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To My Mom and Dad



You know a dream is like a river
Ever changin' as it flows
And a dreamer's just a vessel
That must follow where it goes
Trying to learn from what's behind you

And never knowing what's in store

Makes each day a constant battle
Just to stay between the shores.. and

I will sail my vessel
'Til the river runs dry
Like a bird upon the wind
These waters are my sky
I'll never reach my destination
If I never try
So I will sail my vessel
"Til the river runs dry

Garth Brooks
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Abstract

The Major Intrinsic Proteins are found throughout the bacterial, plant, and animal king-
doms and are responsible for the rapid transport of water and other small, polar solutes across
membranes. The superfamily includes the aquaporins, the aquaglyceroporins, and the glycerol

facilitators.

We have overexpressed and purified the Escherichia coli inner membrane glycerol facili-
tator using a plasmid expression system. Following optimization of expression, approximately 7.0
milligrams of 95% pure protein are obtained from one liter of Escherichia coli cells using immo-
bilized metal affinity chromatography. Well-resolved matrix-assisted laser desorption ionization
mass spectra were obtained by solubilization of the protein in octyl-B-D-glucopyranoside (M, =
33,650.3 Da; error ~ 0.4%). The recombinant glycerol facilitator was inserted into the bacterial
inner membrane, was functional, and was inhibited by HgCl,. Polyacrylamide gel electrophoresis
suggests that the facilitator is predominantly monomeric when solubilized with dodecyl-B-D-mal-
toside, octyl-f-D-glucopyranoside, and sodium dodecyl sulphate, but that it self-associates form-
ing soluble oligomers when urea is used during extraction. Furthermore, the data suggest that the
oligomeric state of glycerol facilitator on polyacrylamide gels is concentration dependent when
solubilized in dodecyl-B-D-maltoside and, to a lesser degree in sodium dodecyl sulphate, where
monomers, dimers, trimers, and tetramers are observed at high concentrations. Similar oligomeric
species have been demonstrated to exist in the bacterial membrane by chemical cross-linking

experiments.

Far-UV circular dichroism analysis shows that recombinant glycerol facilitator is predom-
inantly o-helical. Helix content is significantly higher in protein prepared in the absence of urea

(40-55%) than in its presence (30%). This observation indicates that glycerol facilitator may be in

Xvi



a more denatured state after exposure to urea. The helix content of octyl-f3-D-glucopyranoside-sol-

ubilized glycerol facilitator is intermediate at 42%.

Near-UV circular dichroism analysis showed that dodecyl-B-D-maltoside-solubilized glyc-
erol facilitator adopts a stable tertiary structure. On the other hand, the tertiary structure of sodium
dodecyl sulphate-solubilized protein is dynamic. The stability of the protein in the two detergents
was examined by thermal denaturation studies where secondary and tertiary structure were moni-
tored by circular dichroism. It is concluded that the protein adopts a molten-globule state in sodium

doecyl sulphate.
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CHAPTER 1
INTRODUCTION

1.1 The Cell Membrane

1.1.1 The Hydrophobic Effect

“Oil and water don’t mix” and “like dissolves like” are widely misunderstood aph-
orisms. Liquid water consists of a dynamic and disordered network of hydrogen bonded
molecules (5-7 kJ/mol), where each water molecule transiently hydrogen bonds to its 4
nearest neighbors [1]. When polar substances dissolve in water, they interfere with this
hydrogen bond network such that hydrogen bonds between water molecules are replaced
by hydrogen bonds with the solute. When the solute is nonpolar and unable to form hydro-
gen bonds, the water molecules rearrange to form a “water cage” around the solute to main-
tain the maximum number of hydrogen bonds [2]. Thus, enthalpy changes accompanying
dissolution are minimized at the cost of an entropy decrease due to the ordering of water
molecules around the nonpolar solute. In some cases, to minimize the area of ordered water
molecules, and therefore the entropy decrease, nonpolar solutes are segregated from bulk
water. This separation of nonpolar molecules from water is called the hydrophobic effect,
and is the driving force behind many biological mechanisms including protein folding,
aggregation, and oligomerization, stacking of polynucleotide bases, and lipid bilayer for-
mation [2].

1.1.2 The Plasma Membrane
The plasma or cell membrane is a selective barrier between the inside and outside

of a cell and acts to segregate cellular organelles and compartments, thus defining the struc-



ture and function of the cell. Cellular membranes are made up of a mixture of glycerophos-
pholipids, phosphosphingolipids, glycosphingolipids and sterols (Figure 1-1), amphipathic

molecules that self-associate into a two-dimensional array called a bilayer [1].
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Figure 1-1. Structures of some membrane lipids. A, phospholipids.
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The formation of the membrane bilayer is a direct result of the hydrophobic effect, as the
nonpolar acyl chains of the lipids are isolated from the aqueous environment forming a

hydrophobic barrier [2] (see Figure 1-2).

Figure 1-2. A cross-section of a phospholipid bilayer. The round
segments represent the polar end of the phospholipid, the acyl
chains are drawn as wavy lines.

Although the preferred conformation of phospholipids, both in the anhydrous state
and in aqueous dispersions, is the bilayer form shown in Figure 1-2, other phases are pos-
sible [3]. The different phases formed by these amphipathic molecules depend on the struc-

ture and conformation of the amphipath, the nature of the solvent (whether aqueous or
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nonpolar), and on ionic strength, pH, and température (see Figure 1-3) [4]. There are three
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Figure 1-3. Organization of lipid dispersions in air, water and apolar solvents.

main classes of amphipath phases called hexagonal I (micelle), hexagonal II (inverted

micelle), and lamellar (bilayer). The organization of each of the phases is shown in figure

1-4.



e =2 -
1t X4 %
i v 7 5 Monomer
+ A\ I

[RA.Y } v ——
Cylinder Cone Wedge
?ﬁi Efﬁi&ﬁifﬁ @ % Aggregate
Bilayer Micelle Inverted micelle

i

4488444

>

- =
RRatrot s clonriatng
e SR

Phase

Lamellar Hexagonal | Hexagonal li
S=1 >1.2 <0.6

Figure 1-4. The shape of the phospholipid monomer determines the shape of the
aggregate and its phase characteristics. The monomers in the inverted micelle and
hexagonal II structures are drawn with one, rather than two, lipid tails for simplicity
(adapted from reference 4 and used with permission).

The three phases have different macroscopic and molecular properties including osmotic
pressure, mobility, X-ray diffraction characteristics arising from structural order and orien-
tation, and the spectral characteristics arising from molecular motion of individual aggre-
gate component molecules [1, 4]. Changes in the state of ionization and hydration of the
amphipath contribute to macroscopic changes in the structure and organization of the lipid

aggregates [5]. The packing parameter(s) in an aggregate can be defined as:

1%

Sza'l

-1

where v is the amphipath hydrophobic volume, a is the area per head group at the interface,
and [ is the length of the hydrocarbon chain (see Figure 1-4) [4]. The term S is effectively

the ratio of the hydrophobic:hydrophilic surface areas of a lipid and indicates how the prop-



erties of the monomers determine the macroscopic structures and properties of the aggre-
gates. In general, for amphipaths in a mono- or bilayer phase, S=1. As the head group area
decreases (S > 1) hexagonal II phase is preferred, while a larger head group area (S < 1)
promotes micellar organization in hexagonal I phase [1, 4]. For the purpose of this thesis
only the bilayer and micellar phases will be considered further.
1.1.2.1 Micelles

Amphipaths with large headgroups (S < 1/2), and (generally) one acyl chain form
micelles in aqueous dispersions, where the acyl chains are sequestered in the center and the
polar headgroups are solvent exposed (see Figures 1-3 and 1-4). The micelle shape is deter-
mined by the monomer and ranges from spheres of approximately 5 nm to cylinders of sev-
eral hundred nanometers [4]. Micelles are commonly attributed to detergent molecules, but
are also formed by lysophospholipids (phospholipids with only one acyl chain) [2]. At very
low concentrations detergent monomers sit at the water/air interface so that the acyl chains
are presented to the air and the polar headgroups interact with the bulk water!. As the deter-
gent concentration increases the hydrophobic effect causes the monomers to aggregate into
micelles. The detergent concentration at which the number of detergent monomers in the
aqueous phase remain constant and in equilibrium with micelles is called the critical
micelle concentration or CMC [6]. Once the CMC has been reached the number of micelles
increases with increasing detergent concentration, while the number of free monomers is

constant and in equilibrium with the monomers within the micelles [6] (see Figure 1-5).

1. It is this action by which detergent molecules disrupt the strong hydrogen bond network found at the
water/air interface and gives detergents the label of surface-active, or surfactant, molecules.
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Figure 1-5. Relationship between monomer and micelle
concentration as a function of total amphipath concentration
(adapted from reference 2).

It can be shown that the CMC is related to the hydrophobic transfer free energy (AG®;.),
due to exclusion of water from the nonpolar micelle interior, by the following equation:
AG® e = (W —u° ) =kTInX 0 (1-2)
where p°; and p°y; are respectively the standard state unitary free energies of the amphipath
in monomeric form in aqueous solution and with M molecules per aggregate, k is Boltz-
mann’s constant, T is temperature and Xyc is the mole fraction of the amphipath where
50% of the detergent is in the form of micelles [1]. Formula 1-2 indicates that AG®_;.
becomes more negative as the hydrophobicity of the amphipath increases and the CMC
decreases; that is, water expulsion from the micelle is energetically more favorable [2].

Thus, detergent molecules with long aliphatic chains have lower CMCs than detergents

with shorter chains.



The properties of the amphipath monomer, such as the size and charge of the head-
group and the length of the acyl chain, determine the sizes and shapes of the micelles [7].
For example, the aggregation number (N), or number of monomers per micelle, is approx-
imately 60 for sodium dodecyl sulfate (SDS), 140 for 3-D- dodecylmaltoside (DM), and 4

for cholic acid (Figure 1-6) [4]. N is related to the relative standard state chemical potential
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Figure 1-6. The molecular structures of A, sodium dodecylsulfate, B, B-D-
dodecylmaltoside and C, cholic acid.
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(or mean free energy) of the molecule in various aggregated forms given by y°y [4]. The
value y°y depends on the average molecular surface area and allows the micelle geometry
to be rationalized according to the following,

woy = ¥S+C/S + Hy 1-3)
where yS and C/S are interfacial attractive and repulsive terms, respectively, and Hy is a
“bulk energetic term” representing the free energy associated with the alkyl chains [1]. The
¥S and C/S terms are contributions from intermolecular interactions at the water-hydrocar-
bon interface, where v is the surface tension expressed in units of energy per cm? (approx-
imately 50 erg/cmz), S is the surface area per molecule, and C is a constant representing
intermolecular repulsion. C/S includes electrostatic and steric interactions that are repul-
sive. When molecules are close together (small area per molecule) this term is large. yS
combines all the attractive molecular interactions at the interface. The optimal surface area
per molecule is then given by minimizing free energy with respect to molecular surface area

(i.e. du°p/dS = 0) where,

S, = J/C/¥. (1-4)

Therefore S, (the optimal surface area occupied by the molecule at the hydrocarbon inter-
face) is directly proportional to repulsive forces (C) and indirectly proportional to attractive
forces (y) [1]. It is the balance of the two opposing forces, hydrophobic attraction and elec-
trostatic repulsion, that governs the sizes and shapes of detergent micelles [2]. The aggre-
gation number is high for DM because electrostatic repulsion between the headgroups is

weak whereas it is lower for SDS because of high repulsion between the negatively charged

headgroups.
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1.1.2.2 Bilayers and Biological Membranes
Detergent molecules have cone-like molecular shapes making spherical micelles

the most thermodynamically stable aggregate as this shape maximizes headgroup and min-
imizes hydrocarbon interaction with solvent (Figure 1-4) [1, 4]. However, naturally occur-
ring phospholipids (see Figure 1-1A) have a more cylindrical shape making micelle
formation thermodynamically unfavorable, due to the “empty areas” that a phospholipid
micelle would produce, such that water/hydrocarbon interactions would result (Figure 1-
4). Thus, the most thermodynamically stable conformation of aqueous phospholipid disper-
sions is a lamellar bilayer (see Figures 1-3 and 1-4). An exception to this is an aqueous dis-
persion of pure phosphatidylethanolamine, where the headgroup surface area is sufficiently
small that the molecular shape is an inverted cone making the hexagonal II (Hj;) phase the
thermodynamically stable aggregate (see Figure 1-4 [8]. Similarly, pure aqueous disper-
sions of phosphatidic acid and phosphatidylserine are fully protonated at acidic pH reduc-
ing the repulsive forces (C) between individual molecules, thereby reducing the surface
area (see equation 1-4) shifting the preference from lamellar bilayer to Hy; phase formation
[1].

The lamellar bilayer phase can be divided into three distinct phases: liquid crystal-
line (L), ripple (Pﬁ), and lamellar gel phase (Lﬂ) (Figure 1-7) [1, 2, 4]. The liquid crystal-
line phase has two dimensional order but extensive disorder in the acyl-chains, and
represents the state of the majority of lipids in biological membranes. The lamellar gel
phase is formed at low temperatures with tighter packing of the phospholipid molecules
resulting from a high degree of ordering of the acyl chains. The ripple phase is formed from

the lamellar gel phase at intermediate temperatures, and represents the state in transition

12



from gel to liquid crystalline phase. It is called the ripple phase because of its wave-like

appearance in electron micrographs [1, 2, 4].

Lamellar

organization Layer structure
Fluid L, | gigg
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Figure 1-7. Lamellar bilayer phase in fluid, ripple and gel states. (See text
for details. Taken from reference 4 and used with permission.)

In 1925 Gorter and Grendel extracted erythrocyte lipids with acetone, resuspended
them in water, and found that the surface area occupied by the lipids is twice that of the

calculated area of erythrocytes. This led to their suggestion that the erythrocyte membrane
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is composed of a “bimolecular leaflet” [9]. Based on surface tension measurements Danielli
and Davson [10] adapted the “bimolecular leaflet” model and suggested that the lipid head-
groups, and hence the bilayer surfaces, are covered by layers of protein. However, techno-
logical advances have facilitated an improvement in the understanding of the membrane
and the proteins associated witﬁ them. In particular, it was learned that membrane proteins
are hydrophobic globular proteins with high degrees of a-helix content embedded in the
membrane [11}, and that intact biological membranes undergo phase transitions in temper-
ature ranges similar to those of aqueous dispersions of phospholipids, i.e. L, - Lg transi-
tion [12]. The Singer and Nicolson “Fluid Mosaic Model” takes these facts into account and
provides us with our current definition of biological membranes. The “Fluid Mosaic
Model” states that the experimental results and thermodynamic considerations (i.e. hydro-
phobic effect) “fit in with the idea of a mosaic structure for membranes in which globular
molecules of integral membrane proteins alternate with sections of phospholipid bilayer in
the cross section of the membrane” with the “lipids constituting the matrix” in a “fluid

rather than crystalline state” (see Figure 1-8) [13].

S KE

Figure 1-8. The Singer and Nicolson “Fluid Mosaic Model” of the cell
membrane. (Taken from reference 13, and used with permission.)
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1.1.3 Membrane Permeability

The ability of molecules to passively cross the membrane bilayer is governed by a
solubility-diffusion mechanism [14]. The barrier which must be breached in order to cross
the bilayer is the hydrocarbon core composed of the phospholipid acyl chains. This hydro-
carbon core can be considered to be a simple hydrocarbon (i.e. liquid oil) membrane into
which the solute of interest must partition and traverse. Thus, measurements that have been
made to determine the free energy of transfer of solutes from aqueous solvents into hydro-
carbon solvents, can be considered similar (if not identical) to their free energies of transfer
across a lipid bilayer [2]. It can be understood, then, that hydrophilic polar molecules will
have low permeabilities and small ions such as Na*, K* and CI” will be virtually imperme-
able, whereas nonpolar and lipophilic molecules will display much higher permeabilities

[15].

Since the partition coefficient for water into the membrane phase is small its con-
centration within the membrane is then very low. Therefore, as water partitions into the
bilayer at each interface, and crosses from one side to the other by simple diffusion, it does
so one water molecule at a time [14]. Osmosis occurs by a solubility-diffusion mechanism
and it can be shown that the solute permeability coefficient for an oil membrahe is directly
proportional to the partition coefficient of water (K,,; expressed as the equilibrium concen-
tration in the membrane divided by the concentration in the aqueous phase) into and diffu-

Zesec!) across the hydrophobic interior

sion constant (D,,,, is on the order of 2.4 x 10™ cm
of the membrane, and inversely proportional to the thickness of the membrane (8; cm) as

follows,
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P, = ——— (1-5)
8- Vo
where V; and V, are the partial molar volumes of oils and water, respectively. Essen-
tially, we can see that Prprovides a measure of the speed at which an impermeant solute

(e.g. water) can cross a membrane in response to an external pressure, either osmotic or

hydrostatic [14, 15].

Another measure of a membrane’s water permeability is the transport rate of isoto-
pically labeled water (P,,) measured in the absence of any applied osmotic or pressure dif-
ference across the membrane. Because both Prand Py, occur by solubility-diffusion they
will be equal as long as the concentration of water in the oil membrane is so low that inter-

actions between water molecules can be ignored [16].

For transport across a membrane containing » macroscopic pores of radius r and

length L, Pris now given by Pp,

4
_ n _ar RT (1-6)

fr T A 8L17_\;w

where 7 is the viscosity of water [14]. Equation 1-6 assumes that the size of permeant mol-

ecule(s) is negligible compared to the dimensions of the pore. As pore dimensions become
comparable with that of the permeant molecule, the expressions for Py must take into
account the radii of the permeant molecules, laminar flow generated by pressure differ-
ences between the two sides of the membrane, and a diffusional component of flow from
the gradient in the chemical potential of water within the pore (assuming exclusion of large
impermeant solutes on one or both sides of the membrane) [14]. The total flow of water

within narrow pores (Pyr)is given by,
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For water transport across a membrane containing macroscopic pores then Py> Py, This
is mainly because laminar flow (Pp) through pores of radius r is proportional to r* whereas

diffusional flow (P,,,) is proportional to r2,

The relevance of P¢/P,,, ratios is apparent in studies on the water transport proper-
ties of the red cell membrane where Pfis calculated to be about 2 X 1072 cm/sec [17]
whereas that for P, is about 3 X 10" cr/sec [18]. These values provided early indications
that the red cell membrane contained water channels or pores, as the P/P, ratio is about

6.7, this will be discussed further in section 1.3.1%

1.2 Membrane Proteins

1.2.1 Introduction
The lipid to protein (L/P) ratio varies greatly from one biological membrane to

another. For example, the L/P ratios for myelin and erythrocytes are approximately 4 and
0.75, respectively [19]. This difference in protein content largely reflects the extent of
material transport across the membrane from one side to the other, with a higher protein
content reflecting a greater need for transport. The functions of membrane proteins include
acting as solute channels and pores, receptors, signal and energy transducers, and enzymes

[21, 22, 23, 24]. Membrane proteins are classified into two categories according to their

1. Itis important to note that due to the speed at which water crosses the membrane, both in the presence
and absence of pores, stopped-flow instrumentation must be employed in its measurement [20].
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mode of attachment to the membrane, termed peripheral and integral membrane proteins
(see Figure 1-9) [13]. Peripheral proteins are those that are (a) removed from the membrane
by disruption of protein-membrane electrostatic interactions or hydrogen bonds by mild
treatment such as an increase in ionic strength or the addition of a chelating agent to the
medium; (b) dissociate from the membrane free of lipids, and (c) are soluble in aqueous

buffers free of detergent or lipid additives. The majority of membrane

Figure 1-9. Diagrammatic representation of peripheral (B) and integral (A, C and D)
membrane proteins. Protein A is an integral membrane protein that is embedded in one
leaflet of the membrane bilayer. Protein C is an integral membrane protein that is folded
within the membrane. Protein D is an integral membrane protein that has one
transmembrane segment connecting domains folded in the aqueous phases on one or both
sides of the membrane (adapted from reference 25). To simplify the figure the phospholipids
have been drawn with only one, rather than two, lipid tails.

proteins belong to the integral membrane protein category, and have the following proper-
ties: (a) They are removed from the membrane only by treatments with detergents, bile

salts, protein denaturants, or organic solvents. (b) They remain associated with lipid mole-
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cules after extraction from the membrane, and (c) they are soluble in aqueous buffers only

in the presence of detergent or lipid additives (see Figure 1-10) [13].

Extraction of integral membrane proteins requires disruption of the native mem-
brane environment (see Figure 1-10) [26, 27]. While peripheral proteins interact with the
membrane via electrostatic interactions, integral proteins are embedded within the mem-
brane such that a portion of the protein, the transmembrane segment, crosses the membrane
[13]. As a rule the transmembrane segment is an individual o-helix, and integral membrane
proteins may have one or more such transmembrane helices (see Figure 1-9) [25]. Porin
proteins are an exception to this a-helix rule and fold into a membrane-embedded, 8-18

stranded antiparallel (3-barrel [28, 29].

