SLC26A 
proteins. A western blot using the rabbit polyclonal STAS domain antibody to 
recognize various SLC26A transporters expressed in HEK 293 cells (lanes 1-8, 11) 
or from native tissues (lanes 9 & 10).  The molecular weight markers are measured 
in kDa and the protein samples loaded in each lane are as follows: 1) untransfected, 
2) human SLC26A3, 3) mouse SLC26A3, 4) human SLC26A6, 5) mouse 
SLC26A6, 6) mouse SLC26A7, 7) mouse SLC26A9, 8) human SLC26A11, 9) 
mouse kidney, 10) mouse sub-mandibular gland, 11) human SLC26A3 STAS 
domain.
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with detergent to test the hypothesis that the N and C-termini are located 

intracellularly.  The anti-myc and STAS domain antibodies both recognized the 

STAS domain and the SLC26A3 transporter in transiently transfected HEK 293 

cells only when the plasma membrane was permeabilized with detergent, 

consistent with the N and C-termini of the SLC26A3 protein being located 

intracellularly (Figure 5-13A and B). 

Using the new STAS domain antibody, trypsin digest experiments were 

performed on the wild type and mutant SLC26A3 transporters to test the 

hypothesis that the ΔY526/7 and I544N mutations may be affecting the ability of 
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FIGURE 5-11: The STAS domain antibody can immunoprecipitate various 
SLC26A3 constructs. The left panel shows a western blot developed with a 
mixture of the anti-c-Myc and anti-actin antibodies showing the HEK 293 cell 
expression of the STAS domain (lane 1), wild type SLC26A3 (lane 2), ΔY526/7 
SLC26A3 (lane 3), I544N SLC26A3 (lane 4), I675/6ins SLC26A3 (lane 5), 
G702Tins SLC26A3 (lane 6).  The right panel shows a western blot developed 
with a mixture of the anti-c-Myc and anti-actin antibodies of the 
immunoprecipitation reactions performed with or without the STAS domain 
antibody.  Lane 7) STAS domain – Ab, 8) STAS domain + Ab, 9) wild type 
SLC26A3 – Ab, 10) wild type SLC26A3 + Ab, 11) ΔY526/7 SLC26A3 – Ab, 12) 
ΔY526/7 SLC26A3 + Ab, 13) I544N SLC26A3 – Ab, 14) I544N SLC26A3 + Ab, 
15) I675/6ins SLC26A3 – Ab, 16) I675/6ins SLC26A3 + Ab, 17) G702Tins 
SLC26A3 – Ab, 18) G702Tins SLC26A3 + Ab. The molecular weight markers to 
the left of the gel are measured in kDa.
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FIGURE 5-11: The STAS domain antibody can immunoprecipitate various 
SLC26A3 constructs. The left panel shows a western blot developed with a 
mixture of the anti-c-Myc and anti-actin antibodies showing the HEK 293 cell 
expression of the STAS domain (lane 1), wild type SLC26A3 (lane 2), ΔY526/7 
SLC26A3 (lane 3), I544N SLC26A3 (lane 4), I675/6ins SLC26A3 (lane 5), 
G702Tins SLC26A3 (lane 6).  The right panel shows a western blot developed 
with a mixture of the anti-c-Myc and anti-actin antibodies of the 
immunoprecipitation reactions performed with or without the STAS domain 
antibody.  Lane 7) STAS domain – Ab, 8) STAS domain + Ab, 9) wild type 
SLC26A3 – Ab, 10) wild type SLC26A3 + Ab, 11) ΔY526/7 SLC26A3 – Ab, 12) 
ΔY526/7 SLC26A3 + Ab, 13) I544N SLC26A3 – Ab, 14) I544N SLC26A3 + Ab, 
15) I675/6ins SLC26A3 – Ab, 16) I675/6ins SLC26A3 + Ab, 17) G702Tins 
SLC26A3 – Ab, 18) G702Tins SLC26A3 + Ab. The molecular weight markers to 
the left of the gel are measured in kDa.
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the STAS domain to interact with the transmembrane spans of the transporter.  

HEK 293 cells transiently transfected with wild type or mutant SLC26A3 proteins 

were lysed by sonication.  Increasing concentrations of trypsin were incubated 

with the lysates at room temperature for 12 min, and the digests were stopped by 

the addition of sample buffer.  The tryptic fragments were detected by western 

blot analysis using the STAS domain antibody, detecting the full length protein 

(FL) and three predominant proteolytic fragments labeled 1-3 (Figure 5-14A).  
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FIGURE 5-12: The STAS domain antibody allows detection of SLC26A3 by 
immunofluorescence.  HeLa cells transiently transfected with the wild type or mutant 
SLC26A3 proteins were used for immunofluorescence imaging as described in the 
experimental procedures.  Briefly, filamentous actin staining is colored Red, Bip (an 
ER marker) staining is colored Blue, and STAS domain staining is colored green.  (A)  
Empty Vector, (B) wild type SLC26A3, (C) ΔY526/7 SLC26A3, (D) I544N 
SLC26A3, (E) I675/6ins SLC26A3, (F) G702Tins SLC26A3.
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The I675/6ins and G702Tins transporters were more susceptible to proteolysis 

than the wild type, ΔY526/7 and I544N transporters, consistent with their STAS 

domains being misfolded and more readily degraded.  Subtle conformational 

differences between the wild type and the ΔY526/7 and I544N transporters were 

also observed, but were less dramatic than those of the I675/6ins and G702Tins 

mutants.  Quantifying the degradation of the full-length transporter (Figure 5-

14B) reveals significant differences between the wild type and the I544N 

transporters at the 30 and 100 μg/ml trypsin concentrations.  The quantity of the 
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FIGURE 5-13: The termini of SLC26A3 are located in the cytosol. (A)  HeLa
cells transfected with wild type SLC26A3, the STAS domain or empty vector were 
either permeabilized using Triton X 100 (panels 1-3) or were not permeabilized
(panels 4-6).  The cells were stained using TRITC conjugated Phalloidin (Red), the 
anti-BIP antibody (colored blue) and the anti-c-Myc antibody (colored green).  (1 
and 4) Vector control, (2 and 5) wild type STAS domain, (3 and 6) wild type 
SLC26A3.  (B)  HeLa cells transfected with the wild type transporter, STAS domain 
or empty vector were either permeabilized using Triton X 100 (panels 1-3) or were 
not permeabilized (panels 4-6).  The cells were stained using TRITC conjugated 
Phalloidin (Red), the anti-BIP antibody (colored blue) and the anti-STAS antibody 
(colored green).  (1 and 4) Vector control, (2 and 5) wild type STAS domain, (3 and 
6) wild type SLC26A3.
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6) wild type SLC26A3.
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FIGURE 5-14: Trypsin digest of SLC26A3.  (A) Wild type and mutant SLC26A3 
proteins were transiently transfected in HEK 293 cells and were harvested 48 hr post 
transfection.  The cells were lysed via sonication and then incubated with increasing 
concentrations of trypsin (from left to right: 0, 0.3, 1, 3, 10, 30, 100, 300 μg/ml) at 
room temperature for 12 min.  The digest reactions were stopped by the addition of 
sample buffer, and the samples were visualized via western blot analysis using the 
anti-STAS domain antibody.  Triangles indicate the full length (FL) protein and 
consistently observed tryptic fragments (1, 2, and 3).  (B) Quantification of the loss 
of the wild type, ΔY526/7 and I544N SLC26A3 full-length (FL) protein species at 
various trypsin concentrations.  Each experiment was quantified and normalized 
independently of one another, and the mean and standard deviation were calculated 
from all experiments (wild type n=5, ΔY527/6 n=5, I544N n=7).  (C) Quantification 
of tryptic fragment 3 from the wild type, ΔY526/7 and I544N SLC26A3 trypsin
digest experiments.  The relative amounts of tryptic fragment 3 have been 
normalized to the most prevalent band within each individual experiment, and means 
and standard deviations were calculated from all experiments (wild type n=5, 
ΔY527/6 n=5, I544N n=7). (D) Quantification of tryptic fragment 1 from the wild 
type, ΔY526/7 and I544N SLC26A3 trypsin digest experiments.  The amount of 
tryptic fragment 1 in the 300 μg/ml trypsin lane was quantified via densitometry and 
then normalized to the average amount of wild type tryptic fragment.

[Trypsin]

[Trypsin]

6
16
25
32
47
62
83

175

6
16
25
32
47
62
83

175

6
16
25
32
47
62
83

175

6
16
25
32
47
62
83

175

6
16
25
32
47
62
83

175

Wild Type

I544N

ΔY526/7

I675ins

G702Tins

[Trypsin]

[Trypsin][Trypsin]

6
16
25
32
47
62
83

175

Vector [Trypsin]

FL
1

3
2

FL
1

3
2

FL
1

3
2

FL
1

3
2

FL
1

3
2

FL
1

3
2

A

[Trypsin] (μg/ml)
0.1 1 10 100 1000

N
or

m
al

iz
ed

 F
ul

l L
en

gt
h 

SL
C

26
A

3

0.0

0.5

1.0

Wild Type
ΔY526/7
I544N

B

N
or

m
al

iz
ed

 B
an

d 
1

0.0

0.5

1.0

1.5

Wild Type ΔY526/7 I544N

[Trypsin] (μg/ml)
0.1 1 10 100 1000

N
or

m
al

iz
ed

 B
an

d 
3

0.0

0.5

1.0

Wild Type
ΔY526/7
I544N

C

D

FIGURE 5-14: Trypsin digest of SLC26A3.  (A) Wild type and mutant SLC26A3 
proteins were transiently transfected in HEK 293 cells and were harvested 48 hr post 
transfection.  The cells were lysed via sonication and then incubated with increasing 
concentrations of trypsin (from left to right: 0, 0.3, 1, 3, 10, 30, 100, 300 μg/ml) at 
room temperature for 12 min.  The digest reactions were stopped by the addition of 
sample buffer, and the samples were visualized via western blot analysis using the 
anti-STAS domain antibody.  Triangles indicate the full length (FL) protein and 
consistently observed tryptic fragments (1, 2, and 3).  (B) Quantification of the loss 
of the wild type, ΔY526/7 and I544N SLC26A3 full-length (FL) protein species at 
various trypsin concentrations.  Each experiment was quantified and normalized 
independently of one another, and the mean and standard deviation were calculated 
from all experiments (wild type n=5, ΔY527/6 n=5, I544N n=7).  (C) Quantification 
of tryptic fragment 3 from the wild type, ΔY526/7 and I544N SLC26A3 trypsin
digest experiments.  The relative amounts of tryptic fragment 3 have been 
normalized to the most prevalent band within each individual experiment, and means 
and standard deviations were calculated from all experiments (wild type n=5, 
ΔY527/6 n=5, I544N n=7). (D) Quantification of tryptic fragment 1 from the wild 
type, ΔY526/7 and I544N SLC26A3 trypsin digest experiments.  The amount of 
tryptic fragment 1 in the 300 μg/ml trypsin lane was quantified via densitometry and 
then normalized to the average amount of wild type tryptic fragment.
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ΔY526/7 transporter is reduced compared to the wild type transporter at the 30 

and 100 μg/ml trypsin concentrations, but the changes were not significant.  No 

differences were observed between the wild type and the ΔY526/7 and I544N 

transporters when proteolytic fragment 3 was quantitated, however, a significant 

difference was observed in proteolytic fragment 1 between the wild type and the 

ΔY526/7 and I544N mutant transporters.  This data taken together suggests that 

the ΔY526/7 and I544N mutations may be causing subtle conformational changes 

in the transporter that may be caused by altered domain-domain interactions.  
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Discussion: 

 I set out to test what effect that the CLD causing mutations which reside in 

the STAS domain have on SLC26A3, and to identify the molecular mechanism by 

which they cause disease.  The Cl-/HCO3
- exchange rates of the wild type and 

mutant SLC26A3 transporters were measured, and the results suggested that the 

I544N, I675/6ins and G702Tins mutations result in a loss of functional protein at 

the plasma membrane.  This is consistent with previous reports showing an 

observed loss of Cl- transport activity for the I544N and I675/6ins mutant 

transporters (Chernova et al., 2003; Ko et al., 2002).  The ΔY526/7 mutation 

caused an approximate 50% decrease in the Cl-/HCO3
- exchange activity, 

suggesting that some functional protein resides in the plasma membrane.  A 

number of disease-causing mutations in SLC26A2 and SLC26A4 have also been 

previously reported to have intermediate function similar to that of the ΔY526/7 

mutation in SLC26A3, consistent with the notion that reduction, but not ablation, 

of transport activity can lead to the disease state (Karniski, 2001; Karniski, 2004; 

Taylor et al., 2002). 

