
A CLOSER LOOK AT 

MEMBRANE PROTEINS 
 

 

By 
 

 

Dragana Robajac, Miloš Šunderić, Nikola Gligorijević, 
Olgica Nedić, Mark Tingey, Steven J. Schnell, Yichen Li, 

Samuel Junod, Wenlan Yu, Weidong Yang, Nilay K. Roy, 

Oliver Beckstein, Fiona Naughton, Min Lu, Katherine Si-Jia Lu, 

Manjusha Lekshmi, Nicholas Wenzel, Sanath H. Kumar, 

Manuel F. Varela, Raymond J. Turner, Irshad Ahmad, Pikyee Ma, 

Nighat Nawaz, David J. Sharples, Peter J. F. Henderson, 

Simon G. Patching (Ed.) 
 

 

 
 

 

Copyright: © 2020 by the authors. This is an Open Access publication distributed 

under the terms of the Creative Commons Attribution License (CC By 4.0), which 

permits unrestricted use, distribution, and reproduction in any medium, provided 

the original author(s) and source are cited. 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins ii 

 

CONTRIBUTORS 
(Alphabetical order) 

 

Irshad Ahmad  University of Leeds, UK 

Oliver Beckstein  Arizona State University, USA 

Nikola Gligorijević  University of Belgrade, Serbia 

Peter J. F. Henderson University of Leeds, UK 

Samuel Junod  Temple University, USA 

Sanath H. Kumar ICAR-Central Institute of Fisheries 

Education, India 

Manjusha Lekshmi ICAR-Central Institute of Fisheries 

Education, India 

Yichen Li   Temple University, USA 

Katherine Si-Jia Lu Rosalind Franklin University of Medicine 

& Science, USA 

Min Lu Rosalind Franklin University of Medicine 

& Science, USA 

Pikyee Ma   University of Leeds, UK 

Fiona Naughton  Arizona State University, USA 

Nighat Nawaz  Islamia College Peshawar, Pakistan 

Olgica Nedić   University of Belgrade, Serbia 

Simon G. Patching (Ed.) University of Leeds, UK 

Dragana Robajac  University of Belgrade, Serbia 

Nilay K. Roy   Northeastern University, USA 

Steven J. Schnell  Temple University, USA 

David J. Sharples  University of Leeds, UK 

Miloš Šunderić  University of Belgrade, Serbia 

Mark Tingey   Temple University, USA 

Raymond J. Turner  University of Calgary, Canada 

Manuel F. Varela  Eastern New Mexico University, USA 

Nicholas Wenzel  Eastern New Mexico University, USA 

Weidong Yang  Temple University, USA 

Wenlan Yu   Temple University, USA 

__________________________________________________________________ 

 

 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins iii 

 

CONTENTS 
 

 

 PREFACE ix 

 NOTE TO THE READER xii 

 ABBREVIATIONS xiii 

   

 Chapter One  

1. BITTER–SWEET STORY OF THE IGF RECEPTORS IN 

CELL (MAL)FUNCTIONING 

1 

 ABSTRACT 1 

1.1. INTRODUCTION 1 

1.1.1. Peptides of the IGF system 2 

1.1.2. IGF binding proteins 3 

1.2. RECEPTORS OF THE IGF SYSTEM 4 

1.2.1. Type 1 insulin–like growth factor receptor – IGF–1R 4 

1.2.1.1. IGF–1R cascades 5 

1.2.2. Insulin receptor – IR 6 

1.2.2.1. IR cascades 7 

1.2.2.2. IGF–1R/IR hybrid receptor – HyR 8 

1.2.3. Type 2 insulin–like growth factor receptor – IGF–2R 8 

1.2.3.1. IGF–2R cascades 8 

1.2.4.  Physiology 8 

1.3. PLACENTA 12 

1.3.1. The IGF system in healthy placenta 14 

1.3.1.1. IGFs and IGFBPs 14 

1.3.1.2. IGF–Rs and IR 14 

1.3.1.3. IGF–Rs/IR signalling in placenta 16 

1.3.2.  Preeclampsia and intrauterine growth restriction 17 

1.4.  DIABETES 19 

1.4.1. IGF system in diabetes 20 

1.4.1.1. IR gene mutations and insulin resistance 22 

1.4.1.2. IR antibodies 23 

1.4.1.3. HyR in diabetes 25 

1.4.1.4. Acanthosis nigricans 26 

1.4.1.5. The impact of diabetes on the cardiovascular system 26 

   

