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Abstract

The small hydrophobic (SH) protein is a transmembrane surface glycoprotein encoded by the

respiratory syncytial virus (RSV). It is 64 amino acids long with one putative transmembrane

domain. Although SH protein is important for viral infectivity, its exact role during viral

infection is not clear. In this study, we have examined the structure, oligomerization, and

function of SH protein and the transmembrane domain (SH-TM) using biochemical,

biophysical and computational approaches.

We have shown that SH is able to assemble into pentamers and the process is driven by the

transmembrane domain. We have carried out a thermodynamic study using sedimentation

equilibrium analytical ultracentrifugation to determine the propensity of SH to self-associate

in CI4SB, C8E5, and DPC micelles. SH pentamerization is most favorable in C8E5, with

standard free energy of association of -24.89 kcal/mol, and a conserved histidine at the

transmembrane domain is important for the pentamerization specificity.

Investigation with polarized attenuated total reflection-Fourier transform infrared (PATR­

FTIR) shows that the SH-TM is predominantly a-helical and the C-terminal part of SH is

mostly ~ structure in planar lipid bilayers. The rotational orientation of SH-TM was

determined by site specific infrared dichroism (SSID) at two consecutive isotopically labeled

residues. This orientation is consistent with that of an evolutionary conserved pentameric

model obtained from a global search protocol using thirteen homologous sequences ofRSV.

Finally, conductance studies of SH and the transmembrane domain indicate a pH sensitive

ion channel activity, presumably gated by His51. Thus, our results provide experimental

evidence that SH is a pentameric ion channels.
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1) INTRODUCTION

The goal of this study is to characterize the small hydrophobic (SH) protein, a transmembrane

surface glycoprotein encoded by the human respiratory syncytial virus (hRSV), both

functionally and structurally. SH protein is a small, conserved integral membrane protein

consisting of 64 amino acids and a single transmembrane a-helix. The role played by SH

protein in hRSV life cycle and during infection is not well characterized. In this study we

show that SH is a pentameric ion channel using various biochemical, biophysical and

computational approaches. SH protein may be a potential drug target to treat hRSV infection.

1.1) Membrane Proteins

Membrane proteins play important functions in cellular process. They act as receptors and

signal transducers on the surface of cell membrane to allow for communication between cells

and their surroundings. In a way they are the regulator of the intracellular environment. The

passage of ions and molecules across the membrane is controlled by ion channel formed by

membrane proteins. Vital cellular processes such as cell assembly, fusion of cells or viruses

require specific membrane proteins to take part. These activities of membrane proteins make

them an interesting target for drug design strategies. For example, inhibition or controlling

these activities could stop the infection process of bacteria or viruses and combat human

diseases caused by defect in receptor activity.

1
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([)

®
®

CD

CD

Lipid
Bilayer

Figure 1-1. Schematic diagram of several types of membrane proteins In biological
membrane. Intrinsic membrane proteins (1-5): 1) bitopic, 2) polytopic, 3&5) monotopic, 4) ~­

barrel. Extrinsic membrane protein (6-9): 6) anchored by a fatty acid, 7) anchored by GPI,
8&9) non-covalently attachment to integral membrane proteins. The picture is adapted from
Molecular Biology ofThe Cell (Alberts et al. 2002).

Membrane proteins are classified into two classes, integral (or intrinsic) and peripheral (or

extrinsic) based on their interactions with the cell membrane (see Fig. 1-1). Integral

membrane proteins have one or more transmembrane domains inserted into the hydrophobic

core of the lipid bilayer, and can be removed only through the use of detergent or denaturants.

Integral membrane protein can be divided into three groups based on the way they inserted

into the lipid bilayer: monotopic, bitopic, and polytopic. Monotopic proteins are inserted in

the membrane but do not pass through the membrane. Bitopic and polytopic proteins span the

lipid bilayer once or multiple times, respectively.

In contrast, peripheral membrane proteins do not penetrate the lipid bilayer, they interact with

the cell membrane in two ways: non-covalently attachment to the polar head group of the

lipid bilayer or the integral membrane proteins; or through covalent attachment to either a

fatty acid or a glycolipid headgroup. Peripheral membrane proteins can be extracted from the

lipid bilayer without using detergent or denaturant and can be treated in the same way as

soluble proteins.

2
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The lipid bilayer is a native environment for membrane proteins. It consists of amphipathic

phospholipids with a hydrophilic headgroup and hydrophobic fatty acid tail. They associate

with each other forming a bilayer with the hydrophobic part facing the center and the polar

headgroup exposing to the aqueous environment. Typically, the thickness hydrophobic core

of lipid bilayer is about 30A and forms a low dielectric environment. These properties of lipid

bilayer impose certain structural features to integral membrane proteins, in particular bitopic

and polytopic groups that have to span the bilayer reaching both side of the membrane. Two

types of secondary structure have been observed in integral membrane proteins, a-helices and

p-strands. Both structures have a regular array of hydrogen bonding between the peptide

backbones to satisfy hydrogen bonds in the low dielectric environment where van-der-waals

and electrostatic interactions dominate. Most integral membrane proteins cross the bilayer as

a-helix, and they have a broader range of functionalities and complexities. p-strands are

found in outer membrane of gram-negative bacteria, mitochondria, and chloroplasts, forming

a rigid pore called p-barrels.

The low dielectric environment of lipid bilayer also affects the amino acids distribution in

membrane proteins. Statistic study reveals that most of the transmembrane a-helix comprises

of apolar residues such as Leu, He, Ala, Val, and Phe, and Gly (Senes et al. 2000). Aromatic

residues such as Trp and Try are found located preferentially at the lipid headgroup-fatty acid

chain interface (von Heijne 1996). The regions flanking both ends of transmembrane domain

are dominated by polar residues with the cytoplasmic side being enriched in Arg and Lys.

The presence of a positively charged cytoplasmic tail could help in the insertion into

membranes during membrane protein biogenesis. This results in the so-called the positive­

inside rule, which is applied in membrane protein topology prediction (von Heijne 1996).

In certain integral membrane proteins, the transmembrane a-helix is amphipathic. This type

of a-helix has a distinctive side of more polar region and an apolar region in the opposite

3
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side. The specific arrangement of amino acids in the amphipathic a-helix can be revealed by

drawing helical wheels. The existence of amphipathic a-helix offers a structural versatility to

the transmembrane domain. The more hydrophilic part of amphipathic a-helix is involved in

interhelical interactions or lining a pore of a channel to provide a polar environment for the

transport of ions or molecules. Transmembrane helix-helix interactions have received much

attention recently.

1.2) Self-Association of Membrane Proteins

A key feature of membrane proteins is that they have a high tendency to associate with

defined stoichiometries and orientations, forming oligomers. Oligomerization and helix-helix

interactions of the transmembrane domain affect proper folding and function of many

membrane proteins. Membrane proteins can oligomerize to form pores or ion channels, as

seen in the potassium channel (a tetrameric ion channel) (Doyle et al. 1998), influenza proton

channel M2 (tetrameric) (Kovacs et al. 2000), and phospholamban (pentameric) (Arkin et al.

1994). Some are able to fuse membranes or disrupt membrane permeability, e.g., influenza

haemagglutinin (a trimeric viral fusion protein) (Rosenthal et al. 1998), and in some cases

oligomerization of membrane proteins controls signal transduction, as seen in integrins

(dimeric glycoprotein) (Li et al. 2004).

Detection and determination of oligomeric size is important in characterizing membrane

proteins. It provides information of a possible function performed by the protein. Several

techniques have been developed to study the oligomeric state of membrane proteins. These

include cross-linking assays followed by gel electrophoresis, fluorescent resonance energy

transfer (FRET) (Adair and Engelman 1994; Fisher et al. 1999), small-angle X-ray scattering

(SAXS) (Bu and Engelman 1999), transmission electron microscopy (TEM) (Clarke et al.

4

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



2006), analytical ultracentrifugation (AVC) (Fleming 2008), and TOXCAT assays (Russ and

Engelman 1999). Each of these methods has its advantages and disadvantages, and accurate

assessment of oligomeric size is still a challenging task. Cross-linking, FRET, TEM, and

TOXCAT offer detection of oligomers in lipid bilayers, an ideal condition for membrane

proteins. In contrast, gel electrophoresis, AVC, and SAXS are performed in the presence of

detergent micelles. In this study, the focus is on gel electrophoresis as an initial investigation

on oligomer detection and stability, and AUC to obtain thermodynamic information.

1.2.1) SDS-PAGE and PFO-PAGE. Gel electrophoresis is a quick and simple method to

detect oligomer formation. SDS is a common detergent in PAGE analysis; it denatures the

proteins and helps in the migration during electrophoresis. SDS-PAGE is routinely employed

in the lab for estimating molecular weights. However, it is not uncommon for membrane

proteins to migrate anomalously in the present of SDS (Rath et al. 2009). Moreover, SDS can

induce non-specific aggregation. Despite these drawbacks, some membrane proteins still

maintain their native oligomeric structure in SDS, e.g. glycophorin A and phospholamban

(Lemmon et al. 1992; Simmerman et at. 1996). However, there are very few cases of SDS­

resistant oligomers. Often, SDS destabilizes homo-oligomer interaction.

In contrast to SDS, PFO is a milder detergent that may protect weak interactions and maintain

the native oligomeric species. PFO-PAGE has been developed to be a complementary

method to study oligomeric structure of membrane proteins (Ramjeesingh et at. 1999). The

number of oligomers detected by PFO-PAGE is increasing, and it is becoming a powerful

tool to study oligomer formation (Cleverley et al. 2008). The application of gel

electrophoresis can be extended to map inter-helix interactions. If the oligomer is stable in the

presence of either one of these detergents, PAGE analysis can become a useful method for

5
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screenmg of mutants in which each residue in the TM is mutated and the effect on

oligomerization can be accessed by gel electrophoresis (Lemmon et al. 1992; Simmerman et

al. 1996).

1.2.2) Analytical Ultracentrifugation Sedimentation Equilibrium. AVe is a classical

method for characterizing water-soluble proteins, and this method has been adapted to study

membrane protein solubilized in detergent micelles. In contrast to all the above mentioned

tools to study oligomer structure, analytical ultracentrifugation sedimentation equilibrium

experiments can provide unambiguous information on the assembly state of membrane

proteins. Not only it can be used to determine the oligomeric size, but also thermodynamic

data. If a system is reversibly associating in solution, the equilibrium constant can be

obtained and distribution of oligomeric species can be predicted over a wide range of

concentrations.

However, micelles have mass and they contribute to the observed molecular weight of

membrane protein solubilized in micelles. This introduces complexity into the analysis of

sedimentation equilibrium data and proper care must be taken to separate the mass

contribution of the protein from those of the bound detergents. Reynolds & Tanford have

developed the density-matching strategy to resolve this problem. In this approach, the

effective contribution of the bound detergents is eliminated by adjusting the solvent density

to match that of the detergent (Reynolds and Tanford 1976). AVe is used to determine the

buoyant molecular weight (Mb) of a protein in solution and it is defined as:

Equation 1-1

6
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where Mp is the molecular weight of the protein, v' is the effective partial specific volume

(ml/g) and p is the solvent density. Since the membrane protein is solubilized in detergent

micelles, Equation 1-1 is rewritten to take into account the micelles contribution:

Equation 1-2

Where VPT and VDet are the partial specific volumes of the protein and detergent respectively,

and DDet is the amount of detergent bound to the protein. The density matching strategy

manipulates the solvent density so thatp = 1/VDet' leading to (1 - VDetP) = 0, and Equation

1-2 is just a analysis of the protein mass alone. There is no contribution from the detergent,

and it does not matter how many detergent molecules are bound. The density matching

strategy can be achieved by adding D20 to the buffer. Since the density of D20 is 1.1 g/ml,

only detergents with partial specific volumes between 0.9 and 1 ml/g can be matched

effectively in a H20-/D20 mixture. This limits the usage of detergents to be investigated with

AUC. Octyl-P-D-glucopyranoside (P-OG) and dodecylmaltoside (DDM) which are widely

used for membrane protein solubilization and crystallization have a partial specific volume in

the range 0.81 to 0.86 mllg. These detergents are excluded in AUC experiments.

Nevertheless, there are several detergents that can be density-matched with D20 such as 3­

(N,N-dimethylmyristyl-ammonio)propanesulfonate (CI4SB), dodecyl phospholipid (DPC),

and octaethylene glycol monododecyl ether (CI2E8). In addition, the pentaoxyethylene octyl

ether (C8E5) is neutrally buoyant (v =0.993 mllg), i.e., density matching can be easily

achieved by adjusting the buffer density without the need of adding D20.

7
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To accurately define the model, it is important to gather enough data over a range of initial

concentrations and speeds to allow for global analysis. This is useful in reducing both model

and parameter ambiguity. Usually, nine data collected from three different initial

concentrations run at three different speeds are used for global data fitting by treating the

association constant as a global parameter. A system that is not in equilibrium or irreversibly

associating, will result in a poor fit, as shown by non-randomness of the residuals and poor fit

statistics.

1.3) Structural Study of Membrane Protein

Determining structure of a protein is crucial for understanding their function at a molecular

level. Also, design of potential drugs is dependent on structural information. Although

membrane proteins constitute approximately one-third of all proteins expressed in the cell,

only less than I% of atomic-resolution structures deposited in the Protein Data Bank (PDB)

are membrane proteins. To date, there are about 551 coordinate files of membrane proteins in

the PDB with 202 unique membrane protein structures (Dr Stephen White's lab,

http://blanco. biomol. uci. edu/Membrane_Proteins_xtal. html). The scarceness of membrane

protein structures reflects the difficulties in obtaining a sample, and in applying classical

techniques such as x-ray crystallography and nuclear magnetic resonance (NMR) to study

membrane proteins in a membrane-mimicking environment.

1.3.1) x-ray crystallography is a very powerful tool for determining membrane protein

structures. Most of the solved membrane protein structures are obtained with this procedure.

However, obtaining a well-ordered, three-dimensional crystal, a prerequisite for

8
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crystallography, is still a challenging task for membrane proteins. Membrane proteins are

amphipathic molecules consisting of both hydrophilic and hydrophobic regions. Therefore,

unlike water soluble proteins, membrane proteins need a membrane-mimicking environment

to keep them fully solubilized and folded.

In principle, there are three possibilities for arranging membrane proteins in the form of 3D

crystals (see Figure 1-2). In Type I, a 2D crystal is formed in the plane of a reconstituted

membrane, and then stacking of these crystals in an ordered way to form the 3D lattice. This

can be achieved by using the lipid cubic phase method to crystallize membrane proteins. This

strategy is attractive because the membrane protein is residing in the native environment.

The type II is the most common and favorable way to obtain membrane protein crystals: to

crystallize membrane proteins within detergent micelles. The hydrophobic part of the

membrane protein is protected within the micelle and the more hydrophilic part of the

membrane protein forms polar interactions that facilitate type II crystal growth. The size and

chemistry of the detergent play an essential role in crystal packing. Additional steps, such as

detergent screenings, need to be performed to find a most suitable combination for obtaining

high quality crystals.

Type III crystals are a new crystal packing system that has been reported for membrane

protein. It was observed in the major light-harvesting pigment-protein complex (LHC-II)

from spinach chroplast crystallized in the presence of a nonbilayer forming lipid, digalactosyl

diacylglycerol (DGDG) (Liu et al. 2004).

9
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Type I Type II Type III

Figure 1-2. Schematic representation of the three main crystal types for membrane proteins.
Type I crystals are formed by the stacking of 2D crystalline membranes ordered in the third
dimension (membrane crystals), the lipids surround the proteins in a lipid bilayer-like
fashion. Type II crystals are formed in the presence of detergents, the hydrophilic surface of
the membrane proteins form polar interactions. Type III crystals resemble the crystals formed
when icosahedral viruses crystallize. The membrane protein is ordered within a
microliposome, and then these vesicles crystallize to form the macrocrystal lattice. The
picture is adapted from Gardiner et al 2006 (Gardiner et al. 2006).

1.3.2) NMR spectroscopy is another well-established method to solve protein structures. To

date, 33 out of 202 atomic-resolution membrane protein structures are solved by NMR (Dr

Dror Warschawski's lab, http://www.drorlist.com/nmr/MPNMR.html). In solution NMR,

membrane proteins can be studied in the presence of detergents or organic solvent. However,

slow tumbling of large protein-detergent complexes lead to band broadening and loss of

intensity due to fast relaxation. Innovative spectroscopy strategies such as the transverse

relaxation optimized spectroscopy (TROSY) and high magnetic fields have accelerated the

progress in solving membrane protein structures by solution NMR. In addition, segmented or

selectively labeling technology facilitates structural study of membrane protein by solution

NMR.

Solid-state NMR is another attractive tool to solve membrane protein structures, especially

when the protein is forming oligomers. Solid state NMR characterizes proteins in lipid

bilayers. In solid-state NMR, limitation of sample size and relaxation is overcome by using
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aligned samples or magic-angle spinning samples. The number of membrane protein

structures solved by this approach is increasing. In fact, for M2 protein, only one structure

has been reported using solution NMR, the rest have been obtained by solid state NMR

(Wang et al. 2001; Hu et al. 2007a; Schnell and Chou 2008).

1.3.3) Fourier transform infrared (FfIR) spectroscopy is another useful tool for the

structural analysis of membrane proteins, in particular the application of attenuated total

reflection Fourier transform infrared (ATR-FTIR) spectroscopy. As mentioned above, it is

still difficult to determine the structure of membrane proteins by x-ray crystallography, or

NMR spectroscopy. Although FTIR is a low-resolution technique, it has a particular

advantage for membrane proteins over NMR or x-ray crystallography. ATR-FTIR can be

used to study structural and conformational changes of membrane proteins that reside in their

natural membrane environment. This technique has been applied to study lipid-protein

interactions, protein-protein interactions, protein orientation, and protein dynamics in

membranes.

Infrared is a form of light with long wavelength that is able to excite molecular vibrations to

higher energy level and FTIR spectroscopy probes the frequencies of molecular vibrations. It

is sensitive to vibrations that modulate a molecule electric dipole moment. Vibrational

stretching and bending modes of the amide and carbonyl groups of peptide backbone show

apparent absorption peaks in IR spectra, specifically the c=o stretching (amide I, 1600-1700

cm- I
), the N-H bending (amide II, 1510-1580 cm-'), and the N-H stretching (amide A, -3300

cm- I
). These amide vibration groups are conformation-sensitive; the frequency of IR

spectrum is altered by their interactions. Amide I is widely used to determine protein

secondary structure as it shows a more intense absorption band. Different secondary
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structures give rise to different frequencies within the narrow range of the amide I absorption

region (Table 1-1). By performing Fourier self deconvolution on the amide I region,

individual secondary structures can be sorted out and the populations can be quantified. In

addition, the amino acid side-chains give absorption peaks in IR spectrum. Most of them

absorb in or near the amide I and amide II regions. Protein conformational changes involving

side-chain interactions can be monitored by FTIR spectroscopy. For example, the sulphydryl

group of cysteine has been used to map the interface of helix-helix interactions (Arkin et al.