1.2.2 Membrane Protein Structure Determination
Determining the structure of a protein at the atomic level by Nuclear Magnetic Res-

onance (NMR) Spectroscopy and X-ray diffraction requires that ample quantities of pure
protein be readily available. Indeed, these sample requirements are equally important for
low resolution structural analysis such as Circular Dichroism (CD) Spectropolarimetry and
Mass Spectrometry. Structural studies of membrane proteins are made more difficult than
their water soluble counterparts by their naturally low expression levels and the require-
ment that lipids or detergents be co-purified or added in vitro to retain protein structure [25,
27a]. For example, the long sought and recently discovered calcium-release-activated cal-
cium channel protein is estimated to exist in about 100 copies per cell in native resting lym-
phocytes and in about 10 copies per cell in wild-type CHO-K1 cells [27b]. To date 15385
structures have been entered into the protein data bank [31]. Of these, 12690 structures

were solved by X-ray diffraction and other techniques, 2368 by NMR, and 327 by theoret-
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ical modeling. Although it is estimated that one-quarter of the proteins in many organisms
are membrane proteins, only 246 of the entries are for membrane protein structures. How-

ever, there is more than one entry for some proteins, such as the 19 entries

)

Detergent Lipid

Low Detergent Concentration
(Below CMC)

Membrane with
Bound Defergent

High Detergent Concentration
(At or greater than CMC)

Mixed Micelles Detergent Micelles Protein-detergent Complex

Figure 1-10. Detergent solubilization of cell membranes and extraction of membrane
proteins (adapted from A Guide to the Properties and Uses of Detergents in Biology
and Biochemistry by Calbiochem [30], and used with permission).
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for bacteriorhodopsin, often indicating structures of different protein mutants. Of the 246
membrane proteins there are 31 unique structures solved by NMR, 3 by electron cryocrys-
tallography, 12 by theoretical modeling, and the remaining 200 (not accounting for repeat

entries) by X-ray diffraction.

Two-dimensional (2-D) crystals of membrane proteins have proved valuable for the
determination of detailed threefdimensional (3-D) structures of many membrane proteins
including bacteriorhodopsin [32], the light-harvesting chlorophyll a/b-protein complex
[33], and aquaporin-1 [34]. These structures were acquired using the technique called elec-
tron cryocrystallography (also known as cryo-electron microscopy). There are several
advantages to analyzing 2-D crystals by electron cryocrystallography and image analysis
compared with X-ray diffraction analysis of 3-D crystals [35]. First, because images of the
crystals are recorded, phases are calculated directly by Fourier transformation. In X-ray
crystallographic analysis all phase information is lost and must be retrieved by heavy atom
substitution of the protein crystal, which can often lead to cracking and destruction of the
protein crystal [36]. Secondly, the amount of sample required for electron cryocrystallog-
raphy is significantly lower than for X-ray analysis and this is important when the naturally
low expression levels of membrane proteins are considered. Further, electron cryocrystal-
lography permits the study of the membrane protein in its native membrane environment,
rather than first extracting protein from the membrane and purifying it [35]. This technique
is called in situ crystallization and can be accomplished by treating the membrane protein
in its native membrane with mild detergents to extract lipid molecules and increase the pro-

tein/lipid ratio [16].
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Electron cryocrystallography involves the use of a transmission electron micro-
scope to acquire both electron-diffraction patterns, similar to X-ray diffraction, and high-
resolution images of the macromolecule of interest [38]. Sample preparation involves the
embedding of the solubilized or membrane reconstituted protein in a matrix, such as glu-
cose or amorphous ice, that can preserve the high-resolution protein structure at the low
temperatures and vacuum of the electron microscope. Glucose is the matrix of choice if
high resolution structures are desired, mainly due to crystal surface irregularities produced
by ice-embedding and the resultant increase in electron diffraction noise [38, 39]. After
embedding the sample it may be negatively stained with heavy-atom salts and adsorbed on
a carbon support film. Observation in the electron microscope is carried out under low elec-
tron doses and at low temperature (-160°C or less), conditions that reduce the extent of radi-
ation damage of the specimen [39, 40]. Two-dimensional projections are individually
obtained by tilting the 2-D crystals with respect to the electron beam. Computer processing
is used to obtain the amplitudes of the structure factors from electron diffraction patterns,
and to retrieve the corresponding phases from the electron micrographs [38]. The 3-D
information can then be reconstructed by combining the data from a set of 2-D projections

(see Figure 1-11).

Generally the structural resolution of proteins determined by cryoelectron crystal-
lography is lower than those determined by X-ray diffraction. This is mainly due to the loss
of structural data in the direction perpendicular to the direction of the tilt axis, and resolu-
tion being limited to the finest detail reproduced in the collected micrographs [34]. The

technology used for the collection and processing of electron diffraction data is rapidly
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improving and today is able to provide atomic resolution structures [41]. The main diffi-

culty remains the formation of membrane protein crystals.

<

s

-

Figure 1-11. The diagrammatic representation of the steps involved in the determination of a three-
dimensional structure from two-dimensional samples. (1) Specimens are tilted through a range of angles
to the incident beam. (2) The resulting micrographs constitute a set of different projection views. (3)
Fourier transforms are computed from the micrographs, each one is equivalent to a different plane
through the origin of a three-dimensional Fourier transform. (4) From a large number of such planes the
complete three-dimensional transform is computed (only three planes are shown). (5) From the
computed three-dimensional transform a number of contour maps are plotted, each showing the density
values at a different level in the membrane. When the maps are stacked, the complete three-dimensional
structure is revealed. Taken from reference 42 and used with the authors’ permission.
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1.3 The Aquaporins

1.3.1 Introduction

In early studies on the water permeability of red blood cells it was found that trans-
membrane water transport is faster than can be accounted for by simple diffusion [43, 44].
When an osmotic gradient is imposed across a cell membrane the ratio of osmotic water
permeability (P)) to diffusional permeability (P,,) is 1 if there are no water channels (see
section 1.1.3) [45]. Early research indicated that in the presence of an osmotic gradient P;
was greater than 0.1 cm/sec, more than 10 times the measured P, (< 0.01 cm/sec, measured
in the absence of an osmotic gradient), suggesting the presence of a specific carrier for
water [46]. Koefoed-Johnsen and Ussing [44] found that P,increased in renal proximal
tubules upon the addition of an antidiuretic hormone, which they explained as a widening
of pore diameter. The work by Macey and Farmer [43] showed that water and urea cross
the plasma membrane by independent pathways, and that P;is reversibly inhibited in the
presence of mercurials, suggesting the presence and inhibition of osmotic water flow,
respectively. More recent analysis indicates that the Pyof the red cell membrane is about 2
x10" cm/sec [47] whereas the P, is about 3 x1073 cm/sec [48], giving a P¢/ Py, ratio of

about 6.7.

The first water-filled channel protein was discovered by Denker et al. in 1988 [49] as
an abundant erythrocyte integral membrane protein of M, 28,000 (28kDa), with one quar-
ter of the protein N-glycosylated. This 28kDa protein co-purified with the Rh polypeptide
and comprised approximately 20% of the protein recovered from initial purifications.
Originally considered a degradation product it was shown to be immunologically distinct
from the 32kDa Rh polypeptide [49]. A similar 28kDa protein was purified from rat kid-

ney cells, and immunolocalized to the apical brush borders of renal proximal tubules in
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human kidneys [49]. Other data suggested that the 28kDa protein exists as a dimer or oli-
gomer in the native lipid membrane, with no intermolecular disulfides (electrophoretic
mobility was unaffected by reducing agents) [51].

The cDNA for the 28 kDa protein, initially named Channel-forming Integral Protein
(CHIP) 28, was isolated from human bone marrow [52] and shown to function as a mer-
cury-sensitive, water-selective, membrane channel by expression in Xenopus oocytes
[53]. Mutagenesis experiments determined that of the four cysteines within CHIP28, cys-
teine 189 (Cys189) is the one that confers mercury-sensitivity. Further, replacing Cys189
with larger amino acids abolished the water permeability of the molecule [54]. Reconstitu-
tion of both highly [55] and partially purified [56] CHIP28 into proteoliposomes con-
firmed its function as a water channel, leading to the renaming of CHIP28 as Aquaporin-1
(AQP1) [57]. The low Arrhenius activation energy (<4 kcal/mol) indicates that AQP1-
mediated water transport occurs as a continuous stream with the direction of flow deter-

mined by the osmotic gradient [55].

The discovery of AQP1 was the thin edge of the wedge, and subsequently it was
found that in addition to animals, both plants and bacteria express membrane channels that
are highly selective for water [58]. In E. coli, aquaporin-Z (AQPZ) permits the cell to
respond to changes in the osmolarity of its environment (Calamita et al., 1995). In mam-
mals, AQPs 0, 1, 2,4, 5, 6, and 8 easily discriminate between water and urea which have
diameters of 2.8A and 4.0A, respectively (see Table 1-1) [59, 60]. However, transport
assays suggest that the capacity to transport water varies widely among the aquaporins.
For example, AQPs 2 and 4 are highly efficient water pores whereas AQPO barely elevates

water transport above passive diffusion in those cells in which it is expressed [59].
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Table 1-1. Mammalian localization, molecules transported, presumed function, and mutant phenotype of the
ten mammalian aquaporins.

Name (Mw) Localization Transport Function Mutant Phenotype

AQPO0 (28 kDa)® {Lens fiber cells Water Lens transparency Cataracts in knock-

out mice)

AQPI (28 kDa)® | Red blood cells; choroid plexus; } Water Constitutively active | Severe urinary con-
kidney proximal tubule water channel centrating defect in
descending limb of Henle; eye; knockout mice (no
vascular endothelia clinical phenotype in

humans)

AQP2 (28 kDa)® { Apical membrane renal collect- | Water Vasopressin-regu- NDI in humans
ing duct cells lated water channel

AQP3 (27 kDa)d Basolateral membrane renal col- | Water, Water and urea Unknown
lecting duct cells, trachea, glycerol efflux pathway col-
nasopharynx and red blood cells } and urea lecting duct cells

AQP4 (30 kDa)® | Basolateral membrane renal col- | Water Water effiux path- | Partial NDI in
lecting duct cells, trachea, way collecting duct | knockout mice
nasopharynx, cerebellum and cells; spinal fluid
hypothalamus reabsorption;

osmoreception

AQP5 (28 kDa)f Salivary and lacrimal glands; Water Secretion of tears, | Hypertonic viscous
cornea; type I pneumocytes; saliva and sputum saliva in knockout
upper airway secretory epithelia mice

AQP6 (30 kDa)® | Renal Epithelia Water Glomerular filtra- Unknown

tion; tubular endocy-
tosis; acid-base
metabolism

AQP7 (~37 kDa)" { Testis; adipose tissue; renal Water and | sperm cryoprotec- | Unknown
proximal tubule glycerol tion

AQPS8 (34 kDa)i Hepatocytes; pancreas; testis; Water Unknown Unknown
colon; placenta; heart; salivary
glands

AQP9 (~32 kDa)j Adipose tissue Water, gly- I Unknown Unknown

cerol and
urea

NDI, Nephrogenic diabetes insipidus
a-71; b-72; c-64; d-73; e-74; £-75.; g-76.; h-68; 1-77; j-78;
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1.3.2 The Major Intrinsic Protein Superfamily

The glycerol facilitators, aquaporins, and aquaglyceroporins comprise a superfam-
ily of proteins [61] named after the first discovered aquaporinl, the Major Intrinsic Protein
(MIP) of the eye lens fiber [62]. The proteins are distinguishable by their pore specificities
[58] amino acid sequences, and the organization of their genes [61]. Hydropathic analysis
[63] suggested that the protein fold contains six membrane-spanning helices (1-6) con-

nected by five loops (A-E) (Figure 1-12). Loops B and E contain a characteristic aspar-

RERPEAT ONE REPEAT TWO

HYDROPHILICITY

56 166 152 266 250
RESIDUE NUMBER

Periplasm

NH, COOH

Figure 1-12. A) The Kyte-Doolittle hydrophilic plot (identical to hydropathy plot, except the values on
the y-axis are reversed) of the E. coli glycerol facilitator. Negative hydrophilicity denotes hydrophobic

regions (AQP1 hydropathy plot is similar). The six transmembrane regions are indicated, as are loops B
and E and the region of internal homology. B) A model representing the topology of both AQP1 and E.
coli glycerol facilitator. Shown are the six transmembrane segments (1-6) and the 5 loops (A-E).

1. It was not classified as an aquaporin until after the discovery of AQP1
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agine-proline-alanine (NPA) motif [64] that is found in every member of the family and

forms an important component of the channel pore [65, 66].

In bacteria, glycerol transport is essential for the efficient use of glycerol as a carbon
source [67]. For example, Escherichia coli will express the inner membrane glycerol facil-
itator in the absence of glucose, so that glycerol may rapidly enter the cell and be used as a
carbon source (see section 1.4) [67]. In mammals, glycerol transport is an essential activity
in several tissues including hepatocytes and adipocytes, both of which take up glycerol
released by triacylglycerol hydrolysis [68]. Adipocytes also export glycerol following
lipolysis. Candidate glycerol transporters have been identified in human adipocytes and rat
spermatids (aquaporin-7) [58, 68], in rat hepatocytes (aquaporin-9) [69], and in a variety of
tissues that express aquaporin-3 [70]. Aquaporins-3, -7, and -9 are sometimes called aqua-
glyceroporins reflecting their dual specificities and their phylogenetic homology to the bac-

terial glycerol facilitators (see Table 1-1) [61].

1.3.3 Aquaporin Molecular Structure

Circular dichroism studies showed that in sonicated membrane suspensions AQPO
contains approximately 58% o-helix and 20% f-sheet [71]. Mutagenic and immunological
studies indicated that the amino- and carboxy-termini are located intracellularly [79], and
that loops A, C, and E are extracellular, and loops B and D are cytoplasmic. Hydrophobic
loops B and E (indicated in Figure 1-12) each contain an NPA motif, thus the amino-termi-
nal NPA motif in loop B is located on the cytoplasmic side and the carboxy-terminal motif
in loop E is located on the extracellular side of the membrane [53]. Further, the N- and C-
terminal halves of the MIP family display internal homology, centered around the NPA

motifs, such that the two halves are orientated 180° to each other within the membrane (See
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Figure 1-12) [52, 53, 54, and 81]. This tandem repeat of amino- and carboxy-terminal

halves likely arose as a result of an ancient gene duplication [46]

AQP1 is expressed at very high levels in red blood cells (2 x 10° copies/cell [82]),
making it a very good natural overexpression system. Thus, the majority of structural anal-
yses of the MIP proteins has been performed on AQP1 [45]. Biochemical and freeze-frac-
ture studies indicate that AQP1 exists as a homotetramer in membranes [82, 83], with an
extracellular complex glycan attached at Asn-42 to one of the four subunits [82]. Radiation
inactivation experiments [84] and co-expression of wild-type AQP1 and a mercury-resis-
tant AQP1 mutant (C189S) [54] indicate that the monomers are the active water-transport-
ers, rather than the center of the tetramer forming the channel. Mutations within loops B
and E are not tolerated well in AQP1 [79]. This functional resistance to mutation, and the
presence of the mercury-sensitive Cys189 and the NPA motifs within these loops, indicates
the importance of loops B and E in channel function. Furthermore, the hydrophobicity of
loops B and E suggest they may extend into the bilayer. The ‘Hourglass Model’ of AQP1
proposed that loops B and E fold into the lipid bilayer, forming an hourglass structure with

a single aqueous pathway formed by the overlapping loops (see Figure 1-13).
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Figure 1-13. The Hourglass Model of Aquaporin-1. The six transmembrane segments shown at the top,
with the NPA motif shown. Loop B folds into the cytoplasmic face of the bilayer and loop E into the
extracellular face giving the intermediate model (middle). Horizontal arrows indicate the folding
together of the amino- and carboxy-terminal halves of the molecule resulting in the hourglass structure
with loops B and E potentially forming part of the single aqueous pathway (bottom; taken from
reference 81, and used with the author’s permission).
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In 1994, the freeze-fracture study by Verbavatz er al. [83] was sufficient to yield a
model for the tetrameric assembly of membrane embedded AQP1. The structural elements
responsible for the control of water-selective permeability of AQP1 remained unclear in

this low-resolution structure.

Biologically active 2-D crystals of AQPI purified from red cell membranes were
produced by Murata et al. [66], by reconstituting octyl-B-D-glucopyranoside (OG)-solubi-
lized AQPI into proteoliposomes at a high protein-to-lipid ratio. The AQPI 2-D crystal
arrays were shown to have a monomer osmotic water permeability of approximately 3 x10°
water molecules per AQP1 subunit per sec, indistinguishable from native water channels
in erythrocyte membranes, that was reduced to less than 10% of the original level upon

incubation with submillimolar levels of HgCl,.

The first 3-D map was produced by Li and Jap at 6A resolution [86], closely fol-
lowed by the models of Walz ez al. at 6A [87] and Cheng ez al. at 7A [88]. Subsequent
refinements and spectral improvements have provided an AQP1 electron diffraction crystal
structure with a resolution of 3.8A (in the membrane plane, 4.6A normal to the membrane
plane) [66]. The 3.8A electron density map resolves the amino-acid side-chain protrusions

thereby making it possible to fit the aquaporin sequence into the map.

The higher resolution structure showed that AQP1 monomers contain six tilted,
membrane-spanning a-helices in a right-handed bundle. The helices are arranged into two
repeats that exhibit a pseudo two-fold axis parallel to the membrane plane at the center of

the molecule. The two repeats are composed of helices 2-1-3 and 5-4-6 (see Figure 1-14).
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Figure 1-14. Ribbon diagrams of AQP1 showing the six transmembrane helices (H1-H6), and the
connecting loops in different colors (loop helices B and E are labelled HB and HE). A, End view from the
extracellular surface; B, side view; C, end view from the cytoplasmic surface. D, Cylinder model of the
AQP1 tetramer; end view from the extracellular surface; E, side view. The yellow diamonds and yellow
dotted line indicate the four-fold axis of the AQP! tetramer. The dotted lines and spindle in white show the
pseudo two-fold symmetry axis of the AQP1 monomer. The grey bands indicate the surface of the lipid
bilayer (taken from reference 66 and used with the authors’ permission).
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Figure 1-14b illustrates the arrangement of the 6 helices as they cross the membrane
from the cytoplasmic to the extracellular side of the membrane (helices 1, 3, 5) and vice-
versa (helices 2, 4, 6). The helical crossing angles between helices 1 and 3 (36.7°), helices
4 and 6 (40.9°), and helices 2 and 5 (28.5°) stabilize the right-handed coiled-coil interac-
tions [89]. Due to imperfections in the electron-diffraction technique, loops connecting
individual helices provided only weak signals in the density map. Loops B and E, which
are highly resolved, fold back into the membrane and position the NPA motif found in both
loops midway through the membrane, with one NPA motif crossing the other. Following
the NPA regions loops B and E form short pore-helices (helix B and helix E) before con-

necting to the next helix (helix 3 and helix 6 respectively).

The two repeats (helices 2-1-3 and 5-4-6) are locked together by the crossing of
helices 2 and 5, by interactions involving highly conserved residues Gly 57 and Gly 173,

and by the interactions between pore-helices B and E with helices 6 and 3, respectively.

In the 2-D crystals [66], AQPI forms a homotetramer in which each monomer inter-
acts with two neighboring monomers through contacts between the membrane-spanning o.-
helices (see Figure 1-14 D and E). Helix 1 forms a left-handed coiled-coil with helix 4 of
the adjacent monomer with a crossing angle of 48.5° and it also interacts with helix 5 at the
extracellular surface. Helix 2 forms a left-handed coiled-coil with helix 5 of the adjacent
monomer with a crossing angle of 48.0° and interacts with helix 4 at the cytoplasmic sur-
face. All interactions are stabilized by a network of hydrogen bonds, and by interactions
between loops A and D which surround the four-fold axis of the tetramer on the extracel-

lular and cytoplasmic surfaces, respectively.
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1.3.4 The Structural Basis of Water Selectivity
AQP1 can facilitate the transport of 3 x 10° water molecules per second per mono-

mer [66]. Loops B and E interact via their NPA motifs and form part of the aqueous pore,
and helices 2 and 5 with the C-terminal halves of helices 1 and 4 form the remaining part
(see Figure 1-15). The pore is constricted to 3 A at the centre of the membrane just beside

the region where loops B and E interact. The diameter of a water molecule is 2.8 A.

Figure 1-15. A, Section of a space filled model cut parallel to the plane of the membrane through the
centre of the AQP1 monomer showing the pore diameter. B, Section cut perpendicular to the plane in A,
showing the side view of the interior of the AQP1 pore. The yellow diamond in A indicates the four-fold
symmetry axis of the AQP1 tetramer. Hydrophobic side-chains facing the inside of the pore are yellow,
Asn 76 and Asn 192 are red, cysteine is green and His 180 is blue (taken from reference 66 and used
with permission).
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The loop B and E pore helices (HB and HE) are oriented so that the positive ends
of their helix dipoles [66] point towards the centre of the membrane and generate a positive
electrostatic field there. Thus, water molecules nearing the membrane centre orient so that

their electronegative oxygen atoms face the NPA side of the pore (see Figure 1-16a-c).

Figure 1-16. Schematic representations explaining the mechanism for water selectivity of AQP1. A, A
diagram illustrating how partial charges from the helix dipoles, represented by the + and - signs,
determine the orientation of the water molecules passing through the constriction of the pore. B and C,
Diagrams illustrating the sequential passage of a water molecule (labeled with *). Water molecules
hydrogen bond with Asn 76 and/or Asn 192, which extend their amido groups into the constriction of
the pore (taken and adapted from reference 66 and used with permission).
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The extension of the NPA motif asparagine side-chains into the pore at the site of the 3 A
constriction places the amido groups in a position to form hydrogen bonds with a water
oxygen atom. The pore diameter limits the size of the particles transported to those less than
3 A, and limits transport through the centre of the pore to one molecule at a time. Thus, only
one water molecule at a time crosses the 3 A constriction and is removed from the bulk
hydrogen bond network. Upon formation of these hydrogen bonds the water molecule’s
two O-H bonds are perpendicular to the channel axis (see Figure 1-16c), these hydrogen
atoms at then prevented from hydrogen bonding to adjacent water molecules in the single-
file column, and because only one hydrogen bond is affected, there is an energy cost of no
more than 3 kcal/mol [66]. The water molecules do not get stuck in the channel because the
water hydrogens are presented to the channel face opposing the NPA motif that is lined
with hydrophobic residues, i.e. there are no hydrogen-bond acceptors opposite the NPA
motif asparagine residues. The structure thus explains how water molecules can permeate
the pore with a minimal energy barrier, whereas hydrogen ions are blocked from transfer
because of the required hydrogen-bond isolation from bulk water and repulsion by the pos-

itive ends of the dipoles in the centre of the membrane.