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins iv 

1.4.2. Gestational diabetes 28 

1.5.  CANCER 30 

1.5.1. General characteristics of cancer cells 31 

1.5.1.1. Self–sufficiency of proliferative signals 31 

1.5.1.2. Insensitivity to anti–proliferative signals 32 

1.5.1.3. Invasion and metastasis 33 

1.5.1.4. Limitless replication 34 

1.5.1.5. Continuous angiogenesis 34 

1.5.1.6. Escaping apoptosis 35 

1.5.1.7. Change in cell metabolism 35 

1.5.1.8. Escaping immune destruction 36 

1.5.1.9. Genome instability and mutation 36 

1.5.1.10. Tumour–promoting inflammation 36 

1.5.2.  IGF system and cancer 37 

1.5.2.1.  IGF–1R/IR and cancer 39 

1.5.2.2. IGF system and colorectal cancer 41 

1.5.2.3. Post–translational changes of IGF receptors in colorectal 

cancer (an experimental model) 

41 

1.5.2.4. IGF in therapy 42 

1.6. CONCLUSION 43 

 ACKNOWLEDGMENTS 44 

 REFERENCES 44 

   

 Chapter Two  

2. IMAGING TRANSMEMBRANE PROTEIN 

TRANSPORT ACROSS THE NUCLEAR ENVELOPE 

73 

 ABSTRACT 73 

2.1. INTRODUCTION 74 

2.2. PROPOSED MODELS FOR NUCLEAR ENVELOPE 

TRANSMEMBRANE PROTEIN TRANSPORT 

76 

2.2.1.  Diffusion-Retention Model 76 

2.2.2.  ATP-Dependent Model 78 

2.2.3. Nuclear Localization Signal–Mediated Model 80 

2.2.4. Sorting Motif–Mediated Model 83 

2.3. CLASSICAL APPROACHES TO STUDY STRUCTURE 

AND FUNCTION OF NETS 

85 

2.3.1. Conventional fluorescence microscopy 85 

2.3.2. Immunofluorescence microscopy 85 

2.3.3. Live-cell fluorescence microscopy 86 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins v 

2.3.4. Förster resonance energy transfer analysis 87 

2.3.5. Electron microscopy 88 

2.3.6. DNA sequencing and protein structure deduction 88 

2.3.7. Coimmunoprecipitation 89 

2.3.8. RNA interference 90 

2.3.9. Proteomics 90 

2.4. SINGLE MOLECULE IMAGING TECHNIQUES 91 

2.4.1. Highly Inclined and Laminated Optical sheet microscopy 91 

2.4.2. Single-molecule Fluorescence Recovery After Photobleaching 94 

2.4.3. Single-Point Edge-Excitation sub-Diffraction microscopy 96 

2.5. CONCLUSION 97 

 REFERENCES 98 

   

 Chapter Three  

3. SIMULATING MEMBRANE PROTEINS 107 

 ABSTRACT 107 

3.1. INTRODUCTION 108 

3.2. COARSE GRAINED MD SIMULATIONS 111 

3.3. ASYMMETRIC ION CONCENTRATIONS 113 

3.4. INTERFACE OF MEMBRANES 114 

3.5. TRANSMEMBRANE SIMULATIONS 116 

3.6. OUTER MEMBRANE PROTEIN SIMULATIONS 119 

3.7. CONFORMATIONAL CHANGES IN SIMULATIONS 121 

3.8. CONCLUSION 122 

 REFERENCES 124 

   

 Chapter Four  

4. GENERAL PRINCIPLES OF SECONDARY ACTIVE 

TRANSPORTER FUNCTION 

133 

 ABSTRACT 133 

4.1. INTRODUCTION 134 

4.2. THE ALTERNATING ACCESS MODEL 136 

4.3. THERMODYNAMICS AND CYCLES 138 

4.3.1. Transport is a non-equilibrium process 139 

4.3.2. Driving forces 142 

4.4. INVERTED REPEAT SYMMETRY 144 

4.4.1. Inverted repeat structures 144 

4.4.2. Asymmetry and alternating access 147 

4.5. TRANSPORTERS AS GATED PORES 148 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins vi 

4.5.1. Gates as molecular building blocks 150 

4.5.1.1. Thin and thick gates in Mhp1 151 

4.5.2. Gate states 155 

4.5.2.1. MFS transporters: two gates 156 

4.5.2.2. Mhp1: three gates 158 

4.6. UNIFIED TRANSPORT CYCLE MODEL 160 

4.7. CONCLUSION 163 

 ACKNOWLEDGEMENTS 164 

 REFERENCES 164 

   

