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When I was an undergraduate at University of California, Davis, I majored in Microbiology 

and was bound for medical school, eager to become a health care professional who can 

directly impact human health. It was not until the beginning of my 3rd year when I took a 

graduate course in microbial pathogenesis that I became interested in the molecular 

mechanism of how diseases work. Fueled by my interest in understanding how enzymes play 

a role in diseases, I asked to join the laboratory of Professor Irwin Segel in the Department of 

Biochemistry and Molecular Biology as an undergraduate research helper. I worked with 

graduate student Ian MacRae (who is now an assistant professor at The Scripps Research 

Institute) on the enzyme kinetics and the X-ray structure of ATP sulfurylase from Penicillium 

chrysogenum. It was there that I began to realize how X-ray crystallography can be used to 

probe the fine mechanistic details of enzymatic reactions.  

 

Right after college, I started my first job with Professor Chris Garcia at Stanford University. I 

was trained in protein refolding, expression and the purification of a host of human proteins 

in the immune system. I also learned to relate the structural biology to the pathogenesis seen 

in auto-immune diseases. In the following 3 years, I joined the Structure Chemistry group at 

Celera Genomics where I was successful in the expression, purification and crystallization of 

human cathepsin 4 and human hepsin. After 3 years in industry, my background in molecular 

cloning, protein biochemistry, and the crystallization of several human proteins sparked my 

interest in pursuing a Ph.D. degree in Chemistry and Chemical Biology at UCSF to further 

my understanding in structural biology and structure-based drug design.  
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During the 1st year in graduate school, even though I knew I wanted to do structural biology, 

I did not have in mind to work on a specific type of protein or get involved in the process of a 

specific disease. It was not until I took Professor Charly Craik’s Chemical Biology class that 

I realized the tremendous prospect of using membrane proteins as drug targets and the lack of 

membrane protein structures that are available for structure-based drug design. It was then I 

knew I wanted to study under Professor Robert Stroud. I wished to discover ways to more 

efficiently express eukaryotic membrane proteins at the levels that suit protein X-ray 

crystallography and solve a membrane protein structure of my own. 

 

When I started in the lab, Bob said to me, “pick your own poisons, Joe.” Indeed, fueled by a 

side interest in neuroscience, I immediately set out to select membrane proteins from the 

central nervous system that affect human health. In my six years in the Stroud Lab, I have 

drunk much poison by wrestling with these transmembrane macromolecules, and what didn’t 

kill me indeed made me stronger. The highlight of this dissertation is the crystal structure of 

human aquaporin 4 at 1.8 Å.  

 

In chapter 2, I described the pilot expression studies of several human membrane proteins in 

Pichia pastoris. In general, the heterologous expressions of these proteins in Pichia have not 

been difficult, but purifying them in their monodispersed and stable form has been the 

biggest challenge. Chapter 3 is the paper published in the Proceedings of the National 

Academy of Science that describes the crystal structure of human aquaporin 4 and its 

mechanism of conductance. The structure was solved to 1.8 Å and is currently the highest 

resolution human membrane protein structure.  The process by which this high resolution 
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structure was obtained was, however, not straightforward. Therefore, I dedicated chapter 4 to 

describe how the diffraction resolution of the crystal was improved from 8 Å to 1.8 Å. 

Finally, chapter 5 is a side project that I engaged in at the beginning of my stint in the Stroud 

Lab. Heterologous expression of eukaryotic proteins in E. coli bears an inherent difficulty—

incompatibility of the codon usage of the gene of interest and the expression host. Most 

eukaryotic genes have synonymous codons for arginine, glycine, isoleucine, leucine, and 

proline that are rare in the tRNA pools of E. coli, and some eukaryotic genes may be too AT- 

or GC-rich so that the E. coli RNA polymerase cannot transcribe them efficiently. Therefore, 

a method to overcome this transcription/translation incompatibility is to reengineer the gene 

in such a way that it is friendly for E. coli expression. Chapter 5 describes an economic way 

by which gene synthesis can be accomplished “in-house”, without depending on a gene 

synthesis company. One could also use this method to synthesize genes that are Pichia 

pastoris friendly or Spodotera frugiperda friendly, opening up endless possibilities of 

improving heterologous expression of human or eukaryotic membrane proteins in different 

hosts. 

 

In hindsight, in the field of membrane protein expression, purification, and crystallization, 

this dissertation is only a drop in the ocean, but “ocean would be less without this drop!” By 

standing on the shoulders of giants, science will continue to ensure the success of its 

offspring.  
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Chapter 2 

 

Heterologous Expression of Human Membrane Protein Drug Targets in the 

methylotrophic yeast, Pichia pastoris 

 

Research completed by  

Joseph D. Ho, Ronald Yeh and Robert M. Stroud 
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ABSTRACT 

Pichia pastoris is a methylotrophic yeast that can utilize methanol as the sole carbon source 

for its growth. In this chapter, we examined the potential for using the Pichia pastoris 

expression system for heterologously expressing eukaryotic membrane proteins. Several G-

protein coupled receptors, ion channels, and human aquaporin 4 were selected for pilot 

expression studies. Membrane solubilization and protein purification were carried through 

for some of these targets, and human aquaporin 4 is the only protein at this point that can be 

stabilized in detergent and purified into a pure, homogenous, and stable state. 
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INTRODUCTION 

Since the report of the first membrane protein X-ray structure, the photosynthetic reaction 

center from Rhodopseudomonas viridis, in 1985 (1), membrane protein structure 

determination remains a challenging field, with the number of structures occupying less than 

1% of all protein structures in the protein data bank (2, 3). During the 1990s, several 

eukaryotic membrane protein structures were determined, but the discovery remained limited 

to proteins purified from natural sources. It was not until 2005 that MacKinnon et al. 

reported the crystal structure of the Rattus norvegicus Kv1.2 potassium channel, the first 

eukaryotic membrane protein from heterologous expression (4). The protein was expressed in 

Pichia pastoris and since then, other successes of expressing eukaryotic membrane proteins 

in Pichia pastoris have been reported: the X-ray crystal structures of the spinach aquaporin 

(5), human aquaporin 4 and 5 (6, 7) and the Mus musculus P-Glycoprotein (8). 

 

Pichia pastoris is a methylotrophic yeast that can metabolize methanol as the sole carbon 

source for growth. A homo-octomer enzyme, alcohol oxidase, converts methanol to 

formaldehyde utilizing molecular oxygen. Because this enzyme has poor affinity for O2, the 

cell relies on a very strong promoter, the AOX1 promoter, to produce large amounts of the 

enzyme. The promoter is induced by methanol and is tightly regulated by methanol, so a 

gene of interest can be inserted after the AOX1 promoter, and its expression controlled by the 

presence of methanol (9, 10). Expression of eukaryotic protein in Pichia pastoris has at least 

two advantages: 1. Pichia can perform all the post-translational modifications of a eukaryotic 

protein to ensure its biological function whereas E. coli cannot, and 2. Pichia is more cost 

effective than baculovirus and mammalian cell expression systems.  
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Nevertheless, reports have also shown success with the E. coli and the baculovirus system. 

The expression of the malarial Plasmodium falciparum aquaporin in E. coli was reported and 

the X-ray structure was solved (11), but the gene needed to be codon optimized and 

synthesized to reduce the high AT content and to suit E. coli tRNA codon usage in order to 

obtain enough protein expression for crystallization trials. The X-ray structures of the three 

most recent G-protein coupled receptors have been solved from proteins expressed using the 

Baculovirus/insect cells: the turkey β1 adrenergic receptor (12), the human β2 adrenergic 

receptor (13, 14), and the human A2A adenosine receptor (15). Indeed, most eukaryotic 

membrane proteins cannot be easily isolated from natural sources in sufficient quantity for 

X-ray structure determination; therefore, discovery of novel expression systems or 

improvement of existing expression systems will continue to be important to the field of 

membrane protein crystallography. 

  

In this chapter, we present the prospect of using the Pichia pastoris expression system for the 

heterologous expression of eukaryotic membrane proteins. We selected 8 G-protein coupled 

receptors, 3 ion-channels, and 1 aquaporin from human and mouse. Pilot expression result, 

membrane solubilization studies, and initial purification results are presented.   
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RESULTS AND DISCUSSION 

Heterologous Expression in Pichia pastoris  

The X-33, SMD1168, and SMD1163 strains were evaluated for expression. SMD1168 and 

SMD1163 were the protease-deficient strains, but the X-33 strain was chosen for the 

expression experiments because the X-33 strain grew a lot faster than the other two, and there 

was no sign of proteolysis observed initially.  

 

Both the flag tag (DYKDDDDK) and the 8xHis tag (HHHHHHHH) were included in the 

constructs (Figure 2-1). For the purpose of Western detection of protein expression in 

membrane fraction, the flag M2 antibody (Sigma) gave a cleaner Western than the His 

antibody (Santa Cruz Biotechnology). For the purpose of initial purification, Ni-NTA 

(Qiagen) was more economical than the M2 anti-flag antibody column (Sigma). 

 

 The human rhinovirus 3C protease was chosen as the protease for tag removal because of its 

high specificity, recognizing only an 8-amino acid sequence (LEVLFQ↓GP). Anther protease 

of choice is the Tobacco Etch Virus (TEV) protease, a 7-amino acid recognition protease 

(ENLYFQ↓G), but inhibition by detergents such as glucopyranosides and fos-cholines make 

the TEV protease not ideal for tag removal of membrane proteins (16, 17). It was found later 

that the 3C protease is partially inhibited by the fos-cholines, and this can be overcome by 

using more protease. However, thrombin is not inhibited by any glucosides, maltosides, and 

fos-cholines (personal communications with Dr. Senyon Choe’s lab at the Salk Institute and 

Dr. Michael Wiener at the University of Virginia). It is also known that since thrombin only 

http://en.wikipedia.org/wiki/Tobacco_etch_virus
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recognizes a 5-amino acid sequence (LVPR↓GS), there is a greater possibility of internal 

cleavage of the target protein. 

 

The pPICZ and pPICZα vectors were selected (Figure 2-2a and 2-2b). The pPICZα vector 

has the α-Factor secretion signal upstream of the multiple cloning sites (Figure 2-2b). The 

function of the α-Factor secretion signal is to facilitate the extracellular secretion of 

expressed protein into the media. For membrane proteins that have a signal peptide or have 

an extracellular N-terminus, the α-Factor secretion signal can substitute for the native signal 

peptide. 5HT-3A and the nicotinic acetylcholine receptor α7 and α9 all have an extracellular 

N-terminus with a signal peptide. Experiments were performed to compare expression of 

these proteins using the native signal peptide versus substituting the native signal peptide 

with the α-Factor secretion signal using the pPICZα vector. We were not able to get any 

expression with the native signal peptide, but expression was observed when the native signal 

peptide was swapped with the α-Factor secretion signal (Figure 2-3, lanes 10-12). The G-

protein coupled receptors (GPCRs) also have extracellular N-termini, but they lack any 

signal peptides. GPCRs can be expressed in Pichia with and without the α-Factor secretion 

signal, but when expressing the protein with the α-Factor secretion signal, there was 

sometimes a portion of the expressed material still containing the α-Factor secretion signal. 

The α-Factor secretion signal should normally be removed by Pichia’s native proteases: 

KEX2 and STE13 (Invitrogen). This has been observed in literature (18) as well as in our 

initial expression trials. Therefore, all GPCRs were cloned into the pPICZ and not the 

pPICZα vector.  
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Factors such as temperature, the usage of ligands, histidine, and DMSO have also been 

discussed in literature (19), and we found that by lowering the induction temperature to 15°C, 

the protein expressed could be solubilized by non-ionic detergents at greater efficiency. 

Human nicotinic acetylcholine receptor (AchR) α9 was initially expressed at 30°C, and the 

material could not be solubilized by any detergent except SDS, a harsh denaturing anionic 

detergent (data not shown). When expressed at 22°C, some solubilization was observed by 

FOS-CHOLINE® 14, a zwitterionic detergent (Figure 2-4a), but when the induction 

temperature was lowered further to 15°C, the expressed material could be solubilized by non-

ionic detergents, such as the glucosides, maltosides, and the polyoxyethelenes (Figure 2-4b). 

This demonstrates that the materials expressed at 15°C is different from the materials 

expressed at 22°C, and lowering the temperature to 15°C most likely favors the production of 

the protein in the functional form. Hence, with the exception of hAQP4, all experiments were 

performed with the induction temperature of 15°C.             

 

Out of the proteins tested, only the human dopamine D1 and D2 receptors did not express. 

Human aquaporin 4 (hAQP4) was purified to homogeneity (Figure 2-11) and was quantified 

to be about 5 mg of purified protein per liter of cell. By comparing the Western intensity of 

the band for hAQP4 with the other proteins, we can see that the rest all expressed at the level 

of at least 1 mg per liter (Figure 2-3). Some of the constructs ran as two bands on SDS-

PAGE/Western. Membrane proteins tend to run a little bit smaller on SDS-PAGE because 

they are often not unfolded by SDS completely due to their highly hydrophobic nature. Based 

on the theoretical molecular weight of these constructs, the top band is most likely a dimer 

and the bottom band a monomer (Figure 2-3). Aquaporins can run as tetramers, dimers, and 
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monomers on SDS-PAGE (personal communication in the Stroud Lab), and GPCRs can 

form biological dimers, so it is likely that these higher order oligomers are biological species 

in the membrane that are SDS-resistant.    

 

The 5HT-3A, AchR α7 and α9 are homopentameric ligand-gated ion channels (LGICs). 

Besides the monomeric form, there was some SDS-resistant pentameric and dimeric species 

on the gel as well (Figure 2-3, lanes 10-12). However, the monomeric species ran a little 

larger than its theoretical molecular weight. There are two explanations. First, the larger 

molecular weight was attributed by the presence of glycosylations (5HT-3A has 3 sites; 

AchR α7 has 3 sites; AchR α9 has 2 sites). Second, the larger molecular weight was 

attributed by the presence of the α-Factor secretion signal (~9,300 Daltons), which was not 

removed by the yeast proteases. We have not been able to obtain enough pure protein of the 

LGICs to answer this question.    

 

Solubilization of the human 5HT-1A receptor and the mouse δ opioid receptor 

Both 5HT-1A and the δ opioid receptor could be solubilized by non-ionic detergents, but 

Fos-choline 14 still solubilized better than non-ionic detergents (Figure 2-5). This is 

attributed to the zwitterionic nature of the Fos-choline head group. For Sodium dodecyl 

sulfate (SDS), its anionic sulfate head group makes it the harshest detergent. It solubilized all 

the membrane proteins that we have tested, including those that could not be solubilized by 

Fos-choline 14. The solubilization result of 5HT-1A and the δ opioid receptor is 

representative of all the GPCRs that we have tested. β-octyl-glucopyranoside (OG) did not 
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solubilize any of the GPCRs, but β-dodecyl-maltopyranoside (DDM) and Fos-choline 14 

solubilized all the GPCRs we have tested. 