Thus, cryoelectron microscopy has provided a structure of AQP1 with sufficient
resolution to allow identification of the key elements in the water selectivity and transport
mechanisms within AQP1. This technique holds great promise for structural analysis of
membrane and other proteins that are not amenable to three-dimensional crystal growth and

standard X-ray diffraction analysis.
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1.4 The Escherichia coli Glycerol Facilitator Protein

1.4.1 Introduction
Escherichia coli is a rod-shaped gram-negative bacterium that colonizes the intes-

tinal tract of humans. E. coli has simple nutritional requirements and grows well if provided
with simple energy sources such as glucose or glycerol, a nitrogen source and a few mineral
salts. E. coli cytoplasm is packed with ribosomes, DNA, mRNA, tRNA, proteins and, as a
prokaryotic cell, is devoid of subcellular organelles [90]. The cell envelope has three layers:
the plasma (inner) membrane, the peptidoglycan layer, and the outer membrane (Figure 1-

17). The inner membrane consists of phospholipids organized into a bilayer (see section
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Figure 1-17. The gram-negative cell envelope.

1.1). The peptidoglycan layer is separated from the inner membrane by the periplasmic
space and is comprised of glycan chains, made up of disaccharide units (N-acetylglu-
cosamine-N-acetylmuraminic acid), linked together by peptide bonds. The outer membrane

contains phospholipids, proteins and large complex molecules containing both lipid and
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carbohydrates called lipopolysaccharides. The peptidoglycan and outer membrane layers

together are generally called the cell wall [90].

1.4.2 The Glycerol Catabolic System
In 1898 it was found that crystals of dihydroxyacetone (DHA) could be prepared

from the spent culture media of Acetobacter xylinum supplied with glycerol as a carbon
source |91]. Studies have since shown [67] that glycerol is dissimilated in bacteria by two
modes. The first mode begins with dehydrogenation followed by phosphorylation and the
second starts with phosphorylation followed by dehydrogenation. The two enzymes
responsible for these reactions are glycerol dehydrogenase and the ATP-dependent glyc-
erol kinase (GK). In both cases dihydroxyacetone phosphate (DHAP) is the terminal prod-
uct which then enters the glycolytic pathway. The reaction intermediates DHA and s»-
glycerol-3-phosphate (G3P) may also be utilized by these organisms. Figure 1-18 illus-

trates the bacterial glycerol catabolic system.

That glycerol‘ rapidly crosses the E. coli plasma membrane was inferred from the
inability to sustain osmotic pressure across the membrane in a hypertonic glycerol environ-
ment [93]. Analysis showed that there is no concentrative mechanism for uptake as indi-
cated by the inability of glycerol kinase-negative mutants to accumulate glycerol. Further
evidence against a concentrative mechanism for glycerol was provided by comparing the
growth K, (minimal glycerol concentration where growth is half-maximal) with the K, of
glycerol kinase (in this case the glycerol concentration where enzyme activity is half-max-
imal). The two K, values are approximately 1 M indicating that the utilization of glycerol

in E. coli is dependent on GK [94]. The data thus indicated that glycerol is not transported
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Figure 1-18. Network for the utilization of glycerol, G3P, and glycerophosphodiesters
(G3POR) by E. coli. Porins in the outer membrane allow free passage of small substrates.
Abbreviations not defined in the text: GAP, D-glyceraldehyde 3-phosphate; and FDP,
fructose- 1,6-bisphosphate (taken from reference 95 and used with permission).

against its concentration gradient and that it is phosphorylated by GK upon entry into the

cell.

Evidence for the existence of a specific protein facilitating the equilibration of glyc-
erol across the inner membrane was discovered upon analysis of the changes in the light-
scattering properties of E. coli in response to osmotic stress caused by the introduction of
hypertonic and hypotonic solutions of glycerol. E. coli cells that were catabolite-repressed
by growth in glucose-containing media had half-times of equilibration of 21 seconds,
whereas cells grown in glycerol-containing media or cells made constitutive in the glycerol
system by mutagenesis of the glycerol dissimilation system [96, 97], had half-times of

equilibration (i.e. mid-point of equilibration of a concentration gradient) of 10 and 2 sec-
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onds, respectively. These data suggest that glycerol can enter the cell by nonspecific simple
diffusion at a rate much less than that of water and by a specific facilitated transport mech-
anism at a rate that approaches that of water transport. Thus, when supplied glycerol as a
sole carbon source E. coli produces the glycerol facilitator (GF) protein providing an
energy-independent mechanism for the transport of glycerol across the inner membrane,
where upon it is immediately phosphorylated by GK [95]. The glycerol facilitator was ini-

tially cloned in 1990 by Sweet et al. [98].

Measurement of the growth rate of wild-type E. coli cells in relationship to glycerol
concentration shows that the half-maximal growth rate occurs at glycerol concentrations of
approximately 1 M (see page 38) [97]. Shigella flexneri (strains M4243 and 24570) lack
a facilitator but possess a glycerol kinase with a substrate K, close to that of the E. coli
enzyme (approximately 1 M), however the growth K, is 5-10 mM (when glycerol is the
sole carbon source). When S. flexneri was transduced with phage P1 raised on wild-type E.
coli, maximum growth occurred at glycerol concentrations below 1 mM [97]. These data
show that, regardless of the high intrinsic permeability of the cell membrane to glycerol in
the absence of a facilitator, the rate of diffusion is insufficient for maximum use of this

carbon source.

1.4.3 The E. coli glp Regulon

The glp regulon consists of five operons in three locations on the E. coli linkage
map. These are the glpTQ operon encoding the G3P transport protein and the periplasmic
glycerophosphodiesterase; the gipBA operon encoding the anaerobic G3P dehydrogenase
and its membrane anchor protein; the g/pR operon encoding the repressor protein; the glpD

operon encoding aerobic G3P dehydrogenase; and the g/[pFKX operon encoding GF, GK
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and a protein of unknown function (see Figure 1-19) [95, 98]. The genes of the g/p regulon

9riE gb72

Figure 1-19. Genetic map of the glp regulon of E. coli
(the arrows indicate the direction of expression).

are under negative control of the glp repressor, a tetrameric protein encoded by the gipR

gene, mediated by binding of the glp repressor to its operator sites within the glp regulon.
Affinity of the repressor for its operators is decreased in the presence of G3P, the inducer
for the regulon (see Figure 1-20). G3P levels reflect the activity of GK, which is inhibited

Inducer ((}SI’)\'A 4 RNA polymerase
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Figure 1-20. Negative control of the glp regulon

by the feedback inhibitor fructose-1,6-bisphosphate (FDP) when glucose levels are suffi-

41



cient for growth [99]. Thus, when glucose levels are low FDP levels decline and GK activ-

ity increases, resulting in the increase in G3P and induction of the glp regulon.

There has been considerable speculation and some kinetic evidence that GF exists
in close association with GK at the inner membrane and that the kinase may be regulated
by interaction with the facilitator [100]. This association has been compared to the interac-
tions of hexokinase and glycerol kinase with the respective mitochondrial porins [101]. GK
shows complex regulatory behaviour and is functional in both a dimeric and tetrameric
form [102]. Fructose 1,6-bisphosphate and the phosphoenolpyruvate phosphotransferase
protein IAY!® are both allosteric inhibitors of GK that bind at different sites {103, 104]. To
inhibit the GK tetramer and lock it in an inactive tetrameric conformation either two mol-
ecules of fructose 1,6-bisphosphate bind to the tetramer [103] or a phosphocarrier protein

IIAC!® binds to each monomer [105].

1.4.4 Transport Properties

The transport properties of E. coli GF have been measured in the bacterium, in
Xenopus oocytes, and after reconstitution into liposomes [95, 106, 107, 108,109, 110], by
measuring the changes in light-scattering properties in relationship to osmotically induced
plasmolysis (shrinkage) and deplasmolysis (swelling). GF has been shown to transport D-
and L-glyceraldehyde, glycine, urea, ribitol, xylitol, D-arabitol, and D-sorbitol. Not trans-
ported are sn-glycerol-1-phosphate, G3P, glycylglycine, inositol, erythrose, D-arabinose,

L-arabinose, D-ribose, D-xylose, D-galactose, and D-sorbose [95]. E. coli GF is therefore
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selective for short chain alditols, with transport efficiency inversely related to alditol chain

length (see Figure 1-21).

0.5 4

rate s

Figure 1-21. Relative rates for transport of a selection of carbohydrates into protein-free
liposomes (black bars) and into GF-containing proteoliposomes (hatched bars). Structures
are indicated in the Fisher and Haworth diagrams. Error bars indicate the standard deviation
from 10 accumulations (data from reference 110).
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1.4.5 The GF X-ray Crystal Structure

Three weeks following the publication of a large portion of the material presented
in this thesis [111], the X-ray crystal structure of GF was solved at a resolution of 2.2 A
[110]. Structural refinement to this resolution has permitted individual side-chain densities
of the protein to be identified and the amino-acid sequence of GF inserted into the electron
density map, providing an unambiguous picture of the GF structure (see Figure 1-22). GF
crystallizes as a symmetric arrangement of four channels with the plane of the bilayer per-
pendicular to the four-fold axis (Figure 1-22a). The structure is nearly identical to the elec-
tron diffraction structure of AQP-1 [66]. GF is composed of six transmembrane (M1, M2,
M4, M5, M6, and M8)! and two half-membrane-spanning a-helices (M3 and M7) that form
a right-handed helical bundle around each channel. Based on the crystal structure the o.-
helix content is calculated to be 67% [112]. The helices project outward to form a channel
entrance on each surface. Interhelix packing angles within the monomers range from
approximately +35° to +40°, with intermonomer helix angles of approximately -20° both

between M1 and M2 of one monomer and M5 and M8 of its neighbor.

The internal sequence homology between the N- and C-terminal halves of GF is
preserved in the 3-dimensional structure as the two segments are related by a twofold-sym-
metry axis that passes through the center of the bilayer (see Figure 1-22b, yellow and blue
segments). Similarly to AQP1 (using the same helix and loop labels), the N-terminal seg-
ment begins on the cytoplasmic side of the membrane with helix M1 which crosses the

membrane and connects to helix M2 via loop A. Helix M2 crosses the membrane and

1. Fueral. [110] have chosen to label the transmembrane and loop helices sequentially. Therefore, homolo-
gous helices between GF and AQP1 crystal structures are M1-H1, M2-H2, M3-HB, M4-H3, M5-H4, M6-
HS5, M7-HE, and M8-Hé.
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Figure 1-22. The 2.2 A resolution X-ray crystal structure of E. coli GE The twofold symmetry is
displayed by yellow residues (6-108) and blue residues (144-254).A, A ribbon diagram of the GF
tetramer viewed from the periplasmic side. B, A stereo view of the monomeric glycerol channel
viewed down the twofold axis. The vertical bar (35 A) represents the putative position of the
membrane, and purple indicates 3 glycerol molecules (taken from reference 110 and with
permission).
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connects to loop B. Loop B projects into the center of the channel from the cytoplasmic side
and forms the half-spanning helix M3, that begins with the conserved NPA motif. Loop B
returns to the cytoplasmic side of the membrane and connects to helix M4 which crosses to
the periplasmic side. The C-terminal segment is similarly organized starting with helix M5
crossing from the periplasmic to the cytoplasmic side of the membrane. Loop E extends

into the center of the channel from the periplasmic side and forms the second half-spanning
helix M7, which terminates with the second conserved NPA motif (see Figure 1-22b, and

Figure 1-23)

The two half helices formed by helices M3 and M7 meet at their N-terminal ends
in the center of the membrane and, similarly to AQP1, largely form the selectivity filter of
GE. The NPA motifs are in an orientation where the proline rings of one monomer are in
Van der Waals contact nestled between the proline and alanine side chains of the symmetry
related helix (see Figure 1-24). The channel has a 15 A wide vestibule on the periplasmic
surface which is constricted to approximately 3.8 A by 3.4 A at a distance of 8 A above the
twofold axis. This constriction forms the beginning of a 28 A long, glycerol selective chan-
nel, with a radius of approximately 3.5 A, that crosses to the cytoplasmic surface (see

Figure 1-25).
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Figure 1-23. The amino acid sequence of GF is arranged topologically as in the
structure, with helices viewed as if from inside the channel. The NPA motifs are in the
center of the figure. Three-and-one-half helices compose each segment, labeled M1 to
M4 and M5 to M8. Homologous helices are boxed in similar colors. Residues in black
circles interact with glycerol. Residues in red circles contribute carbonyl oxygens or
amide NHs to the channel. Grey circles represent residues that are not seen in the
structure. The location of the cell membrane is indicated in grey (taken from reference
110 and used with permission).

Figure 1-24. The two NPA motifs at their interface where the two half-helices M3 (yellow) and M7
(blue) meet to form a junction. The proline rings from each NPA lie between the proline and alanine
side chains of the opposite helix. The asparagine amide groups of one helix form two symmetry-related
hydrogen bonds, to the alanine nitrogen of the same half-helix and a carbonyl oxygen of the opposite
half-helix. Atoms are colored according to atom type (oxygen, red; carbon, grey; nitrogen, blue; and
sulfur, yellow; taken from reference 110 and used with permission).
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periplasm

Figure 1-25. The glycerol channel in GE Atoms are colored according to atom type (oxygen,
red; carbon, gray; nitrogen, blue; and sulfur, yellow) showinithe hydrophobic surface (left)
and the polar surface (right). The length of the narrow (~3.5 A) part of the channel is indicated
by the while line (taken from reference 110 and used with permission).

1.4.6 Structural Basis of Glycerol Transport
The crystal structure shows three glycerol molecules (G1, G2, and G3) within the

channel [110]. G1 forms a hydrogen bond with Tyr138 at the periplasmic entry to the ves-
tibule. G2 and G3 are organized into a site, that Fu et al. [110] have termed the “selectivity
filter”, which is large enough in cross-section to accommodate a single CH-OH group (Fig-
ure 1-26). The alkyl backbone of G2 is packed tightly against the aromatic rings of Trp48
and Phe200, providing no space for substitutions at the C-H hydrogen positions. As a result
of this constriction, CH-OH groups of alditol molecules can only pass through the filter in
single file. The presence of a water molecule between G2 and G3 suggests that water may
be co-transported. However, as described below, as glycerol is transported across the mem-
brane it becomes progressively dehydrated by the exchange of one set of stringent hydro-

gen bonds for another. As Figure 1-26 illustrates, the selectivity filter of GF is designed
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Figure 1-26. The hydrogen bonding network (dotted lines) showing interactions of G2, G3, and
associated water molecules with the selectivity filter. Hydrophobic interactions are indicated by radial
lines around the residues. O1 and O2 of G2 are hydrogen bond acceptors from successive NHs of the
guanidinium group of Arg 206 and hydrogen bond donors to the carbonyl oxygens of Gly199 and
Phe200 (respectively). The NH,s of Asn203 and Asn68 form hydrogen bonds to the O1 and O2 of G3,
(respectively) and the carbonyl of His66 is an acceptor for O(3)H of G3. Distances (in angstroms)
between heavy atoms are indicated (taken from reference 110 and used with permission).

such that one side of the channel is lined with hydrophobic amino acids (indicated by radial
lines in Figure 1-26) and the other with polar residues. As glycerol molecules enter the pore
they reorient so that their alkyl backbones face the hydrophobic side of the channel and

their polar “hydroxyl sides” face the channel’s polar side. Figure 1-26 shows that succes-
sive glycerol molecules, G2 and G3, adopt the same orientation as they are transported.

Furthermore, the carbonyls of Gly199, Phe200, and Ala201 are oriented on the periplasmic
side of the filter by hydrogen bonds to main-chain amides of Phe200, Ala201 and the buried
COOH from Glu152. According to Fu et al. [110], the “electrostatic triangle” that is formed

by the negative charge of Glul152, the amides of Phe200 and Ala201, and the positive
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charge of Arg206, polarizes two successive hydroxyl groups on permeating alditols. This
is shown in Figure 1-26, where the “electrostatic triangle” polarizes the C1 and C2 hydrox-
yls on G2. This provides a further selection mechanism requiring that the permeant mole-

cule be polarizable in sections parallel to the plane of the membrane.

The constriction and dual hydrophobic/polar nature of the selectivity filter of GF
provides an explanation of its stereoselectivity towards permeant alditols (see Figure 1-21).
For example, the hydroxyl groups of ribitol all have the same stereospecific relationship to
the carbon backbone, whereas a chiral stereoisomer such as D-arabitol has a mixed arrange-
ment of hydroxyls (differing from ribitol at the orientation of the hydroxyl group at C3). It
has been demonstrated that ribitol is transported by GF 10 times faster than D-arabitol
[110]. This difference can be explained with Figure 1-26, where we see that two successive
-CHOH groups of G2 are oriented so that the carbon backbone is lined up along the channel
axis and the C-H hydrogen(s) are in contact with the aromatic ring of Phe200 or Trp48. The
successive -CHOH groups of ribitol would be similarly oriented within the channel,
whereas D-arabitol would require that the molecule either reorient or suffer the transport

consequences of placing the -CHOH group of C3 in an unfavorable environment.
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1.5 Biophysical Techniques

1.5.1 Electromagnetic Radiation and Spectroscopy
Light is a form of electromagnetic radiation, and can be considered to be composed

of two waves oriented perpendicular to one another (see Figure 1-27).[113]. Electromag-

X
E

y b4

Figure 1-27. Electromagnetic radiation is made up of a magnetic wave (M) and a
perpendicular electric wave (E) propagated in the z-direction

netic waves are generated by oscillating electric or magnetic dipoles and are propagated in

a vacuum at the speed of light (c) with energy (E) given by the following equations:

E=hv (1-8)
and
v = ¢/A (1-9)
so that
E = (h-c)/A (1-10)
and thus
v
E o 7& (1-11)

where # is Planck’s constant (6.63 x 10734 J/s), v is the frequency and A the wavelength of

the electromagnetic radiation [113].

Electromagnetic radiation can range from low energy radiowaves (wavelength

approximately 10 cm) to high energy gamma rays (wavelength approximately 10 em).
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This variation in energies provides the basis of biological spectroscopic techniques (see
Table 1-2) [114]. Generally, when light strikes matter it will either be scattered or absorbed
and re-emitted [113]. Table 1-2 list the many spectroscopic techniques and applications that
deal with the measurement of these interactions. For our purposes only scattering and
absorption in the ultraviolet region will be considered further. In particular the scattering
intensity in relation to particle size and density will be considered as will the extinction
coefficient of elliptically polarized light at different wavelengths in relation to particle

shape and symmetry.

Table 1-2. Biologically useful spectroscopic regions®

ical
w:\‘?’ell)ength Approximate energyt Spectroscopic i Spectroscopic techniques and
(cm) (kcal/mole) region applications
10°11 3x 10° y-Ray Mossbauer
10 3x 10° X-Ray X-ray diffraction, scattering
10~ 3x 10° Vacuum UV Electronic spectra
3x 107 10° Near UV Electronic spectra
6x 10~ 5x 10° Visible Electronic spectra
107 3x 10° IR Vibrational spectra
10 3x 107" Far IR Vibrational spectra
107! 3x 107 Microwave Rotational spectra
10° 3x 107 Microwave !Electron paramagnetic resonance
10 3x 107 Radio frequency} Nuclear magnetic resonance

a. Reference 114.

1.5.2 Light Scattering

1.5.2.1 Particles that are small compared with the incident wavelength
When electromagnetic radiation interacts with a particle that is small compared to

the incident wavelength the oscillating electric field induces oscillations of the electrons
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within the particle [115] (Figure 1-28). The frequency of the oscillation is governed by the

Figure 1-28. Incident radiation (/) polarized along the x axis
causes the particle to oscillate and emit radiation with intensity 7
at a distance r and angle ¢ to the direction of the induced dipole,
and angle 6 to the incident radiation (taken from reference 113
and used with permission)

energy of the system and will depend on how easy it is to displace an electron from the

nucleus (molecular polarizability, o) and the frequency of the applied radiation [113, 115].
The dipole moment created by the oscillating electron transmits electromagnetic radiation
like an antenna, and will disperse some of the energy (/) in directions other than that of the
incident radiation (I,; see Figure 1-28) [114]. When unpolarized light of intensity I, inter-
acts with a sphere with a radius () very small compared to the wavelength of the light scat-

tering can occur in all directions and the intensity (¢) of the light scattered will be given by:

ny? 2
46 4 (—) -1
. 8mrn, n,
i = 7 5 (1 + cos?8) NI ¢ (1-12)
A n
R CRE
n

A is the wavelength of light in vacuo; n is the index of refraction of the particle; 7, is the
index of refraction of the medium; 8 is the angle of observation measured from the direction
of propagation of the incident beam; R is the distance to the point of observation; N is the

number of particles per unit volume; 7, is the intensity of the incident beam of unpolarized
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light, and 1 is the volume of the sample illuminated (see Koch [116] for a detailed expla-
nation). It can be shown that the absorbancy (A=logy(I,/I) where I is the transmitted light)
of a suspension of particles that are much smaller than the wavelength of the incident light

is

A = (1-13)

23x3 | n, I

(where d,/d,. is the change in refractive index with change in solute concentration and is a

32743 ' [dn/dc:|2 .qZ N

constant for the solution [113]). That is, the absorbancy is proportional to the concentration
(c) of the particles, to the square of their anhydrous mass (q), and inversely proportional to
the fourth power of the wavelength of light incident on the sample. Therefore, in this
regime, changes in particle diameter that do not involve a change in the anhydrous mass

have no effect on absorbancy [116].