 Chapter Five  

5. EMERGING STRUCTURAL INSIGHTS INTO 

MULTIDRUG RECOGNITION AND EXTRUSION BY 

MATE AND MFS TRANSPORTERS 

173 

 ABSTRACT 173 

5.1. INTRODUCTION 174 

5.2. THE SUBSTRATE-BOUND STRUCTURE OF NORM-NG 176 

5.3. THE MULTIDRUG-BINDING SITE IN NORM-NG 178 

5.4. THE CATION-BINDING SITE IN NORM-NG 179 

5.5. THE TRANSPORT MECHANISM OF NORM-NG 181 

5.6. THE STRUCTURE OF SUBSTRATE-BOUND DINF-BH 183 

5.7. DRUG/PROTON COUPLING IN DINF-BH 184 

5.8. THE SUBSTRATE-BOUND STRUCTURE OF I239T/G354E 186 

5.9. THE SUBSTRATE-BINDING SITES IN I239T/G354E 188 

5.10. DRUG/PROTON STOICHIOMETRY AND COUPLING 189 

5.11. THE STRUCTURE OF INHIBITOR-BOUND I239T/G354E 191 

5.12. THE ANTIPORT MECHANISM OF I239T/G354E 192 

5.13. HIGHLIGHTS AND OUTLOOK 194 

 ACKNOWLEDGEMENTS 196 

 REFERENCES 196 

   

 Chapter Six  

6. VIBRIO CHOLERAE MEMBRANE PROTEINS 

IN ANTIMICROBIAL RESISTANCE 

AND VIRULENCE 

201 

 ABSTRACT 201 

6.1. VIBRIO CHOLERAE - A VERSATILE HUMAN 

PATHOGEN   

202 

6.1.1. Virulence of V. cholerae 203 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins vii 

6.1.2. Life of V. cholerae outside the host, in the environment 203 

6.2. STRUCTURAL AND FUNCTIONAL FEATURES OF 

MAJOR MEMBRANE PROTEINS OF V. CHOLERAE 

205 

6.2.1. ToxR - A global regulator of virulence genes in V. cholerae 205 

6.2.2. Outer membrane porins 206 

6.2.3. Efflux pumps of V. cholerae – Role in antibiotic resistance and 

virulence 

207 

6.2.3.1. V. cholerae and the major facilitator superfamily 207 

6.2.3.2. V. cholerae and the multidrug and toxic compound extrusion 

superfamily 

208 

6.2.3.3. V. cholerae and the resistance-nodulation-cell division 

superfamily 

209 

6.2.3.4. V. cholerae and the ATP-binding cassette superfamily 209 

6.2.4. Carbohydrate transporters of V. cholerae 209 

6.3. CONCLUSION 211 

 REFERENCES 212 

   

 Chapter Seven  

7. THE COMMANDMENTS OF STUDYING INTEGRAL 

MEMBRANE PROTEINS 

219 

 ABSTRACT 219 

7.1. INTRODUCTION 219 

7.2. THE COMMANDMENTS 220 

7.2.1. COMMANDMENTS AROUND IMP EXPRESSION AND 

PURIFICATION 

220 

7.2.1.1. Not strive to OVER-express integral membrane proteins (sic) 220 

7.2.1.1. Not to forget about the detergent 222 

7.2.1.1. Not to overlook the additional challenges of IMP purification 224 

7.2.2. COMMANDMENTS AROUND IMP BIOCHEMISTRY 225 

7.2.2.1. Understand the differences in stability compared to globular 

proteins 

225 

7.2.2.2. Think carefully of experimental conditions 226 

7.2.3. COMMANDMENTS AROUND IMP FUNCTIONALITY 

STUDIES 

227 

7.2.3.1. Not to ignore ligand binding differences 227 

7.2.3.2. Remember that membrane sidedness is lost 228 

7.2.3.3. Not to confuse in vitro vs in vivo activity 230 

7.2.4. COMMANDMENTS AROUND IMP STRUCTURE 230 

7.2.4.1. Not to put all faith in hydropathy plots 230 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins viii 

7.2.4.2. Not to believe blindly the predicted topology 232 

7.2.4.3. Be skeptical of high-resolution structures 233 

7.2.4.4. Remember the importance of the lipid 235 

7.3. ENVOI 235 

 REFERENCES 236 

   