1996).

Band position in H2O/cm-1 Band position in D20/cm-1

Secondary structure Average Extremes Average Extremes

a-helix 1654 1648-1657 1652 1642-1660

p-sheet 1633 1623-1641 1630 1615-1638

p-sheet 1684 1674-1695 1679 1672-1694

Turns 1672 1662-1686 1671 1653-1691

Disordered 1654 1642-1657 1645 1639-1654

Table 1-1. Frequencies of Amide I band for protein secondary structure in H20 and 0 20
environments. The Table is adapted from Barth and Zscherp 2002 (Barth and Zscherp 2002).

The experimental design of ATR-FTIR is illustrated in Figure 1-3. In the ATR-FTIR

experiment, protein-lipid samples are deposited on the surface of an internal reflection plate,

normally germanium is used. Infrared radiation is focused into the plate where it undergoes a

series of total internal reflections, creating an exponentially decaying evanescent radiation on

the surface of the plate. The supported lipid bilayers and the reconstituted proteins absorb this

evanescent wave and provide a wealth of information derived from both lipids and proteins in
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the ATR-FTIR spectrum. When polarized light is used in conjunction with ATR-FTIR, one

can evaluate the orientation of the proteins with respect to the supported membrane.

z

Figure 1-3. Schematic representation of ATR-FTIR experiment with transmembrane peptide
samples inserted into the supported lipid bilayers.

ATR-FTIR is a powerful tool to study lipid-protein interactions. Lipids absorb in many

different regions of the IR spectrum. Information of lipid orientational order parameter and

physical state such as gel or liquid-crystalline phase can be determined by ATR-FTIR

spectroscopy; the frequencies of the absorption bands of lipid methylene stretching vibration

change upon gel-to-liquid crystal phase transition. The ester carbonyl stretching band is very

sensitive to hydrogen bonding and can be used to monitor lipid hydration.

One of the most exciting applications of ATR-FTIR spectroscopy is to obtain orientation of

lipid or protein in supported bilayers. Orientation information for these structural elements on

a supported material can be determined by polarized ATR-FTIR spectroscopy from the

dichroic ratio:

All
R=­

A.L

Equation 1-3
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where A II and A.L are the integrated absorbance of a given band at parallel and perpendicular

polarizations of the incident infrared light, respectively. This piece of information is used to

obtain the order parameters, S, describing lipid, or protein order in supported bilayers:

2(E2
- RE2 + E2

)S = x y z

(3cos 2 a - l)(E}- RE~ - 2ED

Equation 1-4

where Ex. Ey• and Ez are the components of the evanescent ~lectric field at the surface of

internal reflection element. For lipid bilayer deposited on the surface of germanium plate,

these values are calculated as E; = 1.969, E; = 2.249, and Ei = 1.892. a is the angle

between the transition dipole moment analyzed and the long axis of the structure, which is

39° for a-helix amide I vibration and 90° for lipid methylene stretching vibration.

Another application of ATR-FTIR spectroscopy is the ability to monitor the kinetics of

hydrogen/deuterium exchange. The amide hydrogen-deuterium exchange provides valuable

information about the protein dynamics. As the hydrogen-deuterium exchange is focused on

the amide proton only, one can measure the number of membrane embedded residues in the

proteins by analyzing spectral changes in amide II or amide A bands. The amide hydrogen-

deuterium exchange results in downshifts of the frequencies of amide I by -10 em-I, amide II

by -100 cm-1
, and amide A by -700 em-I, The kinetics of exchange can be calculated by

measuring the area of amide II band relative to amide I band:

(
Aamide ll)
Aamide 1 D 0

Non-exchanged (%) = (A . ) 2
amlde II

Aamide 1 Dry

Equationl-5

14

x 100

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



1.3.4) Site specific infrared dichroism (SSID). Innovative biophysical and computational

methods have been developed in recent years to improve structure determination of

membrane proteins. SSID is a new method to obtain the orientation restrains ofTM a-helices

in lipid bilayers (Arkin et al. 1997). Helix tilt, rotational orientation of TM a-helix can be

determined from SSID by labeling two consecutive residues with 13C=180 carbonyl group, or

labeling only one residue with either double deuterated CDz group of glycine or the triple

deuterated methyl group of alanine (Torres et al. 2000b; Torres and Arkin 2002). The

selected isotopically labeled residue gives rise to an isolated and unique infrared absorption

band on the ATR-FTIR spectrum and the dichroic ratio of this band is related to helix

orientation. SSID has been used to obtain orientational restraints of TM from various

membrane proteins such as glycophorin A (Arkin et al. 1997), phospholamban (a putative

Ca+ channel) (Torres et al. 200Qa), M2 protein of the influenza A virus (a H+-selective ion

channels) (Kukol et al. 1999), CD3-S (a component of the T-cell receptor) (Torres et al.

2002b), Vpu protein of the HIV-l virus (a putative ion channel) (Kukol and Arkin 1999),

MHC class II-associated invariant chain (Kukol et al. 2002), and E protein of the SARS

coronavirus (a putative protein involved in host apoptosis and virus morphogenesis) (Torres

et al. 2006). Among these TMs, NMR data is available for integrin (MacKenzie et al. 1997),

M2 (Kovacs et al. 2000), Vpu (Park et al. 2003), and phospholamban (Oxenoid and Chou

2005). The TM structure obtained by this method is in close agreement to data obtained by

NMR. In addition to the above, molecular dynamics simulations are important tools for

understanding the physical basis of the structure and interaction of TMs. By combining SSID

data with global search molecular dynamic (GSMD) simulations, we can obtain a model of

the TM with oligomeric size, handedness, helix tilt, and rotational orientation.
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1.3.5) GSMD simulation with incorporation of evolutionary conservation data.

Alternatively, one can obtain the TM structural model independent of experimental data. This

method uses evolutionary conservation data in GSMD simulations (Briggs et al. 2001). In

this method, GSMD simulation is applied to a particular peptide sequence and its close

homologues (>50% identity), which are likely to share the same backbone structure (Briggs

et al. 2001). Theoretically, if enough variants are used, only one low- energy model that

corresponds to the native structure will persist in all searches. Using this method, 7

transmembrane models have been analyzed, namely glycophorin A (Briggs et al. 2001),

EmrE (a multidrug-transporter from bacteria) (Torres and Arkin 2000), CD3-i;; (Torres et al.

2002a), M2 (Torres et al. 2002c), phospholamban (mutagenesis data) (Torres et al. 2002c),

integrin (homo- and hetero-oligomer search) (Lin et al. 2006a; b), and SARS-CoV E protein

(Torres et al. 2005). The TM domain of glycophorin A obtained with this method differed

from the published NMR structure by a Cn RMSD of < 1.0 A.

1.4) Human Respiratory Syncytial Virus

Human respiratory syncytial virus (hRSV), enveloped viruses with linear negative-strand

RNA, are the causative agent of severe lower respiratory tract disease in infants, elderly and

immunocompromised populations worldwide. The virus was first identified in 1956 (Blount

et al. 1956), but still there are currently no vaccine and effective antiviral drugs available.

RSV-neutralizing antibodies are the only weapon available to fight this disease (Groothuis

and Nishida 2002). HRSV can cause repeated reinfections throughout life and little is known

about its molecular mechanism of pathogenesis. Effective treatments of RSV infection thus

require the discovery of new drugs, the characterization of new drug target and inhibition

mechanism.
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HRSV is classified in the family Paramyxoviridae, subfamily Pneumovirinae, genus

Pneumovirus. Members of this genus include bovine, caprine, and ovine RSVs and

pneumonia virus of mice. Observation of the virus by electron microscope reveals two types

of viral particles, spherical and filamentous (Bachi and Howe 1973).

The genome of hRSV encodes for 11 viral proteins, three of which are transmembrane

surface glycoproteins: the fusion (F) protein, the attachment (G) protein, and the small

hydrophobic (SH) protein. The inner envelope face is covered by a layer of matrix (M)

protein. The virus nucleocapsid contains four proteins: the nucleoprotein (N), the

phosphoprotein (P), the anti-termination factor (M2-l), and RNA-polymerase. HRSV

encodes two non-structural proteins, NS 1 and NS2, which are unique to members of the

genus Pneumovirus. A schematic diagram showing the structural organization of hRSV is

shown in Fig. 1-4.

HRSV enter the cells by fusion of the viral and cell membranes in the lipid-raft region

(Werling et al. 1999). Attachment of virions to the cell membrane is mediated mainly by

binding of G protein to cell-surface glycosaminoglycan (GAGs), a popular virus cell receptor

(Krusat and Streckert 1997; Feldman et al. 1999). In addition, the F protein has been shown

to bind to RhoA, suggesting an alternative way to attach to cell membrane (Pastey et al. 1999;

Pastey et al. 2000). Following binding of the virus to the cell surface, membrane fusion is

triggered by activation of F protein (Lamb 1993; Ruiz-Arguello et al. 2004). The fusion

process is pH-independent and the mechanism is still not well understood. HRSV replicates

in the cytoplasm without nuclear involvement. The virus assembles at lipid raft domains of

the cell membrane and is released from the infected cell by budding (Brown et al. 2002;

McCurdy and Graham 2003; Brown et al. 2004).
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Figure 1-4. Electron microscopy (A) and schematic representation of the hRSV virion (B).
The structural (colour-coded) and non-structural proteins are listed in part B of the figure.
The picture is adapted from Melero 2007 (Melero 2007).

1.5) Small Hydrophobic Protein

The small hydrophobic (SH) protein is a transmembrane surface glycoprotein encoded by

hRSV. During infection, the majority of the SH protein accumulates at the lipid-raft

structures of the Golgi complex and also at the cell surface (Rixon et al. 2004). Only a very

low amount of SH protein is associated with the viral envelope (Rixon et al. 2004). SH is

categorized as an accessory protein ofhRSV, as it is not essential for viral replication in vitro

(Bukreyev et al. 1997). However, deletion of the SH gene leads to attenuation in mouse and

chimpanzee models, suggesting it is important for infectivity (Bukreyev et al. 1997;

Whitehead et al. 1999).
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The SH protein is 64 to 65 amino acids long, depending on the viral strain; 64 amino acids

are found in subgroup A, and 65 amino acids in subgroup B. Biochemical studies have shown

that the SH protein has a single hydrophobic region that spans the membrane, with the more

hydrophilic C-terminus oriented extracellularly (Collins and Mottet 1993). Analysis of SH

protein amino acid sequence by TMHMM, a method of transmembrane helix prediction

based on the Hidden Markov Model (Krogh et al. 2001) indicates the transmembrane a-helix

of SH protein spans from residue 20 to 42 (Fig. 1-5).

TMHMM posterior probabilities for Sequence
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Sequence TMHMM2.0 20 42
Sequence TMHMM2.0 43 64

Figure 1-5. Prediction of transmembrane helices for SH protein by TMHMM program
(Krogh et al. 2001) (http://www.cbs.dtu.dk/servicesIYMHMM/). Blue line represents residue
inside the cell, magenta line indicates residues outside the cell and red line represent residues
in the transmembrane helix. However, the topology prediction by TMHMM is wrong.

Several forms of SH protein are present during infection, which vary in their glycosylation

status (Olmsted and Collins 1989); two non-glycosylated forms, full length 7.5 kDa (SHo)
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and a truncated 4.5 kDa specIes (SHt), an N-linked glycosylated fonn (SHg), and a

polylactosaminoglycan-modified fonn (SHp). All these, except the truncated SHt> are

incorporated at the surface of the infected cells, where non-glycosylated SHo appears to be

the most abundant fonn (Collins and Mottet 1993). In addition to these modifications, the

tyrosine residues of SH protein are phosphorylated during infection, and this modification

affects its cellular distribution (Rixon et al. 2005).

Although the role played by the SH protein during viral infection is currently unknown, some

studies suggest an ancillary role in virus-mediated cell fusion (Heminway et al. 1994;

Techaarpornkul et al. 2001). More recently, cell studies have suggested that SH protein can

inhibit apoptosis in several mammalian cell lines by evading the host immune response

(Fuentes et al. 2007).

In addition to the above, it has been suggested that SH could fonn ion channels, because SH

protein expressed in Escherichia coli can modify the penneability of the bacterial membrane

to low-molecular-weight compounds (Perez et al. 1997). Also, in SDS, cross-linking of SH

protein generated at least four oligomers that include dimers, trimers, tetramers and

pentamers (Collins and Mottet 1993; Rixon et al. 2005). Thus, SH protein has been predicted

to be a viroporin, a group of small, highly hydrophobic virus proteins that can oligomerize

and fonn pores at the cell membrane (Gonzalez and Carrasco 2003).

Our preliminary functional studies in collaboration with Dr Soong's group at NUS suggest

that SH has a channel activity. A detailed structural analysis of this protein will help to

understand the assembly of SH channel, possible ion conduction mechanism, and its role in

hRSV life cycle. In this study, we have detennined the SH protein oligomeric state and

structure using experimental and computational approaches.
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2) MATERIALS AND METHODS

2.1) Sample Preparations

Several techniques were employed to produce the protein or peptide samples of SH protein

(see Fig. 2-1):

Fmoc sol id-phase peptide synthesis
21 31 41

SH-TM 13C=180L30 FTLIHMITTIIS*LLIIISIMIAILNK

21 31 41
SH-TM 13C=180L31 FTLIHMITTIISL*LIIISIMIAILNK

Ecoli protein over- expression
SHprot

SHprot-H22A

long-SH-TM

1 11 21 31 41 51 61
SNA-MENTSITIEFSSKFWPYFTLIHMITTIISLLIIISIMIAILNKLCEYNVFHNKTFELPRARVNT

1 11 21 31 41 51 61
SNA-MENTSITIEFSSKFWPYFTLIAMITTIISLLIIISIMIAILNKLCEYNVFHNKTFELPRARVNT

14 21 31 41
SNA-FWPYFTLIHMITTIISLLII1SIM1AILNK

Native chemical ligation
Segment A

SegmentS

1 11 21 31 41
MENTS I TIEFSSKFWPYFTLIHMITTI ISLL1 I IS IMIAILNKL-thioester

51 61
CEYNVFHNKTFELPRARVNT

Figure 2-1. SH sequences used in this study and method to prepare them. The sequence
corresponding to the transmembrane domain based on TMHMM prediction is underlined. *L
is 13C=180 labelled amino acid.

2.1.1) Solid phase peptide synthesis of SH-TM and purification by RP-HPLC. Synthetic

peptides corresponding to the transmembrane segment ofSH, SH-TM (residues 18-43), were

obtained by microwave assisted solid-phase fluorenylmethyloxycarbonyl (FMOC) chemistry

using the Odyssey Microwave peptide synthesizer (CEM Corporation) available at the

peptide synthesis core facility in the School of Biological Sciences. The peptides were

prepared on a O.025-mmol scale with acetylated N-terminus and amidated C-terminus,
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cleaved from the reSIn with trifluoroacetic acid (TFA) and lyophilized. For the SSID

experiment, two peptides were synthesized, each containing one 13C=18o-labeled carbonyl at

positions L30 or L31.

The lyophilized peptides were dissolved in a minimum amount of TFA (less than 10 fll)

followed by dilution to 1 ml of acetonitrile to a final peptide concentration of ca. 5 mg/ml and

immediately injected onto a Zorbax C18-300 A column (Phenomenex, Cheshire, UK)

connected to a high-performance liquid chromatography (HPLC) system (Shimadzu, Japan).

The solvents used were: solvent A (water/TFA, 99.9:0.1, v/v) and solvent D

(isopropanollacetonitrile/TFA, 80: 19.9:0.1, v/v). The column was previously equilibrated

with a mixture of solvents A and D (7:3, v/v). The SH-TM was eluted with a linear gradient

to a final solvent composition of 85% of solvent D. Pooled fractions were lyophilized and the

purity of the samples was checked by MALDI mass analysis.

2.1.2) 160 /180 exchange. The two oxygen atoms in the carboxylic group of 13C=160-labeled

leucine (Cambridge Isotopes Laboratories, Andover, MA) were exchanged to 180 by

incubating the amino acid at 100°C at acidic pH conditions (pH ~ 1) with a mixture of H2
180

and dioxane (3: 1, v/v) for Ih. The extent of exchange was monitored using mass

spectrometry. The solution was lyophilized and the amino acid was derivatized with FMOC

using standard fluorenylmethylsuccinimidyl carbonate protocol (Wellings and Atherton

1997).

2.1.3) Synthesis of SH Protein by native chemical ligation (NCL). Two fragments were

synthesized by SPPS with a 44 residues peptide representing the C-terminal thioester peptide

(SH44-thioester) and a 20 residues peptide representing the N-terminal cysteine peptide (SH­

C20). SH44-thioester was synthesized manually on a 4-methyl-benzhydrylamine (MBHA)
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resin usmg standard tert-butoxycarbonyl (Boc) chemistry. The thioester group was

incorporated in the resin before chain elongation. Double coupling with PyBop as an

activator was employed to ensure efficient coupling. Deprotection was done in 30%

trifluoroacetic acid (TFA). Ninhydrin test was performed to monitor efficiency at each

coupling and deprotection steps. Final peptide cleavage from the resin was achieved by

hydrogen fluoride (HF) cleaving at OCC in the presence ofp-cresol. SH-C20 was synthesized

by microwave assisted solid phase FMOC chemistry using the Odyssey microwave peptide

synthesizer (CEM Corporation). The SH44-thioester peptide was purified by RP-HPLC on a

C4-semipreparative column with a linear gradient of solvent D (95% isopropanol/5%

H20/0.l % TFA). SH-C20 was purified with C18-semipreparative column with a linear

gradient of solvent B ((95% acetonitrile/5% H20/0.1 % TFA).

Native chemical ligation of SH44-thioester and SH-C20 was performed in the NCL buffer

containing 8M urea, 48 mM DPC, 20 mM TCEP, 90 mM MESNA, and 20 mM phosphate

buffer at pH 8.0, heated at 40c C with stirring. The progress of ligation was monitored by

analytical RP-HPLC over a certain time course.

2.1.4) Expression and purification of SH protein and the long-SH-TM.