    

FOS-CHOLINE® 14 (FC14) solubilization is pH dependent  

FC14 has a zwitterionic head group. By adjusting the pH, the zwitterionic head group can 

become anionic or cationic, potentially changing the property of the detergent. We tested the 

solubilization of AchR α7 from pH 4 to pH 9 and found that lowering the pH to 5 or 6 

improved solubilization to nearly 100%, and raising the pH to 9 also slightly improved 

solubilization (Figure 2-6a). A similar experiment was conducted for β-dodecyl-

maltopyranoside (DDM) and changes in pH did not have any effect on solubilization (Figure 

2-6b). This showed that the improvement of solubilization in FC14 at higher and lower pHs 

was not attributed directly by the change in the protein conformation but by the change of the 

property of the FC14 zwitterionic head group. At lower pH, the FC14 head group becomes 

more cationic, and at higher pH, the FC14 head group becomes more anionic. It is likely that 

FC14 becomes a stronger detergent at pH 5 and pH 9.  For both FC14 and DDM, solubilizing 

at pH 4 resulted in no solubilization, probably because the protein was denatured at that pH. 

It is not known whether the extra population of protein molecules that was solubilized by 

FC14 at pH 5 and pH 9 was functional as compared to the population that was solubilized by 

the non-ionic detergent DDM.       

 

Size exclusion chromatography (SEC) of 5HT-1A in n-dodecyl-β-D-maltopyranoside 

(DDM) and n-octyl-β-D-maltopyranoside (OM) 
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In general, All the GPCRs that we have tested could not be solubilized by octyl- or nonyl-

glucopyranosides, but they could be solubilized by maltopyranosides ranging from eight 

(octyl-) to twelve (dodecyl-) carbons long. However, the solubilized and nickel-affinity-

purified material showed up as large aggregates on SEC. Figure 2-7a and 2-7b are the SEC 

profiles of 5HT-1A in DDM and OM. These two profiles are representative of all the GPCRs 

we have tested in DDM, DM, and OM. Basically, the protein was mostly aggregated, 

showing up in the void volume of the column. There was always some protein in the 

included volume, but the peak was broad (Figure 2-7). We have conducted the same SEC 

runs in the presence of agonist, antagonist and inverse agonist, but they were similar to the 

traces in Figure 2-7. We have also tested using cholesterol and the brain lipid extract during 

solubilization, nickel purification, and the SEC runs, and we did not see a larger percentage 

of protein shifted to the included volume. It is likely that the maltopyranosides are not the 

right detergent for the GPCRs, or the GPCRs expressed in Pichia are somewhat misfolded or 

unstable. 

 

Size exclusion chromatography (SEC) of 5HT-2A in FOS-CHOLINE®-14 (FC14) 

Because of its zwitterionic property, FC14 is a stronger solubilizer than the non-ionic 

glucopyranosides and maltopyranosides. We think FC14 is not as strong and denaturing as 

sodium dodecyl sulfate (SDS) because we have encountered membrane proteins that could 

not be solubilized by FC14 but could be solubilized by SDS. Nevertheless, doubts have been 

raised concerning whether FC14 could destabilize or partially unfold membrane protein. 

Mirzabekov et al. have demonstrated that a conformation-dependent antibody directed 

against the GPCR CCR5 cannot recognize the epitope when CCR5 is solubilized in FC14, 
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but can recognize the epitope when CCR5 is solubilized in non-ionic detergents including 

DDM, DM and cymal-5 (20). It is also interesting that out of the ~180 unique membrane 

protein structures in the Protein Data Bank, only one is solubilized, purified, and crystallized 

in FC14, and this structure is only 3.8 Å in resolution (21). 

 

We have solubilized and nickel-purified our GPCRs in FC14 and analyzed the materials on 

SEC. What we have found consistently in FC14-solubilized material was less protein in the 

void volume and more protein in the included volume. The 5HT-2A and the δ opioid receptor 

are examples (Figure 2-8 and Figure 2-9a). However, the peak in the included volume is 

still very broad, not suitable for obtaining the monodisperse species (Figure 2-8 and Figure 

2-9a). We have also tested the homopentameric ligand-gated ion channels (5HT3A and the 

AchRs) in FC14, and they showed up mostly in the void volume. The AchR α9 is illustrated 

here (Figure 2-9b). We do not think the FC14-solubilized homopentamers (~300,000) 

should exceed the void volume molecular weight of the Superdex 200 column (~650,000), so 

it is likely that the FC14-solubilized material may be aggregated.  

 

Given these reports, we cannot be certain that the FC14-solubilized materials still maintain 

their biological conformation. It is also likely that FC14 can solubilize materials that are 

partially misfolded or aggregated, contributing to the broadness of the peak in the included 

volume.  

 

Human aquaporin 4 (hAQP4) can be solubilized and purified in n-decyl-β-D-

maltopyranoside (DM) 
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Solubilization and nickel affinity purification have been performed in n-octyl-β-D-

glucopyranoside (OG), n-nonyl-β-D-glucopyranoside (NG), n-decyl-β-D-maltopyranoside 

(DM), and n-dodecyl-β-D-maltopyranoside (DDM). Results in all four detergents were 

similar. As demonstrated by using DM (Figure 2-10), the detergent extracts nearly 100% of 

hAQP4 in the membrane, and the N-terminal his-tagged hAQP4 adsorbed to the nickel resin 

very well, and upon elution, the protein is already >95% pure. Human AQP4 ran as two 

bands on SDS-PAGE. The lower band corresponded to the monomer, and the higher band 

corresponded to the biological tetramer. Membrane proteins tend to run smaller than their 

theoretical molecular weight on SDS-PAGE because their hydrophobic nature prevents SDS 

from fully denaturing and extending the protein molecules. Upon removal of the tag by 3C 

protease, both bands became smaller, and the absence of the flag Western signal showed the 

3C protease digestion was complete. The 3C protease was tagged by an N-terminal 6xHis 

and the maltose-binding protein (MBP). The combined molecular weight of the 6xHis-MBP-

3C protein was about ~67,000. In Figure 2-10, lane 6, the residual protein band running at 

place of the tetrameric hAQP4 (pointed by the arrow) should be the 6His-MBP-3C protein 

because if that band is the remaining uncut tetrameric hAQP4, it would have given off anti-

flag Western signal.  

 

The DM-solubilized and nickel-purified material was also homogenous, running at the 

biological tetrameric size on SEC (Figure 2-11a, left). Upon storing the peak fraction at 4°C 

for 6 days and re-injecting it on SEC, hAQP4 was also stable over at least a week (Figure 2-

11a, right). The SEC-purified material corresponded to the theoretical molecular weight of 
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the 3C-cleaved monomer (34,852) as analyzed by the Matrix-assisted laser 

desorption/ionization mass spectrometry (MALDI-MS) (Figure 2-11b).  

  

Human AQP4 is not stable in n-octyl-β-D-glucopyranoside (OG) at pH 8.0  

Protein purification and crystallization of hAQP4 have been attempted in the 

glucopyranosides and the maltopyranosides as well as FC14, but at the end, crystals were 

only obtained in OG. Interestingly, hAQP4 was also least stable in OG. Human AQP4 in OG 

oligomerized to a molecular weight of >650,000 (void volume of the Superdex 200 column) 

over a period of 1 week (Figure 2-12a) and the oligomerization was accelerated during 

protein concentration (Figure 2-12b). The oligomerization is prevented if hAQP4 was 

brought to pH 6.0 before concentration of the 3C-cleaved material. The material at pH 6.0 

was stable over time and yielded crystals that also grew exclusively at pH 6.0 (Figure 2-12c). 

Please see chapter 4 for details on the crystallization of hAQP4 in OG. 

 

Summary 

Table 2-1 shows the summary of the progress of the expression, purification, and 

crystallization of the proteins heterologously expressed in Pichia pastoris. The human 

dopamine D1 and D2 did not express in Pichia, and human AQP4 was the only protein that 

we have been able to isolate as pure, homogenous and stable molecules. Apart from human 

AQP4, the spinach AQP and human AQP5 can also be expressed in Pichia (5, 7). We believe 

the Pichia pastoris expression system is great for expressing eukaryotic aquaporins. GPCRs 

can be expressed at milligrams level in Pichia, but it remains to be seen whether the material 

expressed is functional or can be purified into homogenous and stable molecules. 
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MATERIALS AND METHODS 

 

Gene subcloning and design 

Human 5HT-1A (Gene Bank accession number AF_498978), 5HT-2A (AF_498982) 

receptors, dopamine D1 (AF_498961), D2 (NM_000795), D5 (AY_136750) receptors were 

purchased through the Missouri S&T cDNA Resource Center (www.cdna.org). Human 

aquaporin 4 (NM_001650) and human acetylcholine receptor (AchR) α9 (NM_017581) were 

purchased through Origene (Rockville, MD). The human acetylcholine receptor (AchR) α7 

gene was originally redesigned and synthesized to suit E. coli expression and was later 

applied to Pichia expression.  Mouse opioid receptors δ, µ, and κ were gifts from professor 

Mark Von Zastrow (UCSF).  

 

Except human aquaporin 4, the expression constructs were design with an N-terminal flag tag 

(DYKDDDDK) with a human rhinovirus 3C protease cleavage site (LEVLFQ↓GP) and a C-

terminal 6xHis tag with the same cleavage site (Figure 2-1). The δ, µ, and κ opioid receptors 

were cloned into the EcoRI and SacII sites of the pPICZ expression vector (Invitrogen) 

(Figure 2-2a). Both AchR α7 and α9 were cloned into the EcoRI and NotI sites of the 

pPICZα expression vector (Invitrogen) (Figure 2-2b). The rest were cloned into the EcoRI 

and NotI sites of the pPICZ expression vector (Invitrogen). For human aquaporin 4, the 

expression construct was designed with a N-terminal 8xHis followed by a flag tag 

(DYKDDDDK) and a human rhinovirus 3C protease cleavage site (LEVLFQ↓GP) and 

cloned into the EcoRI and NotI sites of the pPICZ expression vector (Invitrogen). For a 

complete summary, see Table 2-2. 
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The expression vector was then electroporated into Pichia pastoris X-33 cells (Invitrogen) 

using the BioRad Gene Pulser Xcell System following a standard yeast electroporation 

protocol. Transformation was then selected on YPD plates with 50 µg/mL Zeocin™ 

(Invitrogen).  Four colonies were restreaked and tested for expression. For production, the 

yeast was cultured in BMY media (Invitrogen) in Fernbach flasks at 30˚C for 24 hours, then 

the temperature was lowered to 15˚C, and methanol was added directly to the cultures to a 

final concentration of 2.5%. The cultures were grown for another 48 hours before harvest.  

Cultures were harvested by centrifugation at 4˚C at 6000 x g for 10 minutes. Pellets were 

washed once with TBS buffer with 1 mM β-ME, and 1 mM PMSF and pelleted again. Cells 

were then resuspended with the same buffer and lysed by bead beating with glass beads. 

Broken and unlysed cells were removed by centrifugation at 4˚C at 6000 x g for 10 minutes 

while the membrane fragments remained in the supernatant. The membrane fragments were 

then pelleted at 160,000 x g at 4˚C for 1 hour. Pellets were resuspended in MR Buffer (25 

mM Tris-HCl, pH 7.4 at room temperature, 250 mM NaCl, 10% glycerol, 1 mM β-ME) and 

stored at -80˚C until further processing. 

 

Sample preparation for SDS-PAGE and Western transfer: the pilot expression studies 

10 µL of resuspended membrane were mixed with 90 µL of SDS sample buffer, then 10 µL 

of that was loaded on a SDS-PAGE gel with no boiling. Western transfer was performed on a 

BioRad trans-plot SD semi-dry transfer cell for 30 minutes. Then it was block with 3% milk 

for 20 minutes and probed with the anti-flag M2-HRP peroxidase conjugate antibody (Sigma) 
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at 1:5000 dilution in 3% BSA for 1 hour. The western was then washed in TBS and 

developed with the SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific). 

 

Sample preparation for SDS-PAGE and Western transfer: the solubilization studies 

500 µL of resuspended membrane were mixed with 500 µL of detergent at solubilization 

concentration in a 2 mL microcentrifuge tube and stirred for 1 hour at 4˚C. The solubilization 

concentration for each detergent tested is described in Figure 2-4 and Figure 2-5. Then, a 

10-µL pre-spin sample was taken and the rest was pelleted at 160,000 x g at 4˚C for 30 

minutes and then a 10-µL post-spin sample was taken. The 10-µL sample was mixed with 90 

µL of SDS sample buffer and loaded unto a SDS-PAGE gel without boiling and transferred 

to a Western blot as described above. 

 

Sample preparation for SDS-PAGE and Western transfer: the size exclusion 

chromatography experiments 

10 µL were taken from the selected fractions and mixed with 3 µL of 5X SDS sample buffer. 

The sample was then loaded onto a SDS-PAGE gel without boiling and transferred to a 

Western blot as described above. 

 

When there was not enough signal for Western detection, groups of fractions are selected and 

concentrated together in a 50,000 molecular weight cut-off Amicon spin concentrator 

(Millipore) for about 100 fold. 10 µL of the retente were then assayed on SDS-PAGE and 

Western transfer. 
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Nickel Affinity chromatography general protocol 

To begin purification, resuspended membrane was solubilized by adding detergent to a final 

concentration at the solubilization concentration and stirred at 4˚C for 1 hour. 

Unsolubilized material was pelleted at 160,000 x g at 4˚C for 30 minutes. 5 M imidazole, pH 

7.4, was added to the supernatant to a final concentration of 50 mM.  The supernatant was 

then batch bound with Ni-NTA resins (Qiagen) for 2 hours, loaded onto a BioRad Econo 

Column and washed with MR Buffer (25 mM Tris-HCl, pH 7.4 at room temperature, 250 

mM NaCl, 10% glycerol, 1 mM β-ME) with detergent at the chromatography 

concentration and 50 mM imidazole, and then eluted with 300 mM imidazole. Imidazole 

was removed using Econo-Pac DG10 desalting column (BioRad) equilibrated with MR 

Buffer with detergent at the chromatography concentration.  

See below for the concentrations of solubilization and chromatography:  

OG (n-octyl-β-D-glucopyranoside): solubilization at 200 mM; chromatography at 40 mM. 

DM (n-decyl-β-D-maltopyranoside): solubilization at 20 mM; chromatography at 5 mM. 

DDM (n-dodecyl-β-D-maltopyranoside): solubilization at 20 mM; chromatography at 0.5 

mM. 

FC14 (FOS-CHOLINE®-14): solubilization at 20 mM; chromatography at 0.5 mM. 

 

Size exclusion chromatography 

All size exclusion chromatography experiments were performed on a Superdex 200 10/300 

GL column (GE Healthcare) in 25 mM Tris-HCl, pH 7.4 at room temperature, 250 mM NaCl, 

10% glycerol, 2 mM DTT, and the detergent at the chromatography concentration. All 
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experiments were performed with the flow rate of 0.333 mL/min and a run length of either 50 

or 60 minutes. 