 Chapter Eight  

8. CLONING, AMPLIFIED EXPRESSION, FUNCTIONAL 

CHARACTERISATION AND PURIFICATION OF 

VIBRIO PARAHAEMOLYTICUS NCS1 CYTOSINE 

TRANSPORTER VPA1242 

241 

 ABSTRACT 241 

8.1. INTRODUCTION 242 

8.2. MATERIALS AND METHODS 244 

8.2.1. General 244 

8.2.2. Gene cloning and amplified expression 245 

8.2.3. Scale up and membrane preparation 245 

8.2.4. Whole cell transport and competition assays 246 

8.2.5. Protein solubilisation and purification 247 

8.2.6. Circular dichroism spectroscopy 248 

8.3. RESULTS AND DISCUSSION 248 

8.3.1. Database and computational analysis of V. parahaemolyticus 

protein VPA1242 

248 

8.3.2. Gene cloning and amplified expression of V. parahaemolyticus 

protein VPA1242 in E. coli 

252 

8.3.3. Substrate and ion specificities of V. parahaemolyticus protein 

VPA1242 

253 

8.3.4. Ligand recognition by V. parahaemolyticus protein VPA1242 255 

8.3.5. Detergent solubilisation and purification of V. 

parahaemolyticus protein VPA1242 

257 

8.4. CONCLUSION 260 

 ACKNOWLEDGEMENTS 261 

 REFERENCES 261 

   

 Chapter Nine  

9. FULL LIST OF REFERENCES 269 

__________________________________________________________________ 

 

 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins ix 

 

PREFACE 
 

 

Membrane proteins are coded by up to 30% of the open reading frames in 

know genomes. They have pivotal roles in many biological processes including: 

transport of ions and molecules, control of transmembrane potential, generation 

and transduction of energy, signal recognition and transduction, cell-cell 

communication, enzymatic activity, structural roles. Mutations in membrane 

proteins are linked with various human diseases including: Alzheimer’s disease, 

Brugada syndrome, cancer, cystic fibrosis, heart disease, hypothyroidism, 

lysosomal storage disease, nephrogenic diabetes insipidus, retinitis pigmentosa. 

Membrane proteins are the molecular targets for around 50-60% of validated 

drugs and they remain a principal target for new drug discovery. Despite all this, 

the number of structures of membrane proteins is less than 1% of total protein 

structures in the Protein Data Bank due to various challenges associated with 

applying the main biophysical techniques for high-resolution protein structure 

determination: X-ray crystallography, electron microscopy, NMR spectroscopy. 

There is an infinite amount of information and understanding yet to be obtained 

about the structure, function and molecular mechanism of membrane proteins and 

their ligands.  

This book “A Closer Look at Membrane Proteins” brings together recent 

developments in the structures, molecular mechanisms and roles of some different 

types of membrane proteins using various computational and experimental 

methods, and also views on the challenges around expression and purification of 

membrane proteins and a successful demonstration of how these challenges can 

be overcome. 

Chapter One considers insulin-like growth factor receptors and their roles in 

initiating mitogenic and metabolic pathways involved in cell growth and 

proliferation and energy metabolism, and also their roles in cell apoptosis. 

Information on the receptors is related to normal and abnormal tissue growth and 

development, using placental and colorectal tissues as examples. Chapter Two 

demonstrates how transmembrane protein transport across the nuclear envelope 

can be imaged at high-resolution using dynamic single-molecule microscopy; 

especially how the technique can be used to interrogate different proposed models  

for the mechanism of membrane protein transport: diffusion-retention, ATP-

dependent, nuclear localization signal–mediated, sorting motif–mediated. 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins x 

Computer simulation provides a way to study the structure and function of 

membrane proteins, alternative to using laboratory techniques, and this is the 

subject of Chapter Three. The focus is on large scale molecular dynamics (MD) 

simulations with special emphasis on scalable parallel methods, and how correctly 

relating molecular structures to the physiological properties of proteins is a major 

challenge in the field. Chapter Four consolidates general principles of secondary 

active transporter function, which catalyse transport of ions and small molecules 

across cell membranes against electrochemical gradients. It considers 

thermodynamics and molecular mechanism and how these transporters cycle 

between inward- and outward-facing conformations. Also how experimental 

structural data and MD simulations indicate that transporters can be understood as 

gated pores. A unified picture emerges in which symporter, antiporter and 

uniporter function are extremes in a continuum of functionality. 