2.1.4.1) Cloning of SH gene. The nucleotide sequence of SH was obtained from NCBI

(Ne_001803.1). The SH gene was synthesized and the purity was determined by agarose gel

electrophoresis. The SH gene was cloned into pTBMalE vector with MBP as fusion partner

carrying His-tag at N terminal. The pTBMalE plasmid was a gift from Ian Brett (Dr Steven

Smith's lab at Stony Brook University, New York).
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2.1.4.2) Over-expression of fusion proteins. The DNA plasmid containing the SH gene was

transformed into an E. coli competent cell strain BL-21 (DE3) CodonPlus-RIL strain

(Stratagene) for protein over-expression. Cells from a single colony were picked to inoculate

10 ml LB media with 100 ug/ml Ampicillin (Amp) and 34 ug/ml Chloramphenicol (ChI), and

grown overnight at 37°C with shaking. 8 ml of the overnight culture was then transferred to

800 ml LB media with I: 100 dilutions and grown at 37°C with shaking to an OD6oo of 0.6 ­

0.7. For unlabelled sample, cells were induced with 0.4 roM isopropyl-~-thiogalactoside

(IPTG) and grown at 23°C overnight with shaking. For labelled sample, cells were harvested

by centrifugation when an OD6oo of 0.6 - 0.7 was reached and washed with M9 minimal

media once. Then the cells were transferred to M9 minimal media containing labeled

chamicals, either 15N ammonium chloride for nitrogen labeling or 13C glucose for carbon

labeling. The expression level in minimal media was enhanced by increasing cell densities

through a 4: 1 concentrating method described by (Marley et al. 200 I). The concentrated

culture in M9 media was induced with 0.4 roM IPTG and grown overnight at 23°C with

shaking.

After induction, cells were harvested and resuspended in Ne+-NTA binding buffer containing

20 mM Tris-HCl, 500 roM NaCI, and 5 mM Imidazole, pH 8.0, and then kept frozen at -20°C

overnight. Thawed cells were incubated with 0.2 mg/ml lysozyme and 0.02 mg/ml

benzonase for 10 min. Then, ~-OG was added to the sample to a final concentration of 50

roM. The cells was lysed with microfliudizer at 15 kPSI pressure and supernatant was

collected after centrifugation at 20,000g for 30 min and loaded to Econo column (BioRad)

packed with Ni2+-NTA agarose resin (QIAGENE) pre-equilibrated with binding buffer. The

fusion proteins were allowed to bind to the Nickel resin with gentle shaking at 4°C overnight.

24

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



2.1.4.3) Purification of fusion proteins by Ni2+-NTA chromatography. The Nickel resin

with bound fusion proteins were washed with 20 column volume of buffer containing 20 mM

Tris-HCl, 500 mM NaCl, and 20 mM hnidazole, pH 8.0, to remove unbound proteins. The

bound proteins were eluted with elution buffer containing 20 mM Tris-HCl, 500 mM NaCl,

500 rnM Imidazole, pH 8.0, and 30 mM p-OG. All fraction collected was stored at 4°C while

the fractions containing the fusion proteins were checked by SDS-PAGE.

2.1.4.4) Expression and purification of TEV protease. The DNA plasmid containing TEV

gene with polyhistidine tag was a gift from Ian Brett (Dr Steven Smith's lab at Stony Brook

University). Expression and purification of TEV protease was done in a similar way for SH

protein except no p-OG was added to the sample as it is a soluble protein. TEV was stored at

-20°C in buffer containing 50% glycerol, 10 mM Tris-HCl, 250 mM NaCl, 500 mM

Imidazole, 1 mM EDTA, and 5 mM DTT, pH 8.0.

2.1.4.5) Cleaving of fusion proteins by TEV protease. Fractions containing Ni-NTA

column purified fusion proteins were diluted twofold by a buffer containing 20 mM Tris-HCl,

500 mM NaCl, 1 mM EDTA, and 5 mM DTT, pH 8.0, to decrease the CMC of p-OG before

mixing with TEV protease. TEV protease was added to the fusion proteins at a ratio of 1:5

(TEV: fusion protein, mg/ml). Cleaving reaction was performed at room temperature with

gentle shaking and progress of reaction was monitored by SDS-PAGE. Usually, the reaction

was completed in 16-24 hr. Cleaving reaction was stopped by addition of TCA at a final

concentration of 6% and the precipitate was collected by centrifugation at 18,000g for 30

min. The pellet was washed with water twice followed by lyophilization.
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2.1.4.6) Purification of SH proteins and SH-TM by organic solvent extraction and RP­

HPLC. The cleaved proteins were purified by two step purification strategy. First, The

proteins were extracted by methanol by mixing 10 ml methanol with IL culture and mixed

gently for 2 hours at room temperature. This approach assumed the target protein (a

membrane protein) should dissolve in organic solvent while the MBP and TEV (soluble

protein) should precipitate. The supernatant was collected by centrifugation at 18,000g for 30

min and checked by MALDI and SDS-PAGE. The proteins were further purified by injecting

the supernatant onto a Zorbax C3-300 A column connected to HPLC system. The proteins

were eluted with a linear gradient of solvent A (water/TFA, 99.9:0.1, v/v) and solvent D

(isopropanol/acetonitrile/TFA, 80: 19.9:0.1, v/v). Pooled fractions were lyophilized and the

purity of the samples was checked by MALDI.

2.2) Gel electrophoresis. The peptide sample was subjected to reduced SDS-PAGE or PFO­

PAGE using precast tricine gradient gel (Bio-rad), with or without heat treatment. SDS or

PFO sample buffer was added to the lyophilized peptide to a final concentration of 2 ~g/ul.

The sample was mixed with sample buffer for I min followed by heating at 95°C for 5 min

before loading to the gel. The gel was run at constant voltage of 80 V for 3h at room

temperature. The gel was stained with Coomassie blue

2.3) Analytical ultracentrifugation. Equilibrium sedimentation is a useful tool to determine

the association state of proteins and the association constants. The experiments were

performed in a Beckman XL-I analytical Ultracentrifuge (Beckman Coulter) using six

channel carbon-epoxy composite centerpieces equipped with quartz windows for absorbance

experiment or sapphire windows for interference experiment. The experiment was performed
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at 25°C on samples solubilized in DPC (Avanti Polar Lipids), C14SB (Sigma), or C8E5

(Sigma) at three different initial concentrations (0.3, 0.5, 0.8 absorbance at 280 om) and three

different rotor speeds. This is to provide enough data for global equilibrium data analysis.

The software program Wiomatch was used to monitor equilibrium at each speed every 3-4 hr.

Usually, the samples achieved equilibrium in about 20 hr.

2.3.1) Determination of density-matching point for DPC and CI4SB. The contribution of

detergent to the buoyant molecular weight of the protein/detergent complexes were

eliminated by using D20. The density-matching point for these detergents were carried out

with sedimentation equilibrium experiments on 5 mM C14SB or 10 mM DPC in buffer

containing 50 mM Tris-HCI, and 100 mM NaCl, pH 7.3 mixed with D20 at various

concentration ranged from 5% to 60%. Data was collected at 45,000 rpm and monitored with

interference optic. The experiment was carried out at 25°C which is the temperature used in

following experiment.

2.3.2) Sample preparation. The samples in methanol were dried in a stream of nitrogen gas

and connected to lyophilizer for at least 3 hr to remove any residual organic solvent.

Detergent solutions matched with 0 20 was added to the dried protein samples and mixed by

5 min vortexing. In the cases where the sample was not dissolving, more vigorous mixing

was performed by a cycle of sonication for 5 min followed by heating at 45°C for 5 min.

Sample was centrifuged at 15,000 rpm for 5 min before loading into the centerpiece. 11 0 ~l

of sample in detergent solution and 120 ~l of reference buffer (same buffer without sample)

were loaded to the six channel centerpiece.
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2.3.3) General data fitting strategy. Data obtained by UV absorption at 280 nm were

analyzed with Sedphat by non-linear least squares curve-fitting of radial concentration

profiles using the Levenberg-Marquardt algorithm. Different reversible association models

were tried to fit the data to obtain the most suitable model that describe the data. AVe

sedimentation equilibrium experiment measures concentration gradient along the radial

position. The data can be fit to a monomer-n-mer equilibrium with an aggregation number n:

[2]_ W 2 2
Ctotal - Cmonomer,roexp 2RT M(l - vp)(r - ro )

[
2 ]W 2 2+ Cn-mer,roexp 2RT nM(l- vp)(r - ro ) + E

Equation 2-1

where Cro is the concentration of monomer at the reference radius ro, OJ is angular velocity in

radians per second, M is the monomer molecular weight, and E is baseline absorbance. For

the monomer-n-mer equilibrium system, the association constant is:

Cn-mer
KA,app = (C )n

monomer

Equation 2-2

Therefore, Equation 2-1 can be rewritten as :

[
2 ]_ W 2 2

Ctotal - Cmonomer,roexp 2RTM(l- vp)(r - rO )

[
2 ]n W 2 2+ KA.app(Cmonomer,ro) exp 2RT nM(l- vp)(r - ro ) + E

Equation 2-3
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Equation 2-3 allows for determination of both the oligomeric size and the free energy of

association for a monomer-n-mer species which is expressed as:

i1GA,app = -RTlnKA,app·

Equation 2-4

However, calculation of the equilibrium constant and free energy change for membrane

protein association has to be treated in a different way. Since membrane proteins are

solubilized in and surrounded by detergent micelles, association constant is expressed in mole

fraction scale, where the KA,app is normalized for the amount ofdetergent:

Kx = KA,app[micellar Det]w

Equation 2-5

where [micellar Det]w is the concentration of detergent in micellar phase. Then, the standard

free energy of association can be calculated according to Equation 2-5:

~Gx = -RTln(KA,app[micellar Det]w)

Equation 2-6

This standard free energy is calculated assuming that the protein-micellar detergent phase has

an ideal-dilute solution behavior. A series of micellar detergent concentration can be used to

test for this condition. This has been tested on glycophorin A transmembrane dimer in

micellar C8E5 and C14SB which prove the association is always in ideal-dilute solution

condition (Fleming 2002; Fleming et al. 2004). Once the ideal-dilute solution behavior is

observed, calculation of the standard free energy change is a straightforward matter.
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Before analysis, data was trimmed by Sedfit program to extract the region to be analyzed, and

to remove any bad points. The monomeric mass, extinction coefficient at 280 urn, and partial

specific volumes for each samples ware calculated using the program Sednterp. These values

were constant in fitting to various equilibrium models. The values of sample partial specific

volume, and buffer conditions is listed in Table 2-1.

Sample Partial specific Detergent Buffer Buffer Buffer

volume density viscosity

SHprot 0.7590 33 mM C8E5 20 mM Na3P04, 200 mM 1.0071 0.0090549

NaCl, pH7.3

SHprot-H22A 0.7604 15mMDPC 50 mM Tris-HCI, 100 mM 1.0589 0.0089047

NaCl, pH 7.3,52.4% 0 20

Long SH-TM 0.7913 5 mM C14SB 50 mM Tris-HC1, 100 mM 1.0342 0.0089047

NaCl, pH 7.3, 29.4% D20

Table 2-1. Sample partial specific volume and buffer conditions used III the AUC
sedimentation equilibrium experiment at 25°C.

2.4) Infrared spectroscopy. FTIR spectra were recorded on a Nicolet Nexus 560

spectrometer (Madison, USA) purged with N2 and equipped with a MCT/A detector cooled

with liquid nitrogen. Attenuated total reflection (ATR) spectra were measured with a 25-

reflections ATR accessory from Graseby Specac (Kent, UK) and a wire grid polarizer (0.25

mM, Graseby Specac). Approximately 100 III of sample in water with 20: 1 lipid/peptide

molar ratio were applied onto a trapezoidal (50 mm x 2 mm x 20 mm) Ge internal reflection

element (IRE). The lipid used here was DMPC and POPC (Avanti Polar Lipids). A dry, or

D20 saturated, N2 stream flowing through the ATR compartment was used to remove bulk

water or to achieve D20 exchange, respectively. After insertion of the plate in the ATR cell,
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spectra were collected. A total of 200 interferograms collected at a resolution of 4 cm-1 were

averaged for every sample and processed with one-point zero filling and Happ-Genzel

apodisation. The area corresponding to the 13C=180 (isotope-labeled) carbonyl stretching

vibration was obtained integrating the band at 1590 cm- I
. The area of the amide A (N-H

stretching, centered at ~3300 cm- I
) was obtained by peak integration from 3200 cm- I to 3400

cm- I
. No difference in band area was observed employing other means of peak size

estimation such as peak fitting and Fourier self-deconvolution. The helix dichroism was

measured from the amide A when the sample was hydrated in D20. The dichroic ratio of the

band was calculated as the ratio between the integrated absorptions of the spectra collected

with parallel and perpendicular polarized light. The data was analyzed according to the theory

of site-specific infrared dichroism described previously.

2.5) Solution NMR study of SH protein in detergent micelles. IH/ 15N_HSQC spectra were

acquired for 0.8 mM SHprot reconstituted into 170 mM SDS, 100 mM DHPC, or 150 mM

DPC in 100 mM acetic acid, pH 4.5, and 2% D20. NMR experiments were performed at

37°C. (31OK) using Broker Avance-II 700 NMR spectrometers equipped with cryogenic

probes (Broker BioSpin), with three channels and triple resonance probes with shielded z­

gradient coils. The carrier position was set to 4.70 ppm for IH and 119 ppm for 15N. DSS was

used as the internal reference for IH nuclei. The chemical shifts of 15N nuclei were calculated

from the IH chemical shifts. Spectra were processed using Broker's XWinNMR and figures

generated with Sparky.

2.6) Crystallization screening for SH protein and SH-TM. A sparse matrix screening kit,

MemGold (Molecular Dimensions, USA), with 96 conditions for crystallization of a-helical
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membrane proteins was used as an initial crystallization screening for SHprot and SH-TM.

Samples were reconstituted into ~-OG at ratio 1:50. Two protein concentrations were tried, 1

mM and 2 mM. Samples were prepared by mixing equal volumes of protein solution and well

solution, 0.5 III each. Crystals were grown by hanging drop vapour diffusion technique at

18°C on 24 well plate.

2.7) Global Search Molecular Dynamics (GSMD) simulation and evolutionary

conserved data. Molecular dynamics is an important tool for understanding the physical

basis of the structure and interaction of TMs. In GSMD, multiple symmetric helical bundles

are generated, each differing from the other by the rotation of the helices about their axes and

helix tilt. These are then used as starting conformations for the simulations (Adams et al.

1995). This method produces multiple low energy structures that can be clustered, because

some simulations may converge to the same structure. The correct model can be selected

using the evolutionary conserved data (Briggs et al. 2001). The rationale behind this is that,

silent amino acid substitutions will not affect the native structure, but may destabilize non­

native structures (Briggs et al. 2001). When simulations are performed using different

homologous sequences, a set of similar structures appears in all of the searches, forming a

"complete set" of common model (Briggs et al. 2001). The model obtained will provide

information on the helix tilt, handedness and the oligomeric size independent from

experimental data (Briggs et al. 2001).
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2.7.1) GSMD protocol

The simulations were performed using a Compaq Alpha Cluster SC45 which contains 47

nodes. All calculations were carried out using the parallel version of the molecular modeling

and manipulation program the Crystallography and NMR System (CNS Version 3.3), and the

Parallel Crystallography and NMR System (PCNS) (Brunger et al. 1998). Using the OPLS

force field (Optimized Potential for Liquid Simulations force field) (Jorgensen and Tirado­

Rives 1988), the global search was carried out in vacuo with united atom topology, explicitly

describing only polar and aromatic hydrogen atoms as described elsewhere and using CHI 1.1

(CNS Helical Interactions) to obtain the initial configurations. The homooligomeric

interaction between the helices was assumed to be symmetrical.

Trials were carried out starting from either left or right crossing angle configurations. The

initial helix tilt, ~, was restrained to 5° and the helices were rotated about their long helical

axes in 10° increments until the rotation angle reached 350°. Henceforth, the simulation was

repeated by increasing the helix tilt in discrete steps of 10°, up to 45°. We must note that the

restraint for the helix tilt is not completely strict, i.e., at the end of the simulation a drift of up

to ±5° from the initial restrained value could be observed in some cases. Three trials were

carried out for each starting configuration using different initial random velocities, for right

and left-handed configurations, and only for pentamers. Hence, a total of 5 (tilt) x 35

(rotation) x 3 (repeats) x 2 (handedness) = 1050 structures were produced and analyzed for

each sequence, for all 13 sequences, totaling 13,600 structures. Clusters were identified for

each tilt with a minimum number of similar structures. Any structure belonging to a certain

cluster was within 1.0 A RMSD (root mean square deviation) from any other structure within

the same cluster. Finally, the structures belonging to each cluster were averaged and

subjected to energy minimization. These final averaged structures were taken as the

representatives of the respective clusters. The tilt angle of the models, ~, was taken as the
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average of the angles between each helix axis in the bundle and the bundle axis. The bundle

axis, coincident with the nonnal to the bilayer, was calculated by CHI. The helix axis was

calculated as a vector with starting and end points above and below a defined residue, where

the points correspond to the geometric mean of the coordinates of the five a carbons N­

tenninal and the five a carbons C-tenninal to the defined residue. The rotational orientation

angle (i) of a residue is defined by the angle between a vector perpendicular to the helix axis,

oriented towards the middle of the peptidic C=O bond of the residue, and a plane that

contains both the helical axis and the nonnal to the bilayer. In this work, to compare the

models, a residue was chosen arbitrarily, and the (i) angle is always given for residue 30

(corresponding to the first labeled residue). Intersequence comparisons between low-energy

clusters were perfonned by calculating the RMSD between their a-carbon backbone using

the program ProFit (http://www.bioinforg.uk/software/profit). The structure preserved in

sequences was taken as the likely model of interaction. The energies calculated correspond to

the total energy of the system, including both bonded, for example, bond, angle, dihedral,

improper, and nonbonded, that is, van der Waals and electrostatic tenns. The interaction

energy for the residues was calculated with the function chijnteraction implemented in CHI.

2.7.2) Homologous sequences for SH.

A total of 13 sequences were used for the simulations (Fig. 2). Homologous sequences were

obtained using ncbi homoloGene search (http://www.ncbi.nlm.nih.gov/). The assignment of

the transmembrane domain for these sequences was based on the hydrophilicity/surface

probability plots (Krogh et al. 2001) and the transmembrane predictions from the TMHMM

server. According to these predictors, the transmembrane region of these sequences spans 23
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residues. The alignment of these sequences in the TM domain is shown in Fig. 2-2, with their

NCBI accession numbers shown in Fig. 2-2, left column.