Western blots were performed to test for any differences in protein 

expression levels which could explain the lack of measurable transport activity.  

The band intensity for the I675/6ins and G702Tins mutants was consistently 

observed to be about two fold lower than those of the wild type, ΔY526/7 and 

I544N mutant transporters under steady state conditions (Figure 5-2A, untreated 
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lanes).  However, these differences in protein expression levels cannot explain the 

complete loss of transport activity.  In addition the ΔY526/7 and I544N proteins 

are expressed to similar levels when compared to the wild type protein, so a loss 

of protein expression cannot account for the reduction and complete loss of Cl-

/HCO3
- exchange activity of these two mutants.  Interestingly, previous reports 

have suggested that the N-terminus of SLC26A3 may be proteolytically cleaved 

in vivo (Byeon et al., 1996; Lohi et al., 2002b).  In our experiments we observed 

the same banding pattern of our N-terminal myc-tagged SLC26A3 constructs 

regardless of the antibody used for protein detection (anti-c-Myc or anti-STAS 

domain, data not shown), suggesting that our SLC26A3 construct is not 

undergoing any significant proteolysis under our experimental conditions.   

The reduction or complete loss of measurable Cl-/HCO3
- exchange activity 

for the four mutant SLC26A3 transporters suggested that the mutations may be 

affecting the transport cycle of the protein, or they may be affecting the ability of 

the transporters to fold and traffic properly.  Previously the SLC26A3 protein has 

been demonstrated to be glycosylated (Byeon et al., 1998; Byeon et al., 1996), as 

have a number of other SLC26A family members (Karniski, 2004; Karniski et al., 

1998; Toure et al., 2001).  By utilizing the endoglycosydase enzyme EndoH, 

which cleave only the core glycosylated sugar moieties from a protein but do not 

remove the complexly glycosylated sugars, or PNGaseF, which remove all sugar 

moieties from a protein, the core and complexly glycosylated SLC26A3 species 
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could be distinguished from one another (Maley et al., 1989).  Since core 

glycosylation occurs co-translationally in the ER, and complex glycosylation 

occurs in a post ER compartment, the different glycosylation states of the protein 

can be used to monitor protein trafficking out of the ER (Helenius and Aebi, 

2001; Helenius and Aebi, 2004).  The glycosylation data suggests that the I544N, 

I675/6ins and G702Tins transporters are accumulating in the ER and are not 

trafficking to the plasma membrane (Figure 5-2A), which is consistent with the 

lack of observed function for these three mutations.  The ΔY526/7 transporter 

does show some complexly glycosylated protein, but the intensity of the 

complexly glycosylated species is significantly reduced compared to the wild type 

protein.  This brings up the intriguing possibility that the ΔY526/7 mutant 

transporter may be hyperactive compared to the wild type transporter.  In 

addition, the amount of complexly glycosylated ΔY526/7 transporter could be 

increased by reducing the expression temperature from 37ºC to 30ºC, however, no 

significant increases of the complexly glycosylated species of the other mutants 

were observed (Figure 5-2B).  This data take together suggests that the ΔY526/7 

mutation may be less severe than the I544N, I675/6ins and G702Tins mutations. 

By directly monitoring the subcellular localization of the wild type and 

mutant transporters by immunofluorescence I found the wild type SLC26A3 to be 

expressed and localized to the plasma membrane, while the I544N, I675/6ins and 

G702Tins mutant proteins accumulated in the ER (Figure 5-3).  The analogous 
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mutation to I675/6ins has been previously made and in the mouse SLC26A3 

protein, which showed plasma membrane localization by immunofluorescence 

(Ko et al., 2002).  The finding that human I675/6ins SLC26A3 accumulates in the 

ER suggests that there are differential effects of this mutation on the mouse and 

human SLC26A3 proteins.  The ΔY526/7 transporter was observed as a mixed 

population with some cells having the mutant transporter at the plasma 

membrane, while a larger percentage of the cells had retained the transporter in 

the ER with no detectable protein at the plasma membrane (Figure 5-3C1 and 

C2).  This is consistent with the glycosylation data which showed only a small 

amount of the total protein expressed being complexly glycosylated (Figure 5-

2A).  The functional, glycosylation and immunofluorescence data suggest that the 

I544N, I675/6ins and G702Tins mutations result in disease due to a loss of 

functional protein at the plasma membrane caused by the mutant proteins being 

retained in the ER.  This seems to be a common mechanism among the SLC26A 

protein family members as a number of disease causing mutations in SLC26A2 

and SLC26A4 have also been studied by immunofluorescence, and ER retention 

has been observed for a number of these mutant transporters (Karniski, 2004; Ko 

et al., 2002; Rotman-Pikielny et al., 2002; Taylor et al., 2002).  

The disease causing mechanism of the ΔY526/7 transporter is a bit less 

clear since it does retain some Cl-/HCO3
- exchange activity, and hence some 

functional protein at the plasma membrane.  The glycosylation data along with the 
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immunofluorescence results suggests that the ΔY526/7 mutation is extremely 

sensitive to its cellular environment and is possibly a less severe mutation than the 

I544N, I675/6ins or G702Tins.  It should be noted that the ΔY526/7 mutant was 

identified in a patient who had the I675/6ins mutation in the other SLC26A3 

allele (Hoglund et al., 1998), and perhaps if a person was homozygous for the 

ΔY526/7 mutation they would present with a less severe form of CLD, or may not 

present with any CLD symptoms since the ΔY526/7 mutant transporter retains 

some plasma membrane Cl-/HCO3
- exchange activity.  Conversely, a person 

homozygous for ΔY526/7 SLC26A3 may still present with CLD if the transport 

function of ΔY526/7 SLC26A3 is reduced to levels which significantly perturb 

the ability of the tissue to properly absorb Cl- and secrete HCO3
-.  A similar 

phenomenon has been observed in the various chondrodysplasias which are 

caused by mutations in the SLC26A2 gene, where the severity of the disease 

phenotype correlates with the amount of residual sulfate transport activity of the 

mutant SLC26A2 protein (Karniski, 2004). 

Cell surface labeling of the wild type and mutant transporters were 

consistently observed in the biotin-streptavidin pull-down experiments (Figure 

5-4).  A number of control experiments were performed to validate the assay.  

CFTR was transfected into HEK 293 cells and used for cell surface biotinylation 

reactions, and following the pull-down and western blot analysis only the 
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complexly glycosylated form of CFTR (Band C) was observed, consistent with 

band C being the mature form of the protein present on the cell surface (Figure 5-

4D).  Cell surface biotinylation reactions and subsequent pull-down reactions 

were performed to test the integrity of the plasma membrane by using a mixture 

of the anti-c-Myc and anti-actin antibodies to develop the western blots.  If some 

of the cell’s plasma membranes were broken or somehow permeable to biotin, 

labeling of intracellular proteins during the course of my “cell surface” 

biotinylation experiment could be occurring.  Actin was readily detected in the 

whole cell lysates but was not detectable to any significant level after the pull-

down reaction was completed, suggesting that the vast majority of the cell’s 

plasma membranes were still intact and not permeable to biotin under these 

experimental conditions (Figure 5-4A and B).  Finally, cell surface biotinylation 

reactions were performed in the absence of any biotin to control for non-specific 

binding of the SLC26A3 transporters to the streptavidin agarose beads.  These 

control experiments indicated that very little non-specific binding of the 

SLC26A3 transporters was occurring with the agarose beads (Figure 5-4C).  

Interestingly, unlike the SLC26A3 transporters, the wild type STAS domain 

showed some non-specific binding to the streptavidin agarose beads in the 

absence of biotin (Figure 5-4C), although it was pulled down to a greater extent 

when the cells were treated with biotin.  This data suggests that part of the STAS 

domain may be extracellularly exposed (Figure 5-4B and C).  The results from the 



 

 

170

biotinylation experiments taken together suggested that the wild type and mutant 

SLC26A3 transporters may be present at the plasma membrane.  However, it is 

unclear as to why the core glycosylated species of the SLC26A3 proteins would 

be biotinylated since these proteins should be retained in the ER and never 

exposed to the extracellular environment.  This is precisely what was observed for 

the control experiments performed with CFTR, where the core glycosylated band 

B was not biotinylated while the complexly glycosylated band C was (Figure 5-

4D).  This combined with the biotinylation of the STAS domain suggests that a 

technical problem may exist in the biotinylation experiments with the SLC26A3 

transporters even though the control experiments suggest the biotinylation 

procedure is working as expected. 

The cell surface biotinylation data contradicts the glycosylation and 

immunofluorescence data previously collected.  In addition, immunofluorescence 

experiments suggest that the STAS domain is intracellularly located as an isolated 

domain or as part of the intact SLC26A3 transporter (Figure 5-13).  One possible 

mechanism that may explain the observed results is that the wild type and mutant 

SLC26A3 transporters reside in a macromolecular complex in which some of 

these proteins are at least partially exposed to the extracellular environment.  

These additional proteins could be specifically labeled with biotin and could be 

pulled down with the streptavidin agarose carrying along with them their binding 

partners including the SLC26A3 transporters.  To test this possibility, cell surface 
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biotinylation experiments were carried out with a non-reversible binding biotin.  

Immunoprecipitation reactions of the wild type and mutant SLC26A3 transporters 

were performed, and the proteins separated by SDS-PAGE and blotted for biotin 

in an attempt to observe any cell surface proteins which may be co-precipitating 

with the SLC26A3 transporters.  The results from these experiments showed no 

specific bands were co-immunoprecipitated with the SLC26A3 transporters (data 

not shown).  Unfortunately, the results from these experiments did not provide a 

satisfactory explanation for the unexpected cell surface biotinylation results.  

Therefore, it still remains an open question as to what is happening, and how to 

interpret the cell surface biotinylation data. 