 

Purification of human aquaporin 4 in decyl-maltopyranoside (DM) 

To begin purification, resuspended membrane was solubilized by adding 40 mM n-decyl-β-

D-maltopyranoside (DM) (Anatrace) to a final concentration of 20 mM and stirred at 4˚C for 

1 hour. Unsolubilized material was pelleted at 160,000 x g at 4˚C for 30 minutes. 5 M 

imidazole, pH 7.4, was added to the supernatant to a final concentration of 50 mM.  The 

supernatant was then batch bound with Ni-NTA resins (Qiagen) for 2 hours, loaded onto a 

BioRad Econo Column and washed with MR Buffer with 5 mM DM and 50 mM imidazole, 

and then eluted with 300 mM imidazole. Imidazole was removed using Econo-Pac DG10 

desalting column (BioRad) equilibrated with MR Buffer with 5 mM DM. The N-terminal tag 

was cleaved by His-tagged MBP fusion of human rhinovirus 3C protease (His6-MBP-3C) at 

4˚C overnight. Uncleaved hAQP4 (<5%) and 6xHis-MBP-3C were removed the next day 

with TALON® resin (Clontech).  Then hAQP4 was concentrated in a 50,000 molecular 

weight cut-off Amicon spin concentrator (Millipore) and further purified by size exclusion 

chromatography on a Superdex 200 10/300 GL column (GE Healthcare) in 25 mM Tris-HCl, 

pH 7.4 at room temperature, 250 mM NaCl, 10% glycerol, 5 mM DM, and 2 mM DTT.  
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(b) 

 
 

Figure 2-1 

Construct designs for the protein expression in Pichia pastoris. Please see Table 2-2 for 

more details.  

(a) Construct design for 5HT-1A, 5HT-2A, dopamine receptor D1, D2, D5, mouse δ, µ, 

and κ opioid receptors, and human acetylcholine receptor subunit α7 and α9.  

(b) Construct design for human aquaporin 4. 



- 25 - 
 

(a) 

 
 
(b) 

 
Figure 2-2 
 
pPICZ and pPICZα vectors. (From www.invitrogen.com) 
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Figure 2-3 

Pichia pastoris expression studies of 12 eukaryotic membrane proteins from human and 

mouse. Theoretical molecular weight for each protein with the tags and protease site: 

1. Human AQP4: 37,862 

2. Human 5HT-1A: 49,692 

3. Human 5HT-2A: 56,189 

4. Mouse δ opioid receptor: 44,100 

5. Mouse κ opioid receptor: 46,238 

6. Mouse µ opioid receptor: 47,646 

7. Human DRD1: 52,879 

8. Human DRD2: 54,205 

9. Human DRD5: 56,522 

10. Human 5HT-3A: 56,783 

11. Human AchR α7: 58,092 
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12. Human AchR α9: 55,976 

Details for running the SDS-PAGE and Western transfer are described under Materials and 

Methods. 
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(a) 

 
 

(b) 
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Figure 2-4 

Solubilization studies of the human AchR α9 from cells expressing the protein at the 

induction temperature of (a) 22°C and (b) 15°C. Concentration of the detergents used during 

solubilization is shown in the parenthesis. Under each detergent, the left side is the sample 

taken before the ultracentrifugation spin, and the right side is the sample of the supernatant 

after the ultracentrifugation spin.  Shown here is the Western signal from the anti-flag M2 

antibody. Details for the solubilization are described under Materials and Methods. 
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(b) 
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Figure 2-5 

Solubilization studies of the (a) human 5HT-1A and the (b) mouse δ opioid receptor. 

Concentration of the detergents used during solubilization is shown in the parenthesis. Under 

each detergent, the left side is the sample taken before the ultracentrifugation spin, and the 

right side is the sample of the supernatant after the ultracentrifugation spin.  Shown here is 

the Western signal from the anti-flag M2 antibody. Details for the solubilization are 

described under Materials and Methods. 
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(a) 

 
 

(b) 
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Figure 2-6 

Solubilization study of the human acetylcholine receptor subunit α7 in (a) 20 mM FOS-

CHOLINE®-14 and (b) 20 mM β-dodecyl-D-maltopyranoside (DDM) at different pHs. pH of 

the resuspended membrane were adjusted with 1 M buffer to a final concentration of 100 

mM before mixed with detergents. Buffers used: 1 M Citrate, pH 4.0, 1 M Citrate, pH 5.0, 1 

M  MES, pH 6.0, 1 M HEPES, pH 7.0, 1 M Tris-HCl, pH 8.0, 1 M CAPS, pH 9.0. Under 

each detergent, the left side is the sample taken before the ultracentrifugation spin, and the 

right side is the sample of the supernatant after the ultracentrifugation spin.  Shown here is 

the Western signal from the anti-flag M2 antibody. Details for the solubilization are 

described under Materials and Methods. 



- 34 - 
 

(a)  
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Figure 2-7 

Size exclusion chromatography (SEC) of the nickel affinity-purified 5HT-1A. Shown here is 

the Western signal from the anti-flag M2 antibody. Details for the nickel affinity purification, 

size exclusion chromatography and the Western protocols are described under Materials and 

Methods. 

(a) SEC in n-dodecyl-β-D-maltopyranoside (DDM). INJ is the nickel affinity purified 

sample injected into the column. Due to the low protein concentration in each fraction, 

groups of fractions were selected and concentrated before the SDS-PAGE. Fraction 

numbers are labeled. 

(b) SEC in n-octyl- β-D-maltopyranoside (OM). 
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(b) 
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Figure 2-8 

Size exclusion chromatography (SEC) of the nickel affinity-purified 5HT-2A in FOS-

CHOLINE®-14. Details for the nickel affinity purification, size exclusion chromatography 

and the Western protocols are described under Materials and Methods. 

(a) The SEC profile. Fractions that were picked for SDS-PAGE are labeled. 

(b) The anti-flag Western and the Coomassie-stained gel of the fractions. INJ is the 

nickel affinity-purified sample injected into the column.   
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(c) 
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Figure 2-9 

Size exclusion chromatography (SEC) of the nickel affinity-purified mouse δ opioid receptor 

and the human acetylcholine receptor subunit α9 in FOS-CHOLINE®-14. Details for the 

nickel affinity purification, size exclusion chromatography and the Western protocols are 

described under Materials and Methods. 

(a) The SEC profile for the mouse δ opioid receptor. Fractions that were picked for SDS-

PAGE are labeled. 

(b) The SEC profile for the human acetylcholine receptor subunit α9. Fractions that were 

picked for SDS-PAGE are labeled. 

(c) The anti-flag Western and the Coomassie-stained gel of the selected fractions from 

both proteins. 
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Figure 2-10 

Nickel affinity chromatography of human aquaporin 4 in n-decyl-β-D-maltopyranoside (DM). 

Left: Coomassie-stained SDS-PAGE. Right: Anti-flag Western blot. The Arrow points to the 

6xHis-MBP-3C protease. Details for the nickel affinity purification, size exclusion 

chromatography and the Western protocols are described under Materials and Methods. 
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(b) 
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Figure 2-11 
 
Size exclusion chromatography (SEC) of the nickel affinity-purified human aquaporin 4 in n-

decyl-β-D-maltopyranoside (DM). Details of the run are described under Materials and 

Methods. 

(a) Left: Coomassie-stained SDS-PAGE of SEC run. 

Right: The SEC run in decyl-maltopyranoside. The red trace indicates a reinjection of 

a sample from the peak that was stored at 4°C for 1 week. 

(b) The MALDI-MS result of the peak fraction. The theoretical molecular weight of 

human aquaporin 4 is 34,852. 
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(b) 
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(c)

 
 
Figure 2-12 

Size exclusion chromatography (SEC) of the nickel affinity-purified human aquaporin 4 

(AQP4) in n-octyl-β-D-glucopyranoside (OG). Details of the run are described under 

Materials and Methods. 

(a) Protein stability over a period of 7 days at 4°C when not concentrated. 

(b) Protein stability during protein concentration over a period of 2-3 hours at 4°C. 

(c) Protein stability of concentrating protein in pH 8.0 and pH 6.0. pH was first adjusted 

before protein concentration. 
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Table 2-1 

A summary of the heterologous expression of human and mouse membrane protein in Pichia 

pastoris.  The process is divided into 6 steps: 1. Expression (> 1mg/mL), 2. Solubilization in 

detergents, 3. Purification by Nickel affinity chromatography, 4. Tag cleavage/removal by 

3C protease, 5. Protein purified in pure, homogenous, and stable state, 6. Crystal and 

structure obtained. 
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Gene Tag Vector Restriction Sites used 

5HT1A N-flag, C-6xhis pPICZ EcoRI and NotI 

5HT2A N-flag, C-6xhis pPICZ EcoRI and NotI 

DRD1 N-flag, C-6xhis pPICZ EcoRI and NotI 

DRD2 N-flag, C-6xhis pPICZ EcoRI and NotI 

DRD5 N-flag, C-6xhis pPICZ EcoRI and NotI 

δ opioid N-flag, C-6xhis pPICZ EcoRI and SacII 

µ opioid N-flag, C-6xhis pPICZ EcoRI and SacII 

κ opioid N-flag, C-6xhis pPICZ EcoRI and SacII 

AQP4 N-8xhis-flag pPICZ EcoRI and NotI 

AchR α7 N-flag, C-6xhis pPICZα EcoRI and NotI 

AchR α9 N-flag, C-6xhis pPICZα EcoRI and NotI 

 

Table 2-2 

A summary of constructs tested in Pichia pastoris.
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ABSTRACT 

Aquaporin 4 is the predominant water channel in the mammalian brain, abundantly expressed 

in the blood-brain and brain-CSF interfaces of glial cells. Its function in cerebral water 

balance has implications in neuropathological disorders including brain edema, stroke, and 

head injuries. The 1.8-Å crystal structure reveals the molecular basis for the channel’s water 

selectivity. Unlike the case in the structures of water-selective aquaporins AqpZ and AQP1, 

the asparagines of the two Asn-Pro-Ala (NPA) motifs do not hydrogen bond to the same 

water molecule; instead, they bond to two different water molecules in the center of the 

channel. Molecular dynamics simulations were performed to ask how this observation bears 

on the proposed mechanisms for how aquaporins remain totally insulating to any proton 

conductance while maintaining a single file of hydrogen bonded water molecules throughout 

the channel.  
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INTRODUCTION 

The aquaporin (AQP) family includes both aquaporins that conduct water but not glycerol, 

and aquaglyceroporins that mediate diffusion of water, glycerol and certain other small 

molecules in their neutral form across biological membranes. They all exist as 

homotetramers. In humans, 13 different AQPs (AQP0-12) provide for transport in different 

tissues, each of which has broad clinical importance (1-3). Besides AQP4, AQP1 and AQP9 

are also expressed in the brain (4); AQP1 is expressed in the epithelial cells of the choroid 

plexus and plays a role in cerebrospinal fluid production, whereas AQP4 is localized to the 

endfeet of astrocytes in contact with the blood vessels of the blood-brain barrier and in 

astrocytic processes in contact with synapses. From its tissue-specific concentrated 

localization in closely packed tetragonal arrays, and the improved response to water 

intoxication or stroke in AQP4 -/- knockout mouse, it is thought that AQP4 is primarily 

responsible for cerebral water homeostasis (5). AQP4 also may be involved in buffering 

altered potassium ion concentration after neuronal activity due to its co-distribution with 

KIR4.1 potassium channels in synapses (6). AQP9 is an aquaglyceroporin also found in 

astrocytes, and with suggested roles in glycerol and monocarboxylate diffusion and energy 

metabolism in catecholaminergic neurons. 

 

The secretion and absorption of cerebrospinal fluid is precisely controlled because the brain 

is encased within the rigid cranium, thus any increase in intracranial pressure caused by 

edema can lead to compression of brain tissues resulting in neurological disorders and cell 

death. Because of its role, inhibitors of AQP4 are sought, though so far with conflicting 

results. Certain quaternary ammonium compounds (7),  antiepileptic drugs (8, 9), and 
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serotonin receptor agonists (10) have been reported to inhibit AQP4 water transport in 

oocytes with IC50 values down to the low µM range. However Yang et al. report no 

inhibition up to 100 µM using different assay methods (11). Therefore, the atomic resolution 

structure of human AQP4 provides the means of validating, determining the binding 

interactions of drug lead compounds, discovering, and refining therapeutic agents that might 

diminish damage from stroke, tumor-associated edema, epilepsy, traumatic head injury and 

other CNS disorders associated with brain water imbalance.  

 

AQP4 is the primary target in the autoimmune disease neuromyelitis optica (NMO), that 

primarily affects the optic nerves and spinal cord. In this rapidly progressing and disabling 

disease, AQP4-specific autoantibodies (NMO-IgG) activate the complement-mediated 

inflammatory demyelination and necrosis (12). Knowing the structure around the epitopes 

that are bound by NMO-IgG can facilitate discovery of agents that may compete for, or alter 

the site without triggering the complement cascade.  

 

AQP4 distribution is concentrated in the perivascular membrane of astroglial cells. There 

AQP4 forms tetragonal arrays on the plasma membrane (13). On a structural level, AQP4 is 

unique among AQPs that it exists in two isoforms (M1 and M23) owing to the use of two 

different translation initiation sites at methionine M1, or at M23 (14).  The M1 and M23 

isoforms have very different effects on array formation with the shorter isoform favoring 

larger arrays mediated by two symmetric interactions between Arg108 of each molecule and 

Tyr250 of another molecule in the neighboring tetramer (15, 16).  The M1 and M23 isoforms 

can form either homo- or heterotetramers, so providing opposing effects on array formation, 
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hence a mechanism for regulating the organization of the AQP4 arrays (15). The C-terminal 

three amino acids of AQP4, -SSV, serve as the ligand of a PDZ binding partner, α-syntrophin, 

which is a component of the dystrophin protein complex that links AQP4 to the actin 

cytoskeleton (17). Such bridged connection between AQP4 and the actin cytoskeleton allows 

AQP4 to be anchored at the endfeet of astrocytes, the blood-brain and brain-CSF interface, 

such that transgenic mice deficient in α-syntrophin completely lack such polarized expression 

in astrocytes (18, 19). The arrays of AQP4 may serve to tether many AQP4 molecules to 

each α-syntrophin.  

 

AQP4 is not sensitive to inhibition by mercury (20) because it does not have the reactive 

cysteine residue in the lumen of the channel corresponding to Cys191 in AQP1 (21). AQP4 

conductance is reduced >50% by phosphorylation mediated by protein kinase C at Ser180 

(22, 23), and increased ~40% by protein kinase G activity at Ser111 (24). The gating 

mechanism by phosphorylation events may be similar to that of the spinach AQP SoPIP2;1 

(25, 26). 

 

To delineate the cellular organization, immune related properties, and the prospects for 

inhibitor development, we determined the 1.8 Å crystal structure of human AQP4 from 

heterologously expressed protein. To date there are only three crystal structures reported for 

mammalian AQPs, two purified from naturally rich sources, AQP1 in red blood cells, AQP0 

from the eye lens (27, 28), and human AQP5, from protein heterologously expressed in 

Pichia pastoris (29).   
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RESULTS 

Overall architecture 

Crystals of the M1 isoform full length AQP4 diffracted to ~8 Å in space group I4. 