20 25 30 35 40
AAG28111 L I H M I L T L I S L L I I I T I M I A V L N

AAG28084 L I H M I T T I I S L I I I I S I M I A I L N

VSHHRSVl L I H M I L T P I S L L I I I T I M I A I L N

NP044594 L I H M I T T I I S L L I I I S I M I A I L N

AAG28086 L T H M I T T I I S L I I T I S I M I A I L N

AAG28139 L T H M I L T L I S F L I I I T I M I A I L N

AAG28127 L T H M I L T L I S L L I I I T I M I A I L N

AAG28107 L I H M I L T L I S L L I I I T I M I A I L N

AAX23992 L I H M I T T I I S L L I I I S I M T A I L N

BAAOO813 L V F M M L I I G F F F V I T S L V A A I L N

AAG32979 L V F M M L T I G F F F I V T S L V A A I L N

AAG32970 L V F M M L I I G F F F I V T S L V A A I L N

AAG32982 L V M M L I G F F V I V T S L V A A I L

Figure 2-2. Sequences corresponding to SH-TM homologues used in molecular dynamics
simulations. The NCBI entries are indicated on the left column. The first 9 sequences are
from various subtypes ofhRSV, and the last 4 sequences are from bovine RSV variants. The
numbering shown at the top corresponds to the full length protein. All the conserved polar
residues are highlighted in grey.

2.8) SSID data analysis. Site specific dichroism is a technique based on the fact that the

measured dichroism, R of a particular transition dipole moment is a function of the sample

fractional order, f and the spatial orientation of the dipole, which is defined by the

parameters: ~, the helix-tilt, a which relates the transition dipole moment to the helix director

and 0), the rotational pitch angle (Fig. 2-3). The rotational pitch angle 0) is arbitrarily defined

as 0° when the C=O transition dipole moment, the helix director and the z-axis all reside in

the same plane. The following residue is assumed to be 100° away as in the canonical helix.

The angle a is known from fibre diffraction studies, and is 39° for transition dipole moment

of the peptidic c=o bond and 29° for the N-H bond (Tsuboi 1962).
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Figure 2-3. Left: schematic representation of the geometric parameters that define the amide
I (C=O) transition dipole moment orientation in a transmembrane helix. The helix tilt ~ and
the rotational orientation (0 are derived from the experimental data. Right: schematic vertical
view for the relative positions of labels LI4 and LI5 showing their distribution around the

helical axis. The helical segment has been drawn as a perfect cylinder for simplicity.

From each measurement, two different dichroisms are obtained. The first is RHe1it> the

dichroism that corresponds to the 1ZC=O dipoles, or N-H in the case of amide A, involved in

the helical structure. We note that when the dichroic ratio of the helix is obtained from the

amide A dichroism, the dichroic ratio should reflect more accurately the tilt of the

transmembrane domain. In fact, the amide A band in these conditions, i.e. the sample being

exposed to DzO, originates only from the transmembrane a-helix that has not exchanged.

This dichroism arises from residues distributed around the helical axis, (i.e. one every 100°

for a standard a-helix). Therefore, this dichroism is independent of (0, and dependent only on

~ andfi:
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Equation 2-7

where Kx• y or z( <CO») are the rotationally averaged integrated absorption coefficients, fi

represents the fractional order of preparation i. The parameter f is 1 if the sample is

completely ordered and zero if completely random. Finally, ex, ey and ez are the electric field

components for each axis given by Harrick (1967) according to a thick film approximation.

The thickness of the film was calculated as being more than 30 !lm, whereas the amplitude of

the evanescent wave decays (at 1 / e of its initial value), 1 !lm in a gennanium.

The second dichroism, Rsite, corresponds to the 13C=180 i label, consequently it will be

dependent on the ro angle for this particular label:

Equation 2-8

These two equations are not sufficient to obtain ~, ro and fi (three unknowns), therefore a

second label is inserted with a different ro. For example, if the label is inserted one residue

above or below the first label (for a canonical a-helix there are 3.6 residues per tum) the

increment in ro is 100°. Thus, two additional equations can be obtained. One is RHelix ,

dependent on ~ and jj and the other is Rsite, dependent on ~, ro + 100° and jj . Solving these

four equations for each i and j pair, will yield ~ij, ro ij, fi and jj, where ~ij and ro ij are the results

obtained from the combinations of sample i and sample j.

The non-linear equations were solved with Newton's method as implemented in the Find

Root function in Mathematica 3.0 (Wolfram Research, Champaign, USA). The final values of

~ and ro were obtained by averaging ~ij and ro ij, respectively:
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Equation 2-9

1 n n

W=-2L L wij

n i=1 j=1

Equation 2-10

Note that the maximum dichroism Rm(L'C for C=O groups in an a-helix was obtained from

equation 2-7 (~= O,f= 1, a = 39°) and is 4.34 for germanium.

2.9) Black Lipid Membrane. Ion channel formation of SH-TM was measured by single

channel recording. A bilayer membrane was formed on a 250 11m (or 150 11m) septum of a

Delrin cup with a working volume of 1 ml in each cis and trans chambers. Single channel

experiments were carried out in asymmetric ionic conditions. The cis and trans chambers

consist of 500 mM NaCI, 50 mM HEPES, pH 7.2, and 50 mM NaCI and 50 mM of HEPES,

pH 7.2 respectively. A lipid cocktail of POPE:POPS:POPC (5:3:2, v/v/v) and a lipid

concentration of 50 mg/ml was used to form the artificial lipid bilayer. The lipid cocktail was

painted onto the hole of the Delrin cup. Usually the bilayer could be formed quickly in the

presence of an asymmetric solution. The bilayer formation was examined electrically by the

current amplitude when a voltage pulse was applied.

The whole assembly was shielded from electrical and vibration interference. After the

formation of the bilayer across the aperture of the septum, small aliquots ofSH-TM (about 5-

10 Ilg) reconstituted in liposome were added to the cis chamber with continuous stirring to

facilitate the insertion of the peptide into the planar lipid bilayer. Stirring of the solution was
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stopped when channel activity was detected. Electrical currents were recorded using Bilayer

Clamp BC-525D amplifier (Warner Instruments) in capacitive feedback configuration via

AgiAgCl electrodes linked via agar salt bridges (2 % of agarose in 1 M NaCl). The trans

chamber was set as reference and the cis chamber was held at different potentials ranging

from -100 mV to +20 mV in 20 mV increments. Data were filtered at 50 Hz with an 8-pole

Bessel filter, and analogue output signal was digitized at a sampling rate of 1 kHz by using an

ND converter (Digidata 1322A, Axon Instruments). Data processing was performed using

pClamp 9.2 software (Axon Instruments). Single channel conductance was calculated from

the corresponding Gaussian fits using SigmaPlot 9.0 software (Systat Software, Inc.) to

current histograms by using data from segments of continuous recordings lasting longer than

lOs. Openings shorter than 0.5 ms were ignored. To avoid electrostatic interference during

recording, the recording cells were placed in a Faraday cage set on a mechanically isolated

table to obtain low noise recording of single channel currents. Data was recorded at the room

temperature. Voltages were corrected for calculated liquid junction potential using pClamp

9.2 software (Axon Instruments).

2.10) Electrophysiological recordings on mammalian cell line and data analysis. The

full-length SH gene, wild type and H22A mutant were cloned into the pIRES-AcGFPl vector

(Clonetech) by using restriction enzyme BgHI and Pst!. The plasmid contains a green

fluorescent protein gene to monitor expression. The cDNA was transiently transfected into

HEK293 cells using the standard calcium phosphate method (Peterson et al. 1999). The

vector pIRES-AcGFPl was also transiently transfected in separate experiments as a control.

Whole-cell current was recorded at room temperature using the standard patch clamp

technique, 48-72 hr after transfection. The batch contained the following (mM): 124.0 NaCl,
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3.5 KCI, .01 NaHzP04, 26.2 NaHC03, 1.3 MgS04, 2.5 eaCh, and 10.0 D (+)-glucose; gassed

with a mixture of 95% Oz and 5% COz; pH 7.4 and an osmolarity of 300 mOsmkg. The

internal solution (pipette solution) contained the following (mM): 135.0 potassium gluconate,

10.0 KCI, 10.0 HEPES buffer, 0.5 EGTA, 2.0 Mg-ATP (pH adjusted to 7.3 with KOH; and

an osmolarity of 275-285 mOsmkg). The voltages were uncorrected for a -9 mV junction

potential, and actual voltage is obtained by subtracting 9 mV from the reported values.

Whole-cell currents, obtained under voltage clamp with an Axonpatch Multiclamp 700B

amplifier (Axon Instruments), were filtered at 1-5 kHz and sampled at 5-50 kHz. The access

resistance Ra (usually less than 20 MQ) and the capacitive transients were not compensated.

To determined if SH is sensitive to pH change, the external solution was changed to pH 5.5,

after a stable conductance in neutral pH were detected.
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3) RESULTS & DISCUSSIONS.

3.1) Synthesis of SH-TM & SH protein

3.1.1) Solid phase peptide synthesis (SSPS) of SH-TM and full-length SH protein, and

purification by RP-HPLC. Microwave-assisted peptide synthesis is a powerful tool to

produce peptide with high yield and purity, especially for difficult peptides that are very

hydrophobic and have high tendency for aggregation during chain elongation. Microwave

irradiation is a form of energy that falls between infrared and radio waves in the

electromagnetic spectrum. The microwave aids in peptide synthesis through dipolar

polarization mechanism. The electric field from microwave radiation interacts with any

molecule that has dipole moment and causes rotation of that molecule. Since the N-terminal

amine group and peptide backbone are polar, they will constantly try to align with the

alternating electric field of the microwave. In this way, applying microwave radiation in

peptide synthesis prevents formation of chain aggregation during peptide chain elongation.

We applied this synthesis strategy to produce the SH-TM. The peptide can be separated from

the truncated sequences by RP-HPLC with solvent D gradient despite the fact that the yield is

low (Fig. 3-1). The SH-TM was eluted with a linear gradient to a final solvent composition of

85% of solvent D. The purity of the samples was checked by MALDI mass spectroscopy,

which did not show the presence of adducts. Pooled fractions from RP-HPLC was lyophilized

and stored at -20°C in powder form.

Since development of SSPS, much advancement on the instrument and strategies has been

made. The technology enables synthesis of peptide as long as 100 amino acids. The p7

viroporin with 63 residues was chemically synthesized by SSPS (Chew et a1. 2009).

Therefore it is tempting to synthesize the full-length SH protein by SSPS as it is just 64

amino acids long. However, attempts to synthesize the full-length SH protein were not
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successful even with double coupling strategy. The RP-HPLC profile shows a very broad

peak indicating many deletions, truncated peptides, or aggregation (Fig. 3-2). Also, the crude

sample did not show any significant peak in MALDI mass spectroscopy.
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Figure 3-1. RP-HPLC purification of SH-TM. A Cl8 RP-HPLC chromatography column
was used to purify SH-TM using linear isopropanol gradient, monitored at 220nm. The peak
corresponding to purified SH-TM is indicated by an arrow and the mass spectra analysis is
shown at the lower panel.

42

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



1.2- 90..0« 1.0'-" 80
E -c: ~0.8 70 0

'-"
0 000
N 0.6 60 +-'

(lJ c:
u (lJ

c: SO >
ro 0.4 0

..0 Vl
~ 40
0
VI 0.2

..0 30«
0

0 20 40 60 80

Time (min)

Figure 3-2. RP-HPLC purification of full-Iegth SH protein. A C4 RP-HPLC chromatography
column was used to purify SHprot from major contaminants on the basis of hydrophobicity
using linear isopropanol gradient, monitored at 220nm.

3.1.2) Synthesis of SH Protein by native chemical ligation (NCL). Attempts to produce

full-length SH protein continued with the NCL strategy. This method was introduced by Kent

& Tam in 1994 (Dawson et al. 1994; Liu and Tam 1994). A schematic of the NCL

mechanism is presented in Figure 3-3. Briefly, two unprotected peptides are used in this

reaction, one containing a C-terminal thioester group and the other containing an N-terminal

cysteine. The peptides react chemoselectively under neutral conditions to form a native

peptide bond at the ligation site.

This approach has been employed successfully in water soluble proteins ranging from 100 to

200 amino acids long. Several successful cases also reported for small membrane proteins

such as the HIV-1 Vpu protein (Kochendoerfer et al. 2004), Influenza A virus M2 protein

(Kochendoerfer et al. 1999), the mechanosensitive channel from E. coli and mycobacterium

tuberculosis (Clayton et al. 2004), and the FIFo ATP synthase subunit c (Sato et al. 2002).

Unlike in water soluble proteins, detergent or organic solvent is needed during the ligation
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process to solubilize peptide fragments. The progress of ligation was monitored by RP-

HPLC. .

The major advantage of NCL is the possibility to generate selectively or segmentally labeled

membrane proteins for biophysical studies. Unnatural amino acids, fluorescent label, EPR

spin-labels, and amino acids with 13C=18o- labeled carbonyls can be incorporated site-

specifically. The latter strategy can be used to study transmembrane helix orientation and tilt

of the full length protein with FTIR dichroism experiments. For structural studies of

membrane proteins by NMR, segmentally labeled proteins can resolve the problem of severe

spectral broadening that result in peak overlap commonly found in membrane protein NMR

spectra.

H,N1__pe_p_tid_e_w_it_h_C_-te_rm_in_al_th_io_e_st_er---J~SD+ CYS1 Peptide with N-terminal cystein ~COOH

5--0-1 No';" (homl'" L;g"'oc

H,N 1-pe-p-tid-e-w-it-h-C--te-rm-in-al-th-io-e-ste-r--'~ CO - Cys-j Peptide with N-terminal cystein ~COOH

Figure 3-3. Schematic illustration of Native Chemical Ligation. Two fragments were
synthesized by SPPS with a peptide representing the C-terminal thioester and a peptide
representing the N-terminal cysteine peptide. The step involves nucleophilic attack of the
thioester group of the by the thiol group of the N-terminal cysteine peptide. The intermediate
undergoes a spontaneous rearrangement to form a natural peptide bond at the ligation site.

The SH protein is 64 amino acids long and contains a cysteine at position 45, right after the

transmembrane domain (see Fig.2-l). This makes it a suitable candidate for NCL as cysteine

is required for ligation. Therefore Cys45 was selected as the ligation site. The protein can be
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synthesized by NCL of the 44 residues C-terminal thioester peptide (SH44-thioester) and 20

residues N-terminal cysteine peptide (SH-C20).

NCL for SH protein failed, as purification step for segment A was not possible by RP-HPLC.

Although the SH-C20 can be synthesized and purified easily (Figure 3-4), SH44-thioester

which contains the transmembrane domain, shows the same profile as the synthetic full-

length SH protein (Figure 3-5). MALDI mass spectroscopy was used as an alternative way to

monitor the ligation progress but no significant peak was detected.
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Figure 3-4. RP-HPLC purification of SH-C20. A C18 RP-HPLC chromatography column
was used to purify SH-C20 using linear acetonitrile gradient, monitored at 220nm. The peak

45

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



corresponding to purified SH-C20 is indicated by an arrow and the mass spectra analysis is
shown at the lower panel.
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Figure 3-5. RP-HPLC purification of SH44 thioester. A C4 RP-HPLC chromatography
column was used to purify SH44 thioester from major contaminants on the basis of
hydrophobicity using linear isopropanol gradient, monitored at 220nm.

3.1.3) Over-expression and purification of SH protein and the long-SH-TM. Protein

over-expression in E. coli has been a popular and effective way to produce protein in large

scale. However, over-expression of membrane protein in E. coli is still a challenging task.

The major challenge is the hydrophobicity nature of membrane protein, and it needs to insert

into the membrane. Fusion of membrane proteins to big water soluble proteins such as

maltose binding protein (MBP) or glutathione-S-transferase (GST) can facilitate solubility,

reduce toxicity, and decrease proteolytic degradation during expression. Applying either of

both fusion partners has different influences and advantages during expression. Successful

cases have been reported for both systems. This protein dependent, and one has to try to

check out the most suitable fusion partner for their target protein. In many cases over-

expression of membrane protein in E. coli result in inclusion body formation although fusion
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partner strategies are employed. In this way, bacteria are able to produce target protein at

large scale without toxicity. The drawback of this is the refolding problem, as protein

expressed into inclusion bodies is in an insoluble aggregate form, and denaturants such as

GndHCl or urea must be used to extract out the protein. Refolding is required for functional

studies and, most importantly, to remove a fusion partner by enzymatic cleavage that

recognizes only specific sequences.

In our lab, we have tried GST, ketosteroid isomerase (KSI) and beta barrel platform (BBP)

fusion proteins for expression of a small membrane protein, the E protein of SARS-CoV. The

BBP proved to be the most powerful fusion partner for effective production of the E protein.

Chemical cleavage by cyanogen bromide is used to release the product from the BBP.

However, this is not applicable to proteins that contain methionine as cynogen bromide

cleaves at methionine. SH protein has two highly conserved methionines. Moreover,

cyanogen bromide cleaving reaction is a harsh condition and this could modify some amino

acid side chains and complicate the downstream protein characterization work.

Recently, an effective construct of MBP fusion expression system has been developed for

expression and purification of membrane proteins (Hu et al. 2007b). Briefly, this system uses

MBP as the carrier protein and TEV as the cleavage enzyme (see Fig. 3-6). His-tag was

incorporated at the N-terminal of MBP to aid in the purification step. This system has proved

to be effective in enhancing protein expression levels, greater stability, and solubility of some

small membrane protein and transmembrane domain such as M2, CorA, and KdpF (Hu et al.

2007b).
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t
MGHHHHHHSTSI MBP IGTENLYFQSNIGSG

His-tag ------------ TEV Sspl
cleavage site

Figure 3-6. Construction of the fusion protein expression system. Both the His-tag and TEV
cleavage site are underlined. TEV cleavage occurs between GIn and Ser residues and the
cleave proteins have an additional three residues (SNA) at their N-terminus. The proteins are
cloned into the plasmid by LIC (shaded box).

We have used this expression construct for SH protein and the transmembrane domain. The

fusion proteins were successfully expressed in E. coli cells with the BL21 codon plus strain.

Initial attempts to express the SH protein in the BL21 pLys strain, which has the advantage to

express toxic proteins, showed very low level of expression. Later, rare codons were found in

the sequence of SH protein. BL21 codon plus strain contains extra copies of rare E. coli

codon bias and SH protein levels were significant, although just moderate (Fig. 3-7). The

optimum expression condition for SH protein was found at noc and expressed overnight

with 0.4 mM IPTG (Fig. 3-7). The long-SH-TM was expressed under the same condition.

The expression levels of SH-TM was higher, about 3-fold than that of SH protein (Fig. 3-8).
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Temperature I 23 DC 30 DC II 23 DC 30 DC I
IPTG (mM) I 0.1 0.4 1.0 II 0.1 0.4 1.0 II 0.1 0.4 1.0 II 0.1 0.4 1.0 I

Figure 3-7. Expression ofSHprot-MBP fusion protein in LB media under various conditions.
The first lane is the molecular weight marker. The position of expressed SHprot-MBP fusion
protein is indicated with an arrow.