 To better understand the molecular mechanism(s) by which the STAS 

domain residing CLD causing mutations cause ER retention, the SLC26A3 STAS 

domain was studied in vitro.  The SLC26A3 STAS domain was defined in chapter 

4, and this construct was used to study the CLD causing mutations.  The wild type 

and mutant SLC26A3 STAS domains were expressed as Smt3 fusion proteins in 

E. coli, and the solubly produced protein was monitored.  The wild type, ΔY526/7 

and I544N STAS domains were all produced in a soluble form, whereas the 

I675/6ins and G702Tins STAS domains were expressed almost exclusively as 

insoluble aggregates (Figure 5-5A).  A similar phenomenon was also observed 

when the wild type and mutant STAS domains were expressed as myc-tagged 

fusions in HEK 293 cells (Figure 5-5B).  Since two different expression systems 



 

 

172

yielded very similar results, it was concluded that the I675/6ins and G702Tins 

mutations are either causing a dramatic loss in solubility, or they are causing the 

STAS domain to misfold.  Since the I675/6ins and G702Tins mutations result in 

the transporter to be retained in the ER, which is consistent with a misfolding 

event, we favor the hypothesis that the mutations are causing the STAS domains 

to misfold.  Nonetheless, it is still a formal possibility that the I675/6ins and 

G702Tins mutations are causing a dramatic loss in STAS domain solubility, and 

these mutations are not causing a misfolding event.  However, a reduction in the 

solubility of a membrane protein domain does not seem to be a likely disease 

causing mechanism, whereas protein misfolding is a well established mechanism 

for disease (Chaudhuri and Paul, 2006; Forman et al., 2004; Lee and Yu, 2005; 

Thomas et al., 1995).     

The solubly produced STAS domains (wild type, ΔY526/7 and I544N) 

were purified to homogeneity for comparison of their biochemical and 

biophysical properties (Figure 5-6 and 5-7A).  The wild type and mutant STAS 

domains purified in the same manner and had similar biochemical properties to 

one another, suggesting that the mutations are not dramatically changing the 

properties of the domains.  This was further confirmed by TROSY-HSQC NMR 

spectroscopy which revealed that the wild type and ΔY526/7 STAS domains are 

well folded proteins showing approximately 190 backbone proton-nitrogen cross 

peaks with significant spectral dispersion out of a possible 223 (Figure 5-7B).  
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This suggests that the STAS domain well folded and that the ΔY526/7 mutation is 

not dramatically affecting the global fold of the domain. 

 The CD spectrum of the wild type, ΔY526/7 and I544N STAS domains 

were indistinguishable from one another (Figure 5-7C), consistent with the CLD 

causing mutation not dramatically perturbing the secondary structure of the STAS 

domain.  Similarly, thermal denaturation experiments showed no difference 

between the wild type and ΔY526/7 and I544N mutant STAS domains as 

measured by CD spectroscopy at 222 nm (Figure 5-6D).  The proteins also had 

similar tryptophan fluorescence spectra when compared to one another (Figure 5-

8).  This data taken together suggests that the ΔY526/7 and I544N mutations are 

not causing major structural or biochemical changes in the STAS domain, and it is 

likely that these domains have a very similar structure to the wild type protein. 

Unlike the I675/6ins and G702Tins mutations which appeared to cause the 

STAS domain to misfold, which the quality control machinery of the cell 

recognizes as non-native and retains these transporters in the ER, the ΔY526/7 

and I544N STAS domains appear to be well folded and indistinguishable from the 

wild type protein.  However, the quality control machinery of the cell clearly 

recognizes the ΔY526/7 and I544N mutant transporters as different from the wild 

type transporter as evident by the misstrafficking of these two proteins.  One 

possible mechanism by which the overall structure of a domain can be unaltered 
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yet it still can be recognized as non-native in the context of the full-length protein 

is if the mutations are disrupting domain-domain interactions.  It is possible that 

the ΔY526/7 and I544N mutations disrupt an interaction between the STAS 

domain and the transmembrane domain of the SLC26A3 transporter.  To test this 

hypothesis co-transfection experiments were performed with the transmembrane 

spans of SLC26A3 (ΔSTAS) along with the STAS domain.  The rationale for 

these experiments was that the ΔSTAS protein would be recognized as misfolded 

by the quality control machinery of the cell, and upon addition of the STAS 

domain they might assemble into a native like structure which would be 

recognized by the quality control machinery as properly folded and permitted to 

traffic out of the ER to the plasma membrane.  Thus, the glycosylation state of the 

ΔSTAS construct could be used as a marker to monitor trafficking out of the ER 

upon co-transfection with the STAS domain.    

 When expressed in HEK 293 cells the ΔSTAS construct was found to 

show some complexly glycosylated protein, which made interpretation of the 

STAS and ΔSTAS co-transfection experiment difficult since a dramatic change in 

the complexly glycosylated state of the ΔSTAS protein was not observed (Figure 

5-9).  As another means to monitor the potential interaction between the STAS 

domain and the transmembrane spans, and the effect that the STAS domain CLD 
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causing mutations may have on this putative interaction, limited proteolysis 

experiments were performed on the SLC26A3 transporter using trypsin. 

Limited proteolysis experiments were performed on SLC26A3 using 

trypsin, and the production of proteolytic fragments was monitored on western 

blots by probing for the myc tag.  Unfortunately, no proteolytic fragments were 

observed using this method, potentially indicating that the myc tag was being 

cleaved off of the rest of the protein by trypsin.  There are eleven putative trypsin 

cleavage sites between the N-terminal myc tag and the first predicted 

transmembrane span of SLC26A3, which is consistent with the interpretation that 

the myc tag was being proteolytically removed from the transporter during our 

limited proteolysis experiments.  As a potential work around for this problem, a 

polyclonal antibody was raised against the STAS domain allowing for the direct 

monitoring of the domain of interest.  In addition, the STAS domain polyclonal 

antibody likely recognizes multiple epitopes in the STAS domain, which 

potentially allows for more proteolytically cleaved STAS domain fragments to be 

detected. 

The rabbit polyclonal antibody that was produced is capable of detecting 

SLC26A proteins via western blot analysis (Figure 5-10), and is useful for 

immunoprecipitation (Figure 5-11) and immunofluorescence experiments (Figure 

5-12).  Performing immunofluorescence experiments with and without cell 

permeabilization while using the anti-c-Myc antibody to recognize the N-terminal 
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myc tag, or the anti-STAS antibody to detect the C-terminal STAS domain, the N 

and C-termini were both found to be located in the cytosol (Figure 5-13A and B).  

This is consistent with the topology of SLC26A5 and the proposed models for 

many of the SLC26A family members which have an even number of 

transmembrane spans and intracellularly located N and C-termini (Navaratnam et 

al., 2005; Zheng et al., 2001).   

Using our STAS domain antibody, limited proteolysis experiments were 

performed using the enzyme trypsin.  When increasing concentrations of trypsin 

were incubated with HEK 293 cell lysates containing wild type or mutant 

SLC26A3 proteins, three consistent proteolytic fragments were observed when 

western blots were probed with the anti-STAS antibody (Figure 5-14).  

Quantification of the full length or proteolytic fragments 1 and 3 suggested that 

there may be subtle differences in the conformations of the wild type, ΔY526/7 

and I544N mutant transporters.  The full-length protein seems to be degraded 

most quickly for the I544N > ΔY526/7 > wild type transporter, however, no 

difference is observed in proteolytic fragment 3.  Nonetheless, there is a 

significant difference in the amount of proteolytic fragment 1 detected in the 

trypsin digest experiments.  The observed differences between the wild type and 

the ΔY526/7 and I544N mutants in the full-length protein as well as proteolytic 

fragment 1, suggest that there are subtle conformational changes between the 

three proteins which are being revealed by limited proteolysis. 
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A recent publication of a study which randomly mutated the Arabidopsis 

thaliana Sultr1.2 STAS domain identified a number of mutations which were 

critical for function as well as proper trafficking (Shibagaki and Grossman, 2006).  

Y523 and I541 are the Sultr1.2 residues analogous to Y526 and I544 in the human 

SLC26A3 protein.  Y523H of Sultr1.2 was identified in the mutagenic screen as a 

mutation which had no sulfate transport activity, yet it had wild type levels of 

protein expression and membrane integration.  Similarly, the ΔY526/7 mutation in 

SLC26A3 does not alter the protein expression levels in the full-length transporter 

or in the mutant STAS domain.  However, unlike the Y523H mutation in Sultr1.2 

the ΔY526/7 mutation in SLC26A3 retained some Cl-/HCO3
- exchange activity.  

There are a number of different possible explanations for the observed differences 

in the behavior of mutations at this position, the first being that they are not the 

same mutation.  If Y523 in Sultr1.2 was deleted, then perhaps some residual 

transport activity would remain.  Contrary to this idea, deleting Y523 in Sultr1.2 

may cause a loss in transport activity similar to the Y523H mutation found in the 

mutagenic screen.  It is possible that the observed function in the ΔY526/7 

SLC26A3 protein is due the fact that the human SLC26A3 sequence has two Tyr 

residues in a row at positions 526 and 527, and that deletion of one Tyr residue is 

not enough to eliminate Cl-/HCO3
- exchange activity due to compensation by the 

adjacent Tyr residue.   
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The Sultr1.2 mutagenic screen also identified A540S and Y542C as 

having reduced and no sulfate activity respectively.  Both proteins were shown to 

be expressed and the Y542C mutant Sultr1.2 transporter was found in the plasma 

membrane (Shibagaki and Grossman, 2006).  These two residues are predicted to 

be the two adjacent residues of I544 in SLC26A3.  Functionally the A540S 

mutation is more similar to the I544N mutation of SLC26A3 than is Y542C since 

A540S results in immeasurable transport activity.  Although plasma membrane 

localization was not determined for the A540S mutation, the Y542C mutation was 

found to be in the plasma membrane unlike the I544N mutation.  However, these 

mutations in Sultr1.2 are only adjacent to the analogous I544N position and are 

not the same mutation, so it may not be surprising to see different mutant 

phenotypes.  Interestingly, when the Y523H, A540S and Y542C Sultr1.2 

mutations are mapped onto the SpoIIAA protein structure they all reside on the 

same protein face that is important for SpoIIAB binding.  Since all three of these 

mutations alter sulfate transport activity, and they reside on the same SpoIIAA 

surface, Shibagaki and colleagues speculate that molecular interactions on this 

surface may be important for proper Sultr1.2 transport activity.  Since the 

ΔY526/7 and I544N mutations in SLC26A3 are analogous to Y523 and I541, they 

are also predicted to be on the surface of the SpoIIAA like fold near the SpoIIAB 

binding site (Shibagaki and Grossman, 2006).  This suggests that the ΔY526/7 

and I544N mutations may be resulting in CLD due to improper domain-domain 
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interaction, either with the transmembrane domain of SLC26A3 which is 

consistent with our limited proteolysis data, or other functionally important 

interactions such as with chaperones or other regulatory proteins. 