Trypsinization improved the resolution. Both full length and trypsinized protein (hAQP4) 

have equal water conductance in reconstituted proteoliposomes (Figure 3-6). hAQP4 

crystallized in space group P4212, though packing interactions between the tetramers are 

completely different than in the electron diffraction structure of rat rAQP4 (16). The rAQP4 

structure was determined to 3.2 x 3.6 Å with no water or glycerol molecules observed. The 

X-ray structure of hAQP4 at 1.8 Å resolution shows discrete water molecules throughout the 

channel, five glycerol, and one octylglucoside molecule. Each monomer, surrounded by six 

and two half-length alpha-helices (M1 to M8) tetramerizes along the crystallographic four-

fold c axis (Figure 3-1) (30).       

 

The central four-fold axis 

The physiological four-fold axis also insulates against all solutes and water. On the 

cytoplasmic side, a four-fold arrangement of water molecules is stabilized by the backbone 

amides of Ser188 and Gly189 (Figure 3-1c). Throughout ~21 Å of the mid-membrane 

section, Phe195, Leu191, and Leu75, repeated four times, create a hydrophobic block. This 

contrasts with the four-fold axis in Plasmodium falciparum aquaglyceroporin, PfAQP, where 

the region around the four-fold symmetry axis is blocked by four aliphatic chains of 

phospholipids or fatty acids (31), and the human AQP5 where a single lipid molecule is 

found (29). There is little conservation around the four-fold symmetry axis among AQPs of 

known structure. 
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Rat AQP4 and Human AQP4 

Though hAQP4 and the electron diffraction structure of rAQP4 in lipid bilayers crystallize in 

the same space group (P4212), their crystal lattice contacts lie on different surfaces of the 

protein. The hAQP4 three-dimensional crystal contains head-to-head contacts only, as 

tetramers within the horizontal plane are too far apart (a=82.1 Å) to make contact with each 

other (Figure 3-7a). The rAQP4 two-dimensional crystal lattice has tetramers closer together 

(a=69.0 Å) and contains both in-plane contacts presumably representing the in vivo 

arrangement in a lipid bilayer, and between-plane contacts of the latticed tetramers. Based on 

the molecular contacts in the crystal, the interaction between the short 310 helices in the C-

loop was proposed to be a possible mechanism for AQP4-mediated cell-cell adhesion 

(Figure 3-7b) (16). Though the sequences of the C-loop are the same in hAQP4 and rAQP4 

(Figure 3-8), hAQP4 does not adopt the short 310 helix in this region (Figure 3-9) suggesting 

that it is induced on association with molecules of neighboring membranes.  

 

The extracellular vestibule, the selectivity filter, and the conducting pore 

AQP4 is a water-selective channel. Signature to the water-selective channels, His201 lies 

directly in the selectivity filter, reducing the channel diameter to ~1.5 Å, sterically excluding 

the passage of glycerol (Figure 3-2). This is unlike the aquaglyceroporins of known 

structures GlpF and PfAQP, where conserved aromatic rings of phenylalanine and tryptophan 

form walls of a hydrophobic corner that allows favorable interaction with the glycerol 

backbone (Figure 3-10). AQP4 was purified and crystallized in the presence of 5% (v/v) 

glycerol (0.7 Molar), and three glycerol molecules are found in the extracellular vestibule, 
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though not in the selectivity filter where the two glycerol-conducting AQPs, GlpF and 

PfAQP, bind glycerol identically to one another (30, 31) (Figure 3-10). Thus the basis of 

glycerol conductance is coupled to the presence of large aromatic groups at these two 

locations (Phe200, Trp48 in GlpF). In the water-selective rat AQP1, double mutant Phe56Ala 

and His180Ala (Phe77 and His201 in hAQP4) (Figure 3-10) allows for the passage of 

glycerol, showing that steric occlusion is one mechanism for exclusion of larger solutes (32).  

 

The ~25 Å long conducting pore contains a line of water molecules and no solute molecule 

consistent with the highly water selective nature of the channel. However, the electron 

density of the water molecules are distributed along the pore with residual positive Fo-Fc 

density observed in between water positions indicating increased anisotropic distribution 

along the channel axis, implying low energy barriers between the water molecules along the 

direction of the channel (Figure 3-3). As in other aquaporins, the pathway through the 

channel is amphipathic. The hydrophobic sides are formed by the side chains of Phe77, Ile81, 

Val85, Leu170, Ile174, and Val197. The eight backbone carbonyls, of Gly93, Gly94, His95, 

Ile96, from the cytoplasmic side and Gly209, Ala210, Ser211 and Met212 form the 

hydrophilic hydrogen bond acceptors that traverse the entire length of the pore and function 

as hydrogen bond acceptors for 8 positions of water molecules in transit. This arrangement 

allows bi-directional conductance of water from either side of membrane. 

 

The asparagines N213 and N97 of the two almost totally conserved Asn-Pro-Ala (NPA) 

motifs form the canonical ‘fireman’s grip-like’ structure in the center of the pore (30), and 

provide the defining central force that orients water as it passes through the mid-point of the 
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channel. In AQP4 however, each asparagine donates its single, highly oriented hydrogen 

bond to a separate water molecule (Figure 3-3 & Figure 3-5). This is a key variant since in 

three other water-selective aquaporin structures (27, 28, 33), the two asparagines donate 

hydrogen bonds to a single water molecule, orienting the central water and so polarizing 

every other water molecule throughout the outgoing pathways of the pore. A comparison of 

the two variants in central coordination of water between hAQP4 and bovine AQP1 is shown 

in Figure 3-5.  

 

Conductance of hAQP4 in proteoliposomes 

Both full-length hAQP4 and trypsinized hAQP4 were reconstituted into proteoliposomes, 

and water and glycerol conduction were measured. Vesicle shrinkage in response to either 

water or glycerol efflux was monitored by light-scattering in a stopped-flow apparatus.  The 

proteoliposomes containing the full-length protein conducts water at the rate of 120.3 ± 9.5 s-

1 , 12 times the rate for liposomes 9.80 ± 0.70 s-1, and do not conduct any glycerol, with 

measured rate of 0.071 ± 0.001, the same as for protein-free liposomes 0.071 ± 0.0001. 

Proteoliposomes containing the trypsinized protein conduct water at the rate (relative rates) 

of 107.4 ± 1.5 s-1 compared to 5.71 ± 0.05 s-1 for liposomes, and do not conduct glycerol with 

measured rates of 0.077 ± 0.002, the same as 0.071± 0.0001 for protein-free liposomes 

(Figure 3-6a). Thus both forms of AQP4 conduct water but do not conduct glycerol. The 

data also demonstrate that the protein expressed in Pichia pastoris is functional, and that 

trypsinolysis of the protein does not have an apparent effect on water conductivity. 
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DISCUSSION 

Implication of the C loop in cell-cell adhesion and neuromyelitis optica 

X-ray structures of aquaporins derived from all three kingdoms: bacteria, archaea, and 

eukaryote have been determined. The C loop (residues 137 to 155 in hAQP4) that connects 

M4 and M5 and forms part of the extracellular vestibule shows remarkable similarities and 

differences across all kingdoms suggesting that they are conserved for functional reasons. 

GlpF is unique in that part of the C loop folds as two α-helices. Both AqpM and the spinach 

AQP SoPIP2;1 have a two-turn helix entering the C loop. PfAQP has a short helix that is 

very similar to its bacterial aquaglyceroporin homolog, GlpF (Figure 3-1d). Among others, 

rat AQP4 stands out in that it has a one-turn 310 helix (Figure 3-1e), and is similar to the two-

turn helix seen in AqpM and the spinach AQP SoPIP2;1 (Figure 3-1f). Hiroaki et al. 

proposed from the rAQP4 electron diffraction structure at ~3.5Å resolution that the 310 helix 

in the C loop (residues 139 to 142, Figure 3-1e & Figure 3-9) is the main region that 

provides for AQP4-mediated cell-cell adhesion (16). Human AQP4 and rat AQP4 share the 

same protein sequences in this loop (Figure 3-8), but in the X-ray structure of hAQP4, even 

though this region has hydrogen bonds of an α-helix, it is a well-defined loop and does not 

adopt the dihedral angles (φ, ψ) of a 310 helix (Figure 3-9). Therefore the 310 helix in the C 

loop is a conformation that may be induced when two cells expressing AQP4 on the surface 

are in close proximity bringing two C loops into direct contact.  

 

The affinity of individual tetramers of AQP4 for each other between cells may be extremely 

weak since they are not sufficient to favor the contacts in 3-dimensional crystals of either 

AQP4, or AQP0, while the preponderance of many, perhaps hundreds of such weak contacts 
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between lattices of equally spaced molecules, may provide the avidity necessary to support 

cell adhesion mediated by the transition to the 310 helical conformation of the C-loop. It is 

also possible that the 310 helix is non-physiological, induced by the packing of the rAQP4 

double-layered structure in the electron microscopy samples (Figure 3-7b) (16). In two 

different cell types, each with or without expression of orthogonally arrayed AQP4, separate 

cell-cell adhesion and dynamic light scattering assays demonstrated that AQP4 does not have 

any cell-cell adhesion property (34). Since in our 1.8-Å hAQP4 structure, the C loop is not 

involved in the crystal packing, the lack of any helix in the C loop therefore supports the 

conclusion that AQP4 does not strongly drive adhesion and that the helices in the C loop 

observed in the rAQP4 structure may be induced by crystal contact. The forces that 

determine the in-plane contacts may also be weak by the same argument though detergent 

displaces the natural interface there.  

 

Nevertheless, given the diversity and the flexibility of the C loop, it is possible that the C 

loop could play an important role in the pathogenesis of neuromyelitis optica (NMO), an 

auto-immune inflammatory disease. It has been proposed that the three extracellular loops (A, 

C, and E) could independently, or jointly form the antigenic epitopes for the NMO-IgG 

autoantibody (35). It is therefore possible that the variable conformations of the C loop could 

aid in the affinity of the autoantibody to AQP4 by providing a conformationally flexible 

epitope favorable to binding, so strengthening the downstream cascades of complement-

mediated inflammatory response.  

 

 



- 61 - 
 

Recruitment of solutes in the extracellular vestibule 

In the crystal structures of aquaglyceroporins GlpF (30), and PfAQP (31), and the archaeal 

aquaporin AqpM (36), glycerol molecules are located in the selectivity filter of the channel 

as well as in the entry vestibule (Figure 3-11). In aquaglyceroporins GlpF and PfAQP, the 

vestibule may serve as a place for glycerol recruitment and desolvation of solutes for 

transport through the channel. However, for water-specific aquaporins AQP1, the spinach 

AQP SoPIP2;1, bovine AQP0, and human AQP5, glycerol was not included in the 

crystallization conditions. But for water-specific aquaporins AqpZ where 5% glycerol (0.7 M, 

final concentration) was present during crystallization, glycerol molecules were also not 

found in the vestibule (Figure 3-11) (33). Human AQP4 is a water-selective channel. The 

1.8-Å structure (crystallized in the presence of 5% glycerol), has no glycerol in the selectivity 

filter, but has three glycerol molecules non-specifically bound in the extracellular vestibule. 

The extracellular vestibule, a canyon defined primarily by the A loop and C loop, interacts 

with the glycerol molecules through hydrogen bonds of the amide backbone with the 

hydroxyl groups of glycerol. This supports the conclusion that the aquaglyceroporin-specific 

selectivity filter is the key to glycerol transport, and that the alternative water-specific 

arrangement prevents passage of glycerol. It is tantalizing to speculate that the locations of 

the glycerol molecules in the vestibule could represent ‘fragment binding sites’ and might 

suggest binding sites for defining inhibitors that would bind from the extracellular side.  

 

Since there are tremendous prospects for drugs that inhibit AQP4, and indeed many 

inhibitors of AQP4 have been described in the literature to date, we co-crystallized hAQP4 

with 5 mM of three such compounds, tetraethylammonium (TEA), acetazolamide, and 
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rizatriptan and determined their co-crystal structures. In oocytes swelling assays, these 

compounds were reported to be AQP4 inhibitors with IC50 in the µM-range (7-10), however 

we have not been able to detect any compound bound in the structures (data not shown). We 

then reconstituted purified human AQP4 into liposomes and measured water conductance in 

the presence of these compounds. TEA up to 10 mM had no effect on AQP4 water 

conductance. Acetazolamide and rizatriptan do inhibit water conductance with an 

approximate IC50 in the low mM range (~3 mM and ~1 mM respectively, Figure 3-6b). This 

is much higher than the µM-range IC50 reported by Huber et al. (8, 10). We argue that water 

conductance measurement using purified proteoliposomes is more reliable than in oocytes. In 

a similar experiment, acetazolamide was also found to inhibit rat AQP4 in the mM range, but 

not human AQP1 (37). These results call into question the previous interpretation of 

acetazolamide and rizatriptan as µM inhibitors of AQP4 inhibition. 

 

Arginine 216 environment determines conductance of water in aquaporins 

In hAQP4 and other water-selective aquaporins AQP1, AqpZ, AQP0, spinach AQP SoPIP2;1, 

and AQP5, the conserved arginine (216 in AQP4) at the heart of the selectivity filter is 

almost identically configured. Since the glycerol conducting PfAQP conducts water as well 

as a water channel while GlpF conducts water very poorly, we proposed that the efficiency of 

water conductance may be proportional to the effective neutralization of the formal positive 

charge on the arginine side chain, by five hydrogen bond acceptors, three from the protein, 

and two as donors to water in transit (31). Human AQP4 is a water-specific channel, and 

similar to all high water conductance AQPs, the NεH, Nη1H, Nη2H of Arg216 in the 

selectivity filter are all hydrogen bonded to other acceptor oxygens of the protein, leaving 
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two, one each from NεH  and NηH as donors to the waters in transit (Figure 3-4). For the 

bovine water-selective AQP1, the arginine (Arg197) environment is very similar to that in 

human AQP4 (Figure 3-4). However in the glycerol conducting GlpF, with low water 

conductance, the selectivity filter arginine (Arg206) has only one of the NηH satisfied 

(Figure 3-4), so it is possible that the extra cost of desolvating the fully charged guanidinium 

leaves GlpF ‘holding on’ to water molecules in transit. Thus the unusual nature of arginine 

among all amino acid side chains, which uniquely is always positively charged, and its 

compensation that requires 5 in-plane hydrogen bond acceptors, may ‘hold-on’ to water more 

strongly when it is not fully compensated. This higher degree of the guanidinium cation 

buffering by the protein may be the basis for higher efficiency water transport among the 

AQPs.  

 

The variant role of the dual NPA motifs in proton exclusion  

The interlocking of two almost totally conserved NPA motifs in aquaporins provides two 

highly oriented donors from NδΗ2 of the two asparagines to the center of the channel. We 

proposed they play a key role in insulation against any conduction of protons or ions while 

supporting a single file of hydrogen bonded water molecules throughout the entire length of 

the channel (38). In the crystal structures of the water-selective channels, E. coli AqpZ (33) 

and bovine AQP1 (27), the central water is positioned in between the two asparagines of the 

NPA motif and receives two hydrogen bonds from the two equidistant asparagine NδΗ2s 

(represented by bAQP1 in Figure 3-5a &b). Such orientation of the central water may be a 

factor in preventing proton conduction through the channel by the highly cooperative hop-

and-turn Grotthuss relay mechanism (39, 40) because the central water cannot rotate to 
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accept or exchange its proton (30, 41). However, the hAQP4 crystal structure does not have a 

water molecule centrally located between the two NPA regions. Instead, each asparagine of 

the NPA motif (Asn213 and Asn97) donates a hydrogen bond to a different water molecule 

(Figure 3-5). This is also the case in the 2.0-Å structure of human AQP5 (29) and in spinach 

AQP SoPIP2;1 (26). Therefore, in this subclass of AQP structures, these two water molecules 

may each be somewhat freer to rotate in a concerted fashion leaving one additional non-

hydrogen bonded water hydrogen. These AQPs equally insulate against any proton leakage, 

suggesting that the two models for the central waters may represent intermediates that are 

very close in free energy, and they also indicate that the barrier to water transport through 

this dual NPA region is small.  