Interestingly, the fusion proteins were found in the membrane fraction (Fig 3-8). For long-

SH-TM, the expressed fusion protein was also found in the cytoplasmic fraction (Fig. 3-8B).

Only a small amount of fusion proteins were forming inclusion bodies. Similar observations

have been reported for cytochrome b6, M2, CorA, and KdpF fused with MBP (Hu et al.

2007b). The expression of SHprot and long-SH-TM in the membrane suggest that the

expressed proteins fused with MBP are properly folded and potentially in a native-like

conformation. It is impressive that MBP could help over-expression of membrane protein and

even proper folding of membrane protein. It has been proposed that MBP may act as a

chaperone to prevent aggregation of hydrophobic proteins (Kapust and Waugh 1999; Fox et

al. 2001).
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Figure 3-8. Expression and distribution of SHprot-MBP (A) and long-SH-TM-MBP (B)
fusion proteins expressed at 23°C in an overnight culture. Cells were collected by
centrifugation and then sonicated (Sup). After centrifugation at 8000 g for 15 min, the
inclusion body fraction (ill) was collected. The supernatant was ultracentrifuged at 100,000 g
for 30 min, and the new supernatant (cytoplasmic fraction, Cyt) and the pellet (membrane
fraction, Mem) were collected. The position of expressed fusion protein is indicated with an
arrow.

SHprot-MBP protein was successfully purified by Ni~NTA column (Fig. 3-9A). TEV

cleaving was stopped in 20 hr, about 90% ofSHprot-MBP was cleaved (Fig. 3-lOA, Lane 2).

Attempts to purify SHprot by methanol extraction was complicated by contaminants

including TEV and MBP (Fig. 3-10A, Lane 4). Thus the sample was subjected to further

purification by RP-HPLC. SHprot was successfully purified by RP-HPLC, the peaks were

well resolved and separated from those of TEV and MBP (Fig. 3-11). MALDI mass

spectroscopy shows a major peak corresponding to SHprot (Fig. 3-11). The yield of SHprot is

1.2 mglL culture.
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Figure 3-9. Ni-NTA purification of SHprot-MBP (A) and long-SH-TM-MBP (B) fusion
proteins. Expression of fusion proteins were compared before induction (BI) and after
induction with 0.4 mM IPTG (AI) and expressed at 23°C in an overnight culture. Cells were
lysed with microfluidizer then centrifuged at 20,000g for 30 min, the supernantant (Ly) was
collected and incubated with Ni-NTA agarose resin for overnight. The unbound proteins were
removed from flowthrough (FT). The column was washed with washing buffer (WI, W20)
and the bound proteins were eluted with elution buffer. The position of expressed fusion
protein is indicated with an arrow.
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Figure 3-10. TEV cleaving and purification ofSHprot (A) and long-SH-TM (B) with organic
solvent extraction. TEV and fusion proteins were mixed together for cleaving reaction (Ohr)
with gentle shaking for 20hr at room temperature. The proteins were precipitated with TCA
and lyophilized. The proteins were extracted with methanol and the supernatant was collected
by centrifugation at 12,000 g (Ext).
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Figure 3-11. RP-HPLC purification ofSHprot. A C4 RP-HPLC chromatography column was
used to purify SHprot from major contaminants on the basis of hydrophobicity using linear
isopropanol gradient, monitored at 220nrn. The peak corresponding to purified SHprot 1S

indicated by an arrow and the mass spectra analysis is shown at the lower panel.
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In contrast, the yield for long SH-TM was very low, only 0.3 mg/L culture although the

expression level of long SH-TM was better and higher than that of SH protein (Fig. 3-8). This

is due to sample precipitation during elution step of Ni-NTA column chromatography.

Increasing the concentration of ~-OG did not improve the situation. Therefore, only a small

amount of sample was recovered from the eluted fractions (Fig. 3-9B). This may be due to

high hydrophobic nature of the transmembrane domain and that ~-OG is not a suitable

detergent for this sample. In future, a range of detergents should be tried for the elution step.

The expressed SH-TM can be extracted by methanol and purified by RP-HPLC (Fig. 3-10B

and 3-12). The purity was confirmed by MALDI mass spec (Fig. 3-12).
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Figure 3-12. RP-HPLC purification of long SH-TM. A C4 RP-HPLC chromatography
column was used to purify long SH-TM from major contaminants on the basis of
hydrophobicity using linear isopropanol gradient, monitored at 220nm. The peak
corresponding to purified long SH-TM is indicated by an arrow and the mass spectra analysis
is shown at the lower paneL

53

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.1.4) Over-expression of SH protein in M9 minimal media to produce ISN or 13C/ISN

uniformly labeled sample for solution NMR experiments. The growth of E. coli cells in

minimal media that is deficient in nutrients is often low compared to that of rich LB media. A

cost effective and efficient way to enhance E. coli growth and protein expression in minimal

media was employed. This method utilizes protein expression in high cell densities (Marley

et al. 2001). The cell densities were increased through a 4: 1 concentration method by growing

2 L of cell culture to OD600 ~O.7 in LB media followed by centrifugation and resuspension

into 0.5 L M9 minimal media. Induction was initiated after a short period of growth in

minimal media to allow for recovery. By increasing the cell mass per unit volume, higher

expression level was achieved (see Fig. 3-13). The yield of purified protein is 1.5 mg! L

culture. MALDI mass spec shows a good labeling level, with 97% 15N incorporation and 93%

15N/I3C incorporation (Fig. 3-14).
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Figure 3-13. Expression of SHprot in minimal media. Lane 1 is molecular marker, lane 2 is
before induction, lane 3-5 are 3 hours, 5 hours, and overnight expression after induction with
0.4 mM IPTG. The position of expressed SHprot fused with MBP is indicated with an arrow.
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Figure 3-14. 15N (A) and 15N/ l3e (B) labeled SHprot MALDI spectral analysis. The expected
molecular weight for fully labeled 15N and 15N/ l3e SHprot are 7895 and 8254, respectively.
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3.2) Determination of SH Protein Oligomers

It has been shown that the SH protein can be cross-linked to higher oligomers, from dimers to

pentamers with disuccinimidyl suberate (linker distance of 11.4 A) and

dithiobis(succinimidyl) propionate (linker distance of 12 A) (Collins and Mottet 1993; Rixon

et al. 2005). To determine the oligomeric size of SH protein, we performed SDS-PAGE,

PFO-PAGE, and AUC-SE on SH-TM, long-SH-TM, SHprot, and SHprot-H22A in a

detergent environment. The long-SH-TM was generated to include the tryptophan residue in

the native sequence for AUC-SE experiment because there is no strong chromophore, such as

tryptophan or tyrosine residue, in the sequence of SH-TM. Mutant SHprot-H22A was also

generated, as His22 is the only charged residue in the transmembrane domain of SH, and is

possibly related to the function of SH as an ion channel. We wish to characterize the effect of

this mutation on the oligomer stability.

3.2.1) Assessment of oligomeric state of SH by SDS-PAGE & PFO-PAGE. Figure 3-15

shows the result of gel electrophoresis analysis of the oligomeric state of SHprot, SHprot­

H22A, long SH-TM, and SH-TM in the presence of SDS or PFO. SH-TM forms only

monomers in the SDS-PAGE whereas the SH protein, SH-H22A protein and the long SH-TM

show the presence of higher molecular species (Fig. 3-15A). Both the SHprot and SHprot­

H22A proteins show a similar migration pattern but the bands are smeared indicating some

non-specific aggregation induced by SDS. Nevertheless, some dimers and trimers can be seen

in both samples in SDS-PAGE. This is contrast with the previous studies, where SH protein

expressed in mammalian cell lines only forms monomers in SDS-PAGE. Interestingly, the

long SH-TM with extended 7 amino acid residues before the TM is aggregating to form

tetramers and trimers in SDS-PAGE. It is possible these additional residues before the TM

destabilize the oligomer in SDS micelles. In short, no stable oligomeric structure was

detected by SDS-PAGE.
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In contrast, higher oligomers were seen when SDS was replaced by PFO (Fig. 3~15B&C).

This pentamer structure was detected only in the SH-TM (Fig. 3-15B, lane 5). The oligomers

for long SH-TM were not stable even in the presence of PFO; the sample smeared during

:::lectrophoresis, indicating non-specific aggregation. In the case of full-length protein, both

the SHprot and SHprot-H22A showed the presence of octamers (Fig. 3-l5C). Traces of

pentamer can be seen in the SHprot whereas higher aggregates were detected in the SHprot-

H22A sample. Both full-length proteins showed some degree of instability in the presence of

PFO as evidenced from smearing during electrophoresis. Together, it seems that the

:::xtracellular domain destabilizes the pentameric structure in the PFO micelles.

A 2 3 4 5 B 2 3 4 5 C 2 3
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Figure 3-15. Gel electrophoresis analysis of SHprot, SHprot-H22A, long-SH-TM and SH­
fM and mutants in SDS (A) and PFO (B &C). Lane 1 is protein markers; lane 2 is SHprot
:expected mw 7808), lane 3 is SHprot-H22A (expected mw 7742), lane 4 is long-SH-TM
:expected mw 3806), and lane 5 is SH-TM (expected mw 2983).

[n mammalian cells infected with RSV, SH protein is modified by tyrosine phosphorylation

:hat influences its cellular distribution (Rixon et al. 2005). However, pentamerization is not

lffected by this modification (Rixon et al. 2005). The sequence of SH contains two tyrosine

'esidues; one is located at the N-terminus domain, and the other at the C-terminus part. It is

lot known which of these residues is phosphorylated. The long-SH-TM sequence contains
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the N-terminus tyrosine and it is possible this unmodified tryrosine destabilizes the pentamer

in the SDS and PFO environment.

The results of PFO-PAGE suggest that the transmembrane domain of SH is the main driving

force for the pentamerization as seen in many membrane proteins.

3.2.2) Analytical ultracentrifugation studies of SHprot, SHprot-H22A and long-SH-TM

homopentamerization equilibrium in detergent solutions.

The structure, function, and dynamics of membrane proteins are strongly dependent on the

surrounding environment. Table 3-1 lists the detergents used throughout this project from

purification to characterization. As only detergents with partial specific volume between 0.9

and 1 mUg can be effectively density matched by ofD20, only C8E5, DPC, and C14SB were

used for the AUC experiment.

AUC-SE experiment was performed to detect oligomer and to investigate the interaction

energetics ofSHprot, SHprot-H22A, and long-SH-TM in these detergents. The sedimentation

equilibrium conditions, speed, temperature, and detergent concentrations were identical for

each of these samples.
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Detergents Charge Monomer CMC Aggregation VD (cm3/g)

mass (M r) (mM) number

PFO Anionic 414 9.7
0.588

F~I. I OH
F F F F F F F F

SDS Anionic 288 1.2-7.1 62-101 0.863
0
II

CH~CCHz)1.-,CHzo-S-ONa
- II

0

DHPC Zwitterionic 454 15 19-35 0.865

0 0

~ "
~'d('o-t°'-/"7~

0

DPC Zwitterionic 352 1.1 50-60 0.937
0

"~o-r~N"
O' I'

C14SB Zwitterionic 364 0.1-0.4 83

CoHo 0
.. , ~II

:H3(CH) 11CH2-~----- ~ -0-

CI~ 0

C8E5 Non-ionic 350 4.3-9.2 82 0.993
HO ...............O~O-.../'o~O-.../"'-o~-/" ...............

~-OG Non-ionic 292 25 84 0.859

HO

~CHt.CHl)6CHJ
OH

HO OH

Triton X-IOO Non-ionic 625 0.25 75-165 0.908

~O~OH
~ I n

::aH17

Table 3-1. List of detergents used in this study.
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3.2.2.1) Determination of density-matching point for DPC and C14SB. Determination of

the matching point of D20 concentration was done by measuring the slope of the curve

obtained from interference scans. The slope of the line indicates relative densities of the

micelle and the solution. A positive slope indicates the detergent micelles are more dense

than the solution and the micelles sediment; a negative slope indicates the detergent micelles

are less dense than the solution and the micelles float. A zero slope indicates the micelles are

evenly distributed and a matching D20 concentration is found.

Fig. 3-16A shows an initial trial to match DPC with D20 at various concentrations. The slope

reverses between 50% and 55%. Plotting the slopes of the micelles distribution as a function

of D20 percentage gave an initial guess of matching point around 52% of D20 (Fig. 3-16B).

Performing the experiment with D20 concentration around this value gave a zero slope at

52.4% D20 (Fig.3-16C). This experiment shows that density matched solutions are sensitive

to slight changes of D20 concentration. Our value is in good agreement with the reported

values under the same buffer conditions, 52.4% and 52.5% (Kochendoerfer et al. 1999;

Stouffer 2006).

The density matching experiment for Cl4SB was done in a similar way as DPC (Fig 3-17).

The slope reverses between 20% and 30% (Fig. 3-17A) and the micelles distribution versus

D20 concentration plot estimates a value around 29% (Fig. 3-17B). Final density matching

experiment gave a zero slope at 29.4% D20. The value is 0.4% higher than the reported

value, 29% (Burgess et al. 2008). However, many factors can contribute to the difference in

density matching value and individual lab should perform this experiment to obtain the

correct D20 matching value.
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Figure 3-16. Density matching of 10 mM DPC with D20 in buffer containing 50 mM Tris­
HC1, and 100 mM NaCl, pH 7.3. (A) Interference scans of various concentration of 0 20. (B)
The plot of slope of micelle distribution as a function of D20 percentage. (C) Final density
matching of 10 mM DPC based on the plot at (B).
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Figure 3-17. Density matching of 5 mM Cl4SB with DzO in buffer containing 50 mM Tris­
HCI, and 100 mM NaCI, pH 7.3. (A) Interference scans of various concentration ofDzO. (B)
The plot of slope of micelle distribution as a function of DzO percentage. (C) Final density

matching for 5 mM Cl4SB based on the plot at (B).

3.2.3) SO protein forms reversible mono-pentamer equilibrium in C8E5, DPC, or

CI4SB. To explore the best model to describe the behaviour of SH protein in these

detergents, different reversible association models from mono-dimer to mono-heptamer were

tried to fit the data. Finally, a monomer-pentamer equilibrium model gave the best fit. The

fitting results for SH protein in these detergents are summarized in Table 3-2. Two

parameters were used to evaluate the fitting result, the square root of the variance (rmsd) and

global chi square (X 2
). The X 2 value should approach I and the the rmsd value should be
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below 0.01 (the expected noise level from the optical detectors) if the mathematical model

accurately describes the data (Laue 1995).

Among these detergents, global fitting of SH protein using a reversible mono-pentamer

equilibrium in Cl4SB detergents gave the best fitting result (see Fig. 3-18). The residuals are

all randomly distributed around zero, and the X 2 and rmsd values are in the expected range,

1.16 and 0.0071, respectively, suggesting that the monomer-pentamer equation with a single

equilibrium constant is a good description of the data. The calculated standard free energy of

SH protein pentamerization in C14SB micelles is -15.54 kcallmol.

The fitting for SH protein mono-pentamer equilibrium in C8E5 micelles is also a good fit

(see Fig. 3-19). The X 2 and rmsd values are 1.46 and 0.0073, respectively. The calculated

standard free energy of SH protein pentamerization in C8E5 micelles is -24.89 kcal/mol.

In the case of DPC (see Fig. 3-20), the X 2 value is 1.83, far from a reasonable range. The

rmsd value is 0.0095, just slightly below the accepted value. The residuals are randomly

distributed around zero, except the high and mid concentrations at 28 krpm. It is very likely

that at the lowest speed, 28 krpm, less mono-pentamer equilibrium is observed in SH protein

solubilized in DPC micelles. It is well known in sedimentation equilibrium experiments that

lower speeds will produce data defining the larger oligomers. The standard free energy of SH

protein pentamerization in DPC micelles is -18.69 kcallmol.

The values of standard free energy of SH protein pentamerization in these detergents suggest

that the process is strongly affected by detergent environment. The pentameric structure is

most favorable in non-ionic detergents, the C8E5. Comparison of the pentamer equilibrium

:listribution for SH protein in all three detergents is shown in Figure 3-21. Under our

~xperimental conditions, more than 95% of SH protein are forming pentamer in C8E5. In
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DPC, 82% to 90% of the protein is fonning pentamer, whereas 78% to 88% of SH protein is

forming pentamer in CI4SB.

The association ofmembrane proteins in different detergent environments has been measured

for glycophorin A and MS 1. The transmembrane helix of glycophorin A fused to the C-

terminal of Staphylococcal nuclease (SN-GpA-TM) dimerization has been investigated in the

C8E5 and C14SB and the dimerization is more favorable in C8E5 compared to C14SB

(Fleming 2002; Fleming et al. 2004). The MSI is a designed peptide for transmembrane

version of the GCN4-Pl peptide. And the oligomerization is described by mono-dimer-trimer

model. While C14SB promotes trimerization MSI peptide, DPC promotes dimerization of

MS 1 peptide (Gratkowski et al. 2002).

Conditions Global Chi2 Rmsd KA,app (M-4) AGA,app Kx AGx AGx

(kcallmol) (kcallmol) (kcallmol)

(per monomer)

5 mM C14SB 1.163 0.00709 4.044xlOzO -28.11 2.53x10 11 -15.54 -3.11

15mMDPC 1.826 0.00954 1.017x1021 -28.66 5.15xI0 13 -18.69 -3.74

33 mM C8E5 1.455 0.00728 1.540xl024 -33.00 1.83xlO'8 -24.89 -4.98

Table 3-2. Summary of sedimentation equilibrium analysis of SH protein pentamer in
various detergent environments.
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Figure 3-18. Global fit analysis of SH protein in 5 mM C14SB micelles to a monomer­
pentamer equilibrium function. The open circles in the lower panel are the data collected at
three different concentrations (80, 50, and 30 uM, from left to right) and at three different
speeds (28, 34.5, and 42 krpm, more shallow to less shallow exponential for each
concentration). The lines in the lower panel represent the global fit to all data. The open
circles in the upper panels represent the residuals of each fit.
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Figure 3-19. Global fit analysis of SH protein in 33 mM C8E5 micelles to a monomer­
pentamer equilibrium function. The open circles in the lower panel are the data collected at
three different concentrations (80, 50, and 30 uM, from left to right) and at three different
speeds (28, 34.5, and 42 krpm, more shallow to less shallow exponential for each
concentration). The lines in the lower panel represent the global fit to all data. The open
circles in the upper panels represent the residuals of each fit.
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Figure 3-20. Global fit analysis of SH protein in 15 mM DPC micelles to a monomer­
pentamer equilibrium function. The open circles in the lower panel are the data collected at
three different concentrations (80, 50, and 30 uM, from left to right) and at three different
speeds (28, 34.5, and 42 krpm, more shallow to less shallow exponential for each
concentration). The lines in the lower panel represent the global fit to all data. The open
circles in the upper panels represent the residuals of each fit.
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Figure 3-21. A comparison of the SH protein pentamer species equilibrium distribution in
C8E5 (green), DPC (blue), and Cl4SB (red) micelles. The thick bar on the curve represents
the observed pentameric populations in the range of protein to detergent ratio used in the
experiment.