Our data taken together suggests a model by which the CLD causing 

mutations in the STAS domain of SLC26A3 result in disease by causing a loss in 

wild type levels of functional protein at the plasma membrane (Figure 5-15).  The 

wild type SLC26A3 transporter is synthesized and folded in the ER where it 

reaches a native like structure that the quality control machinery recognizes as 

folded.  The quality control machinery then allows the transporter to traffic out of 

the ER through the secretory pathway where it is complexly glycosylated and is 

eventually shuttled to the plasma membrane (Figure 5-15, upper third).  The CLD 

causing mutations which reside in the STAS domain of the SLC26A3 protein 

result in protein mistrafficking and ER retention by at least two distinct 

mechanisms.  The I675/6ins and G702Tins mutations both seem to destabilize the 

STAS domains themselves.  This likely results in improper transporter folding 

and or assembly, which the quality control machinery of the cell recognizes as 

non-native and retains these misfolded proteins in the ER (Figure 5-15, lower 

third).  This is in contrast to the ΔY526/7 and I544N mutations which do not 

cause any significant changes to the STAS domain’s biochemical or biophysical 

properties that have been tested, however, they still cause CLD.  The ΔY526/7 

mutation seems to be exquisitely sensitive to its cellular environment as 
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FIGURE 5-15: A model for wild type and mutant SLC26A3 folding and 
trafficking. A protein folding and trafficking model for the wild type and mutant 
SLC26A3 proteins is presented with proper folding of both the STAS domain and the 
transmembrane spans being required for transport from the ER to the plasma 
membrane.  The circle labeled STAS denote properly folded STAS domain while the 
undulating lines represent improperly folded STAS domain.  The vertical rectangles 
represent properly folded and assembled transmembrane spans while the skewed 
rectangles symbolize non-native transmembrane structure.  The horizontal black lines 
represent the ER and plasma membranes and the branched structures on the 
transmembrane domain represent the glycosylation state of the protein.  The wild type 
transporter and a portion of the ΔY526/7 transporters can adopt the appropriate 
structure which is recognized by the quality control machinery of the ER as native, 
and is then allowed to proceed through the secretory pathway where it is complexly 
glycosylated and eventually reaches the plasma membrane (PM).  A large portion of 
the ΔY526/7 transporters are retained in the ER and not trafficked to the plasma 
membrane as are the I544N, I675/6ins and G702Tins mutant transporters.  The large 
and small font type for the ΔY526/7 labels represents the larger and smaller 
population of cells which have native like or non-native like transporter.  This 
conceptual model has no information regarding the order to which the STAS and 
transmembrane domains fold and are assembled in the ER, rather it highlights the 
different mechanisms by which the STAS domain mutations bring about protein 
misfolding and the absence of active protein at the plasma membrane.
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FIGURE 5-15: A model for wild type and mutant SLC26A3 folding and 
trafficking. A protein folding and trafficking model for the wild type and mutant 
SLC26A3 proteins is presented with proper folding of both the STAS domain and the 
transmembrane spans being required for transport from the ER to the plasma 
membrane.  The circle labeled STAS denote properly folded STAS domain while the 
undulating lines represent improperly folded STAS domain.  The vertical rectangles 
represent properly folded and assembled transmembrane spans while the skewed 
rectangles symbolize non-native transmembrane structure.  The horizontal black lines 
represent the ER and plasma membranes and the branched structures on the 
transmembrane domain represent the glycosylation state of the protein.  The wild type 
transporter and a portion of the ΔY526/7 transporters can adopt the appropriate 
structure which is recognized by the quality control machinery of the ER as native, 
and is then allowed to proceed through the secretory pathway where it is complexly 
glycosylated and eventually reaches the plasma membrane (PM).  A large portion of 
the ΔY526/7 transporters are retained in the ER and not trafficked to the plasma 
membrane as are the I544N, I675/6ins and G702Tins mutant transporters.  The large 
and small font type for the ΔY526/7 labels represents the larger and smaller 
population of cells which have native like or non-native like transporter.  This 
conceptual model has no information regarding the order to which the STAS and 
transmembrane domains fold and are assembled in the ER, rather it highlights the 
different mechanisms by which the STAS domain mutations bring about protein 
misfolding and the absence of active protein at the plasma membrane.
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demonstrated by our glycosylation data and the observed mixed population of 

cells showing plasma membrane localization or ER retention in the 

immunofluorescence experiments.  The model reflects this sensitivity in that a 

small amount of ΔY526/7 SLC26A3 protein is found to properly traffic to the 

plasma membrane (smaller font of ΔY526/7 in the upper third of the model), 

while a larger portion of the expressed protein is found to accumulate in the ER 

which is reflected by the larger font type of ΔY526/7 in the middle third of the 

model.  Subtle changes were also observed in our limited proteolysis experiments 

between the wild type, ΔY526/7 and I544N mutant transporters, possibly 

suggesting that these mutations effect domain-domain interactions or the 

conformational dynamics of the STAS domain itself.  Indeed, the recent 

publication by Shibagaki and Grossman suggests that when the ΔY526/7 and 

I544N mutations are mapped onto the SpoIIAA structure they are found to be at 

the SpoIIAA-SpoIIAB binding interface, suggesting that this surface of the STAS 

domain forms molecular interactions which are important for proper trafficking 

and sulfate transporter function (Shibagaki and Grossman, 2006).  While these 

data suggest that the ΔY526/7 and I544N mutations may be disrupting important 

molecular interactions, they do not rule out the possibility that the ΔY526/7 and 

I544N mutations may be causing disease by an alternative mechanism.  These 
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formal possibilities while important, are outside the scope of the current study, 

and will have to be experimentally tested in the future.   
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Chapter Six:  

Structural Studies of the Human SLC26A3 and Aquifex Sultr 

STAS Domains 

 

Introduction: 

One of the hallmarks of the SLC26A family of proteins is that they all 

have a C-terminally conserved domain that is homologous to the SpoIIAA anti-

sigma factor antagonists (Aravind and Koonin, 2000) (see Figure 2-18).  The 

SLC26A proteins were originally predicted to be a family of sulfate transporters 

and because of this, their C-terminally conserved domain was named STAS for 

sulfate transporters and anti-sigma factor antagonists.  The function of the STAS 

domain in the SLC26A transporters is not well understood, however, the function 

of the SpoIIAA proteins is to help regulate gene transcription during spore 

formation in bacteria (Errington, 2003).  This regulatory function of SpoIIAA is 

achieved through a somewhat complex four component signaling circuit that 

includes the anti-sigma factor kinase SpoIIAB, a phosphatase SpoIIE and sigma 

factor F (σF) (see chapter 2 for more details).   

A great deal of structural work has been done on this signaling circuit 

which has resulted in a number of crystal and NMR structures of the SpoIIAA 

protein alone or in complex with SpoIIAB (Clarkson et al., 2001; Clarkson et al., 
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2003; Kovacs et al., 1998; Kovacs et al., 2001; Masuda et al., 2004; Seavers et al., 

2001a; Seavers et al., 2001b).  The SpoIIAA structures solved to date show a 

mixed α/β protein containing a central four stranded β-sheet and four surrounding 

α-helices (Clarkson et al., 2001; Clarkson et al., 2003; Kovacs et al., 1998; 

Masuda et al., 2004; Seavers et al., 2001a) (see Figure 2-20).  Since the SpoIIAA 

proteins were identified as homologous to the C-terminal STAS domains of the 

SLC26A transporters, researchers studying this family of transporters have used 

the SpoIIAA protein as a structural model to aid in interpreting experimental 

results (Rouached et al., 2005; Shibagaki and Grossman, 2004; Shibagaki and 

Grossman, 2006).  However, close inspection of the multiple sequence alignment 

between the SLC26A transporters and the SpoIIAA proteins reveals regions of 

poor sequence identity (see Figure 2-18).  The biggest difference between the 

SLC26A STAS domains and the SpoIIAA proteins is that the SLC26A3 STAS 

domains have a large insertion between the first α-helix and the third β-strand of 

the SpoIIAA fold (Aravind and Koonin, 2000).  We have named this insertion the 

intervening sequence (IVS) which varies in length between the different SLC26A 

transporters from 0 to 140 residues for SLC26A11 and SLC26A8 respectively.  In 

addition to this large insertion, the N and C-terminal sequences of the STAS 

domains do not align well with the SpoIIAA termini.  In addition, the highly 

conserved STAS domain N-terminal sequence GΦXIΦXXXSPIYFAN and C-

terminal sequence FΦS/TVXD/EAΦ (where X is any amino acid and Φ is a 
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hydrophobic amino acid) are not as highly conserved in the SpoIIAA proteins, yet 

the high degree of conservation of these sequences suggests that they are critical 

for the function of the SLC26A STAS domains.  As a result of these observations, 

and the fact that the STAS domains are critical for the activity of the SLC26A 

transporters, I decided to structurally characterize the SLC26A3 STAS domain or 

a bacterial STAS domain from Aquifex aeolicus VF5, with the intent of testing the 

notion that the SpoIIAA proteins are a good structural model for STAS domains. 
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Experimental Procedures: 

STAS Domain Expression Plasmid Construction:  The human SLC26A3 STAS 

domain construct was generated with domain boundaries encompassing amino 

acid residues 510-741, and were cloned into the BamHI site of the Smt3-pET28 

vector (Mossessova and Lima, 2000).  The ΔIVS STAS domain construct was 

created by deleting amino acid residues 565-639 from the human SLC26A3 

STAS domain in the Smt3-pET28 vector (Mossessova and Lima, 2000).  STAS 

domains from two bacterium Aquifex aeolicus VF5 and Desulfovibrio vulgaris 

Hildenborough (gi:15606490 and gi:46448107 respectively) were also cloned into 

the Smt3-pET28 vector with the amino acid boundaries 436-605 and 429-568 

respectively.  All protein expression constructs were verified by DNA sequencing.  

Additional Aquifex aeolicus VF5 STAS domains were constructed using three N-

terminal boundaries (436, 450, and 459) and three C-terminal boundaries (605, 

588, and 575) and the additional constructs were cloned into the Smt3 pET 28 

vector (Mossessova and Lima, 2000). 

 

Human SLC26A3 STAS Expression and Purification:  Five liters of E.coli BL21 

CodonPlus (DE3)-RIL cells (Stratagene) containing the wild type or mutant 

Smt3-STAS domain plasmids were grown at 37°C in LB containing 50 μg/L 

Kanamycin and 34 μg/L Chloramphenicol to an O.D.600 of 0.8.  The cells where 

then induced with 750 μM IPTG (Research Products International) and shifted to 
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15°C for overnight expression.  The following day the cells were pelleted at 3000 

rcf and then resuspended in 70 ml of buffer A (20 mM Tris pH 7.9, 200 mM 

NaCl, 1 mM BME).  The resuspended cells were lysed via sonication, and the 

resulting lysates cleared by centrifugation at 40,000 rcf.  Standard Ni 

chromatography was performed on the supernatant fractions using 10 ml bed 

volume of resin (Novagen).  Buffer A was used as the equilibration/binding buffer 

while the wash buffer was buffer A containing 40 mM imidazole.  The elution 

buffer was buffer A containing 400 mM imidazole, and fractions containing the 

Smt3-STAS fusion protein were pooled together and digested overnight with a 

1:1000 dilution of the Ulp1 protease at 4°C.   