 

To see if this observation constitutes a difference in mechanistic terms, molecular dynamic 

(MD) simulations were performed in order to assess the probability of finding a single central 

water molecule bonding to both NPA asparagines simultaneously. The results of the MD 

simulations were used to calculate the number density of water molecules along the channel 

near the two NPA regions (Figure 3-5c). Four simulations were carried out. In the first 

simulation (thin solid line: ), the system commenced from the protein and 

crystallographic waters; the protein positions were kept frozen throughout the simulation. 

The resulting number density is consistent with the observed water positions in the hAQP4 

crystal structure (solid red spheres) and suggests that this particular configuration of the 

protein supports two energy minima for water in the NPA region.  In order to test whether 

this result was biased by the introduction of the crystallographic water molecules into the 

simulation, a second simulation (dotted line: ) was performed in which the protein 
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positions were kept frozen but the crystallographic waters were removed from the simulation 

and the pore evacuated. Following equilibration with the remaining simulation water 

molecules, the resulting number density is consistent with the experimentally observed water 

positions in the hAQP4 crystal structure and gives further support that the calculation is 

stable and reiterates the particular observed configuration of the human AQP4. In the third 

simulation (thick solid line: ) the system contained both the protein and the 

crystallographic waters, but instead of freezing the atomic positions of the protein, the heavy 

atoms (N, C, O) were restrained to their crystallographic positions using a harmonic restraint. 

This slight release of the protein atoms from their crystallographic positions allows the 

number density to shift such that a water molecule positions itself in the middle of the NPA 

region, as is observed in the crystal structures of bAQP1 (Figure 3-5a&b & Figure 3-12). 

Finally, in the fourth simulation (dashed line: ) all the positional restraints were 

removed from the protein, allowing the protein to move freely. Again the resulting number 

density suggests the presence of a water molecule in the middle of the NPA region. Thus, we 

conclude that the observed position of the two waters near the NPA region, in the human 

AQP4 crystal structure, do not conform to a functionally distinct variant but rather, signal the 

lowered barriers to conductance between these sites, hence the low barriers to water molecule 

conductance by AQP4.   

 

Analogous sets of simulations were performed on bAQP1, in which a water molecule is seen 

crystallographically to accept two donors in the center of the two NPA asparagines. In all 

four simulations, the number density supports the mechanism that as a water molecule travels 

through an aquaporin or aquaglyceroporin channel, it does transition into and through a 
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central position where it simultaneously accepts hydrogen bonds from both NPA asparagine 

donors, and that in this transition state, the line of waters throughout the channel are 

polarized such that all waters have their dipoles oriented away from the central water 

molecule (Figure 3-12).  

 

Our first AQP structure, for GlpF (30), led to our suggestion that the highly ordered, 

polarized water orientation throughout the channel was a key factor in the exclusion of 

passage of protons in a fully concerted fashion without developing charge within the channel 

itself (38). Other considerations have also been raised. The dehydration cost for any ion is 

prohibitive, hence no small ions, or hydronium ions are conducted by a mechanism that 

would involve mass transport of the only partially solvated ion. The Warshel group 

calculated the electrostatic barrier of placing a proton/hydronium ion into the center of the 

channel and concluded that this electrostatic desolvation barrier alone excludes mass transfer 

of hydronium ions to the center of the channel, and that the contribution of the NPA 

asparagines and the helix-induced dipoles at the NPA region are an insignificant addition to a 

barrier for hydronium ions at this position (42-44). However, if a proton were transferred 

through the channel by a Grotthuss mechanism, no formal charge need ever appear within the 

channel because of the concerted hopping of protons, in at one side and out at the other. The 

Grotthuss mechanism has been assessed (45) by Poisson-Nernst-Planck theory that indicates 

that there are high barriers to the Grotthuss mechanism. Thus the cost of this degree of 

ordering may abrogate the Grotthuss mechanism through a line of water that is this long. 

Using free-energy simulations and continuum electrostatic calculations, the Roux group adds 

weight to the proposal that the dehydration of an ion as it approaches the channel presents a 
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major barrier to mass transfer of an ion through the channel, but concludes that other factors 

including the NPA regions within the channel are important as well (46). Using multistate 

empirical valence bond (MS-EVB) models for proton transfer,  Ilan et al.(41) suggests that 

the bipolar line of water, the charge on the conserved arginine of the selectivity filter, and ion 

desolvation penalties are all relevant as we proposed initially (38).  

 

Perspective  

Because of the flexibility of the termini, the N-terminal 19 amino acids and the C-terminal 64 

amino acids were removed from the M1 isoform by trypsinolysis, as determined by mass 

spectrometry and N-terminal sequencing. Thus the crystal structure we report at 1.8 Å 

resolution contained Glu20 to Lys259. The resulting structure has visible electron density 

from Gln32 to Pro254. In contrast, the electron diffraction structure of rat AQP4 was 

expressed as the M23 isoform, and revealed density for residues 31-254, consistent with a 

natively unstructured region at each of the termini. Thus while the structure fully elucidates 

all features of the water transport pathway it does not yet address the question of how the M1 

isoforms works together with the M23 isoform to limit the extent of orthogonal array 

formation. It also remains to be determined how the C-terminus interacts with α-syntrophin 

in the context of polarized expression in astrocytes (6). 

 

Questions also remain on the mechanism of how Ser111 and Ser180 phosphorylation affect 

AQP4 conductance. Studies have shown that the phosphorylation state of Ser111 on the B 

loop and Ser180 on the D loop affect water conductance of AQP4 (22-24) (Figure 3-8). 

Phosphorylated Ser180 has been speculated to interact with Lys259, Arg260 and Arg261 as a 
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means of tethering the C-terminal domain to block the channel (47), and phosphorylated 

Ser111 has been proposed to mimic the gating mechanism of the spinach AQP SoPIP2;1 by 

disrupting the network of hydrogen bonds that anchor the D loop to the N-terminus and 

thereby opening the channel (24) (26). In our 1.8 Å crystal structure, the channel is open and 

while density of the B and D loops are clear, no phosphate is observed on either serine. 

Because the protein was trypsinized, neither the N and C terminal domains are present. While 

we cannot comment on the interaction of Ser180 with the C-terminal domain, we think it is 

unlikely that the gating of AQP4 at Ser111 is similar to SoPIP2;1 because the D loop of 

hAQP4 is 4 residues shorter than in SoPIP2;1 and residues in the N-terminal domain that are 

involved in binding to the D loop (Asp28 and Glu31) are different amino acids in hAQP4 

(Figure 3-8).  

 

The high resolution structure of the phosphorylated protein, the M1 isoform, and complexes 

with binding elements of syntrophin may address these issues of larger scale assemblies 

beyond that of the tetrameric AQP4.  



- 69 - 
 

MATERIALS AND METHODS 

Protein expression and purification 

The full-length human aquaporin 4 gene (NCBI accession number NM_001650) was 

purchased through Origene (Rockville, MD). The expression construct was designed with an 

N-terminal 8xHis followed by a flag tag (DYKDDDDK) and a human rhinovirus 3C protease 

cleavage site (LEVLFQ↓GP) and cloned into the EcoRI and NotI sites of pPICZ expression 

vector (Invitrogen). The expression vector was then electroporated into Pichia pastoris X-33 

cells (Invitrogen) using the BioRad Gene Pulser Xcell System following a standard yeast 

electroporation protocol. Transformation was then selected on YPD plates with 50 µg/mL 

Zeocin™ (Invitrogen).  Four colonies were restreaked and tested for expression. For 

production, the yeast was cultured in BMY media (Invitrogen) in Fernbach flasks at 30˚C for 

24 hrs, then the temperature was lowered to 26˚C, and methanol was added directly to the 

cultures to a final concentration of 2.5%. The cultures were grown for another 48 hrs before 

harvest.  Cultures harvested by centrifugation at 4˚C at 6000 x g for 10 minutes. Pellets were 

washed once with TBS buffer with 1 mM β-ME, and 1 mM PMSF and pelleted again. Cells 

were then resuspended with the same buffer and lysed by bead beating with glass beads. 

Broken and unlysed cells were removed by centrifugation at 4˚C at 6000 x g for 10 minutes 

while the membranes remained in the supernatant. The membranes were then pelleted at 

160,000 x g at 4˚C for 1 hr. Pellets were resuspended in MR Buffer (25 mM Tris-HCl, pH 

7.4 at room temperature, 250 mM NaCl, 10% glycerol, 1 mM β-ME) and stored at -80˚C 

until further processing. 
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To begin purification, resuspended membrane was solubilized by adding 400 mM n-octyl-β-

D-glucopyranoside (OG) (Anatrace) to a final concentration of 200 mM and stirred at 4˚C for 

1 hr. Unsolubilized material was pelleted at 160,000 x g at 4˚C for 30 min.  5 M imidazole, 

pH 7.4, was added to the supernatant to a final concentration of 50 mM.  The supernatant was 

then batch bound with Ni-NTA resins (Qiagen) for 2 hrs, loaded onto a BioRad Econo 

Column and washed with MR Buffer with 40 mM OG and 50 mM imidazole, and then eluted 

with 300 mM imidazole. Imidazole was removed using Econo-Pac DG10 desalting column 

(BioRad) equilibrated with MR Buffer with 40 mM OG. The N-terminal tag was cleaved by 

His-tagged MBP fusion of human rhinovirus 3C protease (His6-MBP-3C) at 4˚C overnight. 

Uncleaved hAQP4 (<5%) and 6xHis-MBP-3C were removed the next day with TALON® 

resin (Clontech).  Then hAQP4 was concentrated in a 50,000 molecular weight cut-off 

Amicon spin concentrator (Millipore) and further purified by size exclusion chromatography 

on a Superdex 200 10/300 GL column (GE Healthcare) in 25 mM Citrate, pH 6.0, 50 mM 

NaCl, 5% glycerol, 40 mM OG, and 2 mM DTT (Crystal Buffer). Purified hAQP4 was 

concentrated again to 30 mg/mL and stored as aliquots at -80˚C. The final yield of hAQP4 

was ~15 mg of purified and concentrated protein per liter of cells. 

 

Trypsinolysis of hAQP4: Concentrated hAQP4 (post size exclusion chromatography) was 

diluted with MR Buffer to 1 mg/mL, and immobilized TPCK-trypsin (Cat # 20230, Thermo 

Scientific) was added. The mixture was incubated by gentle rocking at 25˚C overnight. 

Immobilized TPCK-trypsin was removed by filtration, and trypsinized hAQP4 was further 

purified in the same way as the full length on size exclusion chromatography. MALDI-MS 

and N-terminal sequencing were performed on trypsinized hAQP4, and the stable trypsinized 
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product was identified as N-ENIMV…PDVEFK-C, which removes the N-terminal 19 

residues and the C-terminal 64 residues. Trypsinized hAQP4 was concentrated to 30 mg/mL 

and stored at -80˚C until crystallization. 

    

Crystallization 

Full length hAQP4 was crystallized in 25% PEG 2000-MME, 50 mM Citrate, pH 6.0, 5% 

Glycerol, 40 mM OG, and 2 mM DTT by hanging drop vapor diffusion at 25˚C. Bi-

pyramidal crystals grew to a maximum size of ~100 microns within 1 week and diffracted to 

a best resolution of 8 Å. 

 

Trypsinized hAQP4 was crystallized in 25% PEG2000-MME, 50 mM MES, pH 6.5, 5% 

Glycerol by sitting drop vapor diffusion at 25˚C. Both bi-pyramidal crystals and rod crystals 

were found within 1 week. The Silver Bullet Screen condition A1 (Hampton Research) was 

found helpful in growing the bi-pyramidal crystals. The rod crystals grew to a maximum size 

of 1.5 mm and diffracted to a best resolution of 6 Å. The bi-pyramidal crystals grew to a 

maximum size of 50 microns diffracted to a best resolution of 1.8Å. The best freezing 

condition for the crystals was a 3-second soak in a solution of 50% paraffin (v/v) and 50% 

paratone-N (v/v) (Hampton Research) before flash-freezing in liquid nitrogen.  

 

Data collection and model building 

Diffraction data were collected using a wavelength of 1.11Å at Beamline 8.3.1 at the 

Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, California, 

United States). Data were processed using HKL2000 (48). Molecular replacement was 
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performed with Phaser (49) using the rat AQP4 electron diffraction structure (PDB code: 

2D57) (16) as a search model. Subsequent iterative cycles of manual building and retrained 

refinement were done using Coot (50) and Refmac5 in CCP4 (51). TLS refinement in 

Refmac5 was applied in the last stage using 19 TLS groups obtained from the TLS analysis 

server (52) (53) (Table 3-2a & 3-2b). Riding hydrogen atoms were generated during 

refinement, but not written to the output. Structure was assessed using PROCHECK (54, 55) 

and MolProbity (56). Data processing and refinement statistics are summarized in Table 3-1. 

 

Molecular dynamic simulations of hAQP4 and bAQP1 

MD simulations were carried out with the Gromacs (57) 3.3.1 simulation software.  The 

simulations were performed on a 256 processor computer cluster running Microsoft 

Windows 2003 Compute Cluster Server operating system. We used the human aquaporin 4 

(hAQP4) X-ray crystal structure as a starting conformation. The tetramer was centrally 

placed into a palmitoyloleoylphosphatidylethanolamine (POPE) lipid bilayer area containing 

364 lipids, and was solvated on both sides with 25507 SPC water molecules (58). The 

OPLSAA force field (59, 60) was used to model the protein. Lipid parameters were an 

extension of the parameters of Berger et al. (61) that were optimized for the OPLSAA force 

field (62). 45 chloride ions and 45 sodium ions were added to the periodic simulation box to 

create a salt concentration of 50 mM. The total system size was 108,939 atoms.  

 

Following energy minimization, two 500 ps simulations were carried out with the protein 

atoms frozen in their crystallographic positions. The first simulation contained the 

crystallographic waters, while the second simulation did not. A third 1 ns simulation was 
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then carried out with the starting positions taken from the end of the first simulation in which 

the heavy atom (N, C, O) positions of the protein were restrained to their crystallographic 

position with a harmonic spring-like restraint, having a force constant of 1000 kJ mol-1 nm-2. 

A fourth 1 ns simulation was then performed, starting from the end of the third simulation, in 

which the restraints were removed and the protein allowed to move freely.  

 

The number of water molecules along each of the four channels were collected every 1ps and 

used to calculate the number densities in Figure 3-5c. In the second simulation it took the 

water  < 200 ps to fully populate the channel region. Number densities were calculated over 

100 ps intervals and block averaged to test for convergence. In all cases, convergence of the 

water density in the channel region was observed.  