3.2.4) His22 is involved in SH protein pentamerization in detergent micelles. The His22

is located near the N-terminus of the transmembrane domain and it is the only charged

residue that would help in regulating the SH channel activity or association of SH pentamer.

The AUC-SE of SHprot-H22A demonstrates that SH protein pentamerization was

destabilized by the His22 mutation. None of the data can be fitted to a monomer-pentamer

equilibrium model and the protein behaves differently in each detergent (Table 3-3). In

CI4SB, a monomer-tetramer model gave the best fit with standard free energy of -10.26

kcallmol (Figure 3-22). In DPC, the His22 mutation causes the protein to display a monomer-

hexamer equilibrium, with standard free energy of -25.24 kcallmol (Fig. 3-23). In the case of

C8E5, the detergent which shows the greatest propensity for SH protein pentamer formation,

the His22 mutation causes the protein to behave as forming part of a monomer-heptamer

equilibrium, with standard free energy of -31.22 kcallmol (Fig. 3-24).

These results suggest that the His22 is involved in pentamerization of SH protein, at least in

the detergent micelles environment. Histidine is a good candidate that can mediate the
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association of transmembrane helices. The polar NcS and N€ atoms of the imidazole ring are

capable of being both hydrogen bond donor and acceptor (Zhou et al. 2001). The His3?

residue in the transmembrane helix of the Influenza virus M2 proton channel is important for

the channel selectivity but also for stabilizing the tetramer structure (Howard et al. 2002). A

detailed high resolution structure of SH will help in elucidate the role of His22 for SH

pentamerization.

Conditions GlobalChe Rmsd KA.app AGA,app Kx AGx AGx

(kcal/mol) (kcal/mol) (kcal/mol)

(per monomer)

mMCI4SB 0.843 0.00596 2.696x10 14 M,3 -19.69 3.37xlO l -10.26 -2.57

lono-tetramer)

15 mMDPC 1.067 0.00748 4.342x1027 M-5 -37.72 3.30xlO\8 -25.24 -4.21

ono-hexamer)

3 mM C8E5 0.459 0.00451 6.158xI03
\ M'6 -43.37 7.95xl022 -31.22 -4.46

:mo-heptamer)

Table 3-3. Summary of sedimentation equilibrium analysis of SHprot-H22A oligomers in
various detergent environments.
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Figure 3-22. Global fit analysis of SHprot-H22A in 5 mM Cl4SB micelles to a monomer­
tetramer equilibrium function. The open circles in the lower panel are the data collected at
three different concentrations (80, 50, and 30 uM, from left to right) and at three different
speeds (28, 34.5, and 42 krpm, more shallow to less shallow exponential for each
concentration). The lines in the lower panel represent the global fit to all data. The open
circles in the upper panels represent the residuals of each fit.
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Figure 3-23. Global fit analysis of SHprot-H22A in 15 roM DPC micelles to a monomer­
hexamer equilibrium function. The open circles in the lower panel are the data collected at
three different concentrations (80, 50, and 30 uM, from left to right) and at three different
speeds (28, 34.5, and 42 krpm, more shallow to less shallow exponential for each
concentration). The lines in the lower panel represent the global fit to all data. The open
circles in the upper panels represent the residuals of each fit.
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Figure 3-24. Global fit analysis of SHprot-H22A in 33 mM C8E5 micelles to a monomer­
heptamer equilibrium function. The open circles in the lower panel are the data collected at
three different concentrations (80, 50, and 30 uM, from left to right) and at three different
speeds (28, 34.5, and 42 krpm, more shallow to less shallow exponential for each
concentration). The lines in the lower panel represent the global fit to all data. The open
circles in the upper panels represent the residuals of each fit.
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3.2.5) The long-SH-TM shows a mixture of oligomers in C14SB or C8E5 micelles. The

long-SH-TM forms non-specific aggregation in the presence of SDS or PFO. The

investigation for long-SH-TM pentamer stability was continued with AUC-SE experiment in

?:witterionic (C14SB) and non-ionic (C8E5) detergents. DPC was not used for the long-SH­

fM because the sample was not solubilized in this detergent.

fhe data fits well for the long-SH-TM monomer-pentamer equilibrium model in both

ietergents. The rmsd values are 0.00643 and 0.00627 for Cl4SB and C8E5, respectively.

However, the data can be fit to monomer-tetramer and monomer-hexamer models with good

fitting statistics (Table 3-4). AUC-SE fitting results for the long-SH-TM monomer-tetramer,

monomer-pentamer, and monomer-hexamer equilibrium models in C14SB and C8E5

nicelles are shown in Figure 3-25 and Figure 3-26, respectively. The determination of the

Jest equilibrium model is tricky for the long-SH-TM, as the residuals are all randomly

iistributed around zero. Examination of the residuals of the fits for all three models does not

lllow for unambiguous distinction between them especially at the higher protein

:oncentration. However, at high speed and low protein concentration, the difference between

these models become more apparent (Figure 3-25C and 3-26C). Judging from the closeness

)f the residuals distribution to zero, a monomer-tetramer equilibrium model is the best fit for

:he long-SH-TM in Cl4SB micelles, whereas a monomer-pentamer equilibrium model is the

Jest fit for the long-SH-TM in C8E5 micelles.

Jverall, a mixture of monomer, tetramer, pentamer, and hexamer population co-exist in the

long-SH-TM in C14SB and C8E5 micelles and it is concentration dependent. This is not

lllcommon for AUC-SE experiment for transmembrane helices in detergent micelles. AUC­

;;E data fitting to mixture of oligomers have been shown for the transmembrane helix of

~rythropoietin receptor fused to the C-terminal of Staphylococcal nuclease (SN-EpoR-TM)

md the MSI peptide solubilized in C14SB (Choma et al. 2000; Ebie and Fleming 2007). The

73

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



usage of AUC-SE to monitor oligomerization is limited by weak association, and the

presence of low amount of oligomer allows data fitting to other models. In fact, the

percentage of long-SH-TM pentamer in Cl4SB is less than 22% under the experimental

condition used (Figure 3-27). The long-SH-TM pentamerization is more favorable in C8E5

compared to CI4SB, consistent with the SHprot result. However, only 12% to 47% of long-

SH-TM pentamer was presence in C8E5 under the experimental condition (Figure 3-27).

In the future, different approaches for sample design should be explored to obtain the free

energy of association data for SH-TM pentamer. The Staphylococcal nuclease chimeric

construct is an attracting system and it is well-characterized for AUC-SE experiment

(Fleming and Engelman 2001).

Conditions GlobalChi2 Rmsd KA,app AGA,app Kx AGx AGx

(kcal/mol) (kcal/mol) (kcal/mol)

(per monomer)

5 mMC14SB

mono-tetramer 0.715 0.00645 4.459xl0 12 M-3 -17.26 5.57x105 -7.83 -1.96

mono-pentamer 0.823 0.00643 1.544x1016 M-4 -22.09 9.65xl06 -9.52 -1.90

mono-hexamer 0.995 0.00654 7.626xlO '9 M-5 -27.12 2.38xl08 -11.42 -1.90

33 mM C8E5

mono-tetramer 1.037 0.00737 9.545 xl0 13 M-3 -19.07 3.43x109 -13.00 -3.25

mono-pentamer 0.810 0.00627 1.408x10 17 M-4 -23.40 1.67xl01' -15.30 -3.06

mono-hexamer 0.923 0.00622 6.240x1020 M-5 -28.37 2.44xlO '3 -18.25 -3.04

Table 3-4. Summary of sedimentation equilibrium analysis oflong SH-TM oligomers in
various detergents.
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Figure 3-21. Analytical ultracentrifugation of long SH-TM in Cl4SB micelles. Peptide
concentrations are 60 uM (panel A), 36 uM (panel B), and 18 uM (panel C) with 5 mM
CI4SB. Data at 28 (open circles), 34.5 (open squares), and 42 (open triangles) krpm were
globally fit to a function describing sedimentation equilibrium of a monomer in equilibrium
with a tetramer (red lines), or pentamer (green lines), or hexamer (blue lines). Residuals of
curve fits for each individual data are shown in the right panels. The fit to a mono-tetramer
equilibrium gave a good fit to the data, particularly at high speed, 42 krpm.
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Figure 3-26. Analytical ultracentrifugation of long SH-TM in C8E5 micelles. Peptide

concentrations are 72 uM (panel A), 48 uM (panel B), and 24 uM (panel C) with 33 mM
C8E5. Data at 28 (open circles), 34.5 (open squares), and 42 (open triangles) krpm were

globally fit to a function describing sedimentation equilibrium of a monomer in equilibrium

with a tetramer (red lines), or pentamer (green lines), or hexamer (blue lines). Residuals of

curve fits for each individual data are shown in the right panels. The fit to a mono-pentamer

equilibrium gave a good fit to the data, particularly at high speed, 42 krpm.
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Figure 3-27. A comparison of the long-SH-TM pentamer species equilibrium distribution in
C8E5 (green) and C14SB (red) micelles. The thick bar on the curve represents the observed
pentameric populations in the range of protein to detergent ratio used in the experiment.

3.2.6) Association energetics of membrane proteins. The progress in understanding the

self-association of membrane proteins has always been limited by the available

thermodynamic data. Table 3-5 shows the standard free energy of association for several

transmembrane a-helices and p-barrel proteins in detergent micelles. The SN-GpA-TM, SN-

EpoRh-TM, SN-ErbB-TM, MpO-TM-K6, MSl, M2-TM, and E-TM are representation of free

energy of association for transmembrane helix-helix interactions, from dimer to pentamer.

The OMPLA and OmpF are Pbarrel proteins.

The GpA transmembrane helix dimerization is the most favourable helix-helix association

system, with the standard free energy of association per interface equal to -3.50 kcallmol. The

packing of GpA-TM is optimized through van der Waals interactions. A remarkable helix-

helix association motif, GxxxG is found in the helix interface. The lack of side-chain in

glycine provides a flat surface that allows for other side-chains to pack tightly (Russ and

Engelman 2000). The GxxxG motif is the most common motif for helix-helix interaction. To

date, several motifs have been identified for helix-helix association, e.g. the leucine-zipper
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(Simmerman et al. 1996), QxxS (Sal-Man et al. 2005), and WxxW (Sal-Man et al. 2007)

motifs.

To date, no standard free energy of association for pentameric membrane proteins have been

documented. In our lab, we have measured the standard free energy of association for the

SARS-CoV E protein pentamerization to be -1.89 kcal/mol per interface. The SARS-CoV E

protein is a small membrane protein that consists of 76 amino acids with single a-helical

transmembrane domain at the N-terminal. The SH protein has higher propensity of

pentamerization compared to SARS-CoV E protein.

Proteins SE models Detergents AGx

(kcallmol)

AGx (kcal/mol)

(per monomer)

Ref.

SN-GpA-TM

SN-EpoRh-TM

SN-ErbB-TM

MPO-TM-~

mono-climer

mono-climer

mono-climer

mono-climer

mono-tetramer

C8E5 -7.0 -3.50

Cl4SB -5.7 -2.85

Cl4SB -3.0 -1.50

C8E5 -0.5 -0.25

C8E5 -3.4 -1.69

C8E5 -9.8 -2.45

(Fleming 2002;

Fleming et al. 2004)

(Ebie and Fleming

2007)

(Stanley and Fleming

2005)

(Plotkowski et al.

2007; MacKenzie and

Fleming 2008)

MSI mono-trimer Cl4SB -6.8 -2.27

M2-TM (22-46) mono-tetramer DPC -8.3 -2.08

E protein mono-pentamer Cl4SB -9.45 -1.89

E-TM (7-42) mono-pentamer Cl4SB -6.95 -1.39

OMPLA mono-climer Cl4SB -4.8 -2.10

OrnpF mono-trimer Cl4SB -26.0 -8.60

(Choma et al. 2000;

Fleming et al. 2004)

(Stouffer et al. 2005)

Unpublished data from

our lab

Unpublished data from

our lab

(Stanley et al. 2006)

(Burgess et al. 2008)

Table 3-5. Summary of reported !::.Gx (kcal/mol) value for various oligomeric systems in
detergent micelles measured with AUC-SE. All data were collected at 25°C.
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3.3) Structural Determination of SH Protein

3.3.1) Determination of secondary Structure of SHprot, SH-TM and SH-C20

reconstituted in model lipid bilayers by ATR-FfIR. Amide I band is contributed mainly

by peptide backbone C=O stretching vibration, which is sensitive to hydrogen bonding. The

ATR-FTIR absorbance spectra of SHprot, SH-TM, and SH-C20 in the amide I regions are

shown in Figure 3-28. We have assigned secondary structure content for SHprot, SH-TM,

and SH-C20 based on experimental data listed in Table 1-1. The full length SH protein

(SHprot) shows a major peak centered at 1653 cm-1 and a shoulder centered at 1632 cm-I

indicating a mixture of secondary structure, a-helix and p-strand (Figure 3-28A, left panel).

This is consistent with the result from some secondary structure predictor programs in which

a-helical structure in the transmembrane domain and p-strand and unordered structure at both

termini at predicted (Fig. 3-29). While amide I of SH-TM show a narrow band centered at

1654 cm- l indicating a large fraction of a-helix (Figure 3-28A, middle panel), the amide I

region of SH-20 is centered at 1635 cm-1 indicating majority of p-strand structure (Figure 3­

28A, right panel).

To determine the relative contents of different secondary structures in these samples, the

amide I band of these samples were analyzed using Fourier self-deconvolution (Fig.3-28B).

All three samples display distinctive peaks that can be assigned to a particular secondary

stucture, except SH-C20, show a broad shoulder from 1690 to 1645 em-I. Thus, peak

assignment for SH-C20 is limited to p-strands only. The quantitative results of secondary

structure components for SHprot, SH-TM and SH-C20 reconstituted in DMPC and POPC are

summarized in Table 3-6. In the case of DMPC, the relative area of a-helical component is

60% for SHprot, and 74% for SH-TM. There maybe a small percentage of a-helical structure

in SH-C20, but less prominent. Secondary structure assignment for SH-C20 is dominated by
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~-structure, about 60%. In addition, Fourier self-deconvoluted spectra also shows a small

fraction oftums structure in SHprot and SH-TM.

Although these FTIR measurements were performed at room temperature, the frequency of

the lipid methylene C-H stretching bands of DMPC (Tm = 23°C) indicated that the

membranes were in the gel phase. Therefore, spectra for SHprot and SH-TM were recorded

in supported membrane of POPC (Tm = -2°C), which should form a fluid liquid crystal phase.

This was indeed observed by a shift of the lipid symmetric stretching vibration, from 2849 to

2852 cm-1
, and the anti-symmetric methylene stretching vibration, from 2917 to 2922 cm-1

(Tamm and Tatulian 1997). Comparison of the data obtained in DMPC and POPC shows that

the number of a-helical residues in SHprot decrease from 40 (DMPC) to 38 (POPC). In

contrast, SH-TM is more stable, no changes in secondary structure contents was observed for

SH-TM reconstituted in DMPC or POPC.

Taken together, in the full-legth SH protein, the a-helical region is extended beyond the

transmembrane domain. Therefore, we propose a long a-helical region for SH protein from

Phe14 to Asn52, based on the measured a-helical content by ATR-FTIR and secondary

structure prediction.
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SHprot SH-TM SH-C20

assignment v (em-i) relative area v (em-i) relative area v (em-i) relative area

(%) (%) (%)

DMPC

p-strand 1632 34.93 ± 1.25 1636 18.72 ± 0.50 1635 59.10 ± 0.15

a-helix 1653 59.51 ± 0.85 1654 74.01 ± 1.77

others 40.90 ± 0.15

Turns 1672 5.56 ± 0.40 1670 7.28 ± 1.57

pope

p-strand

a-helix

Turns

1630 32.84 ± 0.48

1653 57.42 ± 0.39

1674 9.74 ± 0.30

1636

1654

1670

21.23 ± 1.41

71.46 ± 1.25

7.31 ± 0.68

Table 3-6. Assignment, wavenumber (v), and relative areas of the component peaks deduced
from the decomposition of the amide I absorbance bands ofSH protein, SH-TM, and SH-C20
reconstituted in DMPC and POPC bilayers supported on germanium plate.
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Figure 3-28. ATR-FTIR spectra and Fourier self deconvolution of SHprot, SH-TM and SH­
C20 reconstituted in DMPC bilayers supported on germanium plate in D20. (A) Polarized
ATR-FTIR of SHprot, SH-TM and SH-C20 obtained at parallel (solid line) or perpendicular
(dotted line) polarized light. (B) Fourier self deconvolution of these samples obtained with a
bandwitdth of20 cm- l and an enhancement factor of2.0.

PsiPred

SSPro

PredProt

SUM

1 11 21 31 41 51 61
MENTSITIEFSSKFWPYFTLIHMITTIISLLIIISIMIAILNKLCEYNVFHNKTFELPRARVNT

CCCCEEEEEECCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCHHHCCC

CCCCEEEEEECCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCEECC

CCCCEEEEEECCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCCCCCCCCCC
CCCCEEEEEECCCCCHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHHCCCCCCCCCC.CCC

Figure 3-29. Secondary structure prediction of SHprot with PsiPred, SSPro, and Predict
Protein online available free program (http://bioinfcs.ucl.ac.uk/psipred. http://scratch.
proteomics.ics.uci.edu. http://www.predictprotein.org). Summary of the predicted secondary
structure is in bold. H is refering to a-helical structure, E is ~-strand, C is coil structure, and.
is unasigned structure. In summary, 55% of a-helical struture (35 aa), 9% of ~-strand (6 aa),
and 34% of coil structure (22 aa) are predicted.
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3.3.2) Amide hydrogen-deuterium exchange of SHprot, SH-TM and SH-C20

reconstituted in model lipid bilayers. The amide II band is used to monitor protein

hydrogen-deuterium exchange kinetics. The frequency of the amide II band is due primarily

to the peptide backbone N-H bending vibration. Upon hydrogen-deuterium exchange, the

peptide N-H become N-D and the frequency of amide II downshifts from near 1545 to 1450

~m-I (~100 cm-I) (Figure 3-30A). In a typical experiment, the amide exchange can be

measured on the basis of the decrease in the intensity of the unexchanged amide II.