The following day 750 mM Ammonium Sulfate was added to the cleaved 

protein solution and then subjected to Butyl hydrophobic interaction 

chromatography (Amersham Biosciences).  The equilibration/binding buffer 

contained 20 mM Na2PO4 pH 5.9, 750 mM Ammonium Sulfate, 1 mM DTT and 

the elution buffer contained 20 mM Na2PO4 pH 6.2, 1 mM DTT.  Fractions 

containing the STAS protein were pooled together and 350 mM NaCl was added 

to the solution.  The protein was then concentrated to 2 ml and run over a HiPrep 

16/60 Sephacryl S-200 column (Amersham Biosciences) in 20 mM Na2PO4 pH 

6.2, 350 mM NaCl, 1 mM DTT.   

 



 

 

188

Aquifex STAS Expression and Purification:  The Aquifex STAS domain was 

expressed and purified from E. coli BL21 CodonPlus (DE3)-RIL cells 

(Stratagene) grown at 37°C in LB containing 50 μg/L Kanamycin to an O.D.600 of 

1.0.  The cells were then induced with 750 μM IPTG (Research Products 

International) and allowed to express protein for 6 hr.  Cells were collected via 

centrifugation and were resuspended and lysed in 30 ml of buffer A via 

sonication.  The resulting lysates were cleared by centrifugation at 40,000 rcf and 

standard Ni chromatography was performed on the resulting supernatant.  The 

equilibration/binding buffer (buffer A) contained 20 mM Tris pH 7.9, 200 mM 

NaCl, 1 mM BME, the column was washed using buffer A containing 40 mM 

imidazole.  The protein was eluted from the column using buffer A containing 

400 mM imidazole and fractions containing the Smt3-Aquifex STAS fusion 

protein were pooled together and digested overnight with a 1:1000 dilution of the 

Ulp1 protease at 4°C.   

The following day 750 mM Ammonium Sulfate was added to the cleaved 

protein solution and then subjected to butyl hydrophobic interaction 

chromatography (Amersham Biosciences).  The equilibration/binding buffer 

contained 20 mM Na2PO4 pH 6.0, 750 mM Ammonium Sulfate, 1 mM DTT and 

the elution buffer contained 20 mM Na2PO4 pH 6.0, 1 mM DTT.  Fractions 

containing the STAS protein were pooled together and the protein was 
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concentrated to 2 ml and run over a HiPrep 16/60 Sephacryl S-200 column 

(Amersham Biosciences) in 50 mM Na2PO4 pH 6.0, 50 mM NaCl, 1 mM DTT.   

 

Optimum Solubility Screening and Dynamic Light Scattering:  The optimum 

solubility (OS) screening method was applied to the wild type SLC26A3 STAS 

domain to help determine the most suitable buffer for crystallization (Jancarik et 

al., 2004).  Vapor-diffusion hanging-drops were set up with wild type SLC26A3 

STAS domain at 170 μM in 20 mM Na2PO4 pH 6.2, 350 mM NaCl, 1 mM DTT.  

Conditions 6-24 (see Table 6-1) were screened for homogeneneity and 

monodispersity by dynamic light scattering with a final STAS concentration of 28 

μM diluted into the OS buffers. 

 

Protein Crystallization Screening:  Protein crystallization conditions for the wild 

type SLC26A3 STAS (510-741) domain were performed using the vapor-

diffusion hanging-drop method with a protein concentration of 10 mg/ml in 

20-mM CAPS pH 10.0, 10 mM DTT.  The Hampton Screen I, (NH4)2SO4, Light, 

SaltRx, and Index Screens were set up and incubated at 20ºC.    

 The vapor-diffusion hanging-drop method was used to screen for 

crystallization conditions for the Aquifex STAS domain.  The Aquifex STAS 

domain was screened at 9.2 mg/ml in 10 mM Tris pH 7.0, 50 mM NaCl, 1 mM 
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DTT with the following Hampton screens: screen I and II, PEG Ion, Light, 

SaltRx, Low Ionic Strength and Index. 

 

SLC26A3 STAS NMR:  A 1D proton NMR spectra was taken of 150 μM unlabled 

purified STAS domain in 20 mM Na2PO4 pH 6.8, 350 mM NaCl and 2 mM DTT.  

A TROSY-HSQC spectra of 90 μM 15N labeled purified STAS domain in 50 mM 

K2PO4 pH 6.8, 400 mM KCl, 100 mM Arginine, 2% glucose, 2 mM DTT was 

collected at 30°C in a 600 MHz spectrometer.   

 

Aquifex STAS NMR: A HSQC of 60 μM 15N labeled Aquifex 436-605 STAS 

domain was collected on a 500 MHz spectrometer for 2 hr at room temperature in 

50 mM Na2PO4 pH 6.0, 50 mM NaCl, 1 mM DTT.  The Aquifex 450-588 STAS 

domain HSQC spectra was collected 500 MHz spectrometer fitted with a cold 

probe for 2 hr at 25°C.  The Aquifex 450-588 STAS domain was 250 μM and the 

buffer conditions were 50 mM Na2PO4 pH 6.0, 50 mM NaCl, 1 mM DTT in the 

presence or absence of 1 mM ATP, or 1 mM ATP + 1 mM GDP-γS. 

 

Mass Spectrometry and N-terminal Sequencing:  Purified Aquifex STAS domain 

was given to the UT Southwestern Biopolymer Laboratory for electrospray mass 

spectrometry analysis and by Edman Degradation N-terminal sequencing.   
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 Results: 

 To test the notion that the SpoIIAA proteins are structural homologs of the 

STAS domains, as well as to better understand the structural nature of the 

intervening sequence (IVS), I used the SLC26A3 STAS domain 510-741 protein 

for initial crystallization screening.  I began by setting up vapor-diffusion 

hanging-drops of the Hampton Screen I, (NH4)2SO4, Light, SaltRx, and Index 

Screens with STAS 510-741 at 10 mg/ml at 20°C.  Unfortunately, all of the drops 

precipitated almost immediately indicating that under these screening conditions 

our protein construct was unsuitable for crystallization.   

 Subsequently, I decided to put the STAS domain through the optimization 

screen of Jancarik et al. to determine if buffer conditions more amenable to 

crystallization could be found for the STAS domain (Jancarik et al., 2004).  

Vapor-diffusion hanging-drops were set up of the STAS domain at 4.5 mg/ml and 

incubated overnight at 20°C.  The following day the hanging drops for buffer 

conditions 6-24 had remained clear (Table 1), and the STAS domain protein was 

then diluted directly into buffers 6-24 and dynamic light scattering (DLS) 

experiments were performed on the 19 samples.  Buffer conditions 6-23 all 

showed signs of aggregation by dynamic light scattering as did the phosphate 

buffer condition used for the initial protein crystallization screening.  However, 

the STAS domain appeared monomeric by DLS in buffer condition 24 (100 mM 

CAPS buffer pH 10.0) (Figure 6-1).  Various additives were also screened in  
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Table 6-1: Listed are the buffer 
conditions from the Jancarick 
optimization screen. 

combination with the CAPS buffer 

condition in an attempt to reduce the level 

of polydispersity however, none of the 

additives tried significantly reduced the 

polydisperisty of the STAS domain under 

the CAPS buffer condition (Table 2). 

 Crystallization screens were set up 

of the human STAS domain 510-741 

protein in the CAPS buffer and many of the 

crystal drops precipitated, while in contrast, 

a number of drops remained clear after a 

few days in conditions containing high 

concentrations of ammonium or sodium 

nitrate (1.5-6.0 M) at pH 7.0 or 8.5, and 

remained clear for up to three months.  However, none of the conditions which 

were screened resulted in the production of crystals and at this point we began to 

evaluate other SLC26A3 STAS domain homologs for structural studies of the 

STAS domain.   

 Two bacterial sulfate transporter homologs were chosen for study because 

they both contained a putative STAS domain fused to a transmembrane domain 

and had higher sequence identity to the SLC26A STAS domains than did the 

No. Buffer (100 mM) pH 
1 Glycine 3 
2 Citric acid 3.2 
3 PIPPS 3.7 
4 Citric acid 4 
5 Sodium acetate 4.5 
6 Sodium/potassium phosphate 5 
7 Sodium citrate 5.5 
8 Sodium/potassium phosphate 6 
9 Bis-tris 6 
10 MES 6.2 
11 ADA 6.5 
12 Bis-tris propane 6.5 
13 Cacodylate 6.5 
14 Ammonium acetate 7 
15 MOPS 7 
16 Sodium/potassium phosphate 7 
17 HEPES 7.5 
18 Tris 7.5 
19 EPPS 8 
20 Imidazole 8 
21 Tris 8.5 
22 CHES 9 
23 CHES 9.5 
24 CAPS 10 



 

 

193

 

SpoIIAA proteins.  The two sulfate transporter (Sultr) homologs are from Aquifex 

aeolicus VF5 and Desulfovibrio vulgaris Hildenborough (gi:15606490 and 

gi:46448107 respectively).  The STAS domains of these two proteins were cloned 

into the Smt3 expression vector and their soluble expression tested along with a 

new SLC26A3 STAS construct which lacked the intervening sequence (IVS).  All 

three of these constructs were expressed, however, only the Aquifex Sultr (amino 

acids 436-605) and Desulfovibrio Sultr (amino acids 429-568) constructs 

WT STAS in 100 mM
CAPS pH 10.0

WT STAS in 20 mM
Na2PO4 pH 6.2 + 
350 mM NaCl + 
1 mM DTT

BSA in 20 mM
Na2PO4 pH 6.2 + 
350 mM NaCl + 
1_mM DTT

WT STAS in 100 mM
CAPS pH 10.0 + 
350 mM NaCl + 
10 mM DTT

R=2.74, PD=34.7%, MW=35.7 KDa

R=3.41, PD=12.3%, MW=59.6 KDa

R=2.70, PD=36.8%, MW=34.5 KDa

FIGURE 6-1: Dynamic light scattering of STAS 510-741. Dynamic light 
scattering experiments were performed on the wild type STAS 510-741 protein in 
various buffer conditions along with BSA as a positive control. The computed 
radius (R), polydispersity (PD) and the calculated molecular weight (MW) are 
shown above each graph where applicable. 

WT STAS in 100 mM
CAPS pH 10.0

WT STAS in 20 mM
Na2PO4 pH 6.2 + 
350 mM NaCl + 
1 mM DTT

BSA in 20 mM
Na2PO4 pH 6.2 + 
350 mM NaCl + 
1_mM DTT

WT STAS in 100 mM
CAPS pH 10.0 + 
350 mM NaCl + 
10 mM DTT

R=2.74, PD=34.7%, MW=35.7 KDa

R=3.41, PD=12.3%, MW=59.6 KDa

R=2.70, PD=36.8%, MW=34.5 KDa

FIGURE 6-1: Dynamic light scattering of STAS 510-741. Dynamic light 
scattering experiments were performed on the wild type STAS 510-741 protein in 
various buffer conditions along with BSA as a positive control. The computed 
radius (R), polydispersity (PD) and the calculated molecular weight (MW) are 
shown above each graph where applicable. 
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 Radius 
(nm) 

Polydispursity 
(%) 

Molecular Weight 
(kDa) 

CAPS Buffer Alone 0.11 26.5 0.02 
BSA 3.41 12.3 59.6 

STAS 2.67 ± 0.36 39.3 ± 13.4 34.4 ± 10.1 
STAS + 50 mM NaCl 2.99 44.3 44.0 
STAS + 350 mM NaCl 2.48 45.6 28.3 
STAS + 10 mM DTT 2.77 26.5 36.5 

STAS + 350 mM NaCl + 
10-mM DTT 

2.74 34.7 35.7 

STAS + 10% Glycerol 3.90 37.7 81.7 
STAS + 0.1% OβG 4.64 38.8 122 
STAS + 1.0% OβG 22.2 41.8 4771 
STAS + 0.1% DDM 4.27 39.0 101 
STAS + 1.0% DDM 2.34 44.0 24.7 

 

produced any significant amounts of soluble protein (Figure 6-2A).  The 

Desulfovibrio Sultr STAS was highly expressed but showed small amounts of 

degradation while the Aquifex Sultr STAS construct was similarly expressed; it 

did not show any obvious signs of degradation.  For this reason the Aquifex Sultr 

STAS domain was chosen for additional structural studies. 