 

Throughout these simulations, the temperature was kept constant by coupling the system to a 

temperature bath of 298 K (63). Likewise, the pressure was kept constant, in the third and 

fourth simulations, by coupling the system to a pressure bath at 1.01 bar (64). The xy 

(membrane plane) and z (membrane normal) directions, respectively, were independently 

coupled with a coupling constant τ of 1 ps. Electrostatic interactions were calculated using 

PME (65) with an electrostatic cut off of 1.2 nm.  The Lennard–Jones potential, describing 

the van der Waals interaction, was cut off at 0.9 nm. The Settle algorithm (66) was used to 

constrain the bond lengths and angles of the water molecules, and Lincs was used to 

constrain all other bond lengths (67), allowing a time-step of 2 fs. 
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Proteoliposome assay 

Lipid stocks were made from E. coli polar lipid extracts (Avanti Polar Lipids) at 50 mg/mL 

in water plus 4 mM β-mercaptoethanol and stored at -80˚C. Before the essay, stocks were 

thawed and 250 µL lipid and 100 µL water were mixed in a 16 x 125 mm glass culture tubes 

(VWR) and overlaid with argon to reduce oxidation. Liposomes were formed by sonicating 

the culture tubes in a bath sonicator (Laboratory Supplies Company, Inc.). The reconstitution 

buffer mixture was formed by mixing (in order): 100 mM MOPS, pH7.5, 43 mM β-OG, full-

length or trypsinized hAQP4 (final concentration 0.8 mg/mL) and sonicated lipids (final 

concentration 8 mg/mL) in a total volume of 1.5 mL. It was then dialyzed against the assay 

buffer (20mM HEPES, pH 7.4) in a 25,000 molecular weight cut off Spectra/Por Float-a-

lyzer (Spectrum Laboratories, Inc.) for 48 hrs. Liposomes were then harvested by 

centrifugation at 75,000 x g at 4˚C for 1 hr. For water conduction, liposomes were 

resuspended in 1 mL of assay buffer. For glycerol conduction, liposomes were resuspended 

in 1 mL 20 mM HEPES, pH 7.3 plus ~550 mM glycerol (equal in osmolarity to sucrose 

buffer: 20 mM HEPES, pH 7.3 with 570 mM sucrose). Upon mixing 100 µL of liposome 

resuspension with 100 µL of sucrose buffer in a stopped-flow apparatus, vesicle shrinkage 

was monitored by light scattering at 440 nm over time at 12˚C. For assaying water 

conduction in the presence of acetazolamide and rizatriptan, liposomes were incubated for 1 

hr in assay buffer with 1 mM or 10 mM of compound and assayed against the sucrose buffer 

with compound. The resulting data points were fitted to a single exponential curve to extract 

the rate constant.  
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Figure 3-1 

General features. (a-b) Monomer and tetramer views of human aquaporin 4 (hAQP4) in 

cartoon representation. Brown and orange colors represent the N- and C-terminal pseudo 

two-fold related portions. Water molecules are represented as red spheres, and glycerol 

molecules are shown as green sticks. (a) The side view of the monomer. Helices are labeled 

M1 to M8. (b) The tetramer viewed from the extracellular side down the crystallographic 

four-fold symmetry axis. (c) The network of water molecules found at the intracellular side 

of the central pore. The central pore is at the crystallographic four-fold symmetry axis and is 

formed by the tetramer. 2Fo-Fc density of the water molecules is shown in black, contoured 

at 1.2 σ.  The backbone amides of Ser188 and Gly189 are colored yellow in cartoon 

representation. Phe195 is shown as brown stick and cyan surface. (d-f) Cartoon 
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representation of the C loop of all the aquaporin X-ray structures solved to date. (d) E. coli 

GlpF (brown), archeal AqpM (magenta), spinach AQP SoPIP2;1  (blue), PfAQP (green). (e) 

rat AQP4 (yellow), human AQP4 (black), human AQP5 (red), E. coli AqpZ (cyan), bovine 

AQP0 (green), bovine AQP1 (purple). (f) Comparison of the 310 helix of rat AQP4 (yellow) 

with the two-turn helix of AqpM (magenta) and spinach AQP (blue). All structural 

renderings were made with PyMOL (http://www.pymol.org).  

 

http://www.pymol.org/
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Figure 3-2 

The conducting pore. (a) A schematic representation of the conducting pore. The trace of the 

pore inner surface is shown in cyan. The selectivity filter residues: Arg216 and His201 are 

shown as sticks with surfaces in purple. The glycerol molecule is shown as green stick, and 

the water molecules in the channel are shown as red spheres. (b) Plot of the channel radius 

versus position along the pore for human AQP4, bovine AQP1 (bAQP1), and the 

Plasmodium falciparum AQP (PfAQP). Regions of the channel are labeled as extracellular 

vestibule, the selectivity filter (SF), the NPA motif, and the intracellular vestibule. The pore 

inner surface and its dimension are calculated using Hole 2.0 (68).   
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Figure 3-3 

Electron density of the conducting pore. Residues that form the wall of the pore are shown in 

sticks. Water molecules are shown as red spheres. The glycerol molecule is shown in green 

stick. 2Fo-Fc density are shown in black, contoured at 1.2 σ. Positive Fo-Fc density is shown 

in green, contoured at 3 σ. There is no negative Fo-Fc density. 
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Figure 3-4 

Comparison of the hydrogen bond network of the selectivity filter arginine of hAQP4, 

bAQP1, and GlpF. Protein C-alpha is shown in cartoon representation. Residues of the 

selectivity filter and glycerol molecules are shown as sticks. Water molecules are shown as 

red spheres.   
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Figure 3-5 

The NPA motifs. (a) Schematic representation of the hydrogen bonding network through the 

channels of hAQP4 and bAQP1. The distances are between heavy-atom to heavy-atom. (b) 

Stick representation of the NPA motif of hAQP4 and bAQP1. Distances that are too long to 

be a hydrogen bond are colored in red. (c) Plot of the MD simulations of hAQP4 from four 

different experiments. Legend for the plot is described in Discussion: The variant role of the 

dual NPA motifs in proton exclusion. 
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Figure 3-6a 

Water and glycerol conduction assays for the (I) full-length and (II) trypsinized protein. 

Proteoliposome with AQP4 is shown as blue line. Liposome without protein is shown as red 

dashes. Plots were generated from average values from six replicate measurements. Rates 

were determined from fitting a single exponential curve to the plot. 
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Figure 3-6b 

Water conduction assays in the absence and presence of 1 mM or 10 mM of (I) 

acetazolamide and (II) rizatriptan. Results using the full-length human AQP4 are displayed, 

but the trypsinized protein yielded similar results. Proteoliposomes treated with 1 mM or 10 

mM of TEA conducted as fast as without. Empty liposomes were assayed with and without 

inhibitors and no change of water conduction was observed. Plots were generated from 

average values from six replicate measurements. Rates were determined from fitting a single 

exponential curve to the plot.  
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Figure 3-7 

Crystal lattice packing of (a) hAQP4 (space group=P4212, a=82.1Å, c=76.4 Å) and (b) 

rAQP4 (space group=P4212, a=69 Å). Left: viewing the packing down the four-fold axis. 

Right: viewing the packing from the side. Tetramers that are not in the same horizontal plane 

are in different colors.  Unit cell is shown in black. (b) Left: R108, G157, W231, I239 and 

Y250 are highlighted in pink, showing the interaction of the tetramers in the same plane. (b) 

Right: P139 and V142 from the rAQP4 310 helix are highlighted in pink, showing that they 

are involved in the formation of the rAQP4 two-dimensional two-layered crystal (16). 



- 88 - 
 

 



- 89 - 
 

Figure 3-8 

Protein sequence alignment of all the aquaporin structures solved to date: human and rat 

AQP4, bovine and sheep AQP0, bovine and human AQP1, human AQP5, spinach AQP 

SoPIP2;1, archeal AQP AqpM, Plasmodium falciparum PfAQP, E. coli GlpF and AqpZ. 

Transmembrane helices and loop regions are defined. Initiating methionine for M1 and M23 

isoforms of AQP4 are labeled. Ser111 and Ser180 are potential phosphorylation sites that 

affect gating for AQP4. The C-terminal SSV of AQP4 is the ligand that recruits α-syntrophin. 
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Figure 3-9 

Comparison of the C loop between rat AQP4 (light brown) and human AQP4 (dark brown). 

Notice the 310 helix is missing in human AQP4.   
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Figure 3-10 

Sphere representations of the van der Waals contact of the selectivity filter (SF) residues of 

hAQP4, bAQP1, AqpZ, PfAQP and GlpF, viewing from the extracellular side down the 

conducting pore.  
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Figure 3-11 

Comparison of the surfaces of the extracellular vestibule of human AQP4, PfAQP, E. coli 

GlpF, E. coli AqpZ , Archaeal AqpM, and bovine AQP0. All are in the same orientation. 

Glycerol molecules are shown as green sticks with yellow surfaces. Water molecules are 

shown as red spheres with gray shadows. 
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Figure 3-12 

AQP4: post MD simulation from the third experiment (see text under Discussion: The variant 

role of the dual NPA motifs in proton exclusion.) (a) Schematic representation of the 

hydrogen bonding network through the channels. The distances are between heavy-atom to 

heavy-atom. (b) Stick representation of the conducting channel with hydrogen atoms from 

the simulation. (c) Another view of the NPA motifs and the central water.  
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Table 3-1. Data collection and refinement statistics 
   
  Human AQP4  
Data collection   
Space group P4212  
Cell dimensions   

a, c (Å) 82.1, 76.4  
   

Resolution (Å) 1.8 (1.86-1.8)  
Rsym 9.0 (79.6)a  
I / σI 20 (3.3)  
Completeness (%) 99.9 (100)  
Redundancy 11.9 (12.0)  
   
Refinement   
Resolution (Å) 36-1.8  
No. unique reflections 23583  
Rwork / Rfree

b 16.4/17.4  
No. atoms   
     Protein 1667  
     Glycerol 30  
     β-OG 20  
     Water  61  
Average B-factors, Å2   
     Protein 25  
     Glycerol 44  
     β-OG 59  
     Water 47  
R.m.s. deviations   
     Bond lengths (Å) 0.08  
     Bond Angles (º) 1.141  
aValue in parentheses are for the highest resolution shell.  
bRfree is calculated from 5% of reflections chosen 
randomly. 
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Table 3-2a: Summary of TLS refinement trials     

        

# TLS Groups Rfact Rfree FOM LLG rmsBOND rmsANGLE rmsCHIRAL 

1 0.181 0.194 0.898 118283.2 0.01 1.217 0.081 

2 0.18 0.191 0.9 117942.1 0.01 1.216 0.082 

3 0.178 0.189 0.902 117673.9 0.01 1.209 0.082 

4 0.178 0.189 0.904 117552.8 0.01 1.201 0.081 

5 0.178 0.19 0.903 117593 0.01 1.206 0.081 

6 0.177 0.189 0.905 117338 0.01 1.189 0.08 

7 0.177 0.188 0.905 117267.7 0.01 1.183 0.079 

8 0.176 0.187 0.906 117085 0.01 1.171 0.079 

9 0.176 0.187 0.906 117078 0.01 1.166 0.078 

10 0.175 0.186 0.906 116935.9 0.01 1.17 0.078 

11 0.175 0.188 0.905 116933 0.01 1.173 0.078 

12 0.174 0.188 0.906 116838.4 0.01 1.174 0.079 

13 0.173 0.186 0.909 116610.8 0.01 1.172 0.078 

14 0.173 0.185 0.909 116547 0.01 1.174 0.078 

15 0.173 0.186 0.91 116453.9 0.011 1.182 0.079 

16 0.173 0.186 0.91 116440.4 0.01 1.178 0.079 

17 0.173 0.186 0.91 116440.4 0.01 1.178 0.079 

18 0.172 0.184 0.911 116299.9 0.011 1.177 0.079 

19 0.172 0.184 0.911 116269.7 0.011 1.176 0.078 

20 0.172 0.184 0.91 116285.3 0.011 1.17 0.078 

19 + H ride 0.164 0.174 0.922 114509 0.008 1.141 0.068 

20 + H ride 0.166 0.174 0.92 114859.7 0.008 1.149 0.068 

        

Different numbers of TLS groups were tried, and the best result was with 19 TLS groups. 

Statistics were taken from the Refmac5 refinement output log.   
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The TLS server (http://skuld.bmsc.washington.edu/~tlsmd/) was used to generate the different 

numbers of TLS groups. 

For comparison purpose, riding hydrogen was applied to refinement with 19 and 20 TLS groups.  
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Table 3-2b: The 19 TLS groups used for refinement 

    

     

Group # Residue Range    

1 Q32 to K36     

2 A37 to I47    

3 F48 to W59    

4 G60 to P65    

5 L66 to V71    

6 L72 to S92    

7 G93 to V102    

8 A103 to S115    

9 V116 to I132    

10 L133 to T148    

11 M149 to L154    

12 T155 to V171    

13 F172 to S177    

14 C178 to V185    

15 T186 to V197    

16 A198 to A210    

17 S211 to I232    

18 Y233 to Y248    

19 E249 to P254    
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Chapter 4 

 

Methods for Improving X-ray Diffraction of Membrane Protein Crystals: 

A case study of human aquaporin 4 

 

Research conducted in collaboration with Ronald Yeh, Andrew Sandstrom, Rebecca A. 

Robbins, Larry J.W. Miercke, and Robert M. Stroud  



- 111 - 
 

ABSTRACT 

Full-length human Aquaporin 4 was heterologously expressed in Pichia pastoris and purified. 

Initial crystals of the protein took 6 months to grow and diffracted only to 8 Ǻ. The final 

improved crystals took 1 week to grow and diffracted to a best resolution of 1.8 Ǻ. The 

detergent concentration of the concentrated sample, the flexible termini of AQP4, and the 

cryoprotectant conditions were found to be critical for improving crystal growth and 

diffraction. 
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INTRODUCTION 

Out of the current total of ~58,000 structures in the protein data bank, only ~473 are of 

membrane protein structures (www.pdb.org). Besides the difficulty in heterologous 

expression of membrane proteins when natural sources are not available, another major 

obstacle is obtaining crystals that diffract to 3 Ǻ or better—a limit of resolution required for 

structural biologists to answer pertinent biochemical and mechanistic questions of the 

macromolecule. 

 

During crystallization, membrane proteins can typically form one of three types of crystals: 

2D crystals, type I 3D crystals, and type II 3D crystals (1). 2D crystals are excellent 

candidates for electron diffraction, and some examples are the structures of 

bacteriorhodopsin (2), the Torpedo acetylcholine receptor (3), human aquaporin 0 (4), and rat 

aquaporin 4 (5). Type I 3D crystals are formed by reconstituting detergent-solubilized 

membrane protein into lipidic cubic phase (LCP) (6). The most recent and prominent 

example for the use of the LCP is the crystal structure of human β2-adrenergic G protein-

coupled receptor (7). Finally, type II 3D crystals are formed by detergent-solubilized 

membrane proteins. The type II 3D crystal is the most common type of membrane protein 

crystals, and they are grown using the same techniques as applied to soluble proteins. 