1.5.2.2 Particles that are large compared to the incident wavelength
Scattering from large particles differs from scattering from small particles in that

the scattered radiation produced from different points on the same particle can interfere
[113, 114, 115]. Figure 1-29 illustrates that scattering can occur from points that are a sig-

nificant fraction of a wavelength apart, and since the scattering points are fixed with respect
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Figure 1-29. Scattering from a macromolecule that is large compared to the wavelength
of incident radiation. Two points from which scattering occurs are shown at A and B.
The phase of the radiation, and thus the induced dipoles, are different at the two points.
(Taken from reference 115 and used with permission).

to each other, scattering interference must be accounted for. The calculation for this
includes interference between light scattered from all scattering points on the molecule,
with total scattering averaged over all orientations [114, 115, 116]. It is useful to define a
function, P(0), that describes the angular dependence of scattering from a large particle in
a way that compares how the scattering at angle 8 corresponds to that which the same mol-
ecule would have if its dimensions were shrunk to be much smaller than A while its mass

remained constant [113, 115]. P(0) is defined by

intensity of scattering by real particle at angle 0
scattering by hypothetical shrunken particle at angle 6

P(6) = (1-14)

It can be shown that

2 2
:_Q__.____R_G> (1-15)

P(O) = exp( 3
where Q=(4m/A)sin(6/2) and R is the radius of gyration of the particle and is a measure of
the dimensions of the particles. For example, for a sphere of radius r, RG=(3/5)1/ 2, fora
long rod of length L, RG=L/(12)1/ 2. Therefore, the measured angle of scattering, 8, can give

a measure of Rg, thus providing information about the dimensions of the particles or the
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particle shape [115]. The radius of gyration can also be defined as the root-mean-square
average of the distance of scattering elements from the center of mass of the scattering par-

ticle [115].

The paper by A. Koch [116] provides an excellent theoretical approach to the
understanding of scattering from large particles of different shapes, such as cells, mito-
chondria, and liposomes, and provides a much more detailed explanation than presented in
this thesis. In summary, for spheres with a diameter () on the order of the wavelength of

light Koch showed that

A (1-16)

_ 97 .[dn/dc Z,qz-N
23 x3 2,2
r'a

Thus, the turbidity or absorbance of a solution of scatterers varies inversely as the square

Ro

23 Koch developed this theory to explain the effect of

of their radii and as their volumes
bacterial cell growth and swelling (deplasmolysis) and cell shrinkage (plasmolysis) on tur-
bidity or absorbance. When cells are induced to plasmolyse1 the turbidity increases, while
deplasmolysis results in a turbidity decrease [117]. This scattering theory is used here to

measure the transport activity of the glycerol facilitator in the presence of xylitol (a glycerol
analog that differs by the addition of two CHOH groups and is transported at a much slower
rate). Another application is the common practice of following the growth of a bacterial

culture by measuring the increase in turbidity as the number of cells increases. Here the tur-

bidity increase simply reflects the increase in the number of scattering particles.

1. Increasing the osmotic pressure of the culture medium is an effective and rapid way to induce plasmoly-
sis.
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1.5.3 Circular Dichroism
As mentioned, electromagnetic radiation can be considered to be composed of elec-

tric (E) and magnetic (M) waves oriented perpendicular to one another (see Figure 1-27 and
Section 1.5.1) [113, 118]. In unpolarized light the E-component oscillates in all directions
perpendicular to the direction of propagation, i.e. if the direction of propagation is on the
z-axis, then unpolarized light oscillates in all directions in the xy-plane [113]. When the

oscillating E-component interacts with an electron it induces a displacement of the electron
with respect to the nucleus with a magnitude dependent on the ease with which the electron
can be displaced from the nucleus and the frequency of radiation. Specifically, the electron
may undergo a transition when the frequency of the oscillating E-component matches the

difference in energy between the initial and final electronic states [113, 114, 118, 119].

The electronic energy states can be described by molecular orbitals, such that elec-
trons undergoing a transition are transferred from one molecular orbital to another. Molec-
ular orbitals include the low energy ¢ and w bonding orbitals and high energy o* and wt*
antibonding orbitals [121]. A further type of molecular orbital is the non-bonding (r)
orbital and, along with the m and n* orbitals, they are associated with unsaturated centers
in molecules [121]. The absorption of energy from the applied ultra-violet and visible radi-
ation occurs from the excitation of electrons in only a few atoms termed chromophores, and
results in the transfer of the electrons from o » o*, w = *, or n » w* [113, 114, 118, 119,

121].

An absorption spectrum of a chromophore is acquired by the measurement of
absorption intensity in relation to the change in the wavelength of the applied radiation over

a ranges of wavelengths. As implied above, individual chromophores will display different
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wavelengths where there is an absorption maximum, a wavelength in which the resonance
energy of the electronic transition matches the energy of the applied radiation (equation 1-

8). The absorbance (A) is defined as;

I
A= ( AN 1-17
og 1t> (1-17)
where I, is the incident radiation and I, is the transmitted radiation [113, 114, 118, 119].

Absorbance is also related to the experimental measure of intensity at a given wavelength,

known as molar absorptivity (€), by the Beer-Lambert law

A = ecl (1-18)

where ¢ is the sample concentration and / is the path length of the sample container [113].
The molar absorptivity reflects the transition probability and is related to the magnitude of

the transition dipole moment.

In plane polarized light the E-component oscillates in one plane perpendicular to
the direction of propagation; for example if the direction of propagation were along the z-
axis then the plane polarized light might oscillate parallel to the x or y-axis [118]. Further,
if another wave was oscillating parallel to the y-axis, and was in phase with the x-axis com-
ponent, then superimposition of the waves would yield a new wave oriented 45° to the x-
axis [118]. However, if the two waves do not have the same phase, then the superimposition
does not produce a fixed direction for the new wave. If the phase difference between the

two waves is 90° (or 7/2) then superimposition will produce a wave with a helical path (See
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Figure 1-30) [118, 121]. If the amplitudes of the two waves are equal then the superimposed

A X
Ey

Figure 1-30. A, Waves E| and E, are polarized along the xz and yz axes
respectively, and are 90° out of phase to each other. B, The superimposition of E;
and E, produces a left circularly polarized wave (Taken from reference 113 and
used with permission).

wave is called circularly polarized. Unequal amplitudes will produce a wave that is ellipti-
cally polarized [121, 122]. Further, depending on the phase difference, either left or right
circularly polarized light (LCPL; RCPL) can be produced [113, 118, 121, 122]. Consider
Figure 1-30 where E1 is out of phase from E, by 90° and the sum E; + E, produces left cir-
cularly polarized light (the rule is to point your thumb in the direction of propagation and
the hand that has the fingers curled in the direction of the helical wind tells the “handed-
ness” of the wave). If E1 were out of phase by -90° then the sum E; + E, would produce

right circularly polarized light (see Figure 1-31) [122].

Optically active chromophores are asymmetric, that is, they have no plane or center
of symmetry [113]. These asymmetric chromophores interact with L and RCPL differently
giving rise to the phenomena of optical rotatory dispersion (ORD) and circular dichroism

(CD) [121, 122]. Analogous to absorption spectroscopy, CD deals with the differential
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Figure 1-31. The superimposition of two waves (A) where one (E;) is out of
phase from the other (E,) by -71/2, produces right circularly polarized light, B
(adapted from reference 113).

absorption of LCPL and RCPL [122]. Since absorption spectroscopy and CD deal with the
same electronic transitions then they occur at the same energies and can be dealt with sim-
ilarly. Indeed, the Beer-Lambert law is obeyed in CD such that

AA = A, - A, = g;cl—gpel = Aecl (1-19)
where the subscripts indicate LCPL and RCPL. However, unlike absorption bands, CD
bands can be positive and negative depending on the sign of Ae, which depends on the
wavelength of 1, and the characteristics of the molecule under investigation (see Figure 1-
32) [113, 122]. The difference in absorption between LLCPL and RCPL is usually very

A B
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=
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Figure 1-32. CD spectra where A, RCPL is absorbed Iess than LCPL therefore
Acg is negative and B, LCPL is absorbed less than RCPL therefore A€ is positive
(adapted from reference 113).
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small, about 1 part in 10%-10°, and thus requires sensitive instrumentation and pure samples

for detection [122].

In CD spectropolarimetry substances are irradiated with plane polarized light,
which is equivalent to the superimposition of LCPL and RCPL. The differential absorption
of LCPL and RCPL changes the vector sum of the two waves from linearly polarized to
elliptically polarized (see Figure 1-33) [113, 118, 122]. Although CD is a differential
absorption measurement, in the early days the ellipticity of the transmitted beam was mea-
sured [122]. The ellipticity is defined as the tangent of the angle (8,;,) which is the ratio of

the minor (b) to the major (a) axes of the ellipse (see Figure 1-33) and it can be shown that

Figure 1-33. Differential absorption of LCPL (L) and RCPL (R) gives an
elliptically polarized beam, as indicated by the dashed ellipse, where a and b are
the radii of the circles turned by RCPL and LCPL respectively, after passage
through the sample (Taken from reference 113 and used with permission).

the ellipticity is directly proportional to CD accordingly:

[6

obs

] = 3298A¢ (1-20)

Molar ellipticity ([0]) is most commonly reported and is defined as
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3298AA (90bsMw) 1-21)

L1 = —7— = (Jo0zc

where 6, is the observed ellipticity in degrees, M,, is the molecular weight, and L is the

path length in decimeters [113, 121, 122].

Whilst CD deals with the difference in absorption of LCPL and RCPL, ORD is a
measurement of changes in the velocity with which LCPL and RCPL traverse the sample
[122]. The change in velocity of the incident beams is a result of the differences in the
refractive indices (n) for the two circular beams where n; # ng. Thus, the resultant beam

remains plane polarized, but is rotated by an angle a (see Figure 1-33)

Figure 1-34. The retardation of LCPL with respect to RCPL, due to differences in
ny and np, has resulted in the sum LCPL + RCPL producing plane polarized light
rotated by an angle o with respect to the incident beam (Taken from reference 113
and used with permission).

The observation that only asymmetric or chiral chromophores display CD and ORD
phenomena is a consequence of the displacement of charge upon absorption of energy
[121]. Chiral molecules are those that do not display a plane or center of symmetry, i.e. they
are asymmetric. As stated above, electrons undergo transitions from low energy to high

energy states upon the absorption of radiation. This transition has a linear component called
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the electric transition dipole moment (1) and a circular component called the magnetic
dipole moment () [113, 121]. The magnetic moment is generated perpendicular to the
plane of the rotation. In order for chromophores to be optically active both u and m must
be non-zero, thus resulting in a helical displacement of charge upon transition (see Figure

1-35) [113, 121]. Examples of such transitions are the » - st* transition (ranging from 230

}
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Electric Magnetic Optically active
transition

Figure 1-35. Helical displacement of charge can be considered to be the sum
of an electric (1) and magnetic (m) displacement (Taken from reference 113
and used with permission).

to 210 nm) and the &t - & transitions (190 nm and one at higher energy) in peptide bonds
[121]. Symmetrical or achiral molecules may display optical activity due to the effects of
their environment. Thus, if the electronic environment of a symmetrical molecule is asym-
metric, then that molecule is CD sensitive. This is the case for CD signals of aromatic

amino acids, which contain no asymmetric centres but are CD sensitive in a folded protein

environment [121].
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1.5.3.1 Circular Dichroism and Protein Structure
The understanding of protein structure is fundamental to our understanding of pro-

tein function in biological systems. As stated in section 1.2.2, NMR and X-ray or electron
diffraction analysis of proteins can provide detailed structural information about proteins
at atomic resolution. Circular dichroism does not provide high resolution structural data,
however it is a very valuable tool for determining changes in protein structure. Proteins
have four levels of structural organization: 1) The primary structure, is the amino acid
sequence; 2) Secondary structure is the organization of the polypeptide backbone into
regions of regular repeating arrangements such as a-helices and p-sheets (see Figure 1-

36);. 3) Tertiary structure is the organization of secondary structural elements into a

Figure 1-36. Ball and stick models of A, an a-helix; B, a parallel B-sheet; and C, an antiparallel
B-sheet (Taken from reference 124 and used with permission).

“folded” conformation; and 4) Quaternary structure is the association of individually folded
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polypeptides into a multiprotein complex [132]. CD can be used to provide information

about two of these structural levels, namely secondary and tertiary structure [113, 114, 118,
119, 121, 122 and references therein]. It is important to note that while CD is not good at
providing high resolution structural details, it is excellent in determining whether structural

changes have occured from one sample to another.

1.5.3.2 Far-UV circular dichroism and protein secondary structure
The study of secondary structure of proteins by CD depends on the electronic tran-

sitions of the amide chromophore in the far-UV region (260-180 nm) [121]. The amide

group has two s - 5t transitions, one near 190 nm with an ¢, of approximately 10 Mt
cm’!, and another at hi gher energy (<190 nm). The carbonyl oxygen has two lone pairs of
electrons (n), one in a pure 2p orbital oriented parallel to the amide plane and perpendicular
to the carbonyl bond, the other having 2s and 2p character with its axis directed parallel to
the carbonyl bond. The n - w* transition occurs near 220 nm, is electrically but not mag-
netically forbiddenl, and has an €, around 100 M em! (see Figure 1-37) [121]. Thus,

the 7t - s transition of a peptide group is more intense that the n - 7* one.

Since the conformation of the polypeptide backbone is different in different second-
ary structural elements (see Figure 1-36), there is a difference in the electronic environment
around the amide chromophores and hence the characteristic CD spectrum of each element
is different [122]. Early studies concentrated on individual secondary structural elements

that adopt a specific conformation under given conditions (see Figure 1-38). For example,

1. Electronic transitions are forbidden when there is no linear displacement of charge.
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Figure 1-37. A, The amide chromophore with the electrons in the s bonds shown as open circles
and the electrons in the nonbonding orbitals shown as filled circles (Taken from reference 113
and used with permission). B, The electric transition dipole moment of the amide &— w*
transition (ii,,») and the magnetic transition dipole moment of the amide n = =* transition
(m,,») (Taken from reference 122 and used with permission)

(6] x 107 deg cm?2 dmol™!

200 750 245
A, nm
Figure 1-38. CD spectra of the helix (H), b-form, and unordered form of poly-

lysine (see text for details; taken from reference 125 and used with
permission).
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it was found that poly-lysine adopts an a-helical conformation at alkaline pH and shows
negative CD bands at 222 nm (n = 7*) and 208-210 nm (& = 7*))) and a positive band at
approximately 190 nm (z = 7v* ) [126]. The 7 = 7* transition is split into two compo-
nents, one polarized parallel to the helix axis (denoted t = n*,)) and the other polarized
perpendicular to the axis (denoted & > v* | ) [126]. It was also found that poly-lysine adopts
a f3-sheet conformation in an alkaline sodium dodecyl sulfate solution [127] after heating
to 52°C and cooling to 25°C [128], and it shows a negative CD band near 216-218 nm (n
= w*) and a positive band between 195 and 200 nm (7t = 5t*). Parallel and antiparallel f-
sheets appear to have qualitatively similar CD spectra [125]. Further, poly-lysine at neutral
pH adopts an unordered conformation with a strong negative CD band near 200 nm (t -
nt*) and a weak band near 220 nm (n = 7*) which can be either positive or negative.
According to Park et al.[129], transmembrane a-helices are different from helices in water
soluble proteins in that they are approximately twice the length and they are immersed in a
hydrophobic environment. The net result of these differences is that the electronic transi-
tions can be somewhat red shiftedl, and their spectra are more intense due to the increased

length of the membrane spanning helix [130].

The 1dentification of the secondary structural elements is, in general, far from rou-
tine [122], because the CD spectrum ((\)) is a weighted contribution from all secondary

structural elements present in a proteinz, accordingly:

P
FA) = ¥ wigi(A) (1-22)

i=1

1. A decrease in the dielectric constant effectively reduces the energy difference between the excited and
ground states, thus transitions occur at lower energies, i.e. they are red shifted [115]

2. This reaffirms the necessity for pure protein samples.
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where f{4) is the weighted sum of the structural elements, P is the number of possible con-
formational components, g; (M) is the ellipticity value of the ith component at wavelength
A, and w; is the percentage of the ith pure component of the protein [131]. The constraints

on f{A) would then be

P
¥ ) =1 (1-23)

i=1

and

f(A)=0. (1-24)
One method of analysis is to adjust the weights attributed to the various pure spectra (see

Figure 1-38) until the experimental spectrum is calculated. However, this approach does
not take into account the effects of unknown factors such as solvent or chain length on the
spectra of proteins compared to the known values obtained from model polypeptide chains

which themselves differ for different polypeptides [121, 125, 132].

A different approach to the deconvolution of CD spectra is the replacement of
model polypeptides with measured protein CD spectra. This has become possible because
much CD data are available on both water soluble and membrane proteins, many of which
also have corresponding X-ray crystal structures with which to compare the CD-derived
secondary structural weights [131]. There are a variety of programs available via the inter-
net that compare a user-supplied CD spectrum with CD spectra of proteins of known crystal
structure, and hence known secondary structural components. This set of proteins will be
referred to as the basis set. One such program is the Convex Constraint Algorithm (CCA)
written by Gerald Fasman’s group [131]. The CCA program operates on the basis set of

water soluble or membrane protein CD spectra, between 190 and 260 nm, and extracts the
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common features of the basis set in terms of spectra and conformational weights for the cor-
responding spectra. The user appends the experimental CD spectrum to be deconvoluted to
the provided data set and selects the number of pure components to be extracted. The CCA
program satisfies equation 1-29 while maintaining the limits imposed by equations 1-30
and 1-31, such that all conformational weights are positive and the weighted sum has a
value of 1. Sometimes the extracted curves do not agree with the CD spectra of model
polypeptides or the weighted sum does not reliably reconstruct the user-appended spec-
trum. These errors indicate that the deconvolution may be invalid and that the selection of
a different number of pure components is necessary. The deconvolution may also be
improved by removal of one or more of the basis sets. Perzcel ef al. [131] have shown that
one or more of the basis set proteins may influence the deconvolution, such as the 3-sheet
content being overestimated in the deconvolution using the membrane protein basis set due

to inclusion of porin protein data [131].

Along with conformational weights for the user appended experimental spectrum,
CCA generates weights for the remainder of the proteins in the data set. This allows com-
parisons of their newly deconvoluted weights to those derived from crystal structures, pro-
viding a means of checking reliability, or “goodness of fit”, of the deconvolution.
Comparison of soluble protein secondary structural components determined by X-ray crys-
tallography and by the CCA method gave a root-mean-square deviation of 0.05 for a-helix
and 0.06 for B-sheet for a set of 10 reference proteins. [121]. For example, the secondary
structure of the reaction center from Rhodopseudomonas sphaeroides was determined to be
17% o-helix, 34% ap-helix (transmembrane a-helix), 15% $-sheet, and 34% unordered by

X-ray crystallography. The values determined by use of the CCA program provided struc-
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tural weights of 20% a-helix, 19% op-helix, 24% B-sheet, and 30% unordered, values that
are considered to be in good agreement with the X-ray data [121]. Therefore, while the
determination of protein structure and structural weights by X-ray crystallographic analysis
provides information with an accuracy th.at far surpasses that acquired by CD, the use of
CD and the CCA program provides a means for rapid and accurate determination of struc-
tural information, including data pertaining to protein structural changes, on protein sam-

ples not immediately amenable to X-ray analysis.

1.5.3.3 Near-UYV circular dichroism and changes in protein tertiary structure
The study of protein tertiary structure by CD centres on the electron transitions of

the aromatic chromophores in the near-UV region (320-260 nm). Specifically, these chro-
mophores are the side chain residues of phenylalanine (Phe), tyrosine (Tyr), and tryptophan
(Trp) [121]. Since the occurrence of these residues in proteins and their molar absorptivities
are both low, the near-UV absorption and CD bands are much weaker than in the far-UV

region (see Table 1-3). Thus, much higher concentrations of protein are required for near-

UV studies [121].

Table 1-3. Spectroscopic Properties and Occurrence of the Aromatic Amino Acids®,

Absorbance Molar Absorbance { Occurrence in

Maximum (nm) Mlem?) Proteins (%)
Phenylalanine 2574 197 3.5
Tyrosine 274.6 1420 35
Tryptophan 279.8 5600 1.1

a. Reference 132

In proteins it is only the peptide and disulfide bonds that are intrinsically optically
active [113]. The aromatic chromophores are not intrinsically optically active, and it is their
electronic environment that is asymmetrically organized around them that induces their CD

70



measurable transitions. Thus, because the CD of these bands relies on their environment

and on whether there is any freedom of rotation about C, - Cg, or Cg - C, bonds, their opti-
cal activity is largely determined by the folded structure of the protein. Therefore, near-UV
CD protein spectra are considered to be a “fingerprint” of the overall protein tertiary struc-

ture, with any structural changes being reflected in the near-UV CD spectrum [119].

The aromatic transitions are &t - 7v* transitions labeled 'L, and ILy, and are perpen-

dicular to each other in the plane of the & bonding system [119, 121] (see Figure 1-39). In

H

Figure 1-39. Schematic of the tryptophan indole structure with the
transition moments of the 1La and the "Ly, transitions shown [119].

Phe the aromatic transitions occur near 210 nm (lLa) and 260 nm (ILb) [121, 133] whereas
in Tyr they occur at 245 nm and 295 nm [119, 121]. However, intense bands produced by
the overlapping lLa and 1Lb transitions of Trp at 280 nm tend to overwhelm near UV CD
spectra of proteins because of the larger molar absorptivity of Trp [119, 134]. The two tran-
sitions in Trp tend to localize hydrogen bond stabilized negative charge density at the nitro-
gen for the lLa transition and in the hydrophobic region of the indole ring (to the left in
Figure 1-39) for the 'Ly, transition. The 1L, transition may then be red or blue shifted, rel-

ative to the 1Lb transition, by as much as 12 nm due to hydrogen bonding. [134]. Tyr is also
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capable of hydrogen bonding, resulting in a shift of around 4 nm in its transition [133].
Thus, the CD sensitive transitions in Trp and Tyr are very sensitive to their electronic envi-
ronments. Stabilization of partial charges by hydrogen bonding, or burying hydrophobic
regions, i.e. changing the electronic environments of the aromatic residues, is reflected by
dramatic changes in the aromatic CD spectrum. On the other hand, Phe does not form

hydrogen bonds and is much less sensitive to its environment [133].