[n the case of membrane protein reconstituted into model lipid bilayers, hydrogen-deuterium

exchange experiment can be used to determine the number of residues embedded in the

bilayer, such as transmembrane domain. In addition, slow exchange or even resistance to

hydrogen-deuterium exchange, is related to protein conformation. For instance, very tight

packing of secondary or tertiary structure would prevent exposure of protein to the aqueous

environment (Byler and Susi 1986).

Figure 3-30B shows the spectra of amide II band of SHprot, SH-TM, and SH-C20 recorded

In H20 and after one hour exposure to DzO. The fraction of unexchanged residues was

;alculated using Equation 1-5. The results of hydrogen-deuterium exchange for SHprot, SH­

fM, and SH-C20 reconstituted in DMPC and POPC were listed in Table 3-7. For SHprot,

nore than half of the protein is accessible to hydrogen-deuterium exchange, only 45% of the

Jrotein is protected. In contrast, SH-TM shows a highest fraction of residues resistant to

lydrogen-deuterium exchange, only 20% of the protein is accesible to DzO. This is consistent

Nith a transmembrane domain in which the peptide is embedded in the lipid bilayers and not

lccessible by DzO. No difference of hydrogen-deuterium exchange for SHprot and SH-TM

~econstituted in DMPC or POPC. The SH-C20 shows a highest number of exchanged

~esidues upon hydrogen-deuterium exchange, 89% of the peptide was exchanged. This is

~onsistent with the predicted topology of SH protein that the protein is evenly divided into

83

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



three parts with the transmembrane located in the middle, flanked by two termini (Fig. 1-5).

The SH-C20 is not inserted into the membrane and therefore is exposed to DzO exchange.

Taken together, the results of hydrogen-deuterium exchange for SHprot, SH-TM, and SH-

C20 reconstituted in lipid bilayers suggest that the SH protein crosses the lipid bilayer once

with a single transmembrane domain. Both N- and C-termini are accessible to DzO.

DPMC

SHprot

SH-TM

SH-C20

pope

SHprot

SH-TM

Non-exchange (%)

45.23 ± 5.82

77.53 ± 7.74

10.78 ± 1.49

44.20 ± 5.18

79.l5±3.8l

Number of residues

30.31 ± 3.90

20.16 ± 2.02

2.16 ± 0.30

29.61 ± 3.47

20.58 ± 0.99

Table 3-7. Results of hydrogen/deuterium exchange for SHprot, SH-TM, and SH-C20

reconstituted in DMPC or POPC bilayers.
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Figure 3-30. Hydrogen-deuterium exchange ofSHprot, SH-TM, and SH-C20 reconstituted in
supported DMPC bilayers. Dark and grey lines correspond to spectra recorded in H20 and
D20, respectively. (A) Overview of SHprot hydrogen-deuterium exchange, the spectra
recorded in D20 has a broad band centered at 2500 cm-I. (B) Amide II band of SHprot, SH­
TM, and SH-C20 in H20 and after I hour exposure to 0 20.
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3.3.3) Structural determination of SH protein in detergent micelles by solution NMR. A

high resolution structure is required to further characterize the SH protein. Structural study of

membrane protein by NMR has confronted many obstacles, from sample preparation to

structural determination. The major challenge is to provide a most suitable membrane-

mimicking environment, which is the detergent used to solubilize the membrane protein. The

environment surrounding membrane proteins stongly affects their function, structure, and

dynamics. 15N labelled SHprot was tested in three detergents, namely DPC (medium-chain,

zwitterionic), DHPC (short-chain, zwitterionic), and SDS (anionic), to test for the best

detergent condition (see Fig. 3-31). These detergents are widely used in solution NMR for

membrane proteins. Although SDS is a strong detergent that denature many proteins, well-

resolved spectra ofmembrane proteins have been recorded in this detergent. For instance, the

MerF, human FXYDI and FXYD4 structure was solved in SDS micelles (Howell et al.

2005; Franzin et al. 2007; Teriete et al. 2007). DPC and DHPC have a head group that closely

mimics that of the phosphotidylcholine, the most abundant phospholipid in native membrane.

To date, many membrane protein structures have been solved in DPC micelles, e.g. KcsA

(Yu et al. 2005), human phospholamban (Oxenoid and Chou 2005), Diacylglycerol kinase

(Van Horn et al. 2009), and Rv176lc from Mycobacterium tuberculosis (Page et al. 2009).

The M2 (Schnell and Chou 2008) and Vpu (Park et al. 2003) structures were solved in DHPC

micelles.

In the case ofSH protein, the IH/ 5N-HSQC spectra shows that the dispersion of the peaks is

limited, many resonances are not well-resolved, and peaks are overlapping (Fig. 3-31). Only

about 50% of peaks can be observed in SDS and DHPC samples. DPC appears to be the best

detergent for SH protein compared to SDS and DHPC, but only about 75% of peaks are

observed. Obtaining a good quality IH/15N_HSQC spectrum is a prerequisite for NMR based

structural study. In the future, more conditions should be screened for SH protein
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reconstituted into DPC by varYIng temperature, protein concentration, pH, and salt

concentration. Another detergent worth trying for SH protein is the lyso-phosphatidylglycerol

group including LPPG and LMPG. They have negatively charged headgroups and long

hydrophobic chain. The advantage of this detergent is the negatively charged headgroup that

may keep the micelles separated from each other and thereby prevent unfavourable micelle

collisions and detergent/protein exchange. The structure of human KCNEI was solved in

LMPG micelles (Kang et al. 2008) and the GPCR double TM fragment was solved in LPPG

micelles (Neumoin et al. 2009).

In addition, sample heterogeneity was observed for SHprot-micelles complex in all three

detergents tried here. This is evidenced by the resonance of tryptophan indole side chain, NE­

HE, at region around 10.0-10.5 I H ppm. There is only one tryptophan residue in the sequence

of SHprot, therefore if a single structure is present, only one peak should be observed.

However, always two resonances were observed at the lower left region in the 2D IH/15N_

HSQC spectra of SH protein in all three detergents. This indicates two backbone

conformations or two different rotameric states of the tryptophan indole side chain.
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Figure 3-31. The effect of different micellar environments on SH protein illustrated with
IH/15N_HSQC spectra. The detergents SDS (Top), DHPC (Middle), and DPC (Bottom) were
used to obtain the spectra.
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3.3.4) SH-TM can be crystallized in p-OG and diffracted to 2.3 A. We have shown that

SH-TM forms a symmetrical pentameric a-helical bundle in lipid bilayers. This makes SH­

IM an interesting candidate for crystallization as seen in the successful crystallization of M2­

IM, a tetrameric a-helical bundle (Stouffer et al. 2008). As an initial approach to crystallize

SH-TM, the MemGold sparse matrix a-helical membrane proteins crystallization screening

kit was used. This crystallization screening kit was designed based on 121 successful cases of

a-helical membrane proteins crystallization conditions (Newstead et al. 2008).

We have tried crystallization screening of SH-TM reconstituted in p-OG because the M2-TM

was successfully crystallized with this detergent (Stouffer et al. 2008). The M2-TM crystal

structure was the only a-helical transmembrane peptide ever reported and SH-TM shares

similarity with the M2-TM. Both are a-helical transmembrane ion channel and forming stable

oligomer, tetrameric bundle for M2-TM, and pentameric bundle for SH-TM.

Plates like crystals were observed in target 1-11, 2-1, 2-11, 2-25, 2-28, and 2-32 (Figure 3­

32). The crystallization conditions are listed in Table 3-8. The crystals formed in condition I­

11, 2-11 and 2-25 are bigger and more separated from each other compared to the small

::lusters of plates like crystal in condition 2-1, 2-28, and 2-32. Therefore, only crystals formed

In condition 1-11, 2-11 and 2-25 were collected for diffraction experiments. In collaboration

with Dr Julien Lescar (School of Biological Sciences, NTU, Singapore), the I-II and 2-11

::rystals were diffracted up to 2.2A resolution whereas 2-25 were diffracted to 3A. However,

:hese experiments were not yet satisfactory due to phasing problem. The effort to solve SH­

fM crystal structure is in progress. Currently, we are trying the isomorphous replacement

nethod (heavy-atom approach) by soaking the crystal in solutions containing heavy-metal

mch as platinum. Alternatively, multiple wavelength anomalous dispersion method can be

~mployed to solve the SH-TM crystal structure by replacing one of the methionine residue in

~H-TM to selenomethionine.
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We have applied the same crystallization strategy to full-length SH protein. However, no

crystal was observed until now. In future, more detergents should be screened for SH protein

crystallization.

Number Salt Buffer pH .Precipitant

1-11 None 0.15 M potassium 6.5 3.3 M ammonium sulfate

phosphate

2-1 0.22 M sodium citrate 0.1 M Tris 8.5 35 % v/v PEG 400

2-11 0.05 M sodium su1fate/ 0.05 M Tris 8.0 35 % v/v PEG 400

0.05 M lithium sulfate

2-25 0.2 M ammonium sulfate 0.1 M sodium acetate 4.6 28 % v/v PEG 550 MME

2-28 0.1 M lithium su1fate/ 0.05 M citric acid none 19 % w/v PEG 1000

0.05 M di-sodium hydrogen

phosphate

2-32 0.1 M sodium ch1oride/4% v/v 0.1 MMES 6.5 33 % v/v PEG 400

ethylene glycol

Table 3-8. Crystallization condition for SH-TM reconstituted into ~-OG.
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B 2-1

C 2-11
...------.-. D 2-25

.-----

2-28 F 2-32

Figure 3-32. Crystal formed by SH-TM reconstituted into ~-OG using the MemGold sparse
matrix screening kit. Plates like crystals are found in condition 1-11 (A), 2-11 (C), and 2-25
(D). Small cluster of plates like crystals are found in condition 2-1 (B), 2-28 (E), and 2-32

(F).
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3.3.5) Modelling of SH-TM pentameric structure by GSMD and SSID. The results of

oligomeric size determination for SHprot and SH-TM access by AUC-SE and PFO gel

electrophoresis indicates a pentameric structure. Next, this pentameric structure of SH-TM

was modelled by combining evolutionary conservation data in GSMD simulation and the

orientation restrains of TM a-helices obtained from SSID experiment.

First, conformational search for RSV TM homo-pentamers were done by performing GSMD

simulation using the predicted transmembrane domain of SH protein and its homologous

sequences (see Fig. 2-2, Materials and Methods). Structures shared by all RSV sequences,

and hence evolutionarily conserved, were only observed when the helix tilt was restrained to

25°. Only two complete sets were found, which were left-handed structures. The Ca RMSD

between any pair of structures within these 'complete sets' was never higher than 1.2 A. No

other complete sets were found for other helix tilts.

In modell, the rotational orientation 0) (see Materials and Methods) for residue 30 (0)30) was

130°, whereas in model 2, 0)30 was 240°, i.e., a difference of 110°. The helix tilt was 25° and

20°, respectively. Representative structures for these two sets are shown in Figure 3-33. In

fact, the model 1 is consistent with a model for SH-TM proposed by Kochva et al in a similar

computational study (Kochva et al. 2003).

To determine which one of these two models is correct, the rotational orientation of

isotopically labeled SH-TM a-helices in model lipid bilayers (DMPC) was measured using

SSID. In the peptide labeled at L30, the band corresponding to the isotopic 13C=180 label is

centered at 1592 cm-1 (Fig. 3-34A, arrow), as expected for a residue in an a-helical

conformation. For the peptide labeled at residue L31, however, this band appeared at a lower

frequency, 1576 cm-1 (Fig. 3-34B, arrow). As this band is not obscured by either amide I or

II, and is well resolved (see Fig. 3-34B), this shift did not affect the measurement.
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Model 1 Model 2

[figure 3-33. Top view of the two pentameric evolutionarily conserved models obtained from
he global search. Residue H22 is shown in a stick representation.
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[figure 3-34. Polarized ATR-FTIR absorbance spectra of SH-TM reconstituted in DMPC
>ilayers in the amide I region of L30 (A) and L31 (B). The position of the labeled C=O
.tretching band is indicated with an arrow. Solid line and broken line indicate spectra
>btained at parallel or perpendicular polarization, respectively.
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The dichroic ratios obtained for each label in DMPC are listed in Table 3-9. The orientational

parameters for SH-TM was obtained using these dichroic ratios,. The average (030 was 258°

(±7.3°). This orientation is only consistent with that of model 2 (Fig. 3-33, right), which is

240°. The helix tilt obtained from ssm was 21.5° (±1.3°), which is also similar to that of

model 2. The fractional order parameter was around 0.5. Slices through the pentameric model

2 are presented in Figure 3-35.

L30 L31

Measurements Rhelix Rsite Rhelix Rsite

DMPC

a 3.0 2.2 3.2 4.3

b 3.4 2.5 3.5 5.2

c 3.0 2.4 3.6 6.2

pOPC

a 2.7 2.5 3.1 7.5

b 2.7 2.4 3.0 4.5

c 2.6 2.0 2.7 4.3

Table 3-9. Dichroic ratios measured by ssm using the amide A and the isotopic label bands
for SH-TM incorporated in DMPC and POPC lipid bilayers.

The infrared measurement was repeated in POPC, which should form a fluid liquid crystal

phase. With the data obtained in POPC (Table-3-9), (030 was calculated to be 271 ° (±16.00)

and the helix tilt ~ of 30° (±3.4°), in good agreement with the result obtained in DMPC.
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The discrepancy between our computational prediction and a similar one performed by

Kochva et al is probably due to the different simulation strategies. In Kochva's work, the

helix tilt was not restrained, whereas our simulations were performed after restraining the

helix tilt every 10 degrees, from 5 to 45 degrees. Restraining the helix tilt ensures that all

conformational space is explored, as we have shown previously for influenza A M2 (Torres

et al. 2001), where an evolutionarily conserved model showing the correct helix-helix

interactions and helix tilt was only found when the tilt was restrained to 30 degrees, but not

when the helix tilt was not restrained. In addition, only model 2 is consistent both with our

experimental ssm results.

None of the conserved polar residues of SH-TM: T26, S29, T/S35, and N42 (highlighted in

the sequence alignment in Fig. 2-2, Materials and Methods), are facing the acyl chains of the

lipids (Fig. 35, see boxed residues). Future mutagenesis work will determine the precise role

of these residues in inter-helical interactions. Notably, the arrangement of the His22 in this

model is consistent with the AUC-SE result of SHprot-H22A in which mutation at this

residue destabilizes the pentamer structure. In model 2, the polar N& and NE atoms of the

imidazole ring are forming a serial of hydrogen bonding that hold the pentamer together.
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Figure 3-35. Consecutive slices corresponding to model 2 in Fig. 3-33. Residues 20-22 (A),

23-26 (B), 27-30 (C), 31-34 (D), 35-38 (E) and 39-42 (F). The residue numbers are indicated
and polar residues are boxed. Color code: I, green; L, salmon; T, marine; S, cyan; M, orange;
H, red; A, yellow; and N, blue.

3.3.6) Detection of an intra-helix hydrogen bond in SH-TM by site specific isotopic

labeling infrared spectroscopy. As seen in Fig. 3-34B, the 13C=180 isotope label for L31 is

shifted to a lower frequency from 1592 cm-1 to 1576 cm-1 biased from what is normally

observed. According to the harmonic oscillator model, downshift of a vibrational frequency

can occur if the reduced mass is increased or the strength of a bond is weakened. Indeed, the

simulation results revealed an intrahe1ica1 hydrogen bond between the side chain of Ser35

and the backbone carbonyl oxygen from Leu3l (see Fig. 3-36B). By using a peptide with the

Ser35 replaced by alanine, we observed a normal shift for 13C=180 isotope label at L3l,
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centered at 1589 cm- I (Fig. 3-36A). This proves that an intra-helix hydrogen bond exists in

the transmembrane domain of SH protein.

There are high tendency for the serine or threonine residues in the helices to form hydrogen

bond to carbonyl oxygen at position i-4 in its own helix (Baker and Hubbard 1984). This

additional hydrogen bond weakens the strength of carbonyl stretching vibration of amide I

and result in the downshift of the vibrational frequency. Statistical studies of high resolution

structure of several membrane proteins and soluble proteins have indicated that the

intrahelical hydrogen bonding between the side chain of serine or threonine could induce a

kink in the a-helix and this may be important for the functionality of the helix (Ballesteros et

al. 2000). Some viral ion channels display certain degree of structural flexibility as seen in

the influenza A virus M2 protein (Li et al. 2007) and SARS-Cov E protein (Parthasarathy et

al. 2008).
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Figure 3-36. (A) ATR-FTIR absorbance spectra ofL31 13c=
180 isotopic label for wildtype

SH-TM (solid line) and S35A mutant (broken line). (B) The hydrogen bonding between
Ser35 and Leu3!.
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3.4) Conductance Studies of SH-TM and SH Protein

3.4.1) Investigation ofSH-TM channel activities with BLM. To test the hypothesis that SH

protein has ion channel activity, we have collaborated with Dr Alex Gong (School of

Biological Sciences, NTU, Singapore) to test the channel activity of SH-TM reconstituted

SH-TM in black lipid membranes. The current traces are shown in Fig. 3-37A, which show

current reversal at approximately --60 mY. From the linear current-voltage plots shown in

Fig. 3-37B, we calculated a conductance of ca. 35 pS, and -68.1 mV for the reversal potential,

close to the sodium Nemst potential in our experiment (-59.1 mV), indicating that the channel

is cation selective. At voltages below and above the reversal potential, the channel activities

were similar (Fig. 3-37C), suggesting a voltage-independent opening probability.

Histidine is the only protonatable residue in the SH-TM, and in our model for SH-TM this

histidine is facing the lumen of the pore, which is reminiscent of the orientation of His37 in

influenza A M2 proton channel (Kovacs and Cross 1997). Thus, we measured the ion channel

activity at a pH below (4.0) and above (7.4) the expected pKa of histidine in these conditions

to test the effect of pH on SH-TM conductance. In the bulk, the expected pKa of histidine

imidazole is 6.4 (Cymes et al. 2005), whereas in the tetrameric pore of M2 from influenza A,

the pKa for the lumen-exposed histidine was determined to be - 5.8 (Okada et al. 2001). Fig.