 The Aquifex STAS domain was purified to homogeneity and submitted to 

the UT Southwestern Biopolymer Laboratory for mass spectrometry and N-

terminal sequencing analysis (Figure 6-2B).  The observed molecular weight of 

the Aquifex STAS domain from the mass spectrometry was 19,930 Da which is 1 

Da lower than the predicted molecular weight.  The N-terminal sequencing 

returned the amino acid sequence SEFEL, which are the first five amino acids of 

Table 6-2: DLS estimates of the radius, polydispursity and molecular weight of 
the STAS domain in CAPS buffer with various additives. 
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the Aquifex STAS construct.  These two pieces of data suggest that the Aquifex  

STAS domain is full length polypeptide and it is not being degraded to any 

significant extent. 
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FIGURE 6-2: Additional STAS domain constructs for structural studies.  (A)  
Three additional STAS domain constructs were produced as Smt3 fusions in E. coli, 
ΔIVS STAS (amino acids boundaries 510-741 with a deletion of amino acids 565-
639) along with two additional STAS domains from Desulfovibrio vulgaris
Hildenborough (gi:46448107, amino acid boundaries 429-568) and Aquifex aeolicus
VF5 (gi:15606490, amino acid boundaries 436-605).  Three Coomassie-stained gels 
showing the expression and purification of the three new constructs are shown with 
molecular weight markers shown in kDa.  The following proteins samples are loaded 
on the gel: lane 1) uniduced cell lysate, 2) induced cell lysate, 3) pellet fraction of 
induced cell lysate, 4) supernatant fraction of induced cell lysate, 5) Ni column flow 
through, 6) Ni column wash, 7) Ni column elution.  (B)  A Coomassie-stained gel of 
the Aquifex STAS domain which was purified to homogeneity (inset) and subjected to 
mass spectrometry which yielded a mass of 19930 Da, and N-terminal sequencing 
returned the sequence SEFEL.  
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FIGURE 6-2: Additional STAS domain constructs for structural studies.  (A)  
Three additional STAS domain constructs were produced as Smt3 fusions in E. coli, 
ΔIVS STAS (amino acids boundaries 510-741 with a deletion of amino acids 565-
639) along with two additional STAS domains from Desulfovibrio vulgaris
Hildenborough (gi:46448107, amino acid boundaries 429-568) and Aquifex aeolicus
VF5 (gi:15606490, amino acid boundaries 436-605).  Three Coomassie-stained gels 
showing the expression and purification of the three new constructs are shown with 
molecular weight markers shown in kDa.  The following proteins samples are loaded 
on the gel: lane 1) uniduced cell lysate, 2) induced cell lysate, 3) pellet fraction of 
induced cell lysate, 4) supernatant fraction of induced cell lysate, 5) Ni column flow 
through, 6) Ni column wash, 7) Ni column elution.  (B)  A Coomassie-stained gel of 
the Aquifex STAS domain which was purified to homogeneity (inset) and subjected to 
mass spectrometry which yielded a mass of 19930 Da, and N-terminal sequencing 
returned the sequence SEFEL.  
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 A 15N-1H HSQC experiment 

was performed on the Aquifex STAS 

436-605 protein before any crystal 

screening was performed to help 

determine if this construct might be 

suitable for crystallization.  A 15N 

labeled Aquifex 436-605 sample was 

expressed and purified, then given to 

Dr. Carlos Amezcua who collected an 

HSQC spectrum of the labeled Aquifex 

STAS domain 436-605 at 1.1 mg/ml 

(60 μM).  The resulting HSQC 

spectrum showed only about half of 

the proton-nitrogen coupled cross peaks predicted from the amino acid sequence 

(Figure 6-3).  In addition to a large number of unobserved cross peaks, there were 

a number of very intense cross peaks in the spectrum, indicative of highly mobile 

residues.  As a result of this data, I decided to try and refine the domain 

boundaries of the Aquifex STAS domain.  

 Six additional Aquifex STAS domain constructs were produced and their 

soluble expression and Ulp1 cleavage efficiency was tested (Figure 6-4).  The 

shortest Aquifex STAS construct that was produced solubly and was efficiently 

FIGURE 6-3: Aquifex STAS 
NMR HSQC. 15N labeled Aquifex
STAS 436-605 was expressed and 
purified as described in the 
experimental procedures and a 
HSQC spectra was collected on 
60_mM labeled STAS on a 500 
MHz spectrometer at room 
temperature for two hours in 
50_mM Na2PO4 pH 6.0, 50 mM
NaCl, 1 mM DTT.

FIGURE 6-3: Aquifex STAS 
NMR HSQC. 15N labeled Aquifex
STAS 436-605 was expressed and 
purified as described in the 
experimental procedures and a 
HSQC spectra was collected on 
60_mM labeled STAS on a 500 
MHz spectrometer at room 
temperature for two hours in 
50_mM Na2PO4 pH 6.0, 50 mM
NaCl, 1 mM DTT.
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cleaved by Ulp1, had N and C-terminal boundaries of 450-588.  The Aquifex 

STAS domain 450-588 was purified to homogeneity and submitted to the UT 

Southwestern Biopolymer Laboratory for mass spectrometry and N-terminal 

sequencing analysis (Figure 6-5).  The mass spectrometry results showed a 

molecular weight of 15,952 Da which is 20 Da higher than the predicted mass 

from the amino acid sequence.  N-terminal sequencing returned the predicted N-

terminal amino acid sequence of SEKRG, suggesting that the Aquifex 450-588 

protein contains all the predicted amino acids.   

 The Aquifex STAS domain 450-588 was then produced as a 15N labeled 

sample and a NMR HSQC spectra was collected (Figure 6-6A).  After the initial 

HSQC spectrum was collected 1 mM ATP was added to the protein to see if 
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FIGURE 6-4: Aquifex STAS domain boundary refinement. Six additional 
Aquifex STAS constructs were produced to help refine the N and C-terminal 
boundaries.  Coomassie-stained SDS-PAGE gels of Ulp1 cleaved and uncleaved
supernatant samples are shown.  Lane 1) 436-650 uncleaved, 2)  436-650 Ulp1 
cleaved, 3) 436-575 uncleaved, 4) 436-575 Ulp1 cleaved, 5) 459-605 uncleaved, 6) 
459-605 Ulp1 cleaved, 7) 459-575 uncleaved, 8) 459-575 Ulp1 cleaved, 9) 436-650 
uncleaved, 10) 436-588 uncleaved, 11) 450-605 uncleaved, 12) 450-588 uncleaved, 
13) 436-650 Ulp1 cleaved, 14) 436-588 Ulp1 cleaved, 15) 450-605 Ulp1 cleaved, 
16) 450-588 Ulp1 cleaved.  The molecular weight markers are measured in kDa.
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FIGURE 6-4: Aquifex STAS domain boundary refinement. Six additional 
Aquifex STAS constructs were produced to help refine the N and C-terminal 
boundaries.  Coomassie-stained SDS-PAGE gels of Ulp1 cleaved and uncleaved
supernatant samples are shown.  Lane 1) 436-650 uncleaved, 2)  436-650 Ulp1 
cleaved, 3) 436-575 uncleaved, 4) 436-575 Ulp1 cleaved, 5) 459-605 uncleaved, 6) 
459-605 Ulp1 cleaved, 7) 459-575 uncleaved, 8) 459-575 Ulp1 cleaved, 9) 436-650 
uncleaved, 10) 436-588 uncleaved, 11) 450-605 uncleaved, 12) 450-588 uncleaved, 
13) 436-650 Ulp1 cleaved, 14) 436-588 Ulp1 cleaved, 15) 450-605 Ulp1 cleaved, 
16) 450-588 Ulp1 cleaved.  The molecular weight markers are measured in kDa.
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movement in any proton-nitrogen cross peaks could be detected as a function of 

ATP concentration (Figure 6-6B).  After the Aquifex STAS + ATP spectrum was 

collected, 1 mM GDP-γS was added to test if any cross peaks moved due to the 

presence of GDP-γS (Figure 6-6C).  By overlaying the three Aquifex STAS 

domain 450-588 HSQC spectra, it was clear that there are no significant changes 

in the proton-nitrogen coupled cross peak chemical shifts. 
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FIGURE 6-5: Aquifex STAS 450-588 mass spectrometry and N-terminal 
sequencing.  Purified Aquifex STAS 450-588 protein was used for MALDI-TOF mass 
spectrometry and N-terminal sequencing yielding a mass of 15942 Da and the amino 
acid sequence SEKRG.  The purity of the Aquifex STAS domain is shown in the 
Coomassie-stained gel.  The molecular weight markers to the left are measured in kDa.
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FIGURE 6-5: Aquifex STAS 450-588 mass spectrometry and N-terminal 
sequencing.  Purified Aquifex STAS 450-588 protein was used for MALDI-TOF mass 
spectrometry and N-terminal sequencing yielding a mass of 15942 Da and the amino 
acid sequence SEKRG.  The purity of the Aquifex STAS domain is shown in the 
Coomassie-stained gel.  The molecular weight markers to the left are measured in kDa.
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A B

C D

FIGURE 6-6: HSQC spectrum of Aquifex STAS 450-588.  15N labeled 
Aquifex STAS 450-588 was expressed and purified as described in the 
experimental procedures, and spectra were collected in 50 mM Na2PO4 pH 
6.0, 50 mM NaCl, 1 mM DTT   (A) A HSQC spectra was collected of 250 
μM 15N labeled Aquifex STAS 450-588 protein on a 500 MHz 
spectrometer fitted with a cold probe at 25°C.  (B) After the first HSQC 
spectrum was collected, 1 mM ATP was added and a subsequent HSQC 
spectrum was collected of the Aquifex STAS domain.  (C) A third HSQC 
spectrum was collected on the Aquifex STAS 450-588 protein in the 
presence of 1 mM ATP and 1 mM GDPγS.  (D) An overlay of the 
nucleotide free (black spectra), ATP (red spectra) and ATP + GDP-γS 
(green spectra) Aquifex 450-588 HSQC spectrum. 
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With a reasonable looking HSQC spectrum of the Aquifex STAS domain 

450-588 I screened for crystallization conditions again using the Hampton screens 

I and II, SaltRX, Low Ionic Strength, PEG Ion, Light and Index screens.  

Unfortunately, no crystallization conditions were found even though 

approximately 1/3 of the drops remained clear after two weeks. 