Near UV CD is only useful if the protein is in a unique, folded, and stable confor-
mation [121]. Conditions where the protein does not adopt one conformation, for example
unfolded proteins that adopt a largely random conformation, will yield a protein with no
aromatic CD signal. Absence of signal may also result if several conformations are present,
as rotations about the C,-Cg bond average the electronic environment of the aromatic
moiety leading to the loss of asymmetry imposed by the folded structure [119, 121]. Thus,
a loss of CD signal reflects the loss of protein structure, and conversely the acquisition of
signal reflects protein folding [121]. The former approach is taken in this thesis, where the
loss of GF near-UV CD signal is observed upon temperature denaturation of the sample

(see sections 3.5.2 and 3.5.3).

1.6 Proposed Experiments

The study of membrane protein structure is central to the understanding of biolog-
ical processes at an atomic level, such as solute translocation. However, as noted earlier,
the study of membrane proteins lags far behind the study of water-soluble proteins. Less
than 2% of all the protein structures entered into the protein databank represent membrane
proteins which are thought to comprise 25% of many genomes [136]. The discrepancy

between the study of water soluble and membrane proteins reflects the difficulties encoun-
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tered during the cloning, expression, solubilization, and purification of membrane proteins.
The majority of membrane proteins are present in small quantities, and cannot be purified
from their natural expression site in quantities sufficient for structural study. Membrane
proteins are never soluble in water and many, once solubilized in detergent, can rapidly
denature or aggregate [137]. Furthermore, attempts at forming 3-D crystals for crystallo-
graphic analysis have often resulted in protein precipitation [138]. The large mass of the

membrane protein/detergent complexes has made NMR analysis problematic [139].

Until the mid 1990s, the atomic structures of only 8 membrane proteins were
solved, including bacteriorhodopsin [140], a photosynthetic reaction centre [141], and a
light harvesting complex [142]. All are naturally highly expressed and purified in large
quantities from natural sources. One of the most important advances in the study of mem-
brane proteins was the application of protein-affinity tags for purification purposes [143].
Since the overexpression of membrane proteins using various expression systems made it
less problematic to obtain them in milligram quantities, it was a natural evolution to affix
affinity tags to the proteins to facilitate their rapid purification, thus minimizing protein
aggregation and/or denaturation [137, 143]. However, to this day, few membrane proteins

have been overexpressed, possibly because their overexpression is toxic to the cell [137].

We set out to develop methods to study membrane protein structure and dynamics
in solution. To this end we have cloned, overexpressed, and affinity-purified the E. coli GF
in detergent. We report secondary, tertiary, and quaternary structure analysis of the recom-
binant protein obtained from mass spectrometry, circular dichroism, and chemical cross-

linking experiments.
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CHAPTER 2
MATERIALS & METHODS

2.1 Materials

Lauryldimethylamine oxide was obtained from Calbiochem (San Diego, CA).
Dodecyl-B-D-maltoside was purchased from Anatrace (Maumee, OH). Sodium dodecyl
sulphate, octyl-p-D-glucopyranoside, N-Laurylsarcosine, Triton X-100, Tween 80,
rifampicin, sodium deoxycholate, diatomaceous earth, urea, sinapinic acid, nitro blue tet-
razolium, 5-bromo-4-chloro-3-indolylphosphate, equine heart myoglobin (16,951 Da), and
bovine insulin (5,733 Da) were obtained from Sigma (St. Louis, MO). DNA amplification
was performed using the Expand High Fidelity PCR system and dNTPs from Boehringer
Mannheim (Laval, PQ) which was also the source of the 5-bromo-4-chloro-3-indolyl-f3-D-
galactopyranoside. PCR primers were made in the Department of Microbiology, University
of Manitoba. Prep-A-Gene DNA purification kit was purchased from Bio-Rad Laborato-
ries (Mississauga, ON). Mutagenesis primers, restriction endonucleases, T4 DNA ligase,
T4 polynucleotide kinase, and the Klenow fragment of DNA polymerase I were purchased
from Life Technologies (Rockville, MD). Helper phage R408 was obtained from Promega
(Madison, WI). Ready-to-go pUC18, pre-cut at the Smal site, was obtained from Pharma-
cia Biotech (Baie d’Urfé, PQ). The pET28b(+) expression vector, anti-T7 antibody-alka-
line phosphatase conjugate, and the bacterial strains Novablue, BL21(DE3), and
BL21(DE3)pLysS were obtained from Novagen (Madison, WI). Nickel-nitrilotriacetic
acid (NTA) resin was from Qiagen (Toronto, ON). Disuccinimidyl suberate, disuccinim-

idyl glutarate, and bis(sulfosuccinimidyl) suberate were purchased from Pierce (Rockford,
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I1). HPLC-grade acetonitrile and methanol were from Fisher Scientific (Fair Lawn, NJ).
Deionized water was prepared with a Milli-Q plus-TOC water purification system (Milli-
pore, Bedford, MA. The non-porous ether-type PU membrane, 50 um in thickness
(XPR625-F8S), was supplied by Stevens Elastomerics (Northampton, MA). The membrane
was washed with water and methanol prior to use in order to remove polar and non-polar
surface contaminants. Glutaraldehyde, osmium tetroxide, uranyl acetate, lead citrate, and
Spurr resin were purchased from Marivac (Halifax, NS). All other materials were of the

highest purity commercially available.

2.2 Methods

2.2.1 Expression vector construction.
E. coli genomic DNA was prepared using the methods described in Saito and Miura

[144]. E. coli gipF DNA was amplified from genomic DNA using the polymerase chain
reaction (PCR) [145] and the Expand High Fidelity PCR system from Boehringer Man-
nheim. The forward PCR primer oligonucleotide was identical in sequence to residues 188-
218 (* CATTAACTCTTCAGGATCCGATTATGAGTC? ; see Figure 2-1) of the pub-
lished glpF gene [146a] and its upstream region which encodes a naturally-occurring
BamHI restriction site (shown above in bold type). The reverse primer was complementary
to residues 1043-1081 of glpF and its downstream region except that a non-complementary
Xhol restriction site was incorporated from residues 1070-1075 (° 'ATGTTTCTC-

GAGCCC- GTAGTCATATTACAGCGAAGCTTT?', Xhol site shown in bold type). The
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amplified DNA was purified by agarose gel electrophoresis [146b], the gipF" DNA band

Bum*Hl Site  glpF Start Codon

AGG GAT CCG ATT ATG AGT CAA ACA TCA ACC 229

TTG AAA GGC CAG TGC ATT GCT GAA TTC CTC 259
GGT ACC GGG TTG TTG ATT TTC TTC GGT GTG 289
GGT TGC GTT GCA GCA CTA AAA GTC GCT GGT 319
GCG TCT TTT GGT CAG TGG GAA ATC AGT GTC 349
ATT TGG GGA CTG GGG GTG GCA ATG GCC ATC 379
TAC CTG ACC GCA GGG GTT TCC GGC GCG CAT 409
CTT AAT CCC GCT GTT ACC ATT GCA TTG TGG 439
CTG TTT GCC TGT TTC GAC AAG CGC AAA GTT 469
ATT CCT TTT ATC GTT TCA CAA GTT GCC GGC 499
GCT TTC TGT GCT GCG GCT TTA GTT TAC GGG 529
CTT TAC TAC AAT TTA TTT TTC GAC TTC GAG 559
CAG ACT CAT CAC ATT GTT CGC GGC AGC GTT 589
GAA AGT GTT GAT CTG GCT GGC ACT TTC TCT 619
ACT TAC CCT AAT CCT CAT ATC AAT TTT GTG 649
CAG GCT TTC GCA GTT GAG ATG GTG ATT ACC 679
GCT ATT CTG ATG GGG CTG ATC CTG GCG TTA 709
ACG GTC GAT GGC AAC GGT GTA CCA CGC GGC 739
CCT TTG GCT CCC TTG CTG ATT GGT CTA CTG 769
ATT GCG GTC ATT GGC GCA TCT ATG GGC CCA 799
TTG ACA GGT TTT GCC ATG AAC CCA GCG CGT 829
GAC TTC GGT CCG AAA GTC TTT GCC TGG CTG 859
GCG GGC TGG GGC AAT GTC GCC TTT ACC GGC 889
GGC AGA GAC ATT CCT TAC TTC CTG GTG CCG 919
CTT TTC GGC CCT ATC GTT GGC GCG ATT GTA 949
GGT GCA TTT GCC TAC CGC AARA CTG ATT GGT 979
CGC CAT TTG CCT TGC GAT ATC TGT GTT GTG 1009
GAA GAA AAG GAA ACC ACA ACT CCT TCA GAA 1039
CAA AAA GCT TCG CTG TAA TAT GAC TAC GGG 1069
CIC_GAG AAA CAT ——

‘ ¢lpF Stop Codon
Xhol Site

Figure 2-1. The expected DNA sequence of the glpF PCR product. The
glpF start and stop codons and the restriction sites used for cloning
purposes are indicated. Also indicated are the locations of the forward
PCR primer (blue underline) and the reverse primer (red underline).

was excised and the DNA was extracted from the agarose using the Prep-A-Gene DNA
purification kit [147]. The 3' adenine overhangs introduced by Tag DNA polymerase

during PCR amplification were filled in by the Klenow fragment of DNA polymerase |
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[148] to produce a DNA fragment with two “blunt ends”. The 5’ DNA termini were phos-
phorylated with T4 polynucleotide kinase [146b] and the DNA was inserted into the “blunt-
end” Smal site of pUC18 using T4 DNA ligase [146b]. The resultant plasmid is designated
pUC18-gipF.

Competent Novablue cells (Novagen) were transformed with pUC18-gipF [149]
and transformants were selected by growth on plates containing Luria-Bertani (LB)
medium [146b] supplemented with 12.5 pg/ml tetracycline, 25 pg/ml ampicillin, 30 pg/ml
5-bromo-4-chloro-3-indolyl-f-D-galactopyranoside, and 30 yg/ml isopropylthio-3-D-
galactoside (IPTG)!. Plasmids containing g/lpF DNA were purified using the Prep-A-Gene
purification kit [147]. The DNA encoding GF was excised from pUC18 using the BamHI
site and Xhol restriction sites. The DNA was purified by agarose gel electrophoresis, recov-
ered using the Prep-A-Gene kit, and inserted into a similarly digested pET28b(+) expres-

sion plasmid. The resulting construct is designated pET28gipF (see Figure 2-2).

The pET28b(+) vector [150] is an IPTG-inducible expression vector designed to
incorporate into the expressed protein an amino-terminal His, tag for rapid protein purifi-
cation by immobilized-metal affinity chromatography [151, 152], a thrombin cleavage site
for removal of the His, segment, and an 11-residue T7-epitope for Western immunoblot

detection.

1. The pUC vectors carry the amino-terminal fragment of the -galactosidase gene. Upon expression in the
presence of IPTG the pUC encoded fragment complements the defective $-galactosidase encoded by the
host cell (a-complementation). Bacteria expressing both fragments of the enzyme form blue colonies in the
presence of 5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside. Successful insertion of foreign DNA into
the Smal site of pUCIS results in the inactivation of the amino-terminal portion of the -galactosidase gene
and the production of white colonies [146b].
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glpF T7-Tag
Thrombin Site

His-Tag

pET28glpF

Figure 2-2. Circular map of the pET28glpF expression vector. The f1 origin of replication (used to
produce single-stranded DNA with the use of f1 helper phage), kanamycin resistance gene (Kan),
the gene encoding the lac operon repressor (lacl), and the origin of replication (ori) are shown.
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The expected molecular weight (M) of the expressed glycerol facilitator including
the N-terminal fusion tags is 33,505 kDa and its predicted pl is 7.56 (calculated using the
program MacVector 6.5, designed by Oxford Molecular). The E. coli strains BL21(DE3)
and BL21(DE3)pLysS [153] were used as expression hosts. DE3 indicates that the cell is a
ADES3 lysogen and contains the gene for T7 RNA polymerase under lacUV5 control. There-
fore, these cells are induced to express T7 RNA polymerase upon the addition of IPTG,
thereby resulting in the expression of the recombinant genes from the T7 promoter
(Novagen). The pLysS-containing cells express small amounts of T7 lysozyme, a natural
inhibitor of T7 RNA polymerase. This is useful for reducing basal protein expression in the
absence of inducer and can improve the viability of cells expressing toxic proteins (137,
150). T7 lysozyme also accelerates cell lysis by hydrolysis of E. coli cell wall peptidogly-

can, which it can access after the cells have been frozen and thawed.

Transformants containing the pET28g/pF construct were selected on LB-agar

plates supplemented with the 34 jzg/ml chloramphenicol and 30 pg/ml kanamycin.

2.2.2 DNA Isolation and Sequencing

Plasmid DNA was isolated from 2 ml E. coli cultures using a method adapted from
that of Kim and Pallaghy [154]. Briefly, cells from an overnight culture are harvested by
centrifugation and resuspended in 500 ul of suspension solution (50 mM Tris-HCI, pH 8.0,
10 mM EDTA and 100 pg/ml DNase-free RNaseA). The cells are lysed by addition of 500
#1 of 0.2 M NaOH containing 1% SDS followed by incubation for 5 minutes at room tem-
perature. The mixture is neutralized by 500 ul of 4 M potassium-acetate, pH 4.8. Precipi-
tated protein, genomic DNA, and cellular debris are pelleted by centrifugation and the

DNA-containing supernatant is transferred to a microcentrifuge tube containing an equal
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volume of diatomaceous earth solution!. An equal volume of 6 M guanidine hydrochloride
(Gdn-HCI) is added to the DNA/diatomaceous earth mixture, it is mixed gently, and the
sediment is pelleted by centrifugation. The supernatant is carefully removed and discarded.
The Gdn-HCl wash is repeated twice, followed by 3-6 washes with 20 mM Tris-HCI, pH
8.0,2 mM EDTA, 0.4 M NaCl, 50% ethanol. The pellet is air-dried, and the pure plasmid
DNA is eluted by resuspending the pellet in 100-200 pl of water or TE buffer (20 mM Tris-
HCI, pH 8.0, 1 mM EDTA) and removed from the diatomaceous earth by centrifugation
and retention of the supernatant. The purity and yield of the DNA is checked by agarose

gel electrophoresis, and then it is stored at -20°C.

DNA for sequencing was prepared by the modified alkaline lysis method suggested
by Perkin-Elmer [http://www.ucalgary.ca/~dnalab/Plasmidprep.html]. G/pF DNA was
sequenced (see Figure 2-3) on an ABI 373 A automated sequencer at the University of Cal-
gary Core DNA Services and two PCR-induced mutations, Asp168Val and a silent muta-
tion for valine (GTG -> GTA), were discovered. The D168V mutation was reverted to wild
type by Kunkel mutagenesis [155] using f1 helper phage R408 and the f1 origin of replica-
tion on the pET28b(+) vector to produce the single-stranded plasmid DNA [156, 157]. The

expression vector will be referred to as pET28gIpF (see Figure 2-2).

1. Sigma’s normal quality diatomaceous earth is pure enough for most applications. It is suspended in dou-
ble deionized water at 50 mg/ml, and left to sediment for one day. The water and milky suspension above the
sediment is carefully removed and replaced with an equal volume of fresh water, and the sediment is resus-
pended. This process is repeated until the water above the sediment remains clear and suspension free, at
which point the diatomaceous earth solution is ready for use (adapted from reference 154).
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A pET Start

Codon Thrombin Site Hisg-Tag T7-Tag
FATGl 66C AGC| AGC mﬁm AGC IAGC
GGC CAT

ETT GGTIGGA CAG CAAR ATG 8GT CGG GAT CCG ATTIETGI
AGT CAA ACA TCA ACC TTG ARA GGC CAG TGC ATT GCE
GAAR TTC CTC GGT ACC GGG TTG TTG ATTY TTC TTC GGT

GTG GGT TGC GIT GCA GCA CTA ARA GIC GCT GGT GCG glpl
TCT TTT GGT CAG TGG GAA ATC AGT GTC ATT TGG GGA' 'iefm'Paf
CTG GGG GTG GCA ATG GCC ATC TAC CTG ACC GCa GGG Methionine

GIT TCC GGC GCG CAT CTYT AAT CCC GCT GTT ACC ATT
GCA TTIG TGG CIG TTIT GCC TGT TTC GAC AAG CGC AAA
GTT ATT CCT TTT ATC GTIT TCA CAAR GTT GCC GGC GCT
TTC TGT GCT GCG GCT TTA GIT TAC GGG CTT TAC TAC
AAT TTA TTT TTIC GAC TIC GAG CAG ACT CAT CAC ATT
GTT CGC GGC AGC GIT GAA AGT GTT GAT CTG GCT GGC
ACT TTC TCT ACT TAC CCT AAT CCT CAT ATC AAT TTIT
GTE* CAG GCT TTC GCA GTT GAG ATG GTIG ATT ACC GCT
ATT CTG ATG GGG CIEG ATC CTE GCG TIa ACG GIC GAT
GGC AAC GGT GTA CCA CGC GGC CCT TIG GCT CCC TIG
CIG ATT GGT CTA CIG ATT GCG GTC ATT GGC GCA ICT
ATG GGC CCA TTG ACA GGT ITTT GCC ATG AAC CCA GCG
CGT GAC TTC GGT CCG AAA GTC TTT GCC TGG CIG GCG
GGC TGG GGC AAT GTIC GCC TTT ACC GGC GGC AGA GAC
ATT CCT TAC TTC CIG GTG CCG CTT TIC GGC CCT ATC
GIT GGC GCG ATT GTA GGT GCA TTT GCC TAC CGC AAA
CIG¢ ATT GGT CGC CAT TIG CCT TGC GAT ATC TGT GIT
GTG GAR GAA AAG GAA ACUC ACA ACT CCT TCA GAR Cha
ARA GCT TCG CTG TAR)

Swop

Codon
B Hiss;-Tag 'I‘hromb:i;n Site T7‘;T39
MGSSHHHHHHSSGLVPRGSHMASMTGG?OQ
GRDPI@SQTSTLKGQCIAEFLGTGLLIF
VGCVAALKVAGASFCGCGOWETISVIWGLGVA
IYLTAGVSGAHLNPAVTIALWLPFACPFDK
VIPFIVSOVAGAFCAAALVYGLYYNLVPFPF
EQTHHIVRGSVESVDLAGTFSTYPNPHI
VOQOAFAVEMVITAILMGLILALTVDGNGYV
GPLAPLLIGLLIAVIGASMGPLTGFAMN
RDFGPKVFAWLAGWGNVAFTGGRDIPYTF
PLFGPIVGAIVGAFAYRKXKLIGRHLPCDI
VEEKETTTPSEOQKASL

Figure 2-3. A, The DNA sequence of the recombinant gipF-pET expression product. Indicated
are the segments coding for the recombinant start codon, Hisg-tag, thrombin cleavage site, T7-tag,
and the g/pF wildtype N-terminal methionine. The asterisk indicates the site of the silent mutation
coding for valine; the wildtype codon is GTG. B, The amino acid sequence of the recombinant
glpF-pET expression product. Indicated are the segments coding for the recombinant start codon,
Hisg-tag, thrombin cleavage site, T7-tag. The gipF wildtype N-terminal methionine is boxed, and
the two NPA motifs are underlined.
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2.2.3 Solulization of Glycerol Facilitator
The detergents sodium dodecyl sulphate (with and without 4 M urea), octyl-3-D-

glucopyranoside, N-laurylsarcosine, Triton X-100, Tween 80, dodecyl-f-D-maltoside,
sodium deoxycholate, and lauryldimethylamine oxide were tested for their ability to extract
GF from insoluble cell fractions. Cells induced to express GF (see section 2.2.4) were pel-
leted, flash frozen in liquid nitrogen, resuspended in 500 pl of buffer A (50 mM sodium
phosphate pH 7.6, 50 mM NaCl, and 10 mM p-mercaptoethanol) plus 1% detergent, and
incubated with frequent agitation for 1 hour. The suspensions were centrifuged and the
supernatants were analyzed for the presence of GF by SDS-PAGE [158] and Western

immunoblotting.

2.2.4 Glycerol Facilitator Overexpression and Purification
BL21(DE3)pLysS cells containing pET28g/pF were grown in antibiotic-supple-

mented Terrific Broth! (TB) [146b] at 37°C. Glycerol Facilitator expression was induced
with the addition of ImM IPTG when the culture reached an optical density measured at

600 nm (ODg) of 0.6-0.7. The bacterial RNA polymerase was arrested by the addition of
rifampicin (200pg/ml) at 1 hour following induction, and cells were harvested after a fur-
ther 1 hour of growth [160, 161]. The cells were chilled on ice for 5 minutes and centrifuged
at 4,000¢g for 10 minutes at 4°C using a Sorvall RC-5B Refrigerated Superspeed Centrifuge
and the GSA rotor. The cell pellets were flash frozen in liquid nitrogen and stored at -20°C.