However, the presence of detergent molecules makes the polar contacts between protein 

molecules in the crystal lattice more difficult, often resulting in poor-diffracting crystals.  

 

In this chapter, we describe human aquaporin 4 (AQP4) as a case study for growing high-

diffracting type II membrane protein crystals. The AQP4 crystals started with a resolution of 
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8 Ǻ, but upon optimization, a best resolution of 1.8 Ǻ was obtained. We investigated three 

factors that are critical for getting good X-ray diffraction from these AQP4 crystals: the 

detergent concentration in the final sample, the protein topology, and the cryoprotectant 

condition for freezing the crystals for synchrotron diffraction experiments. We believe these 

factors can also be important for forming high quality type II 3D crystals of other proteins.    
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RESULTS AND DISCUSSION 

 

Increased β-octylglucoside concentration of the final sample impeded crystallization  

Size exclusion chromatography (SEC)-purified Full-length AQP4 was pooled (2.4 OD/mL) 

and concentrated 32 fold to 75 OD/mL on an Amicon 50,000 molecular weight cut off spin 

filter without any resuspension of the retente during concentration. 40mM of β-

octylglucoside (OG) was maintained throughout the purification to ensure sufficient micelle 

species were present to contribute to the protein-detergent complex (Figure 4-1). OG has a 

measured micelle size of ~22,000, so in theory, no extra OG micelles should accumulate in 

the retente when concentrating the protein in a 50,000 molecular weight cut off spin filter. 

However, the Tetra Detector Analysis (TDA) of the final concentrated sample showed the 

OG micelle peak with a concentration of 280 mM (Figure 4-2). A 32 fold increase of protein 

concentration resulted in a 7 fold increase of detergent concentration. Upon setting up the 

protein sample in crystallization, the crystals took ~2 months to form and grew to a 

maximum size of 50 microns (Figure 4-3). Interestingly, another crystallization experiment 

was set up where the sample was diluted 4 fold with water to reduce the concentration of OG 

to 70 mM, and these crystals grew in 2 days to a maximum size of 100 microns (Figure 4-4). 

The drastic difference in the speed of the crystal growth shows that excess OG molecules 

above CMC cause phase separation (indicated by arrows in Figure 4-3) which then impedes 

crystal growth. 

 

Crystals that took 2 months to grow did not diffract at all, and the crystals that grew in the 

OG-reduced condition diffracted to a best resolution of 8.6 Ǻ (Figure 4-5).    
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Trypsin removed the flexible regions of the protein 

By looking at the topology of human AQP4, we postulate that the N-terminal end before the 

first transmembrane helix and the C-terminal end after the last transmembrane helix may be 

flexible (Figure 4-6). This flexibility could contribute adversely to the packing of the crystal, 

resulting in poor diffraction. To test this hypothesis, we mixed the full-length protein with 

trypsin (protocol described in detail in chapter 3: Material and Methods) and let the reaction 

to go to completion (overnight at 4°C). The trypsinized product still maintained the 

biological tetrameric assembly on size exclusion chromatography (Figure 4-7), and MALDI-

MS of the peak showed a discrete molecular weight, indicating no secondary cleavage 

product (Figure 4-8). Combining the information of the MALDI-MS, N-terminal sequencing, 

and the knowledge that trypsin cleaves after lysine or arginine, we can deduce the trypsinized 

product (Figure 4-6). The fact that the N and C termini were susceptible to trypsin cleavage 

shows that they were indeed flexible. 

 

The trypsinized AQP4 was concentrated similarly as the full-length protein, but less OG was 

retained by concentration. A 12 fold concentration of protein resulted in a 1.5 fold increase in 

OG concentration (40 mM to 63 mM, Figure 4-9). This shows that the OG retention on the 

50,000 Dalton cut off concentrator is protein-dependent. The full-length molecule probably 

contains domains that bind OG molecules and may other detergents, causing the increase of 

detergent concentration during protein concentration. Two crystal morphologies were 

observed in the same condition for the trypsinized AQP4 (Figure 4-10), but the pyramidal-

shaped crystals diffracted much better than the rod-shaped (Table 4-1). A 96-condition 

additive screen using the Silver Bullet (Hampton Research) was then used, and condition A1 
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was found helpful to selectively promote the growth of the pyramidal-shaped crystals 

(Figure 4-11). The best condition was found mixing 1 uL of protein with 1 uL of condition 

A1 and then with 2.5 uL of well solution. 

       

Cryoprotectant condition optimization further improved diffraction resolution 

For both the full-length and trypsinized AQP4 crystals, the initial cryoprotectant condition 

used was the well solution plus 20% glycerol. This cryoprotectant condition worked well 

when the crystal was only briefly soaked in it (~5 seconds). When the crystals were soaked in 

this condition for more than 1 minute, the crystals started to crack and disintegrate. Doing a 

step-wise increase of glycerol or ethylene glycol concentration from 5% to 20% also did not 

help. 

 

Cryoprotectants can generally be divided into two classes: oil-based or water-based (8). 

Three well-known oil-based cryoprotectants are paratone-N, paraffin, and NVH oil. During 

the cryoprotectant optimization for the trypsinized AQP4 crystals, all three oils were tried 

with brief soaking (~5 sec), but the crystals were all dissolved immediately. Since it is known 

that paraffin can be mixed with paratone-N to reduce viscosity and increase visibility of the 

crystals in oil, we tried a solution of 50:50 paraffin:paratone-N oil mixture. Interestingly, this 

cryoprotectant keeps both the full-length and the trypsinized AQP4 crystals intact over a 

period of 30 minutes. Indeed, trypsinized AQP4 crystals diffracted even better when 

cryoprotected with a 3-second soak in 50:50 paraffin:paratone-N (Table 4-1). This 

cryoprotectant, however, did not improve diffraction of the full-length AQP4 crystals. There 

are also a few other crystal structures solved using 50:50 paraffin:paratone-N as 
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cryoprotectant: the Bacillus subtilis levansucrase (1.5 Ǻ) (9), DHNA synthetase from 

Geobacillus kaustophilus (2.2 Ǻ), and the carboxymuconolactone decarboxylase family 

member protein from Thermus thermophilus (1.9 Ǻ) (10). 
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MATERIALS AND METHODS 

Crystal Imaging 

Crystal pictures were taken on a Leica MZ 16 Stereomicroscope with a Leica KL 1500 LCD 

fiber optic illuminator (Spectronic Analytical Instruments, United Kingdom) using the Canon 

LA-DC58E as the camera. UV fluorescence images of the crystals were taken on a Korima 

PRS-1000 microscope (Korima, Inc.).  

 

Tetra Detector Array (TDA) Analyses 

The Viscotek Model 302-050 Tetra Detector Array instrument (Viscotek Corporation, Texas) 

was connected in-line with a Superdex 200 10/300 GL column (GE Healthcare). For the 

analysis of the full-length AQP4, protein was concentrated 35 fold in an Amicon 50 KD 

MWCO spin concentrator, and 10 µL at 53.6 mg/mL (75 OD/mL) of protein was injected. 

For the analysis of the trypsinized AQP4, protein was concentrated 12 fold in an Amicon 50 

KD MWCO spin concentrator, and 30µL at 21.4 mg/mL (30 OD/mL) of protein was injected. 

A flow rate of 0.35 mL/min was used for both experiments. The molecular weight and 

concentration of the protein and detergent under the peaks were calculated from the viscosity, 

right-angle light scattering, and refractive index measurement (11-13). 

  

X-ray data collection 

Diffraction data were collected using a wavelength of 1.11Å at Beamline 8.3.1 at the 

Advanced Light Source (Lawrence Berkeley National Laboratory, Berkeley, California, 

United States). 
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Figure 4-1 

Schematic representation of the protein-detergent interaction. CMC stands for Critical 

Micelle Concentration. The detergent molecule represented is octyl-β-D-glucopyranoside 

(OG) with a monomer molecular weight of 290.2 g/mol. OG has a CMC of 20 mM, and at its 

CMC, it forms micelles of 22,000 Dalton in size. At the concentration of 40 mM OG, a 

complex of full-length AQP4 with OG micelles has a combined molecule weight of ~ 

150,000 Dalton. 



- 120 - 
 

  

 

Figure 4-2 

Tetra Detector Array Analysis (TDA) of the full-length AQP4 on size exclusion 

chromatography. OG is octyl-β-D-glucopyranoside. Peaks represent molecular species of 

different sizes. Green trace measures the light scattering of the sample at 90°. Pink trace 

measures the refractive index. Purple trace measures absorbance at 280 nm. Blue trace 

measures the viscosity of the sample. 
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Figure 4-3 

Crystals of the full-length AQP4 protein. The crystals are about 20 microns in size. The left 

and right images are from the same view of the tray. UV fluorescence microscope identifies 

the crystals as protein crystals. Regions of white ‘blobs’ are phase separation with 

concentrated protein in that area (indicated by arrows).  
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Figure 4-4 

Crystals of full-length AQP4 after reducing the concentration of octyl-β-D-glucopyranoside 

for about 4 fold in the crystallization sample. Crystals are about 50-100 microns in size. 
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Figure 4-5 

Initial diffraction patterns from the crystals in Figure 4-4. Best resolution spot is at 8.6 Ǻ. 
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Figure 4-6 

Schematic representation of the full-length human aquaporin 4 protein. Brown region 

represents cell membrane. Purple region represents transmembrane helices of the protein. 

The NPA motifs are conserved throughout most aquaporins and aquaglyceroporins. Red bars 

represent locations that trypsin cleaves in AQP4, removing the amino acids colored in blue.  
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Figure 4-7 

Superdex 200 size exclusion chromatography traces of the full-length and trypsinized AQP4. 

Top left: Coomassie-stained SDS-PAGE of the full-length and trypsinized AQP4 across the 

peaks. The two bands on SDS-PAGE represent the SDS-denatured AQP4 monomers and the 

SDS-resistant AQP4 tetramers. 
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Figure 4-8 

Matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) of the 

trypsinized AQP4. The theoretical molecular weight of the trypsinized product is calculated 

based on the N-terminal sequencing result and the consensus sequence for trypsin digest 

(cleavage after lysine or arginine) (Figure 4-6).
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Figure 4-9 

Tetra Detector Array Analysis (TDA) of the trypsinized AQP4 on size exclusion 

chromatography. OG is octyl-β-D-glucopyranoside. Peaks represent molecular species of 

different sizes. Green trace measures the light scattering of the sample at 90°. Pink trace 

measures the refractive index. Purple trace measures absorbance at 280 nm. Blue trace 

measures the viscosity of the sample. 
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Figure 4-10 

Crystals of the trypsinized AQP4. The rods are about 1.5 mm in length and 0.2 mm in width. 

The pyramids are about 30-50 microns in size. Both are found in the same crystallization 

condition. 
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Figure 4-11 

Crystals of the trypsinized AQP4 after using the Hampton Silver Bullet condition A1 as 

additive. Only pyramids are grown in the drops. The pyramids are about 50-100 microns in 

size. 
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Table 4-1 

A Summary of the synchrotron trips to the Adance Light Source at Lawrence Berkeley 

National Laboratory. Crystals of the full-length protein were screened on trips until 

1/16/2008, and then the pyramidal-shaped crystals from the trypsinized protein were 

screened after 2/22/2008.
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ABSTRACT 

With the increasing number of available genomes of eukaryotic organisms, many more 

unknown proteins are now available for characterization. Although the use of natural gene 

sequences for protein expression may appear to be the quickest approach, such sequences 

may not be optimal for expression in E. coli or other host organisms due to their high G/C or 

A/T content, codon bias, mRNA secondary structures, or the presence of introns. With gene 

synthesis, the protein coding sequence can be optimized for the expression system of choice. 

While gene synthesis service is commercially available, the cost is relatively high, ranging 

from $0.49 per base pair to $1.60 per base pair plus minimum setup charge and shipping. An 

efficient “in-house” approach is developed here where academic laboratories can perform 

gene optimization and synthesis at less than 45 cents per base pair covering primers, PCR 

reactions, and sequence verification.   
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INTRODUCTION 

It was Dr. Francis Crick in 1958 who first coined the term “the central dogma of molecular 

biology” stating that as information is transferred from DNA to RNA to protein, “once 

information has passed into protein, it cannot get out again” (1). Crick later reiterated this 

point in 1970 that “information cannot be transferred back from protein to either protein or 

nucleic acid” (2). While machineries that can synthesize RNA or DNA from protein 

molecules are yet to be found (if there are any!), one realizes that there are indeed many 

different combinations by which a piece of protein molecule can be encoded in DNA. Due to 

the redundancy in the genetic code (20 amino acids encoded by 61 tRNAs), each amino acid, 

with the exception of methionine and tryptophan, can be encoded by 2 to 6 different 

synonymous codons. By using different synonymous codons, there can be many way to 

encode the same amino acid in a protein molecule. 

 

The frequencies by which the cell uses these synonymous codons are different across diverse 

organisms (3). In general, mRNA expressivity correlates with tRNA abundance so that 

highly expressed genes tend to contain synonymous codons that are recognized by the more 

abundant tRNAs (4, 5). Another factor that can affect the bias in tRNA population is the 

A+T/G+C content of the genome. For example, the genome of P. falciparum is 80% A+T 

rich, where the human genome is 59% A+T. The extent to which the expressivity of the gene 

correlates with codon bias can be quantitated by calculating the codon adaptation index (CAI) 

(6-8), namely that gene with high CAI tends to have high expression level.  
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Codon bias across organisms has implications in recombinant gene expression. A 

recombinant gene cloned from one organism may have poor heterologous expression in 

another host because the gene may have a low CAI, namely that the synonymous codon 

usage in the gene does not match well to the host’s tRNA populations; and hence, there is a 

lower expression level in the host. This problem can be circumvented by codon optimization, 

in which all rarely used codons are substituted with the synonymous codons that are more 

frequently found in the expression host. Codon optimization has been applied successfully in 

the area of DNA vaccination by which parasitic and viral proteins can be expressed in 

mammals at high levels to elicit a strong immune response (9-12). Codon optimization is also 

important in generating high amounts of recombinant protein for X-ray structure 

determination. The gene for the Plasmodium falciparum aquaporin (PfAQP) was 

resynthesized to suit heterologous expression in  E. coli, and the increased expression of the 

protein allowed for the determination of the crystal structure (13).  

 

Currently, many commercial services are available for codon optimization and gene synthesis 

(DNA2.0, GENEART, GenScript, Biomatik, Mr.Gene to name a few), but the cost is still 

relatively high, ranging from $0.49 per base pair to $1.60 per base pair plus setup charge and 

shipping. In this chapter, an “in-house” approach is presented where two eukaryotic genes, 

the 240 base-pair α-bungarotoxin from Bungarus multicinctus and the 717 base-pair 

acetylcholine binding protein from Lymnaea stagnalis, were optimized for heterologous 

expression in E.coli and synthesized. The cost averaged to less than 45 cents per base pair 

covering primers, PCR reactions, and sequence verification. 
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RESULTS AND DISCUSSION 

Codon optimization and gene design of α-bungarotoxin and the acetylcholine binding 

protein (AchBP) 

Protein sequences of α-bungarotoxin and the AchBP were entered into the Gene Morphing 

System (GeMS) (http://software.kosan.com/GeMS) (14) and the genes were designed with 

flanking NcoI and EcoRI sites (Figure 5-1a & 1b). An extra PvuII site was design to divide 

the AchBP into 2 parts (Figure 5-1b). The purpose of dividing the gene into two segments 

was to synthesize the two halves of the gene in parallel and ligate them together at the 

ligation step. Because the NcoI, EcoRI, and PvuII sites do not share the same overhang, 

during ligation, there is only one way for the gene to be ligated into the vector. 