A B

C D

FIGURE 6-7: NMR spectra of SLC26A3 STAS 510-741.  (A) A 1D NMR 
spectrum of unlabeled STAS showing methyl peaks at -1 to 0 ppm indicative of 
folded protein along with sharp peaks in the 6-9 ppm range.  (B) A TROSY-
HSQC spectrum of 15N-labeled STAS in the presence of 400 mM Arginine.  (C) 
A TROSY-HSQC spectrum of 90 μM 15N-labeled STAS in 50 mM K2PO4 
pH6.8, 400 mM KCl, 100 mM Arg, 2% glucose and 2 mM DTT.  (D)  TROSY-
HSQC spectrum of 15N labeled 100 μM wild type (black peaks) and ΔY526/7 
(red peaks) SLC26A3 STAS at 30°C for 15 hr in the same buffer conditions as 
in (C). 
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 While screening the various STAS domain constructs for protein 

crystallization conditions, Dr. Julie Forman-Kay’s laboratory was trying to 

optimize the buffer conditions for the human SLC26A3 STAS domain for HSQC 

analysis.  They found buffer conditions which allowed for HSQC spectra to be 

collected on the SLC26A3 STAS domain revealing 190 backbone proton-nitrogen 

cross peaks out of a possible 223 (Figure 6-7). 
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Discussion: 

 The SpoIIAA proteins have been suggested to be structural models for the 

SLC26A STAS domains based upon sequence homology (Aravind and Koonin, 

2000) (see Figure 2-18).  A number of interesting observations were made from 

this alignment, many of which have previously been described in the discussion 

section of chapter 4.  An observation that was made from the multiple sequence 

alignment not previously discussed is that the highly conserved SLC26A STAS N 

and C-terminal sequences GΦXIΦXXXSPIYFAN and FΦS/TVXD/EAΦ (where 

X is any amino acid and Φ is a hydrophobic amino acid) are not well conserved in 

the SpoIIAA proteins (see Figure 2-18).  The high degree of conservation of these 

sequences suggests that they are important for the function of the STAS domains, 

and the absence of these sequences in the SpoIIAA proteins suggests that this 

function may not be conserved in the SpoIIAA proteins.   

 Since there were a number of structural questions regarding the SLC26A 

STAS domains, and to date there is no high resolution structural information for 

any STAS domain, I set out to crystallize the SLC26A3 STAS domain.  Vapor-

diffusion hanging-drops of the human SLC26A3 STAS 510-741 protein were set 

up using the Hampton screen I, (NH4)2SO4, Light, SaltRx, and Index Screens and 

almost every crystal drop set up immediately precipitated.  This suggested that 

our protein construct was not suitable for crystallization under our current 

experimental conditions.  Two factors that influence a protein’s ability to 
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crystallize are the domain boundaries of the protein itself and the buffer it is in.  

Previously, nine different protein constructs had been screened to determine the N 

and C-terminal boundaries, and the conclusion of those experiments was that the 

510-741 construct likely encompassed the entire STAS domain based upon its 

biochemical and functional properties (see chapter 4 for details).  As a result, the 

buffer conditions of our SLC26A3 STAS domain protein were changed with the 

hopes that new buffer conditions would aid us in crystallizing the SLC26A3 

STAS domain.   

 As a general rule, proteins that crystallize have to be relatively soluble, 

stable and typically exist as a uniform population.  The SLC26A3 STAS domain 

510-741 was soluble to at least 10 mg/ml, was stable for two weeks at 4°C, and 

was monomeric as judged by gel filtration chromatography and analytical 

ultracentrifugation (see chapter 4 for details).  In spite of this, new buffer 

conditions for the STAS domain were screened for using dynamic light scattering 

(DLS), following the procedure of Jancarik et al.  (Jancarik et al., 2004).  A 

number of conditions from the initial Jancarick screen remained clear after 24 hr 

and the protein in these buffer conditions was then screened by DLS for its 

estimated molecular weight and polydispursity.  Interestingly, the protein buffer 

which the initial crystallization screens were performed in (20 mM Na2PO4 pH 

6.2, 350 mM NaCl, 1 mM DTT) seemed to contain mostly aggregated protein in 

solution as measured by DLS (Figure 6-1A).  As a control, DLS was also 
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performed on BSA which appeared monomeric in solution with an estimate 

molecular weight of 59.6 kDa and a polydispursity of 12.3% (Figure 6-1B).  The 

DLS data on the SLC26A3 STAS domain is inconsistent with the gel filtration 

chromatography and analytical ultracentrifugation data previously collected 

which suggest that the STAS domain is monomeric in solution (see chapter 4 for 

details).  However, the DLS readout also enabled the quick screening of a number 

of other buffer conditions to determine what effect various buffers had on the 

STAS domain.  100 mM CAPS buffer at pH 10.0 yielded an estimated molecular 

weight for the STAS domain to be 34.5 kDa which is close to the calculated 

molecular weight of 29.9 kDa (Figure 6-1C).   

 Crystal drops were set up of 10 mg/ml SLC26A3 STAS domain 510-741 

in 20 mM CAPS pH 10.0, 10 mM DTT at 20ºC using the Hampton Screen I, 

(NH4)2SO4, Light, SaltRx, and Index Screens.  10 mM DTT was included in the 

protein buffer because it had previously been determined that the STAS domain 

readily forms disulfide bonds in the absence of reductant.  In this experiment a 

number of crystal drops remained clear for long periods of time or never 

precipitated at all, suggesting that the CAPS buffer condition may be more 

amenable to protein crystallization than was the phosphate buffer condition.  

However, no crystallization conditions were identified under the CAPS buffer 

conditions. 
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 Since the SLC26A3 STAS 510-741 construct did not yield protein 

crystals, it was decided that altering alter the protein construct to make it more 

amenable to protein crystallization was the logical next step.  The Aquifex STAS 

domain was chosen for further purification and crystallization screening in favor 

of the Desulfovibrio STAS domain because the Desulfovibrio STAS domain 

appeared to have a degradation product after the Ni column purification, 

suggesting that this domain may not be as stable as the Aquifex STAS domain.  N-

terminal sequencing and mass spectrometry analysis of the purified Aquifex STAS 

domain indicated that the purified protein was not proteolytically cleaved during 

expression and purification, suggesting that the domain is well folded (Figure 6-

2B).   

 A 15N labeled sample of the Aquifex STAS domain 436-605 was expressed 

and purified so a NMR HSQC spectrum of the protein could be collected before 

we began screening for crystallization conditions.  The Aquifex STAS domain 

HSQC spectrum indicated that roughly half of the predicted cross peaks were 

present in the spectrum, suggesting that there were a large number of residues 

which were highly mobile in our protein construct (Figure 6-3).  One possible 

explanation for this was that the N and C-termini of the Aquifex STAS construct 

were too long.  As a result six new Aquifex STAS domain constructs were 

produced with the hopes that one of these constructs would be more amenable to 

crystallization. 



 

 

206

 The refinement of the Aquifex STAS domain boundaries suggested that 

amino acids 450-588 was the shortest domain that was solubly expressed and 

cleavable by Ulp1 protease, and therefore was chosen for further purification and 

structural studies (Figure 6-4).  When compared to the original Aquifex STAS 

domain this construct had 14 amino acids removed from the N-terminus and 16 

from the C-terminus, which potentially could improve the quality of the NMR 

HSQC spectrum.  

 To test this a HSQC spectrum was collected on purified 15N labeled 

Aquifex STAS 450-588 protein and indeed the spectrum showed greater chemical 

peak dispersion than the Aquifex STAS 436-605 HSQC spectrum (Figure 6-3 and 

6-6A).  This data suggests that the Aquifex STAS 450-588 protein is better 

behaved than the Aquifex 436-605 construct, and therefore may be more amenable 

to crystallization.   

A previous report in the literature suggested that the B. subtilis SpoIIAA 

protein had GTP binding and hydrolysis properties (Najafi et al., 1996), so I 

decided to test the Aquifex STAS domain’s ability to bind nucleotide.  No 

significant chemical shift perturbations were observed in the HSQC spectra upon 

addition of ATP (Figure 6-6B) or the GTP non-hydrolysable analog GDPγS 

(Figure 6-6C) to the Aquifex 450-588 protein.  The overlay of the three Aquifex 

STAS 450-588 HSQC spectra show little to no change in the three spectra; this 

indicates that the Aquifex STAS 450-588 does not significantly interact with 
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nucleotide under these experimental conditions (Figure 6-6D).  The B. subtilis 

SpoIIAA was reported to bind to GTP with a 20 μM affinity as determined by 

photocrosslinking (Najafi et al., 1996).  Perhaps using NMR, which is an 

equilibrium method, is insufficient to detect nucleotide binding, or maybe the 

STAS domains have lost the ability to bind nucleotide throughout the course of 

evolution.  ATP and GTP hydrolysis measurements were not made on the Aquifex 

STAS domain, so it is not known if this domain can hydrolyze either of these 

nucleotides.  However, the highly conserved and phosphorylatable Ser58 in the 

SpoIIAA proteins was also demonstrated to play a role in the GTP binding and 

hydrolysis reaction (Najafi et al., 1996).  When Ser58 was mutated to Asp, the 

GTPase activity was reduced to background levels, while the S58A mutation 

reduced the GTPase activity about 75% (Najafi et al., 1996).  The analogous 

residue to Ser58 in the Aquifex STAS domain is Ala510, so perhaps it is not 

surprising that the Aquifex STAS domain does not have any ATP or GTP binding 

ability if it is lacking a residue critical for this function (see Figure 2-18). 

 With the Aquifex STAS 450-588 HSQC spectrum indicating a well folded 

protein, screening for protein crystallization conditions was carried out using the 

hanging-drop vapor-diffusion method.  Approximately 550 unique crystallization 

conditions were tested and no conditions yielded protein crystals.  About this 

time, Dr. Julie Forman-Kay’s laboratory had made some progress in collecting 

HSQC spectra of the SLC26A3 STAS domain.  Previously, a collaboration with 
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Dr. Forman-Kay’s laboratory had been formed to study the STAS and R-domains 

interaction in greater detail.  One problem that they had been trying to overcome 

was finding conditions where the STAS domain appeared to be well folded and 

monomeric under the experimental conditions required for NMR.   

A one dimensional proton NMR spectrum of unlabeled STAS showed 

upfield shifted methyl peaks between 0 and -1 H ppm, indicating a folded protein 

(Figure 6-7A).  However, when HSQC-TROSY experiments were performed on 

15N labeled SLC26A3 STAS domain at high protein concentrations (200-300 

μM), the resulting spectrum were of poor quality for the size and concentration of 

the protein and indicated that some protein aggregation may be present.  As a 

result they screened various buffer additives and found that arginine and glucose 

help to improve protein solubility.  TROSY-HSQC experiments performed on the 

SLC26A3 STAS domain at lower protein concentration and in the presence of 

arginine and glucose increased the number of peaks visible in their spectra (Figure 

6-7B and C).  Arginine has been shown in many instances to improve the 

biochemical behavior of proteins, which may arise due to the hydrophobic and 

ionic nature of the arginine side chain.  The addition of glucose and arginine, as 

well as the reduction of the protein concentration to 100 μM likely reduced the 

amount of aggregation over the time course of the TROSY-HSQC experiment 

which significantly increased the number of visible cross peaks in the spectrum.  