Prior to assay the cell pellets were defrosted and re-suspended in buffer A, and the cells

1. Terrific Broth is a rich growth medium that permits a higher cell density than LB, and was designed as an
improved media for the preparation of plasmid DNA [159].
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were then lysed by passage through 18- and 22-gauge needles. DNA was sheared by soni-
cating (Fisher Sonic Dismembrator Model 300) the lysed cells on ice three times for 30 sec-
onds at 30% output. The ruptured cells were centrifuged at 4°C for 20 minutes at 2,800g
using the Sorvall GSA rotor. The resulting pellet was re-suspended in buffer A containing
a detergent, and stirred at room temperature for 1 hour. The concentrations of the detergents
were 3 mM DM, 150 mM SDS, or 150 mM SDS and 4 M urea. For solubilization with DM
it was necessary to extend the incubation time a further 30 minutes, or until the majority of
the visible cellular material had dissolved. Insoluble material was removed by centrifuga-
tion at 4,000g for 10 minutes at 4°C using the Sorvall GSA rotor. In the case of SDS or
SDS/urea solubilized material centrifugation was performed at room temperature using a
Dynac bench top centrifuge for 20 minutes set at the maximum speed (i.e. 90). The super-
natant was added to 1 ml (bed volume) Ni%*-NTA Sepharose pre-equilibrated in detergent
solution, and the slurry was stirred at room temperature for 1 hour. Prior to being poured
into a column and washed with the detergent solution the Ni>*-NTA Sepharose was pel-
leted by low speed centrifugation using a Dynac bench top centrifuge for 5 minutes at a
speed setting of 40-50. The column washes were monitored by measuring the absorbance
of the eluate at 280 nm. Elution was begun once the A,g, was below 0.1. Prior to elution,
in the case of extraction with urea, the urea was slowly removed using a 100 ml urea gra-
dient composed of 50ml of 4M urea and 50ml of buffer A. The urea gradient was followed
by washing the column with several volumes of buffer A plus 150 mM SDS at pH 7.6, fol-
lowed by a second wash at pH 7.2. For the DM and OG preparations the column was
washed in several column-volumes of buffer A plus 3 mM DM at pH 6.5. For the OG prep-

aration the DM was exchanged for OG by washing with several column volume of buffer
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A plus 100 mM OG. Facilitator was then eluted in buffer A plus 150 mM SDS at pH 6.5,
or 30 mM DM at pH 4.0, or 100 mM OG at pH 4.0. All samples were analyzed by the SDS-

PAGE and Western immunoblotting techniques described below.

2.2.5 Electrophoresis and Immunoblotting
All SDS-PAGE samples were prepared by incubating them in 50 mM Tris (pH 6.8),

2% SDS, 0.1% Bromophenol blue, 10% glycerol and 100 mM DTT for 10 minutes at 37°C
prior to gel loading. Boiling of GF samples is avoided as this results in protein aggregation
to such a degree that a large portion is retained at the interface between the stacking and
resolving gel and in the sample well itself. This is a problem commonly associated with
boiling of membrane proteins [162]. Separation was achieved by SDS-PAGE in Laemmli
discontinuous gels [158] composed of a 2.5% acrylamide stacking gel and a 10% resolving
gel (unless otherwise noted). After electrophoresis, proteins were visualized either by Coo-
massie staining or by immunodetection after electrophoretic transfer to a nitrocellulose
membrane using the Mini Trans-Blot® Cell from Bio-Rad. Briefly, the SDS gel and nitro-
cellulose were equilibrated in transfer buffer (25mM Tris, 192mM glycine, and 20% meth-
anol) for 10-15 minutes at 4°C. The gel holder was then loaded from the cathode to the
anode in the following order: pre-soaked sponge, pre-soaked filter paper, SDS gel, nitro-
cellulose, pre-soaked filter paper, pre-soaked sponge. The “sandwich” was placed into the
buffer tank filled with 4°C transfer buffer, an ice pack, and a magnetic stirbar. After the lid
was placed on the tank, the entire unit was packed in ice and water in a Styrofoam container
which was then placed on a magnetic stirrer. The leads were connected to a power pack set
at 100-110 volts (constant voltage) and transfer proceeded for 2 hours. Following the pro-

tocol described by Novagen [152], the nitrocellulose was incubated in anti-T7 antibody-
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alkaline phosphatase conjugate which binds to the 11 amino-acid T7 epitope on the amino-
terminus of the recombinant GF. Immunoreactive proteins were visualized by color devel-
opment in nitro blue tetrazolium (334 pg/ml) and 5-bromo-4-chloro-3-indolylphosphate
(175 pg/ml) in a buffer composed of 100mM Tris-HCI, pH9.5, 100mM NaCl and 1mM
MgCls.
2.2.6 Sub-cellular Localization of overexpressed GF

BL21(DE3) cells containing pET28g/pF were grown in antibiotic-supplemented
LB [146b] at 37°C until the culture reached an ODg of 0.7. GF expression was induced
by the addition of IPTG to a final concentration of 1 mM. After 3 hours the cells were
chilled on ice for 5 minutes and harvested by centrifugation at 4,000g for 10 minutes using
a Sorvall RC-5B Refrigerated Superspeed Centrifuge and the GSA rotor. The cell pellets
were flash frozen in liquid nitrogen, defrosted, and re-suspended in buffer A containing I
mM PMSEF. The cells were then lysed by passing them through 18- and 22-gauge needles.
DNA was sheared by sonicating the ruptured cells on ice three times for 30 seconds. An
insoluble fraction, possibly containing inclusion bodies, was obtained by centrifuging the
ruptured cells at 4°C for 15 minutes at 17,000g. The supernatant was then centrifuged at
4°C for 2 hours at 465,000g (Beckman L8 70M Preparative Ultracentrifuge) yielding a
pellet composed of crude membranes [163]. The presence of GF in the 3 cell fractions was
determined with Coomassie Brilliant Blue R-250-stained SDS polyacrylamide (SDS-
PAGE) gels and by Western immunoblot analysis of protein electrophoretically transferred

to nitrocellulose membranes (as above).
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2.2.7 Transmission Electron Microscopy
BL21(DE3) cells overexpressing GF, and non-induced control cells, were har-

vested 3 hours after induction and fixed immediately with glutaraldehyde to a final concen-
tration of 2% (v/v). Agarose cores were prepared using 3% agarose at 45°C-50°C. The
agarose cores were post-fixed in 2% (w/v) osmium tetroxide in 200mM cacodylate buffer
(pH 7.2), en bloc stained in 1% (w/v) uranyl acetate, dehydrated through a graded series of
ethanol, and embedded in Spurr resin. Ultra-thin sections were cut on the Reichert ultracut
ultramicrotome, mounted on copper grids, and post-stained with uranyl acetate and lead cit-
rate. Prepared sections were examined with a Hitachi H-7000 transmission electron micro-
scope (EM studies were done by Lynn Burton, Department of Botany, University of

Manitoba).

2.2.8 Mass Spectrometry

Purified membrane protein was prepared for mass spectrometry by exchanging

SDS for 70 mM octyl-8-D-glucopyranoside by washing Ni2*-NTA-bound GF with a gra-
dient of decreasing concentrations of SDS and increasing concentrations of OG. GF was
eluted from the column in OG as described above. Samples were prepared for MALDI-
TOFMS using a polyurethane (PU) membrane as a sample support [164]. Briefly, 2 ul of
OG solubilized GF was placed on the polyurethane membrane and allowed to dry slowly.
Methanol (2 xL) was then added and also allowed to dry. Water was added, in 20 uL ali-
quots, in intervals of one minute to the sample spot, and removed prior to the addition of
matrix. The sinapinic acid matrix solution (2 x1) was then added to the washed sample and
allowed to crystallize slowly. After the matrix had crystallized, the membrane was placed

on a silver disk which had been coated with a thin layer of adhesive (Spraymount, 3M).
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Excess membrane was trimmed from the disk and the disk was placed into the MALDI

probe.

MALDI-TOFMS was performed in the linear mode on a reflecting time-of-flight
mass spectrometer, an instrument built in the Time-of-Flight Lab, University of Manitoba
[165]. An accelerating potential of 25 kV was used. Spectra were obtained using a nitrogen
laser (337 nm) (VSL 337 ND, Laser Science Inc., Cambridge, MA, USA) with the fluence
adjusted slightly above threshold. To avoid saturation of the detector by low mass matrix
ions, the detector was pulsed on for approximately 19,000 ns after each laser shot. External
calibrations for measurements using the PU membrane were performed with protein stan-
dards (bovine insulin, equine myoglobin) prepared on similar membrane targets (MS anal-

ysis was performed by Mark McComb, Department of Chemistry, Univeristy of Manitoba).

2.2.9 Chemical Cross-Linking

E. coli membranes were isolated by centrifuging lysed GF expressing cells (see sec-
tion 2.2.4) at 4°C for 10 minutes at 10,000g. The supernatant was recovered and centrifuged
at 4°C for 1 hour at 180,000g in a Beckman L.8-70M Preparative Ultracentrifuge. The
resulting pellet, containing crude E. coli membranes [166], was resuspended in buffer A
(minus B-mercaptoethanol) to yield a 10% (w/v) suspension. The chemical cross linkers
disuccinimidyl suberate (DSS), disuccinimidyl glutarate (DSG), and bis(sulfosuccinim-
idyl) suberate (BS) are N-hydroxysuccinimide esters (NHS-esters). They react with pri-
mary amines such as the e-amino of accessible lysine side-chains to form covalent cross
links (see Figures 2-4 and 2-5). For cross-linking, 6 ul of 50 mM DSS or DSG in dimeth-
ylsulfoxide or 6 ul of 50 mM BS in 20 mM sodium phosphate, pH 7.5, 150 mM NaCl were

mixed with 100 pl of a 2% membrane suspension, giving a final concentration of 2.8 mM
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cross linker. Incubations were carried out at 4°C for various periods of time ranging from
30 minutes to 24 hours. Cross linking was quenched with the addition of 2.65 L of a 2mM
Tris-HCI pH 8.0 solution followed by a further 15 minute incubation at 4°C. All samples

were analyzed by SDS-PAGE and Western immunoblotting.
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Figure 2-4. Structures of the N-hydroxysuccinimide cross linkers disuccinimidyl
suberate, disuccinimidyl glutarate, and bis(sulfosuccinimidyl) suberate.
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Figure 2-5. Reaction scheme for the NHS-ester mediated crosslinking of
two protein segments via the e-amino of lysine residues [167].
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2.2.10 Xylitol Transport Assay
Transport assays were performed as described by Heller er al.[106]. Briefly,

induced and non-induced cells were harvested by centrifugation at 4°C for 10 minutes at
2,800g. A concentrated cell suspension was prepared by resuspending the cell pellet in
buffer A at one third the original volume. The concentrated cells were then diluted into
buffer A containing 0 or 250 mM xylitol to a final optical density at 600 nm (ODg) of 1.0,
and any changes in ODgj resulting from osmotically-induced plasmolysis (shrinking) and
deplasmolysis (swelling) were monitored continuously for 5 minutes (see section 1.5.2.2).
Transport activity was blocked with the addition of 1.0 mM HgCl, to the E. coli cells 5 min-

utes prior to dilution into xylitol containing buffer [107].

2.2.11 Circular Dichroism Analysis and Deconvolution
All CD experiments were acquired on a Jasco-500A CD spectropolarimeter inter-

faced to a personal computer, with sample temperature controlled by a Haake G circulating
water bath. The software used for data collection (written by Dr. Kruczynski at the Univer-
sity of Manitoba) collects the CD signals in millivolts. The CD intensity and wavelength of
the spectropolarimeter was routinely calibrated using solutions of d-10-camphorsulfonic
acid [168]. For accurate structural determination from far-UV CD spectra it is necessary to
acquire data into the vacuum-UV region (below 190 nm), or to the lowest wavelength pos-
sible with the available instrumentation, so that the 190 nm x = &v* | transition is recorded
[169]. Figure 1-38 illustrates the importance of recording this transition where a-helix, f3-
form, and unordered form of poly-lysine all show different intensities and signs in this
wavelength region. The Jasco 500A spectropolarimeter can provide good quality spectra

down to 200 nm, below which atmospheric oxygen absorption increases and spectral qual-
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ity rapidly declines. To reduce the degree of spectral loss below 200nm the Nz(g)1 flow

through the instrument is increased from 5 L/min to 25 L/min to flush the oxygen from the
sample chamber. The increase in N,(g) flow thus facilitated the acquisition of CD spectra
down to 190 nm with no apparent loss of spectral quality. Lastly, to improve spectral qual-
ity below 200 nm the scan rate was reduced from 2 nm/min with a time constant of 8 sec-
onds to 0.5 nm/min. Spectra at wavelengths between 210-185 nm were obtained with a time
constant of 32 seconds. This reduction in scan rate and increase in time constant facilitated
the collection of more photons between 210-185 and thus decreased the statistical noise

(see above).

CD spectra of purified GF were acquired utilizing the CD optimization parameters
of Hennessey and Johnson [170]. To this end the first two mirrors in the Jasco SO0A CD
spectropolarimeter were replaced, thus limiting the loss of signal intensity due to ozone
damaged mirrorsZ. Total absorbance, including the cell, solvent, and sample, was kept
below 1.0 so that at least 10% of the light is transmitted [122]. To reduce the loss of spectral
quality due to solvent absorption, a cylindrical cell with a 0.05 cm and 0.5 cm pathlength
was used during far and near-UV data acquisition, respectively. For far-UV CD acquisition
the 0.05 cm cell reduces the affects of solvent absorption by a factor of 10 compared to a
cell of path length 1 cm. However, this does require that the sample concentration be
increased by a factor of 10. For accuracy the spectropolarimeter was calibrated using an
aqueous solution of (+)-10-camphorsulphonic acid [171]. Lastly, the statistical noise was

reduced by increasing the number of photons collected by increasing the time constant and

1. Nitrogen gas is used to flush oxygen from both the optics of the spectropolarimeter and the sample cham-
ber.

2. The high intensity light source rapidly converts oxygen to ozone, which damages the optics rapidly [169].
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decreasing the scan speed (to allow the instrument to respond to signal changes at the
higher time constant) [122, 170]. As the time constant is increased and the scanning rate is
slowed, the improvements in spectral quality diminish quickly. Therefore Hennessey and

Johnson [170] proposed that at a given scan rate the optimum time constant be determined

by

<Time Constant (s)

80(s) ) - Scan Rate (nm/min) = 0.33 2-1)

During spectral acquisition the instrument was purged with N»(g) at 5 L/min for
wavelengths greater than 210 nm and at 25 L/min below 210nm. For CD experiments, GF
was eluted from the Ni>*-NTA column in a 10 mM sodium phosphate buffer containing 10
mM NaCl and detergent (30 mM DM at pH 4.0 or 100 mM OG at pH 4.0, or 150 mM SDS
at pH 6.5 or 150 mM SDS with 4 M urea at pH 6.5). Adjustment of pH was done by adding
detergent-buffer solutions at the appropriate pH. Total absorption was always below 1.0
above 200nm. For far-UV analysis the samples were placed in a water-jacketed quartz
cuvette with a 0.05 cm path length and CD spectra were collected at 2 nm/min between
260-205 nm with a time constant of 8 seconds, and at 0.5 nm/min between 210-185 nm with
a time constant of 32 seconds, at 25°C. For near-UV analysis the samples were placed in a
quartz cuvette with a 0.5 cm path length and the CD spectra were collected at 2 nm/min
between 320-260 nm with a time constant of 8 seconds. Baselines were collected in the
same fashion on buffer solutions and spectra were baseline corrected. The protein concen-
trations were determined using the calculated molar absorptivity at 280 nm of 38,305 M!

cm’! [111]. Ellipticity (0) was calculated using the equation:
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0 = m°(mV-C) (2-2)

where m°® is the sensitivity setting of the spectropolarimeter in millidegrees per cm, mV is
the baseline-corrected signal in millivolts, and C (cm/millivolt) is an experimentally deter-
mined correction factor'. Mean Residue Ellipticities ([8] x10? degecm?dmole™!) were cal-

culated using the equation [122]:

[0]y = %-e/(lo 1)-c 2-3)

where M is 33,505 grams per mole, n is the number of amino acid residues in the protein,
0 is the measured ellipticity in millidegrees, | is either 0.05cm or 0.5cm, and c is the protein
concentration in g/L. Deconvolution of the far-UV CD spectra, into pure component spec-
tra, was performed using the Convex Constraint Algorithm (CCA) written by Perczel ez al.

[131] (see section 1.5.3.1).

2.2.12 Curve Fitting of CD Temperature Titration Data
Near- and far-UV CD temperature titrations were individually acquired for GF sol-

ubilized in 150 mM SDS and 30 mM DM. The titration data were fitted to the equation

2(T - Tm)
AT

0 - O 1a + Ounpora * 10
obs 2(T"Tm)

1+10
where 0, is the observed ellipticity, 8y, the ellipticity of fully folded protein, and 85,14

(2-4)

the ellipticity of unfolded protein [172]. Equation 2-4 was used to fit the thermal depen-
dence of the ellipticity to a two state unfolding transition, and yields a value for 7}, the mid-

point of the transition where the concentration of folded protein equals that of unfolded.

1. The correction factor is obtained from comparing the experimental intensities at 192.5 nm and 290.5 nm
obtained from a spectrum of 1.0 mg/m! d-10-camphorsulfonic acid to the published values; a ratio of -2.0
indicates a calibrated instrument [168]. The correction factor is necessary to correct for loss of signal inten-
sity due to an aging deuterium lamp, oxidized mirrors, and other instrumental artifacts.
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The fit also yields AT, the width of the transition which is the temperature range from log
Keq =+1 tolog K. =-1 and covers the central 80% of the transition. The assumption is that
there is a linear dependence of log K4 on temperature with a slope of 2/AT and an intercept
of -2T,/AT. That is, log K¢q = 2(T-Tm)/AT. The values 6,,; and 6,,,¢,,; represent the ellip-
ticity at 208 nm or 273 nm (far- and near-UV respectively) for folded and unfolded GF and
were estimated from the denaturation curves (see figure legends for Figures 3-30 to 3-32).

™

A non-linear least squares fitting algorithm in the program Mathematica' ™ was used to

determine the 7T, and AT values for GF unfolding.
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CHAPTER 3
RESULTS

3.1 Cloning the Glycerol Facilitator

The gene encoding the E. coli glycerol facilitator (GF) was amplified using the
polymerase chain reaction [145] with E. coli genomic DNA as the template. Attempts to
insert the GF PCR product directly into the expression vector were unsuccessful due to
incomplete or inefficient restriction enzyme digestion of the PCR product or inefficient
ligation of GF DNA to the expression vector. Thus, to insert GF DNA into the expression
vector it was necessary to clone it first into the vector pUC18 and subsequently subclone it

into pET28b(+) (see Section 2.2.1).

Upon sequencing the pET28gIpF expression construct two PCR-induced mutations
were discovered; Aspl68Val and Vall46Val (GTG -> GTA). The latter mutation was
ignored as it is a silent mutation and does not change the identity of the amino acid in the
translated product, however it was necessary to repair the former. The Val168Asp “back-
mutation” of GF was accomplished by first producing a single-stranded DNA template
using f1 helper phage R408 and the f1 origin of replication on the pET28b(+) expression
vector [156, 157]. The single-stranded pET28g/pF DNA was mutagenized using the

Kunkel mutagenesis technique [155] and re-sequenced to confirm the reversion.

3.2 Optimization of GF Expression

To optimize GF expression levels the E. coli expression strain, culture temperature,
growth medium, cell density at the time of induction, and time of harvest after induction

were varied. Initially the growth conditions suggested by Novagen were used such that
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cells are induced when they are in mid-log phase (ODg approximately 0.6 to 0.7) and har-
vested 3 hours later [152]. Using these parameters, growth curves (not shown) indicated
that E. coli induced to overexpress the glycerol facilitator grow normally after induction by

1 mM IPTG.

The first step in expression optimization dealt with determining the best time, or
cell density, for the induction of protein expression. A series of experiments were per-
formed where expression was induced at different points throughout the mid-log growth
phase (ODg = 0.4 — 1.4). The BL21(DE3) strain of E. coli cells were induced at the fol-
lowing optical densities: 0.4, 0.5, 0.7, 0.8,0.9, 1.0, 1.2, and 1.4. The cells were growp for
3 hours at 37°C, 1 ml aliquots were harvested and pelleted, and the whole cells were then
electrophoresed. Subsequent Western immunoblot analysis of the SDS-PAGE gels (Figure
3-1) indicated that cells induced at the lowest cellular density, ODgqq = 0.4, had signifi-
cantly more (approximately double the amount) GF monomer and dimer than cells induced

at higher cell densities. Estimation of GF levels using Western immunoblot analysis was

04 05 06 0.

Dimer s

Monomer sjjin-

Figure 3-1. Western blot displaying GF and the optimization of the cell
density at the time of induction of expression (monomer, dimer and ODgqp
are indicated, see text for details).
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necessary since crude cell extracts were used. A duplicate SDS-PAGE gel stained with

Coomassie blue indicated that the individual lanes were loaded with approximately equal
amounts of cells, because the intensities of Coomassie-stained protein bands were the same
(not shown). Thus, the elevated levels of immuno-sensitive material in the Western blot in
cells induced during early log phase are not a result of gel overloading, but likely reflect an

elevation in GF content.

Another series of experiments were designed to investigate the effects of the length
of the interval between induction of GF expression and the harvesting of cells. Cells were
induced to express GF at ODgg, = 0.7 (mid-log phase of growth) and harvested at the fol-
lowing times (in hours) after induction: 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 12, >24. Again,
1 ml aliquots were harvested and pelleted. It was estimated (visually) that the size of the
cell pellets increased with time, until 5 hours post induction, indicating that cell number
steadily increases from 0.5 to 5 hours. Furthermore, SDS-PAGE gels and Western immu-
noblot analysis show that the GF levels peak at 1.5 - 2 hours (not shown), and that the levels
of GF expression decline markedly by 4 hours post-induction, relative to total cell protein,
Thus, the optimum time for harvesting GF expressing cells is approximately 2 hours post
induction. These data suggest that GF may be proteolytically degraded in vivo, and that har-

vesting the cells at an earlier time provides an elevated level of GF.