 

The codon adaptation index (CAI) for expression in E. coli was also calculated for both 

genes before and after the codon optimization by GeMS (Table 5-1a and 5-1b). In both cases, 

the GeMS algorithms improved the CAIs of the genes. Please see “Differential expression of 

human aquaporin 4 (AQP4) in Pichia pastoris” for a discussion on the effect of CAIs on 

protein expression in Pichia pastoris.  

 

Because of the recent acquisition of Kosan Biosciences by the Bristol-Myers Squibb 

Company, the website that hosts GeMS is no longer available. Another academic source is 

the OPTIMIZER (http://genomes.urv.es/OPTIMIZER/) (15), which can also perform the 

same computer algorithm to generates a DNA sequence that is optimized for expression in a 

particular host along with user input for the inclusion and exclusion of restriction enzyme 

http://software.kosan.com/GeMS
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sites in the gene. One may also find some commercial websites that allow users to generate 

the optimized gene sequence without purchasing the gene synthesis package.  

 

Two Methods for the PCR-based gene synthesis and the gene synthesis of the 240 base-

pair α-bungarotoxin from Bungarus multicinctus  

A piece of double-stranded DNA can be synthesized one of two ways. First, pairs of 

overlapping primers can be designed to cover the gene from the 5’ end to the 3’ end. This is 

the “conventional” method (Figure 5-2, left). Because the “conventional” method involves 

all the primers at equal concentration, there can be many smaller segments generated that are 

not completely incorporated into the final product. In the case of the 240 base-pair α-

bungarotoxin, the “conventional” method was attempted, and non-specific products were 

observed (Figure 5-3, left). Or, pairs of overlapping primers can be designed “inside-out”, 

and the primers are mixed together with the innermost set at the lowest concentration (16) 

(Figure 5-2, right). The “inside-out” method produces a more specific product because 

during the course of a 30-cycle PCR, all the intermediate sizes are incorporated into the final 

product because the outermost set of primers are at the highest concentration and can 

therefore turn the intermediate fragments into the final product. Comparing with the 

“conventional” method, the synthesis of the 240 base-pair α-bungarotoxin using the “inside-

out” method generated a cleaner product than the “conventional” method (Figure 5-3, right).  

 

The product from the “inside-out” PCR was cloned into pET27b and transformed. After 

minipreping the DNA of the transformants, 3 out of 3 positive clones with the α-

bungarotoxin gene were found (Figure 5-4). Clones were verified by DNA sequencing, and 



- 139 - 
 

all 3 clones of the α-bungarotoxin gene have no mutation, and the process from primers to 

final construct in pET27b took no more than 3 days (Table 5-3). 

 

Gene synthesis of the 717 base-pair acetylcholine binding protein (AchBP) from 

Lymnaea stagnalis  

The AchBP was split into two segments for the purpose of doing PCR of both segments in 

parallel (Figure 5-1b). Each segment is spanned by 10 primers (Figure 5-5). Putting all 10 

primers together using the “inside-out” method resulted in non-specific products, so only 6 

primers were included in the first round (Figure 5-5, left). Then the 2 templates of the first 

PCR (~250 base pairs) were used with the outer 4 primers to generate the two final products 

(~350 base pairs) (Figure 5-5, right). The extension of the template size (from ~250 to ~350 

base pairs) showed that the outer 4 primers were successfully incorporated into the original 

template. Then, the two segments were ligated together into pET27b and transformed into E. 

coli. After minipreping the DNA of the transformants, 2 out of 6 positive clones were found 

for the AchBP gene (Figure 5-6). Clones were verified by DNA sequencing. Each of the 

clones of the acetylcholine binding protein gene contained two mutations (different in each 

clone). The mutations were easily fixed by QuikChange site-directed mutagenesis 

(Stratagene). There were less positive clones for AchBP gene because the ligation reaction 

was a tri-molecular event at NcoI, PvuII, and EcoRI (Figure 5-1b and Figure 5-6, left). We 

think the strategy of engineering a restriction site for ligating the two segments together is 

not as efficient as using another set of oligoes to PCR the two segments together.  

 

Differential expression of human aquaporin 4 (AQP4) in Pichia pastoris 



- 140 - 
 

The human AQP4 gene was codon optimized and synthesized for E. coli expression. 

However, no protein expression was observed in E. coli, so the gene was subcloned into 

pPICZ for expression in Pichia pastoris. About 1 mg/mL of protein expression was observed. 

Another expression study was conducted where the original human AQP4 gene was also 

cloned into pPICZ and expressed. The codon adaptation index (CAI) was calculated for both 

sequences using the codon usage table of Pichia pastoris (http://genomes.urv.es/CAIcal/) (8). 

In this case, the human AQP4 gene has a higher CAI than the E. coli-optimized human AQP4 

gene (Table 5-2), meaning that the original human sequence has a better fit for the codon 

usage of Pichia pastoris than the E. coli-optimized sequence. Indeed, the original AQP4 

sequence had a better expression than the E. coli-optimized sequence in Pichia pastoris as 

measured by Western analysis (Figure 5-7). Expressing the original human AQP4 gene in 

Pichia resulted in about 5 mg/mL of purified protein (see chapter 2 and 3). This shows that 

codon usage is an important parameter in heterologous expression.  

 

Cost effectiveness of “in-house” gene optimization and synthesis 

The approximate cost of dollar per base pair for gene optimization and synthesis was 

calculated for both genes (Table 5-3). The “in-house” approach averages ~ $0.43 per base 

pair, which is only slightly lower than the minimum rate found on the internet of $0.49 per 

base pair offered by Mr. Gene (www.mrgene.com). However, the “in-house” approach is 

without shipping and minimum setup charge per gene and is faster and more versatile in 

terms of making mutations and small changes in the sequence during synthesis. Overall, 

some academic laboratories will find this approach to be faster and more cost-effective when 

synthesizing a gene along with a set of mutants together.  

http://www.mrgene.com/
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MATERIALS AND METHODS 

Codon optimization and primer design 

Protein sequence of α-bungarotoxin from Bungarus multicinctus (Accession number: 

AF056400) and the acetylcholine binding protein from Lymnaea stagnalis (Accession 

number: AF364899) were taken from the NCBI database. The signal peptides from both 

proteins were removed based on the analysis on SignalP 3.0 server 

(http://www.cbs.dtu.dk/services/SignalP/). The two protein sequences were entered into the 

Gene Morphing System (GeMS) (http://software.kosan.com/GeMS) (14) and codon-

optimized DNA sequences suitable for E. coli expression were generated by the website. The 

two genes were also designed with flanking NcoI and EcoRI ends for subcloning into the E. 

coli expression vector pET27b. For the acetylcholine binding protein, the gene was divided 

into two segments with one segment flanking by NcoI and PvuII, and the other, PvuII and 

EcoRI. The PvuII site was used to ligate the two segments together. The final designed gene 

was 240 base-pair long for α-bungarotoxin and 717 base-pair long for acetylcholine binding 

protein. Then, the codon-optimized DNA sequences were entered into DNAWorks website 

(http://helixweb.nih.gov/dnaworks/) (17) using these options: annealing temperature at 62°C, 

oligo length at 60 nucleotides, codon frequency threshold at 10%, oligonucleotide 

concentration at 1 x 10-7 M, Na+/K+ concentration at 0.05 M, Mg2+ concentration at 0.002 M, 

number of solutions at 1, and the TBIO (thermodynamically Balanced Inside-Out Mode 

Output) option checked (16). The oligonucleotides generated from the output from 

DNAWorks were ordered through Elim Biopharmaceuticals (http://www.elimbio.com/) 

using the 50 nmol synthesis scale.   

 

http://www.cbs.dtu.dk/services/SignalP/
http://software.kosan.com/GeMS
http://helixweb.nih.gov/dnaworks/
http://www.elimbio.com/
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Gene synthesis of the 240 base-pair α-bungarotoxin from Bungarus multicinctus  

A total of 1 40-mer and 5 60-mer oligonucleotides were generated by DNAWorks for the 240 

base-pair gene. For the “inside-out” PCR, all six primers were mixed in 50 uL PCR reactions 

with primer 3 & 4 at 40 nM, primer 2 & 5 at 100 nM, and primer 1 & 6 at 200 nM (Figure 5-

3, right). For the “conventional” PCR, all six primers were mixed at equal concentration of 

200 nM (Figure 5-3, left). Phusion® DNA polymerase was used along with the HF buffer 

(Finnzymes). A total of 30 PCR cycles was performed. The PCR product was gel purified 

using the Qiagen QIAquick Gel Extraction Kit. The PCR product was further PCR’ed again 

with primer 1 and 6 and gel purified to ensure the completeness of the insert, and gel purified 

again.   

 

Ligation of the 240 base-pair α-bungarotoxin into pET 27b 

The Insert was then digested with NcoI and EcoRI and ligated into pET27b with T4 DNA 

ligase (NEB) at NcoI and EcoRI sites for 45 minutes at room temperature. Sub-cloning 

efficiency DH5α chemical competent cells (Invitrogen) were used for transformation of the 

ligation reaction. Transformants were plated on fresh LB plates with 50 µg/mL kanamycin.     

 

Gene synthesis of the 717 base-pair acetylcholine binding protein from Lymnaea 

stagnalis  

A total of 9 55-mer, 9 60-mer, 1 43-mer, and 1 27-mer oligonucleotides were generated by 

DNAWorks for the 717 base-pair gene. Only the “inside-out” PCR reactions were performed.  

Two separate PCR experiments were conducted. Primer 1 to 10 covered the first 384 

nucleotides of the gene and primer 11 to 20 covered the second 339 nucleotides of the gene 
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(Figure 5-1b). First set of PCR reactions involved only 6 primers (primer 5 & 6 and primer 

15 & 16 at 40 nM, primer 4 & 7 and primer 14 & 17 at 100 nM, and primer 3 & 8 and 

primers 13 & 18 at 200 nM (Figure 5-5). PCR products were gel purified and used as 

template for the second set of PCR reactions with primers 2 & 9 and primers 12 & 19 at 40 

nM and primers 1 and 10 and primers 11 and 20 at 200 nM. Phusion® DNA polymerase was 

used along with the HF buffer (Finnzymes). A total of 30 PCR cycles was performed. The 

PCR product was gel purified using the Qiagen QIAquick Gel Extraction Kit.  

 

Ligation of the 717 base-pair acetylcholine binding protein into pET 27b 

The two PCR products: 384 nucleotides and 339 nucleotides (Figure 5-1b and Figure 5-5) 

were digested with NcoI, EcoRI, and PvuII and ligated into pET27b with T4 DNA ligase 

(NEB) at NcoI and EcoRI sites, for 2 hours at room temperature. Sub-cloning efficiency 

DH5α chemical competent cells (Invitrogen) were used for transformation of the ligation 

reaction. Transformants were plated on fresh LB plates with 50 µg/mL kanamycin.    

 

DNA minipreps 

Transformants were picked from fresh plate with antibiotics and inoculated into 15 mL LB 

cultures with antibiotics and grown overnight (~16 hours) at 37°C. Cultures were then 

centrifuged at 5,000 g for 10 minutes, and the pellet resuspended in 250 uL P1 buffer 

(Qiagen). All subsequent steps were performed according to the protocol in the QIAprep 

Spin Miniprep Kit (Qiagen).  
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(a) 

 

 

(b) 

 

 

Figure 5-1 

Gene design of (a) the 240 base-pair α-bungarotoxin and (b) the 717 base-pair acetylcholine 

binding protein (AchBP). NcoI, PvuII, and EcoRI are restriction sites. NT stands for 

nucleotides, or base pairs. 
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Figure 5-2 

Two methods for the PCR-based gene synthesis. Arrows are individual oligoes/primers for 

the PCR reactions. The “conventional” method requires all primers at equal concentration 

during PCR. The “inside out” method uses sequentially more primers as the DNA lengthens, 

and by the time the PCR reaction is completed, all initial products should be incorporated 

into the final product because they are at lower concentration to start with. 
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Figure 5-3 

PCR products obtained from the “conventional” and the “inside-out” methods of PCR. 

Arrows represent the oligoes/primers used for the PCR reactions. PCR products were loaded 

onto a 2% agarose gel. Showing here are duplicates of the PCR reaction. The DNA ladder is 

the New England Biolab 100 bp ladder (N3231, NEB). 
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Figure 5-4 

1% agarose DNA gel of the α-bungarotoxin used for the ligation reaction and the plasmid 

miniprep results. The plasmid minipreps were digested with NcoI and EcoRI prior to running 

the gel. 
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Figure 5-5 

PCR products of the synthesis of the NcoI-PvuII segment and the PvuII-EcoRI segment of 

the 717 base-pair acetylcholine binding protein. Arrows represent the oligoes/primers used 

for the PCR reactions. The NcoI-PvuII segment was generated by primer 1 through 10, and 

the PvuII-EcoRI segment was generated by primer 11 through 20. PCR products were loaded 

onto a 2% agarose gel. Showing here are duplicates of the PCR reaction. The DNA ladder is 

the New England Biolab 100 bp ladder (N3231, NEB).



- 149 - 
 

 

 

Figure 5-6 

1% agarose DNA gel of the AchBP fragments used for the ligation reaction and the plasmid 

miniprep results. The plasmid minipreps were digested with NcoI and EcoRI prior to running 

the gel. 
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Figure 5-7 

Anti-flag Western result of the heterologous expression of human aquaporin 4 (AQP4) in 

Pichia pastoris. Lane 1: Expression using the E. coli-optimized AQP4 gene. Lane 2: 

Expression using the original AQP4 gene from human. 
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Table 5-1a  

CAI comparison of α-bungarotoxin 

   

 

α-bungarotoxin  CAI %G+C 

 

 

Original 0.657 48.6 

 

 

Optimized for E. coli 0.78 54.4 

 
     

 

Using the codon usage table for Escherichia coli CFT073  

 

 

http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=199310 

 

 

 

   Table 5-1b  

CAI comparison of AchBP 

   

 

acetylcholine binding protein  CAI %G+C 

 

 

Original 0.693 50.6 

 

 

Optimized for E. coli 0.775 50.1 

 
     

 

Using the codon usage table for Escherichia coli CFT073  

 

 

http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=199310 
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Table 5-2  

CAI comparison for human AQP4 

  Human AQP4 CAI %GC 

Optimized for E. coli  0.664 50.9 

Original human sequence 0.711 49.2 

   Using the codon usage table for Pichia pastoris 

  http://www.kazusa.or.jp/codon/cgi-bin/showcodon.cgi?species=4922 
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Table 5-3 

A summary of the financial cost of the “in-house” approach to codon optimization and gene 

synthesis. The primer/oligoes cost is calculated based on the pricing of the 10 nmol synthesis 

scale by Operon (www.operon.com). 

http://www.operon.com/
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