Using these conditions and the HSQC-TROSY NMR technique approximately 
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190 backbone H-N cross peaks are visible out of a possible 223 (Figure 6-7C).  Of 

these peaks, approximately 120 are reasonably disperse, indicating that the STAS 

domain is well folded.  Approximately 70 residues have limited chemical shift 

dispersion with sharp lineshapes, indicating the presence of some disordered 

protein segments.  This disordered region of the STAS domain may potentially 

correspond to the IVS.  The backbone cross-peaks not observed in the TROSY-

HSQC spectra are likely overlapped with the 70 sharp resonances and a three 

dimensional NMR experiment would likely resolve these peaks.  Thus, the 100 or 

so resonances with limited dispersion likely correspond to the STAS IVS, 

unstructured loops within the folded domain and any disordered segments of the 

N and C-termini.  The NMR data taken together support the notion that the 

SpoIIAA proteins are a good structural model of the STAS domains. 

With the newly identified buffer conditions allowing high quality 

TROSY-HSQC spectrum to be collected, we were able to monitor the effects that 

the CLD causing mutations had on the domain.  Jennifer Baker in the Forman-

Kay laboratory expressed and purified the ΔY526/7 SLC26A3 STAS domain and 

collected a TROSY-HSQC spectrum under the same conditions as the wild type 

STAS domain.  When the wild type and ΔY526/7 STAS domain spectra are 

overlaid, very few changes in cross peak positions are observed (Figure 6-7D).  

This suggests that only very minor structural changes are occurring to the mutant 
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STAS domain, consistent with residues in close proximity to Y526/7 re-orienting 

to accommodate the deletion.  

The new buffer conditions identified by Jennifer Baker in the Forman-Kay 

laboratory have put us in a position to once again screen for crystallization 

conditions for the SLC26A3 STAS domain.  However, these experiments are 

outside the scope of this dissertation and will have to be completed in the future 

and described elsewhere. 
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Chapter Seven 

Future Directions 

 

 Over the last few years, remarkable progress has been made in 

understanding the structure, function and regulation of CFTR and the SLC26A 

family of proteins.  Nevertheless, additional studies and continued research in this 

area are needed to fully understand the functions and physiological roles these 

molecules play in the body.  CF research has been going on for decades now, and 

the understanding of this disease is more advanced than any of the diseases 

associated with the SLC26A transporters.  Nevertheless, a number of structural 

and mechanistic questions still remain regarding CFTR.  To better understand the 

gating mechanism of CFTR, the proposed NBD1-NBD2 heterodimer needs to be 

biochemically and structurally characterized (Basso et al., 2003; Berger et al., 

2005; Vergani et al., 2005; Vergani et al., 2003).  To accomplish this feat, 

milligram quantities of soluble and pure CFTR NBD2 need to be produced.  

Exploring different expression conditions with different growth medias, fusion 

partners and construct boundaries may help facilitate the production of a protein 

construct that is amenable to x-ray crystallography or NMR experiments.   

 In addition to structural studies on CFTR NBD2, understanding the 

ATPase cycle of the NBDs is critical for understanding CFTR channel gating.  

Utilization of the Walker B glutamate to glutamine mutation may aid in observing 
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the proposed NBD1-NBD2 dimer in solution.  In addition, NBD1 also lacks the 

conserved histidine which has been suggested to help coordinate residues 

important for ATP binding, dimerization and catalysis (Zaitseva et al., 2005a).  

Introducing the conserved histidine into NBD1 may also aid in observing dimers 

in solution, as well as furthering our understanding of the role this position plays 

in CFTR NBD dimerization and channel activity.   

 CFTR has been shown to activate the transport activity of a number of the 

SLC26A family members (Ko et al., 2002; Ko et al., 2004).  In addition, a number 

of other regulatory mechanisms have been suggested for the SLC26A transporters 

including binding to carbonic anhydrase II and MAPK (Alvarez et al., 2005; Xu 

et al., 2006).  A regulatory mechanism involving a kinase for SLC26A7 

trafficking suggests that other SLC26A family members may also be regulated by 

phosphorylation.  The conserved serine residue in the SpoIIAA proteins, which is 

phosphorylated by SpoIIAB, is conserved in most of the SLC26A family 

members.  From the multiple sequence alignment only SLC26A1 and SLC26A4 

do not have either a serine or a threonine within one residue of the 

phosphorylatable SpoIIAA serine.  The Arabidopsis thaliana sulfate transporters 

also have a conserved threonine at this position, suggesting that this residue may 

also be phosphorylated in the SLC26A transporters.   

To test the phosphorylation hypothesis, cells transfected with various 

SLC26A family members can be loaded with radioactive phosphate, and 
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immunoprecipitation reactions can be performed.  Separating the 

immunoprecipitated proteins by SDS-PAGE and performing autoradiography will 

allow for the detection of any phophorylated SLC26A protein.  Similar 

experiments can be performed by stimulating cells with various kinase activators 

such as forskolin to help identify kinases which may be involved in a potential 

phosphorylation reaction.  In addition, the use of mass spectrometry would be a 

valuable tool in identifying the sites of phosphorylation.  From the sequence(s) 

identified by mass spectrometry, a kinase phosphorylation consensus site may be 

apparent which would also help identify the kinase(s) responsible for 

phosphorylation.   

 Identifying the molecular interactions between the STAS domain of the 

SLC26A transporters and the R-domain of CFTR is critical for our understanding 

of the molecular mechanisms that lead to the reciprocal activation of these 

protein’s activities.  Using NMR to identify residues in each of the domains 

critical for the interaction will be a powerful tool in understanding this molecular 

interaction and its regulation.  In addition, mutating the PKA phosphorylated 

serine residues to alanine will help identify which phosphorylated serines play a 

major, or minor, role in the binding interaction between the STAS and R-

domains.  Inserting disease causing mutations into the STAS domain, and 

monitoring the impact these mutations have on the interaction between the STAS 
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and R-domains may lead to a better understanding of the residues involved in this 

interaction, as well as potentially providing a molecular mechanism(s) for disease.   

 Thus far SLC26A3, SLC26A4 and SLC26A6 have been demonstrated to 

be activated by CFTR (Ko et al., 2002).  Testing the ability of CFTR to activate 

the other SLC26A family members would be of considerable interest to determine 

if the activation is specific to certain family members, or if the activation is a 

general phenomenon for the entire protein family.  Determining if CFTR activated 

SLC26A1 and SLC26A7 would be interesting since they have been reported to 

reside in the basolateral membrane of epithelial cells, whereas CFTR is localized 

to the apical membrane.  In addition, determining if SLC26A5 has the ability to 

activate CFTR’s chloride channel activity would also be of interest since transport 

activity has not yet been described for SLC26A5.  The results from these 

experiments would help determine if the activation of CFTR by the SLC26A 

transporters is a general phenomenon or not, as well as help to locate common 

sequences between the transporters which are activated by CFTR.  These 

sequences could then be mutated or chimeric STAS domains created to identify 

residues critical for their activation.  It will be particularly interesting to see if the 

activation sequence of the SLC26A proteins lies in the highly divergent IVS. 

 Searching for additional binding partners of the SLC26A transporters may 

also be useful in uncovering new modes of regulation.  Using standard genetic 

approaches such as the yeast two-hybrid or split ubiquitin systems may identify 
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new proteins which associate with the SLC26A transporters in vivo.  Identifying 

these proteins will further our understanding of the regulation of the SLC26A 

transporters and may reveal additional physiological processes that the SLC26A 

transporters are involved in. 

 In addition to understanding the regulatory mechanisms by which the 

SLC26A proteins are regulated, identifying the ion transport pathway and 

beginning to understand the transport cycle of the SLC26A proteins is also 

important.  Conserved positively charged lysine and arginine residues residing in 

the transmembrane spans of the transporter are potential candidates for the anion 

binding sites.  Alanine mutations of these residues can be made to monitor their 

effect on the transport properties of the protein.  In addition to using residue 

conservation, mapping disease causing mutations onto the transmembrane spans 

of the SLC26A transporters may help identify residues that are important for 

anion binding as well as those critical for the conformation changes which 

presumably accompany anion translocation.   

 Implicit in the strategy outlined above is the knowledge of where the 

transmembrane spans are located.  Sequence homology and hydrophobicity can 

predict the location of the transmembrane spans.  However, experimental data 

testing these predictions should be collected.  Inserting antibody epitopes such as 

a FLAG tag into the predicted intracellular and extracellular loops and performing 

immunofluorescence studies in the presence or absence of membrane 
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permeabilization one can determine if this sequence of protein is located inside or 

outside of the cell.  Controlling for proper membrane targeting and function 

would be necessary for these insertion mutants.  Nevertheless, this would provide 

an experimentally derived topology map of the SLC26A proteins which would aid 

in the mapping of residues important for anion translocation in the context of the 

plasma membrane.   

 Knowing the spatial organization of the transmembrane spans in relation 

to the STAS domain is also important for understanding the transport mechanism 

and regulation of the SLC26A transporters.  With the STAS domains being 

important for proper transporter trafficking, it is possible that the STAS domain 

makes critical contacts with the transmembrane domain in the native state.  

Testing this hypothesis is important for our understanding of how the transporter 

is regulated.  By expressing the STAS and transmembrane domain (TMD) as 

separate polypeptides, co-immunoprecipitation reactions could to be performed to 

identify a potential STAS-TMD interaction.  To increase the sensitivity of this 

experiment, the TMD could also be translated in an in vitro system where 35S 

labeled cystine and methionine could be added to the translation reaction.  

Alternatively, an association between the STAS domain and the TMD could be 

monitored by the glycosylation state of the TMD.  If a TMD construct could be 

found which does not traffic to the plasma membrane, and is therefore only core 

glycosylated, the STAS domain could be expressed in trans to see if it might 



 

 

217

restore the trafficking defect of the TMD.  To increase the local concentration of 

the STAS domain with the TMD, the STAS domain could be tethered to a TM 

span and localized to the ER membrane.  A genetic approach, such the split 

ubiquitin assay, could also be used to try and detect an interaction between the 

TMD and the STAS domain. 

 High resolution structural information of the STAS domain and the TMD 

would provide tremendous insight into the function and transport mechanism of 

the SLC26A transporters.  Crystallizing an intact SLC26A transporter would 

identify the topology of the transmembrane spans as well as determine if the 

STAS domain makes significant contacts with the intracellular loops of the TMD.  

The structure may also help elucidate the ion binding sites as well as a potential 

ion transport pathway.  The structure of the STAS domain alone would also be 

informative as it would help to identify the fold of the domain as well as if the 

IVS is structured or not.  In addition, the structure of the STAS domain would 

allow for disease causing mutations to be mapped onto a true STAS domain 

structure as opposed to the SpoIIAA homologs.  This would allow for better 

predictions of the structural and functional consequences of these mutations.   

 A great deal of work still remains before a complete understanding of the 

molecular mechanisms behind anion transport of the SLC26A family of proteins 

is known.  A number of the experiments suggested aim to further characterize the 

overall structure and function of these transporters.  As more information is 
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learned about this important family of transporters, more specific questions can be 

asked about the ion transport and regulatory mechanisms of these transporters.  

With multiple laboratories working on various aspects of the SLC26A 

transporter’s structure and function, it won’t be long before many of the 

experiments outlined above have been completed.  These results will provide a 

better understanding of the physiological roles the SLC26A transporters play in 

the human body, and how their critical functions are regulated. 
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