It has been shown that the temperature during expression appears to affect the pro-
tein expression levels in bacterial systems [137]. Comparing the GF expression levels in

cultures grown at 25°C, 30°C, and 37°C (see Figure 3-2) indicates that optimum GF expres-
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sion is attained at 30°C [148b]. The exceptional increase in expression levels seen at 30°C,

25°%C 30°C 37

Figure 3-2. Western blot displaying the optimization of culture temperature during
expression (temperatures are indicated). The position of the SDS-PAGE sample well
and stacking/resolving gel interface, along with the position of GF monomer and
dimer, are indicated. Immunolocalization of GF in the sample well and interface
indicates extensive aggregation (see section 3.5.2 for details).

compared to 37°C, may indicate that the insertion of GF into the membrane, rather than its
expression, is rate limiting. Thus, growth at lower temperatures may allow expressed GF

to be inserted into the membrane rather than proteolytically degraded [137]. The low levels
of GF expressed at 25°C most likely reflects the reduced growth rate of E. coli at room tem-

perature, i.e. a lower number of E. coli cells expressing GF.

The cell line used for GF expression was also analyzed for expression efficiency.
Expression of GF in the cell lines BL21(DE3) and BL21(DE3)pLysS indicated that the
strain harboring the pLysS plasmid is a better expression host, approximately doubling GF
expression levels (determined visually by Western analysis, data not shown). The pLysS
plasmid contains the gene encoding T7 lysozyme so that cells containing this plasmid accu-

mulate low levels of T7 lysozyme. The advantage gained by the use of pLysS plasmids is
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three-fold. First, the plasmid confers resistance to the antibiotic chloramphenicol. A second
advantage is that T7 lysozyme is a natural inhibitor of T7 RNA polymerase, the IPTG-
inducible RNA polymerase responsible for expression from the pET28glpF expression
vector [173, 174]. The presence of T7 lysozyme increases the tolerance of cells to plasmids
with toxic inserts [152] since expression from “leaky” promoters (i.e. expression from a
promoter in the absence of induction) is essentially nonexistent due to the inhibition of T7
RNA polymerase. Therefore, there is no background expression from expression vectors
such as pET28glpF containing the T7lac promoter [152]. The observation that
BL21(DE3)pLysS is a better expression host than BL21(DE3) suggests that overexpression
of GF may be toxic to the cell. Thus, the low levels of T7 lysozyme expressed by the pLysS
plasmid likely reduced background GF expression and therefore increased cell viability

before induction.

A third advantage of using BL21(DE3)pLysS for expression is in the preparation of
cell extracts. During growth of the pLysS harboring strain, the T7 lysozyme is retained in
the cytoplasm [124]. However, after the cells are harvested, one freeze-thaw cycle causes
a disruption in the cell membrane and provides a means for the T7 lysozyme to access the

peptidoglycan layer, resulting in cell lysis [152].

The pET expression vectors utilize a T7 RNA polymerase/promoter system, such
that transcription of the T7 RNA polymerase gene is directed from a lac UV promoter, and
is inducible by the addition of IPTG. This is an advantage for overexpression since only T7
RNA polymerase, and not E. coli RNA polymerase, can trancribe from the T7 promoter.
One advantage is that toxic protein expression is limited to times after induction with IPTG.

A second advantage is that the pET system facilitates the use of rifampicin to inhibit E. coli
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RNA polymerase, thereby halting bacterial protein synthesis at transcription [161, 175].
Rifampicin is a inhibitor of bacterial RNA polymerase. Inhibition is complete 10 minutes
after rifampicin addition, provided an excess of rifampicin is used (200pg/ml is commonly
used) [161, 175]. Since rifampicin has no effect on T7 RNA polymerase only those genes
under the control of a T7 promoter are expressed upon its addition to a growing and induced
culture. The idea is that upon addition of rifampicin, bacterial protein synthesis is halted
whereas plasmid protein synthesis continues. The best time for stopping transcription of E.
coli proteins must be determined so that expression of the recombinant protein is not
adversely affected by an non-viable host. To determine the optimum time for rifampicin
addition after induction, rifampicin was added at 1 hour and 2 hours post induction, with
the cells induced at ODgqq of 0.4, 0.6, or 1.0 -- early, mid, and late-log phase, respectively.
The optimum time for addition of rifampicin was determined to be at 1 hour following
induction, with GF expression levels remaining relatively constant between 1-3 hours after
rifampicin addition, and showing no preference for an optimum cell density at induction
(see Figure 3-3). Further, cell cultures grown at 30°C and 37°C appear to have similar
expression levels when rifampicin is added to the culture. Thus, for experimental simplic-
ity, it was decided that for GF expression cells should be incubated at 37°C and induced at
an ODggg of 0.7 (i.e. mid-log phase), followed by rifampicin addition at one hour post-
induction, and cell harvesting 2 hours after rifampicin addition. The addition of rifampicin

increased GF yield 2-3 fold (Figure 3-3).
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Figure 3-3. Western blot displaying the optimization of time of rifampicin addition (200ug/ml)
after induction of expression of GF from the T7 promoter of pET28gIpF. All cultures were
incubated at 37°C, induced with 1 mM IPTG, and harvested 1 hour after rifampicin addition.
Lane 1, induced at ODggg = 0.4 with no rifampicin added; lane 2, induced at ODgqy = 0.6 and
rifampicin added 1 hour post-induction; lane 3, induced at ODggg = 0.6 and rifampicin added 2
hour post-induction; lane 3, induced at ODggg = 1.0 and rifampicin added 1 hour post-
induction;

A final refinement to growth and expression conditions was the choice of bacterial
media. The medium commonly chosen for bacterial cell growth and protein expression is
the Luria-Bertani (LB) medium which contains 5 g/L yeast extract, and 10 g/L peptone and
sodium chloride [148b]. However, for growth of E. coli destined for plasmid DNA prepa-
rations a growth medium designed by Tartoff and Hobbs [159] provided a much higher cell
density than LB, and thus increased the plasmid yields. This medium, named Terrific Broth
(TB), contains 12 g/L. peptone, 24 g/L yeast extract, 4 ml/L glycerol, and 100 mM potas-
sium phosphate (pH 7.4). As observed by Tartoff and Hobbs [159], we find that cells grow-
ing in TB medium produce higher yields of GF than those grown in LB suggesting that TB

provides higher cell densities than LB.

In summary, for optimum GF expression levels, the E. coli cells are incubated at
37°C in TB broth, induced with 1 mM IPTG at an ODgqq of 0.7, and bacterial protein syn-
thesis is halted at one hour post-induction with the addition of 200xg/ml rifampicin, with
the cells harvested two hours after rifampicin addition.
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3.3 Sub-cellular Localization of GF

When proteins are overexpressed in bacterial cells, it is common for the cells to
store the extra protein as insoluble granules called inclusion bodies [137]. In the overex-
pression of membrane proteins in E. coli inclusion bodies may be produced or extra mem-
branes may be produced by the cell to provide a place for the extra protein to be stored. In
E. coli this extra membrane might be visible in electron micrographs as invaginations or
convolutions of the cell surface [137]. To determine whether overexpressed GF is being
stored as inclusion bodies or placed in the membranes, we acquired electron micrographs
to search for morphological changes in GF expressing cells. However, Figure 3-4 shows
that transmission electron micrographs of uranyl acetate-stained cells over expressing GF
display normal cell morphology and organelle content when compared with non-induced
controls (Figure 3-4). The electron micrographs provide no evidence for the accumulation
of inclusion bodies or for additional membranes in the cells! thus suggesting that GF

expression is not affecting cell morphology in any way.

Figure 3-4. Transmission electron micrographs of the E. coli BL21(DE3)
harboring the pET28g/pF vector at 3 hours post-induction. Comparison of A,
non-induced and B, induced cells indicates no morphological changes or
accumulation of inclusion bodies in response to GF overexpression.

1. For a detailed review see Grisshammer and Tate [137].
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Figure 3-5 shows a Coomassie-stained SDS-PAGE electrophoregram of IPTG-

induced and non-induced cellular fractions produced as described in Section 2.2.6. No

Non-induced Induced
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Figure 3-5. Coomasie stained gel (12%) displaying expression of pET28gIpF in the E. coli strain
BL21(DE3). Indicated are proteins expressed without (Lanes 2-4) and with (lanes 5-7) IPTG induction.
Lanes 1 and 8 are molecular weight markers (66, 45, 36, 29, 24, 20, 14kDa), lanes 2 and 5 are soluble
fractions, lanes 3 and 6 are inclusion body fractions and lanes 4 and 7 are membrane fractions. Putative
GF is indicated by a diamond (monomer) and a star (dimer).

glycerol facilitator is detectable by Western analysis in the non-induced cells or in the sol-
uble fraction of the induced cells (data not shown). The Coomassie-stained gel shows that
IPTG stimulates the production of a 27kDa protein that is approximately equally distrib-

uted between the membrane and insoluble inclusion body fractions, results that are corrob-
orated by Western analysis (Figure 3-6). This suggests that some of the protein is found in

inclusion bodies as well as membranes. However, electron microscopic
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Figure 3-6. Analysis of the inclusion body and membrane fractions from the IPTG-induced
expression of glpF in BL21(DE3). This suggests that GF is localized in the insoluble cellular
fractions, i.e. membranes and possible inclusion bodies

data does not reveal the existence of inclusion bodies in the overexpressing cell. Further-
more, the crude methods used to prepare the inclusion bodies resemble those used in the

preparation of E. coli membranes for cross-linking studies (see Section 2.2.7). It is likely,
therefore, that the immuno-sensitive GF in the lanes labeled “inclusion bodies” may be due
to membrane contamination. Thus, for the purposes of protein purification, and to recover
as much GF containing material as possible during purification, the GF expressing cells are
lysed and the total insoluble debris is collected by centrifugation for 20 minutes at 2,800g

in a GSA rotor.
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3.4 Detergent Extraction and Purification of GF

3.4.1 Detergent Solubilization of GF.
The detergents sodium dodecyl sulphate (with and without 4 M urea), octyl-B-D-

glucopyranoside, N-laurylsarcosine, Triton X-100, Tween 80, dodecyl-f-D-maltoside,
sodium deoxycholate, and lauryldimethylamine oxide (LDAO) were tested for their ability
to extract GF from insoluble cell fractions. The detergents were chosen based on their avail-
ability and their prevalence in published membrane protein purification protocols [176,
177, 178, 179a]. Cells expressing GF are harvested and incubated in detergent solutions as
described in Section 2.2.3. The effectiveness of the extractions was determined based on
the intensities of Coomassie-stained electrophoregrams. The most effective detergents for

GF extraction were dodecyl-B-D-maltoside and LDAO (see Table 3-1). Owing to the cost

Table 3-1. Determination of the Optimum Detergent for GF Extraction

Detergent Extraction Efficiency?
Dodecyl-B-D-maltoside >70%
Lauryldimethylamine oxide approximately 70%
Sodium deoxycholate >50%
N-laurylsarcosine approximately 50%
Octyl-B-D-glucopyranoside approximately 50%
Triton X-100 <<50%
Sodium dodecyl sulphate <<50%
Tween 80 none extracted

a. Based on visual estimates from SDS-PAGE and Western blots comparing the amount
of GF extracted to the amount of GF in whole cells.

of the former we continued to develop the purification protocol with LDAO. However
LDAO caused some experimental difficulties. The most severe was the aggregation of puri-
fied GF into very high molecular weight complexes to such a degree that the majority of

the protein remained in the SDS-PAGE sample wells and the stacking/resolving gel inter-
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face (see Figure 3-7). In these early experiments, SDS-PAGE sample preparation involved

A 1 2 3

well

Figure 3-7. Initial purification of LDAO-extracted GF using Ni**-Nitrilotriacetic acid- Sepharose
(i.e. NiZ*-NTA- -Sepharose): A, Coomassie stained SDS- PAGE and B, Western blot analysis of 3 GF
fractions. The GF monomer (approximately 29kDa) and dimer (approx1mately 50-52kDa) are
visible in the SDS gel (A). Higher molecular weight species are also visible and are probably trimer
and tetramer (B). A gregates, too large to enter the gel, are seen at the stackmg/resolvmg
interface in both A and B and in the sample well in B. Lanes 1, 2 and 3 indicate successive GF
containing fractions as they are eluted from the Ni“*-NTA-Sepharose column.

a 5 minute incubation in boiling water [158]. It was soon discovered that this causes aggre-
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gation of detergent-extracted protein [162], which was particularly severe in the LDAO-

extracted protein. It is possible that the solubility of the LDAO-GF complex is more tem-
perature sensitive than that for the other detergent extracts. Further, the LDAO gel samples
were viscous and contained particulates even before heating, a phenomenon that was not

observed with the other detergents.

Due to difficulties encountered with LDAO, the addition of 4 M urea to 150 mM
SDS was tested for protein extraction. Although Table 3-1 indicates that the initial tests
with SDS proved it to be one of the least effective extraction agents, incubating the insol-
uble cell fraction in SDS/urea at room temperature for 60-90 minutes did facilitate nearly
complete solubilization. During the course of this research similar improved extraction
efficiencies were also found for GF if longer incubation periods were used for 150 mM

SDS (minus urea) and 30 mM DM all at room temperature (data not shown).

3.4.2 Purification of Detergent Solubilized GF.

The purification of detergent-solubilized GF is accomplished by taking advantage
of the interaction between the recombinant N-terminal Hisg-tag and the divalent cation
NiZ using the method of immobilized-metal affinity chromatography (IMAC)[179b].
IMAC involves mixing the solubilized Hisg-tag containing protein with Ni2*-NTA
Sepharose at a pH above the pKa of histidine, i.e. above pH 6. The non-protonated his-
tidines in the Hisg-tag chelate with the immobilized Ni?* and allow the resin to be washed
with buffer, thereby removing all non-bound proteins and impurities. The NTA resin-
bound protein is then eluted from the column by either protonating the Hisc-tag by lowering
the pH, or by adding a histidine analog such as imidazole to compete for Ni?*. However, it

was found that the high concentrations of imidazole (>250 mM) necessary for elution inter-
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fered with subsequent analysis of GF by absorption spectroscopy and related techniques.

Therefore, a reduction of pH was used to elicit GF elution from the NiZ*-NTA column.

The extraction of GF from the insoluble cellular lysate, with a mixture of 150 mM
SDS and 4 M urea, and purification by IMAC using Ni2*-NTA resin is shown in Figure 3-

8. IPTG stimulates the production of a protein that migrates with an apparent M, of approx-

L 2 3 4 >S5 0

116 kDa __|
97.6 kDa"

66 kDa—

45 kDa —

29 kDa —

Figure 3-8. Coomassie-stained gel of SDS/urea-extracted GF purified using a Ni2*-
nitrilotriacetic acid column. Lane 1, pre-induction cells; Lane 2, post-induction cells; Lane 3,
soluble cell lysate; Lane 4, insoluble cell lysate; Lane 5, column flow-through; Lane 6, GF eluted
from a Ni“*-nitrilotriacetic acid column by lowering the pH. Note the presence of GF monomer,
dimer, trimer and tetramer in Lane 6.

imately 29kDa and is most evident in the insoluble cell lysate dissolved in SDS/urea
(marked by an asterisk in Lane 4). Also apparent in both Coomassie-stained gels and West-
ern immunoblots (marked by a plus sign in Lane 4, also see Lane 6) is a protein with an

apparent mass of 52 kDa. There is no recombinant protein detectable in the non-induced
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cells (Lane 1) or in the soluble fraction of the induced cells (Lane 3), results confirmed by
Western immunoblotting (not shown). Lane 6 shows that elution of GF from the Ni2*-NTA
resin, upon reducing the pH, yields proteins that electrophorese at positions corresponding
to masses of approximately 29 kDa, 52 kDa, 75 kDa, and 100 kDa. All four recombinant
molecules are observable in anti-T7 Western immunoblots of the polyacrylamide gels sug-
gesting that they are composed of GF species ranging from monomer to tetramer (see sec-
tion 3.5). Because other membrane proteins retain their native oligomeric state during SDS-
PAGE [180, 181, 182, 183], this apparent oligomerization of GF suggests that the protein
may be completely unfolded in SDS. The presence of a doublet band at approximately 52
kDa in GF samples extracted using SDS/urea suggests the existence of two distinct species
of GF dimer, one less mobile than the other possibly due to different partially unfolded

states of the protein.

GF prepared by extraction of cells with SDS/urea never showed aggregates above
the tetramer whereas heat-treated protein formed very high molecular weight aggregates
perhaps indicating denaturation. Indeed, because SDS is known to precipitate at tempera-
tures below 15°C [186], GF samples extracted with SDS containing buffers were left on the
bench-top at room temperature to limit any temperature induced SDS/protein precipitation.
To explore the nature of the oligomers observed in Lane 6 of Figure 3-8 the dithiothreitol
concentration was increased in the SDS-PAGE gel sample preparation buffer to reduce any
possible disulfide bridges [132]. However, no change in GF oligomerization was observed
(data not shown). Further, adding EDTA to the SDS-PAGE sample buffer to chelate any

Ni?* that may have leeched from the Ni%*-NTA column, thus causing aggregation of GF
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through their Hisg tags and free N i2* in solution [Hom and Volkman, 1998], had no effect

on aggregate distribution (data not shown).

Extraction and purification of GF were also carried out with DM and SDS (without
urea), using essentially the same protocol developed for SDS/urea (see section 2.2.4). In
both cases the purifications yielded approximately 14 mg of 95% pure GF from 9.5 grams
of cells recovered from 2 litres of E. coli cell culture. Large scale extraction and purification
of GF using octyl glucoside (OG) was not attempted due to the high CMC and cost of OG.
Detergent concentrations for extraction of membrane proteins should be above the CMC,
so that plenty of micelles are present to solubilize the protein (see section 1.2.1)[2, 13, 137].
With a CMC of 20-25 mM, 100-200 mM OG is required to effectively solubilize GF, but
at more than $80 per gram this would not be cost effective. Thus to prepare facilitator in
OG we chose to initially extract and purify GF using DM, then exchange DM for OG while
GF remained bound to the NiZ*-NTA column (see section 2.2.4). Figure 3-9 compares the
electrophoretic mobilities of purified recombinant GF dissolved in SDS/urea, SDS, DM,
and OG. Predominantly monomeric protein is observed in each of the three detergents
(Lanes 2-4) except when the protein is extracted with SDS/urea (LLane 1) where monomer,
dimer, trimer, and tetramer can been seen. However, Western immunoblots reveal small
amounts of oligomeric recombinant protein in all of these preparations (not shown). All
attempts to raise the pH of the OG preparation from the elution pH of 4.0 to a pH of 7.6
resulted in the precipitation of the protein, producing visible oligomers ranging from mono-
mer to heptamer and high molecular weight species stuck at the stacking/resolving gel

interface (see Figure 3-10).
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Figure 3-9. Coomassie-stained SDS-PAGE gel of GF extracted with: lane 1, SDS/urea; lane 2,
SDS; lane 3, DM; lane 4, OG. Monomer, dimer, trimer, and tetramer are visible in the SDS/urea
sample (all samples were purified using the protocol outlined in section 2.2.4).

97.6 kDa -
66 kDa -

45 kDa -

29 kDa -

Figure 3-10. Coomassie-stained SDS-PAGE gel of pH induced GF aggregation in OG.
Note the appearance of monomer (marked by an asterisk), dimer, trimer, tetramer,
pentamer, hexamer, heptamer, and high molecular weight aggregates at the stacking/
resolving gel interface (marked by a plus sign).

Since pH-induced precipitation could not be reproduced with GF purified in DM, SDS, or

SDS/urea, this suggests that OG-solubilized GF is only marginally stable.
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3.5 Biophysical Characterization of GF

3.5.1 Oligomeric State of GF in vivo.

There is considerable doubt whether the native state of GF in a membrane is a tet-
ramer similar to AQP1 [87] or a monomer as suggested by Lagree ez al. [185]. To probe
the oligomeric state of native membrane-embedded GF, chemical cross-linking was
employed using disuccinimidyl suberate (DSS), disuccinimidyl glutarate (DSG), and
bis(sulfosuccinimidyl) suberate (BS). DSS and DSG are lipophilic primary diamines that
can penetrate the cell membrane and react with the amino groups of lysines to form a cova-
lent cross-link. Similarly, BS is a hydrophilic primary diamine that reacts with the solvent-
exposed amino groups of lysines and forms covalent cross-links. Western immunoblots of
cell membrane extracts, in the absence of cross-linker, suggest that GF exists in the mem-

brane predominantly as a monomer (see Figure 3-11, Lane 1). However, GF is evidently
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Figure 3-11. Western immunoblot of DSS cross-linked membranes from GF expressing cells.
Lane 1, non-cross-linked membranes; lane 2, membranes cross-linked for 30 minutes; lane 3,
membranes cross-linked for 1 hour; lane 4, membranes cross-linked for 2 hours.

susceptible to oligomerization in vivo as the proportion of high M, protein present in mem-
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brane increases in the presence of cross-linker as compared to the non-cross-linked control
(see Figure 3-11, Lanes 2-4). Furthermore, the species produced by cross-linking are iden-
tical in electrophoretic mobility to the species present in the purified, concentrated protein
(see Figure 3-9, Lane 1). Only results for DSS are shown in Figure 3-11, however similar
results were observed with the cross-linkers DSG and BS (data not shown). Cross-linking
with DSS for extended periods of time does not produce any observable species higher in
molecular weight than the apparent tetramer (data not shown). The absence of cross-linked
GF aggregates larger in mass than the apparent tetramer, even after cross-linking for 24
hours, and the low background in the Western blots, suggests that the cross-linking of GF
is specific. These data therefore indicate that GF is capable of forming tetramers in the

membrane.