Following recent high-resolution X-ray crystal structures of substrate-bound 

proteins, Chapter Five reviews emerging structural insights about multidrug 

recognition and extrusion by MATE (Multidrug and Toxic Compound Extrusion) 

and MFS (Major Facilitator Superfamily) secondary active transporters, which 

provide a mechanism of resistance to therapeutic drugs. In addition to providing a 

better understanding about the underlying mechanism of multidrug extrusion, this 

chapter engenders new ideas about how to curtail efflux-mediated multidrug 

resistance. A myriad of membrane proteins in the pathogenic bacterium Vibrio 

cholerae are described in Chapter Six that contribute to its physiology, virulence 

and antimicrobial resistance. These include outer membrane proteins and efflux 

pumps of the RND (Resistance-Nodulation-Division) family and MFS. The 

chapter emphasises how inhibition of efflux pumps can reduce virulence of V. 

cholerae and restore susceptibility to conventional antibiotics, and demonstrates 

how a complex network involving quorum sensing, efflux pumps and virulence 

gene expression regulates physiology and virulence. 

The challenges around expression and purification of integral membrane 

proteins and performing laboratory experiments to study their structure and 

function are well recognised. In this respect, Chapter Seven gives a personal view 

on “The commandments of studying integral membrane proteins”. These 

commandments consider integral membrane protein expression and purification, 

biochemistry, functionality studies and high-resolution structures. It is possible to 

overcome the challenges for expression and purification of integral membrane 

proteins, especially by those who are suitably experienced and have longevity of 

success. This is demonstrated in Chapter Eight by the amplified expression, 

functional characterisation and purification of a cytosine transporter of the NCS1 

(Nucleobase Cation Symporter-1) family from the bacterium Vibrio 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins xi 

parahaemolyticus. The gene was cloned into plasmid pTTQ18 along with a 

sequence for introducing a C-terminal hexahistidine-tag to aid purification and 

amplified expression achieved in Escherichia coli BL21(DE3). The secondary 

structure and stability of the purified protein was analysed by circular dichroism 

spectroscopy and the protein was confirmed as a cytosine transporter by 

radiolabelled transport measurements in whole cells. 
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IC   Intracellular 

A CLOSER LOOK AT MEMBRANE PROTEINS

INDEPENDENT PUBLISHING NETWORK | ISBN: 978-1-83853-535-3



A Closer Look at Membrane Proteins xv 

 

IF   Inward facing (conformation) 

IGF   Insulin-like growth factor 

IGFBP  Insulin-like growth factor binding protein 

IMAC  Immobilised metal affinity chromatography 

IMP  Integral membrane protein 

IPTG  Isopropyl β-D-1-thiogalactopyranoside 

INM  Inner nuclear membrane 

INM-SM  Inner nuclear membrane sorting motif 

IR   Insulin receptor 

IRS   Insulin receptor substrate 

IUGR  Intrauterine growth restriction 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

KASH   Klarsicht, ANC-1, syne homology 

LB   Luria-Bertani  

LBR  Lamin B receptor 

LDAO  Lauryldimethylamine oxide 

LEM  Lamin-associated protein [LAP]2, emerin, MAN1 

MATE  Multidrug and toxic compound extrusion 

MD   Molecular dynamics 

MDR1  Multidrug resistance protein 1 

MES  2-(N-Morpholino)ethanesulfonic acid 

MFS  Major facilitator superfamily 

MMP  Matrix metalloproteinase 

MRE  Mean residue ellipiticity 

MS-CG  Multiscale coarse grained 

MtlA  Mannitol-specific enzyme IICBA 

MtlD  Mannitol-1-phosphate dehydrogenase 

MWCO  Molecular weight cut off 

NAT  Nucleobase ascorbate transporter 

NBD  Nucleotide binding domain 

NCS1  Nucleobase-cation-symporter 1 

NE   Nuclear envelope 

NETs  Nuclear envelope pransmembrane proteins 
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