3-37D shows a much lower conductance of SH-TM at pH 4.0, and the current has opposite

sign. This strong pH dependence confirms that His22 must be exposed to the lumen of the

pore, as in model 2, which is reminiscent to the orientation of His37 in Influenza A M2

proton channel. However, whereas M2 proton channel becomes open at low pH, below the

pKa of histidine (Okada et al. 2001), we observed that conductance of SH-TM is reduced

drastically from pH 7.4 to 4.0. This suggests that histidine protonation stops cation transport

due to electrostatic effect. A small opposite conductance is observed at pH 4.0, which could

indicate chloride transport.
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Figure 3-37. Single channel actIvIty observed for SH-TM. (A) Single channel currents
recorded over a range of membrane potentials indicated on the right, with openings shown as

deviations from the baseline (dashed line). (B) Current-voltage relationship for open state of
the channel. (C) The variation of open probability of the channel at different potential. (B, C)
Mean of data from 3-5 recordings. (D) Single channel currents at pH 7.4 and pH 4.0 when the

bilayer membrane potential was held at +60 mY. The arrow indicates the change from pH 7.4
to pH 4.0.

3.4.2) Patch clamp of HEK293 cells expressing SH protein at two different pH. We have

shown that SH-TM is able to form ion channel in artificial bilayers. To provide direct

evidence for the full-length SH protein having ion channel activity, the SH protein was

expressed in mammalian cells. In collaboration with Dr Soong Tuck Wah (Center for Life

Sciences, National University of Singapore), we have examined the channel activity of SH

protein and H22A mutant transfected in HEK293 cell line by whole-cell patch clamp

experiment. The expression of full-length SH gene, wild type and H22A mutant, were

monitored by GFP. The intensity of the fluorescent is correlated with the expression level of

functional ion channel (Marshall et al. 1995).
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The full-length SH protein displayed channel activity when transiently expressed in HEK293

cells (Figure 3-38A). However, the expression level of SH protein in the HEK293 cells was

low as the cells were showing weak fluorescent and the signal was not strong. Nevertheless,

the transfected cells produced significant higher channel activity than the controls, the cells

transfected with vector alone (Fig. 3-38C). The whole-cell patch clamp recording of SH

channel reveals relatively more outward conductance (positive current) than inward (negative

current) (Fig. 3-38A). The bath solution used in this experiment, the ACSF solution, contains

a high concentration of NaCl (124 mM), whereas the internal solution contain contains a high

concentration of potassium ion (145 mM), to mimic the physiological conditions. Under our

recording conditions, the estimated equilibrium potentials, ENa and EK were 65 mV and -87

mY, respectively. Strong selectivity for either of these cations would produce a reversal

potential near their corresponding equilibrium potential. If the channel was poorly selective,

the reversal potential would have a value somewhere in between ENa and EK , whereas no

selectivity would produce a reversal potential in the mid-point between these values, ~-1 0

mY. The observed value of reversal potential at 0 mV (Fig. 3-38A) indicates low selectivity

between sodium and potassium for SH channel. However, as the expression level of SH

protein in HEK293 cells was low, it is difficult to draw the real picture if the signal is weak.

In future, it is worth trying to transfect SH protein in other cell lines such as green monkey

kidney cells (CV-l) or mouse erythroleukemia (MEL) cells which were used in M2 channel

recording (Wang et al. 1994; Chizhmakov et al. 1996).

Molecular modelling of the a-helical region of SH protein shows several polar residues lining

the lumen of the pore, including charged residues: His22, Lys43, and His51. The pKa for

lysine and histidine are about 11.1 and 6, respectively. Therefore, histidines are most likely

contributing to changes in SH channel activity if the pH of the bath solution was changed

from neutral to acidic pH. We have shown in the BLM experiment of SH-TM which
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contains His22 was acid sensitive. To test the effect of acidification on channel activity for

the full-length SH protein, the bath solution were changed to pH 5.5 after a stable

conductance were recorded in neutral pH. In contrast to the control, in which only slight

changes were observed upon pH changes (Fig.3-38C), the SH channel responded more

actively in acidic solution (Fig.3-38A). Larger outward current was detected upon exposure

of SH channel to acidic solution (Fig. 3-38A)

To examine the role played by His22 which lines the pore of SH channel, a H22A mutant was

constructed, in which His22 was changed to alanine. At neutral pH, whole-cell patch clamp

recording of H22A mutant shows similar channel activity to the wild type (Fig. 3-38B). Also,

the H22A mutant channel activity became more active upon exposure to an acidic bath

solution, similar to the wildtype SH protein. This suggests that His51 is responsible for acid

sensitivity in the full-length SH protein.
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Figure 3-38. Whole-cell current-voltage plot of SH protein (A), H22A mutant (B), and vector
alone-transfected HEK293 cells (C) at neutral (pH 7.2) (closed circle), and acidic (pH.5.5)
(opened circle) solution. The cells were held at 0 mV and stepped to various potentials from
100 to 70 mV (in steps of 10mV). Three independent data sets were used to plot the curve.
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3.4.3) SH is a viroporin. Viroporin is a general tenn for ion channels encoded by viruses

(Gonzalez and Carrasco 2003). The findings of changes in membrane penneability in cells

infected by viruses lead to the classification of this group of proteins. Generally, viroporins

are small integral membrane proteins comprised of 60-120 amino acids with a-helical

transmembrane domain. They are able to oligomerize in membrane to fonn pore that allows

for passage of ions or small molecules to cross the cells, modifying the membrane

penneability. There are two stages of infection in which animal viruses penneabilize the cell

membrane; at the early stage during entry of virus to the cells and during expression of the

virus genome (Carrasco 1995). While some viral glycoproteins are involved in membrane

permeability during virus entry by membrane fusion. viroporins are involved in late

membrane permeabilization activity (Carrasco 1995).

It has been suggested that viroporins acts as a virulence factor during infection. They are not

essential for virus replication but their presence enhances virus growth. Complicated

interactions between viruses and host cells taking place during infection, pathogenicity and

virulence are multifactorial traits. Fonning an ion channel is one of the strategies for viruses

to survive in the host system. The channel activity of viroporins leads to the dissipation of the

membrane potential and disruption of cells homeostasis, leading to gradually damage of cells

as infection progress.

To date, more than ten viroporins have been identified (Table 3-10). The influenza A virus

M2 proton channel is the well studied and elegant example. The atomic structure of M2 has

been solved by x-ray crystallography and NMR (Schnell and Chou 2008; Stouffer et al.

2008). The protein is a tetrameric proton channel activated by low pH (Holsinger and Lamb

1991; Sugrue and Hay 1991; Wang et al. 1994; Chizhmakov et al. 1996). The influenza virus

enters the cells by endocytic pathway, and virus uncoating taking place in the endosomes.

Membrane fusion of the viral envelope and the endosomal membrane is mediated by acid
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triggered conformation change of haemagglutinin glycoprotein (Kostolansky et al. 1988). In

the acidic environment of endosomes, M2 permits the flux of proton into the virion interior.

This acidification causes dissociation between the matrix protein and the ribonucleoprotein

core leading to release of the ribonucleoproteins into the nucleus (Martin and Helenius 1991).

In addition, the M2 channel activity also modulates the pH of the trans Golgi network by

equilibrating the acidic pH of the lumen of the Golgi with the cytoplasm, a function important

for proper maturation of the acid sensitive haemagglutinin glycoprotein (Ciampor et al.

1992). The channel activity of M2 can be blocked by anti-influenza drugs, amantadine and

rimantadine (Wang et al. 1994; Chizhmakov et al. 1996).

The structural information and in vivo electrophysiological studies for viroporins are lacking,

partially due to the difficulty in handling highly hydrophobic membrane proteins.

Nonetheless, structures of the SARS-CoV E protein (Pervushin et al. 2009), the HCV p7

protein(Cook and Opella 2009), and the HN-l Vpu proteins (Park et al. 2003; Sharpe et al.

2006) have been solved by NMR. All three channel activities have been confirmed by BLM

and the channels can be blocked by hexamethylene amiloride (HMA). The SARS-CoV E

protein also displayed channel activity in mammalian whole-cell patch clamp.

In this study, we showed that SH is a viroporin for hRSV. Further studies on hRSV infected

cells should gain insight into the significant of SH viroporin activity in the hRSV life cycle.

Recently, studies have indicated that SH protein can inhibit apoptosis in several mammalian

cell lines by blocking the tumor necrosis factor alpha (TNF-a)-mediated apoptotic signaling

pathway (Fuentes et al. 2007). However, ion channels may also control apoptosis in cells

(Szabo et al. 2004; Lang et al. 2005; Burg et al. 2006; Madan et al. 2008). Disruption of cells

homeostasis is a common sign of apoptosis, leading to plasma membrane depolarization

associated with intracellular cation overload and cell volume decreases due to anion and
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water efflux (Burg et al. 2006). In fact, the viroporin of Sindbis ViruS 6K, munne

hepatitisvirus E protein, Influenza A M2 protein, HCV p7 protein, poliovirus 2b and 3A

protein have been reported to manipulate apoptosis of infected cells (Neznanov et al. 2001;

Campanella et al. 2004; Madan et al. 2008). While promotion of apoptosis helps to release

the virus, inhibition of apoptosis in host cells during infection gives an advantage to the virus

to replicate. In future, drugs that block ion channel of several viroporins, such as amantadine,

rimantadine, and HMA could be tested on SH ion channel to obtain further understanding of

the channel properties of SH protein.
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Virus family Viroporin AA residues Oligomer Evidence
Picomaviridae Poliovirus2B 97 tetramer Liposome permeability

(Agirre et al. assay (Agirre et al. 2002)

2002)
Coxsackievirus 2B 99 Mammalian cell membrane

permeabilization assay (van
Kuppeveld et al. 1997)

Poliovirus 3A 87 E. coli cell membrane
permeabilization assay
(Lama and Carrasco 1992)

Togaviridae Semliki forest virus 6K 60 E. coli cell membrane
permeabilization assay (Sanz
et al. 1994)

Sindbis virus 6K 55. Mammalian cell membrane
permeabilization assay (Sanz
et al. 2003)

Ross River virus 6K 62 BLM (Melton et al. 2002)

Retroviridae HIV-l Vpu 81 pentamer BLM (Ewart et al. 1996)
(Park et al.

2003)

Paramyxoviridae HRSV SH 64 pentamer (Gan BLM (Gan et al. 2008)
et al. 2008)

Orthomyxoviridae Influenza A M2 97 tetramer Patch clamp (Wang et al.
(Holsinger and 1994)

Lamb 1991)
Influenza B NB 100 BLM (Sunstrom et al. 1996)

Influenza B BM2 108 tetramer Patch clamp (Mould et al.
(Balannik et 2003)

al. 2008)
Reoviridae Avian reovirus pI 0 98 Mammalian cell membrane

permeabilization assay
(BodeIon et al. 2002)

Flaviviridae HCVp7 63 hexamerl BLM (Griffin et al. 2003)

heptamer
(Griffm et al.
2003; Clarke
et al. 2006)

Phycodnaviridae Paramecium bursaria 94 tetramer Patch clamp (Plugge et al.
cWorelia virus Kcv (Shim et al. 2000)

2007)

Coronaviridae SARS-CoV E protein 76 pentamer Patch clamp (Pervushin et
(Torres et al. al. 2009)

2006)
Murine hepatitis virus E 83 E. coli cell membrane
protein permeabilization assay

(Madan et al. 2005)

Table 3-10. List of viroporins. The Table IS adapted from Gonzalez and Carrasco 2003
(Gonzalez and Carrasco 2003).
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4) CONCLUSIONS

4.1) General remarks.

Viral respiratory diseases pose a senous threat to human health. They are the most

widespread infections and effective antiviral agents are limited. The discovery of viroporins

in many viruses has shed a light for antiviral therapy. The hRSV is one of the main culprits

for viral respiratory diseases causing millions of clinical cases each year. hRSV infection is

the prime cause of bronchiolitis. As a consequence, there is an urgent need for antiviral drugs

and vaccines. SH has been proposed to be a viroporin for hRSV and a possible target for

antiviral therapy. The results presented in this thesis have provided several aspects of hRSV

SH protein structure and function.

We have provided evidence that SH assembles into pentamers and the process is driven by

the transmembrane domain. We have shown how different detergents affect SH

pentamerization stability. In the presence of anionic detergents (PFO), only SH-TM could

maintain the pentameric structure but not the full-length protein or a longer version of SH­

TM with additional seven residues at the N-terminus, SNAFWPY. SH pentamerization is

most favourable in non-ionic detergents. In addition, we have found that His22 in the

transmembrane domain is important for pentamerization specificity in the micelle

environment.

It is still a difficult task to obtain thermodynamic data for membrane proteins oligomerization

in lipid bilayers. The TOXCAT is applicable to dimerization system (Russ and Engelman

1999) and the thiol-disulfide interchange in lipid bilayers requires formation of disulfide­

bond (Cristian et at. 2003). On the other hand, the detergent micelles allows for direct

measurement of membrane protein association. In micelles, the detergent molecules arrange

themselves around a membrane protein, providing a membrane mimetic environment to study
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membrane protein interactions. As a consequence of this arrangement, the membrane protein

is structurally more flexible than when inserted into lipid bilayers. The dimensionality of the

lipid bilayers limits conformational freedom of membrane proteins and promotes specificity

in oligomerization. Thus, the oligomerization should be even more favourable in lipid

bilayers. In fact, the Influenza A M2 protein tetrameric conformation has been shown to be

more favourable in DLPC (Cristian et al. 2003). Therefore, our prediction is that the

pentameric structure of SH protein should be even more stable in lipid bilayers than in

detergent.

We have obtained a model for the pentamerizing transmembrane a-helices of SH protein

based on site specific infrared dichroism determined rotational orientation of isotopically

labeled residues and GSMD simulation with evolutionary conserved data. This model should

provide the basic for mutagenesis studies to elucidate important residues for SH, both

functional and structural.

In addition, an intra-helical hydrogen bond was detected between the backbone carbonyl

oxygen of Leu31 and the side chain of Ser35 in the SH-TM as evidenced by a shift in the

isotopically labeled carbonyl group for Leu31. To our knowledge, this the first instance of

such spectral effect observed. This implies a possible application for isopically labeled ATR­

FTIR spectroscopy to detect hydrogen bonding network within the a-helical transmembrane

domain, either intra-helical hydrogen bonding between the backbone carbonyl oxygen and

the polar side chain at position i+4 or interhelical hydrogen bonding involving backbone

carbonyl oxygen.

Attempts to obtain high resolution structure for SH protein by NMR was hampered by poor

spectral resolution due to possible sample heterogeneity, improper conditions or detergent

micelles used to solubilize SH protein, a common problems encounter with structural study of
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membrane proteins (Sanders and Sonnichsen 2006). We have demonstrated in SE-AUC that

SH protein is able to form pentamer in DPC, one of the detergents we used for SH protein

solution NMR. A large membrane protein-micelle complex would result in line broadening

and broad resonances lead to loss of spectrum resolution. Furthermore, we have shown in

ATR-FTIR that SH protein reconstituted into lipid bilayers contains a large fraction of u­

helical structure, which would contribute to poor dispersion in solution NMR spectroscopy.

In future, more detergents and conditions should be screened to improve the quality of SH

protein NMR spectra. Alternatively, different sample labeling strategy should be explored

such as perdeuterated protein, selective 15N and 13C labeling or segmental labeling.

As an effort to obtain high resolution structure for SH protein or SH-TM, we tried to

crystallize the SH protein and SH-TM in the presence of ~-OG detergent. To our excitement,

SH-TM can be crystallized in the presence of~-OG and the crystal diffracted to 2.3A. We are

now working to solve the structure for this crystal.

Functionally, conductance studies of SH-TM by BLM and mammalian whole-cell patch

clamp for full-length SH protein have confirmed that SH is indeed a viroporin for hRSV. The

channel is pH sensitive, presumably regulated by HisSl. Our results provide experimental

evidence that SH is a pentameric ion channels.

4.2) Proposed general channel activation mechanism for SH protein. Based on the

structural and functional results obtained in this study, we propose a mechanism of channel

activation for SH channel (Fig. 4-1). It is possible that protonation of HisSl opens up the

channel and then subsequent protonation of His22 further widens the channel, allowing for

higher ion flow. In the SH-TM, i.e., with His22 and without residue HisSl, protonation of
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His22 is not sufficient to disrupt helix packing, the imidazole ring would arrange closer to

each other in a way that repels cations.

Radiuso 2 4 640

Cytoplamic

Extracellular

z

L...L..J.....l...J.....L.J...J...J....L..1...J...J-401Lowering ofthe extracellur pH

Cytoplamic

Extracellular + +

Figure 4-1. Proposed general channel activation mechanism for SH protein. The helices are
shown in cylinder, with TM coloured in orange. The His22 and His51 are shown in sticks.
For ease of viewing, only two out of five helixes are shown in this picture. On Top right, the
channel outline (radius) is shown as a function of Z cordinate. Upon exposure to an acidic
solution, His51 gets protonated and repels each other to open the channel.

From the topology of SH protein, the protein transverses the membrane once with the N-

terminus facing the cytoplasm and the C-terminus being oriented extracellularly (Collins and
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lAottet 1993). The His51 located at the C-terminus of the helix is directly exposed to the

lcidic environment, and responds to pH changes. Protonation of His51 would disrupt the

lacking of the helices and allow for a wider opening of the pore that permits more ions to

lass through the channel as seen in the M2 proton channel. The His22 may be responding to

>H changes in a different mechanism.

Ne have shown in SE-AUC experiment that the H22A mutant destabilized SH pentamer in

:14SB, C8E5, and DPC micelles. The observation that the channel activity and responses to

>H changes were not affected by this mutation suggests that it may still form pentamers in the

:ell membrane. The pentamers may be more stable after post-translational modification ofthe

>rotein when expressed in mammalian cells. SH protein has been reported to be glycosylated

md phosphorylated after post-translational modification (Collins and Mottet 1993; Rixon et

l1. 2005). The Influenza A M2 proton channel with His37 mutated to alanine show channel

lctivity that is not affected by pH changes when expressed in Xenopus laevis oocytes,

lithough this mutation destabilizes tetramerization in detergent micelles (Pinto et a1. 1992;

-loward et a1. 2002).

rhe involvement of histidine as a pH sensor has been observed in other ion channels. The

nfluenza M2 proton channel is one of the well-characterized pH sensitive ion channel with

-lis 37 responsible for pH sensitivity and Trp41 forming a gate at the exit of the channel, the

:-terminus (Schnell and Chou 2008; Stouffer et a1. 2008). Other examples of histidine

'egulated pH sensitive ion channels include the bacterial potassium channel KscA (His25)

Takeuchi et al. 2007), the potassium channel ROMKI (four histidine residues are involved)

Chanchevalap et a1. 2000), the potassium channel TASKl (His98) (Yuill et al. 2007),

)otassium channel TREK-l (HisI26) and TREK-2 (HisI51) (Sandoz et a1. 2009). Further

nutagenesis studies involving His51 or double-mutant of His22 and His51 are necessary to

:onfirm our results.
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