3.5.2 Oligomeric State of GF in vitro.
Structural analysis by NMR spectroscopy and X-ray diffraction requires highly

purified, homogeneous protein preparations. In the previous section it was shown that GF
can be cross-linked to form homo-oligomers in its native membrane state. In Figures 3-8
(lane 6) and 3-10 it is apparent that extraction and purification of GF with an SDS/urea
buffer promote the formation of GF oligomers ranging from monomer to tetramer, and that
pH-adjusted GF solubilized in OG rapidly aggregates into high molecular weight species.
To explore the possible role of urea in oligomerization, GF purified individually in SDS
and DM was incubated with 2-6.5 M urea. Figure 3-12 shows that in the SDS-purified GF

samples the addition of urea did not affect the oligomeric state, as a small amount of dimer
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97.6 kDa -
66 kDa -

45 kDa -

Figure 3-12. Coomassie-stained SDS-PAGE showing the effects of incubating SDS-purified
GFin urea. Lane 1, 0 M urea; lane 2, 2 M urea; lane 3, 4 M urea; lane 4, 6 M urea. GF
monomer, dimer, trimer and tetramer are in the concentrated SDS sample in lane 1 (see text for
details). Dimer and trimer are visible in all samples containing urea with no shift in oligomeric
state noticeable with increasing urea concentrations.

and trimer are present at all concentrations of urea. In contrast, Figure 3-13 shows that DM-
purified GF is predominantly monomeric (lane 1) and the addition of urea resulted in the

formation of dimer, trimer, and tetramer at urea concentrations above 2 M (lanes 2-4).

1 2 3 4

97.6 kDa
66 kDa

45 kDa

29 kDa

Figure 3-13. Coomassie-stained SDS-PAGE showing urea-induced aggregation of DM-purified GE
Lane 1, 0 M urea; lane 2, 2 M urea; lane 3, 4 M urea; lane 4, 6.5 M urea. GF dimer is visible in all
samples containing urea; dimer and trimer are visible at higher urea concentrations in lanes 3 and 4.
High molecular weight aggregates appear at the stacking/resolving gel interface in the 6.5 M urea
sample.
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Indeed, traces of dimeric GF appear when 2 M urea is present (see Figure 3-13, lane 2). At
6.5 M urea, dimer, trimer, and tetramer are visible in the Coomassie-stained polyacryla-
mide gels (see Figure 3-13, lane 4), suggesting that urea is promoting oligomerization of

the DM purified protein.

The oligomeric state of GF also displays a protein-concentration dependence in
both SDS and DM purified samples. The electrophoregram in Figure 3-14 A shows succes-
sive fractions of SDS-solubilized GF eluted from a Ni>*-NTA column. GF monomer,
dimer, trimer, and tetramer are observable in Coomassie-stained gels in the most concen-
trated solutions (greater than 28 uM, lanes 2-4; also Figure 3-12, lane 1), whereas in more
dilute solutions (less than 28 M) only monomer is detected (Figure 3-14 A, lanes 1 and
5). This effect of protein concentration on the oligomeric state of GF is more pronounced
in DM solubilized samples (Figure 3-14 B) where dimer is observed at concentrations
much lower than in the SDS solubilized protein. Thus, GF dimer is apparent at protein con-
centrations above 7 M in DM (lanes 3-7 in Figure 3-14 B), whereas in SDS dimer is barely
visible at GF concentrations of 20-30 M (lanes land 4 in Figure 3-14 A). This suggests
that, unlike SDS, DM is less capable of disaggregating/denaturing GF and keeping it in a
monomeric state at high protein concentration. This likely reflects the more aggressive,
strongly denaturing, nature of SDS in the solubilization of proteins [186]. However, even
at a high concentration of SDS (150 mM) a significant amount of GF remains in an oligo-
meric state at high protein concentrations (Figure 3-12, lane 1 and Figure 3-14 A, lanes 2-
4), possibly in a partially denatured state. Thus the data suggest a protein concentration

dependence on the oligomerization of GF.
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Figure 3-14. Protein concentration dependence of GF oligomer formation. A, SDS
solubilized GF: lane 1, 21 uM GF,; lane 2, 71 uM GF; lane 3, 91.2 uM GF; lane 4, 28.7 uM
GF; lane 5, 8.95 uM GFE. SDS-purified GF is monomeric at low protein concentrations
(below approximately 21 M GF, lanes 1 and 5), whereas dimer, trimer and tetramer are
evident at higher concentrations (lanes 2-4). B, DM solubilized GF: lane 1, 1.1 pM GF; lane
2, 6.3 uM GF; lane 3, 15 uM GF; lane 4, 19 uM GF; lane 5, 33 uM GF; lane 6, 15 uM GF;
lane 7, 7 uM GF; lane 8, 4.9 yM GE DM-purified facilitator is monomeric at protein
concentrations below 6.3 uM (lanes 1, 2 and 8), whereas dimer is evident at higher
concentrations (lanes 3-7).
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All the SDS-PAGE samples were prepared by heating at 37°C for 10 minutes,
rather than following the standard protocol of boiling them for 5 minutes [148b, 158]. This
was done because boiling the samples results in aggregation of GF to such a degree that a
large portion is retained at the interface between the stacking and resolving gels and in the

sample well itself (see Figure 3-15 A and B). This effect of heat-induced aggregation of GF

1 2 1 2
Ao B |

S GRS

Figure 3-15. Temperature induced aggregation of GF. A, DM solubilized GF (77 uM): lane 1,
prepared by heating at 37°C for 10 minutes; lane 2, incubated at 80°C for | hour, before
preparing sample as in lane 1. B, SDS solubilized GF, with samples in lanes 1 (15 uM) and 2
(91.2 uM) prepared in the same manner as in A.

is a problem commonly associated with boiling membrane proteins. Boiling causes mem-
brane proteins to denature and aggregate via the exposed hydrophobic segments [187]. The
results shown in Figure 3-15 are a further illustration that SDS is more capable than DM of

disaggregating GF and keeping it in a lower oligomeric state.
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3.5.3 Activity of GF in Membranes
The transport properties of the GF have been studied extensively over the last 30

years (see section 1.4.4) [94-96, 106, 107, 110, 188, 189]. Heller et al. [106] reported that
GF will equilibrate a glycerol gradient across the cytoplasmic membrane of E. coli within
30 seconds in uninduced cells (i.e. not expressing GF) and in less than 10 seconds in cells
expressing GF, such that equilibrium is reached within the time required for manual mixing
and obtaining the first reading. A half-time of equilibration of less than 10 seconds is much
too fast to be followed by standard spectrometric methodologies, thus stopped-flow tech-
niques have been developed to measure glycerol transport rates indirectly [16]. Glycerol
transport induces changes in light scattering in response to changes in cellular dimensions
[107, 188]. It is also known that GF facilitates the transport of other low molecular weight
polyols, such as xylitol, but at a much slower rate than glycerol. Heller ez al. [106] reported
that xylitol transport is approximately 7 times slower than glycerol transport, showing prac-
tically no entry in 5 minutes in uninduced cells and a half-time of equilibration of 40-45
seconds in induced cells. This transport is slow enough to measure using standard spectro-
metric methodologies. To determine if recombinant facilitator is functional we measured
xylitol transport in induced and noninduced cells (see Figure 3-16). Figure 3-16 illustrates
the xylitol transport activity of E. coli cells expressing GF and non-induced controls. Both
the induced and noninduced cells rapidly plasmolyse (shrink) when placed in a hypertonic
xylitol environment due to the sudden increase in external osmotic pressure. This cellular
plasmolysis is observed as a rapid increase in ODg as soon as the uninduced and induced
cells are placed in the xylitol-containing buffer (A -4 and M—>®, respectively). Cells
induced to express GF (®) have the ability to transport xylitol across the membrane and

into the cell, and can therefore deplasmolyse (re-swell).
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Figure 3-16. Optical changes associated with osmotically induced plasmolysis and
deplasmolysis of E. coli cells. Both induced (®) and noninduced (2) cells plasmolyse rapidly
when placed in xylitol-containing buffer. This is observed as an increase in ODjy, at t=0
(H->® and A - ®). Cells diluted in xylitol-free buffer do not shrink (induced () and
noninduced (A) cells, respectively). Only those cells induced to express GF, and therefore
transport xylitol, show re-swelling, observable as a decrease in ODgy (®).

The deplasmolysis is observed as a return of the ODgy, (®) to nearly that of the induced
cells in isotonic buffer, i.e. buffer without xylitol (). However, cells not induced to
express GF show no indications of deplasmolysis, and remain in a plasmolysed state ().
The half-time of equilibration of xylitol across the membrane of GF expressing cells is 30
- 40 seconds, similar to the results of Heller et al. [106] who reported a half-time of 42 sec-
onds. Also, the addition of mercuric ions (Hg2+) to GF-expressing cells, prior to the addi-
tion of xylitol, blocks xylitol transport (data not shown). Inhibition of GF by Hg2+ ions was
reported by Maurel ef al. [107]. Thus, the transport data acquired from GF expressing E.

coli cells, indicate the presence of a membrane channel with the transport properties that

119



have previously been reported for GF [106, 107]. Further, this shows that the His4-tag and
T7-epitope that were added to the N-terminal end of GF do not affect the measured trans-

port properties of GF.

3.5.4 Mass Spectrometric Analysis of Detergent-Extracted GF.

As discussed in section 1.2.1, detergents are necessary for membrane protein
extraction and solubilization. However, mass spectral analysis of membrane proteins is
hampered by the necessary presence of detergent which degrades spectral quality by
decreasing signal-to-noise (S/N) ratio and mass resolution [190], due to formation of deter-
gent/protein adducts. Further, in the absence of detergents membrane protein mass spectra
are degraded due to protein self-aggregation and consequent loss of sample for desorption
[191]. Progress in this area has been reported. For example, MALDI-MS analysis of mem-
brane proteins solubilized in ionic detergents at concentrations well above their CMCs was
reported with good S/N ratios and mass resolution [191, 192]. The authors suggest that
improved solubility of the membrane proteins at increased detergent concentrations pro-
vides an increased level of protein at the surface layers of matrix crystals available for des-
orption [192]. We attempted but could not reproduce these results with GF solubilized in
any concentration of SDS. We therefore turned to the polyurethane sample support
MALDI-MS sample preparation protocol developed in the Department of Chemistry (Uni-
versity of Manitoba) for mass spectral analysis of GF [164]. Following the suggestion of

Rosinke ez al. [191] SDS was exchanged for OG by on-column detergent exchange to pro-
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vide increased S/N ratios and mass resolution. Figure 3-17 shows the MALDI-TOF mass

16840.779
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Figure 3-17. MALDI-TOF mass spectrum of detergent-solubilized GF. GF was solubilized in 70
mM octyl-f-D-glucopyranoside, deposited onto a polyurethane membrane, and washed following
the protocol discussed in section 2.2.6, [M+H}" = 33 650.303 Da (0.4% error); the theoretical
molecular mass = 33 505 Da. [M+2H]2+ = 16 840.779 (0.5% error); the theoretical molecular mass
=16 752.5 Da.

spectrum of GF obtained from a solution containing 70 mM octyl-B-D-glucopyranoside-
solubilized GF. A peak corresponding to a singly-charged, [M+H]* GF monomer is present
with a mass-to-charge ratio (m/z) of 33,650.3. A peak corresponding to a doubly-charged
molecule, [M+2H]2+, is observed with an m/z of 16,840.8 Da, giving a monomer mass of
33,681.6 Da. The observed masses compare well to the theoretical mass of recombinant GF
which is 33,505 Da. The [M+H]" mass is within approximately 0.4% and the [M+2H]**

within approximately 0.5% of the theoretical mass of the protein.

No oligomeric GF species were observed in the MALDI mass spectra possibly due
to precipitation of high molecular weight species during the MALDI-TOFMS sample prep-

aration. Alternatively, the result indicates that no GF oligomers were present in the sample.
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Based on the high tendency of the OG-solubilized protein to oligomerize described in sec-
tion 3.4.2, the former cause seems more probable. Thus, the apparent lack of GF oligomeric
species in the MALDI-TOF mass spectrum may be due to sample precipitation reducing

the quantity that co-crystallizes with the MALDI matrix. This would result in a loss of ana-
lyte available for desorption and consequently a loss of signal [191, 192]. A final possibility
is that GF oligomers disaggregate in the mass spectrometer, since non-covalent interactions

are not always maintained in MS [193].

3.6 Circular Dichroism Analysis of GF

The development of the overexpression protocol for E. coli GF, and the yields and
purity attained have made it is feasible to begin structural studies of GF. Whilst NMR and
crystallographic techniques can provide structural data at atomic resolution, circular
dichroism can be utilized to provide a “global” analysis of protein structural properties such
as the overall secondary structure and the tertiary structural characteristics [121, 122]. With
the availability of CD deconvolution programs, and powerful desktop computers, the
deconvolution of secondary structural spectra into their component spectra has become
routine. To this end, far-UV CD analysis was performed to provide information about the
secondary structural organization of GF solubilized in 30 mM DM, 100 mM OG, 150 mM
SDS, and 150 mM SDS with 4 M urea, with subsequent deconvolution of the spectra into
their individual structural components (see section 3.5.1). Near-UV CD analysis was also
performed on GF solubilized in both 30 mM DM and 150 mM SDS, to extract data on the
tertiary structure of GF in detergent (see section 3.5.2). Further, temperature denaturation

of GF solubilized in both 30 mM DM and 150 mM SDS, as monitored by near- and far-UV
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CD, was done to investigate the stability of the secondary and tertiary structure of GF (see

section 3.5.3)

3.6.1 Determination of the Secondary Structure of GF by Far-UV CD.
CD spectra of purified GF were acquired into the far UV region utilizing the CD

optimization parameters of Hennessey and Johnson [170] (see section 2.2.9). Figure 3-18
A shows the spectrum of SDS/urea extracted GF dissolved in SDS at pH 7.6. Figures 3-18
B and C show the spectra of GF dissolved in SDS at pH 4.2 and 7.5, respectively. Figure
3-18 D, E and F shows the spectra of GF dissolved in OG at pH 4.0 and DM at pH 4.4 and
7.0. A spectrum of OG at an elevated pH could not be acquired because any attempt to
adjust the pH resulted in instant precipitation of the protein (see section 3.4.2). The CD
spectra of GF in all detergents display the general characteristics of a predominantly a-heli-
cal protein with negative bands at 218-222 nm and 209-212 nm, positive bands at 193-194
nm, and cross-over points at 201-203 nm (see Figure 3-18 A-F). The ideal a-helical values
are 222, 208, 190-195 and 205 nm respectively [121]. Indeed, comparison of these spectra
to those of the a-helical form of polylysine provides a visual confirmation of the high heli-

cal nature of GF in the detergents used (see Figure 1-38).
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Figure 3-18. CD spectra of GF solubilized in 10 mM sodium phosphate
buffer containing 10 mM sodium chloride and detergent at 25°C. A,
SDS/urea-extracted GF dissolved in SDS at pH 7.6; B, SDS-extracted
GF dissolved in SDS at pH 4.2.
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Figure 3-18 (continued). C, SDS-extracted GF dissolved in SDS at pH
7.5; D, DM-extracted GF dissolved in OG at pH 4.0
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Figure 3-18 (continued). E, DM-extracted GF dissolved in DM at pH
4.4; ¥, DM-extracted GF dissolved in DM at pH 7.0
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3.6.1.1 Deconvolution of GF Secondary Structure by Convex Constraint Analysis
As illustrated in section 1.5.3.1, the far-UV CD spectrum of a protein is a weighted

sum of all the 2° structural elements present in the sample (see equations 1-29, 1-30, and
1-31). One method of determining the weights of these secondary structural elements is to
select a set of weights (w;) of the pure component spectra that minimizes the difference
between the measured spectrum (f{A)) and the spectrum that results from the weighted sum.
However, this method has fallen into disfavor due to inconsistencies between the pure com-
ponent CD spectra of model compounds and those found in real proteins (see Section
1.5.3.1). An alternative approach to the determination of protein secondary structure from
CD spectra uses a basis set of pure components derived from the CD spectra of proteins
with known three-dimensional structures [121]. A variety of programs are available that
can perform this type of analysis including Singular Value Decomposition [170], Ridge
Regression [194], and Convex Constraint Analysis (CCA) [129]. In this thesis CCA was
chosen because a basis set of CD spectra of membrane proteins was available for use with
it.

The GF CD spectra in all detergents were deconvoluted into their pure structural
components (o-helix, parallel and anti-parallel 3-sheet, B-turn, and unordered) with CCA
using two different basis sets. The first basis set was composed of the CD spectra of 30
water-soluble globular proteins including myoglobin, a-lactalbumin, lysozyme, papain,
insulin, and subtilisin [131]. The second basis set contained the CD spectra of 24 membrane
proteins including the photosynthetic reaction centers from Rhodobacter sphaeroides and
Rhodopseudomonas viridis, cytochrome C oxidase, and bacteriorhodopsin from Halobac-
terium halobium [129]. The membrane protein basis set also contained the CD spectra of

the porin protein OmpF and the porin from Rb. capsulatu, two proteins that have a high
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content of B-sheet and unordered structure and very little o-helix [131]. As mentioned in
section 1.5.3.1, CCA can only fit a protein spectrum to the basis spectra contained in the
proteins in the basis set. Conversely, proteins with a large fraction of one secondary struc-
ture component can skew the deconvolution [131]. Thus, the presence of the porin proteins
in the membrane protein basis set yielded unreasonably large -sheet components for deter-
gent solubilized GF. The porin data were therefore removed from the basis set in the decon-

volution reported in the following Tables and Figures.

The results of the CCA deconvolution using the soluble protein basis set are shown
in Figures 3-19A to 3-24A, and the CCA derived pure components are listed in Table 3-2.
Also shown are the weighted sum spectra, calculated using equation 1-29 (dashed line with
@), and the original GF CD spectra (solid line with A; see Figures 3-19B to 3-24B). It is
apparent that the weighted sums of the pure components reconstruct the experimental spec-
tra quite well in all cases. The deconvolution shows that in all the protein preparations,
regardless of detergent and pH, the o-helix is the largest secondary structural component
present. The a-helix content is highest in DM and SDS (48-55%), lower in OG (42%), and

is lowest is SDS/urea-extracted protein (32%).

CCA deconvolution using the membrane protein data set, with 2-5 pure component

deconvolutions, proved to be unsatisfactory. The two criteria for determining the
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Figure 3-19. CCA deconvolution of SDS/urea extracted GF solubilized in
SDS at pH 7.6. A, The pure component curves derived from a 5-component
deconvolution. The component weights are 32% o-helix (9), 30% B-sheet
(®), 18% B-turn (A), 12% unordered (¥), and 8% aromatic (M). B, The
fitted spectrum, a weighted sum of the pure components (dashed line with
#), and original CD spectrum (solid line with A).
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Figure 3-20. CCA deconvolution of SDS extracted GF solubilized in SDS at
pH 4.2. A, The pure component curves derived from a 3-component
deconvolution. The component weights are 48% o-helix (9),30% B-sheet
(M), and 22% unordered (). B, The fitted spectrum, a weighted sum of the
pure components (dashed line with 4), and original CD spectrum (solid line
with A).

130



A S —
a0k .

—‘A
E : ]
L 20 -
E 3 *
o :
(=] o

™
O -

o
g-zu- ;
o b

190 200 210 220 230 240 250
Wavelength (nm)

B 25 -

20 F 3
-
“ 15 F -:
5 i
5 of ;
b b
§ st :
* e
« C -
< - J
T oF b
| :
E Sk -
-10 F .‘
s b
15 F .
M P BRSNS ST SRS RN R .

190 200 210 220 230 240 250

Wavelength (nm)

Figure 3-21. CCA deconvolution of SDS extracted GF solubilized in SDS at
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Figure 3-24. CCA deconvolution of DM extracted GF solubilized in DM at
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Table 3-2. Weights of Pure Structural Components from CCA Deconvolution of the CD Spectra of GF
Solubilized in Different Detergent Solutions

SDS/urea, SDS, SDS, oG, DM, DM,
pH 7.6 pH 4.2 pH7.5 pH 4.0 pH4.4 pH7.0
% o-~helix 32 43 49 42 55 50
% B-sheet 30 30 22 41 22 32
% B-turn 18 o o o - -
% unordered 12 22 29 17 23 18
8 — - — - —

% aromatic/
disulfide

usefulness of the CCA results are a) that the deconvoluted pure components represent real
structural components found in proteins that can be assigned to a known secondary struc-
ture, and b) that the fitted spectrum reconstructs the experimental spectrum. Neither of
these criteria were met when CCA was performed using the membrane protein basis set,
except for the SDS/urea extracted GF sample. The fits yielded either straight lines and
curves that could not be identified as any known secondary structural component, i.e. incor-
rect intensities such as the 208 nm transition of an a-helix curve being more intense than
the 190-195 nm transition, or real secondary structural curves that had very low weights
(e.g. <1%). For these reasons the CCA deconvolution using the membrane protein basis set

was not found useful.

3.6.2 Tertiary Structure of GF

The analysis of protein tertiary structure was performed by monitoring CD in the
near-UV region from 320-260 nm. In this wavelength range it is the CD signal originating

from the aromatic residues that is being measured (Section 1.5.3.2). Since the occurrence
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of these residues in proteins and their molar absorptivities are both low, the CD bands are
much weaker than the corresponding bands for the peptide bond absorption measured in
the far-UV region (see Table 1-3). Thus, in near-UV CD much higher protein concentra-
tions are required, compared to far-UV studies [121]. However, at high concentrations GF
is prone to aggregate in OG and in SDS/urea preparations. Because of aggregation GF con-
centrations high enough for near-UV CD analysis were only attainable in SDS and DM

extracted and purified GF (91.2 uM and 77 uM, respectively).

The near-UV CD spectra of GF, solubilized in SDS and DM are shown in Figure 3-

25. The spectrum of GF in SDS shows weak positive ellipticity whereas that in DM shows
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Figure 3-25. Near-UV CD spectra of SDS (91.2 uM) and DM (77 puM)
solubilized GF (see text for details).
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stronger, predominantly negative ellipticity. The spectra are quite complicated because of
the 5 Trp, 7 Tyr, and 21 Phe found in GF. The Phe residues should contribute very little to
a CD spectrum due to their high intrinsic symmetry and the low sensitivity of their transi-
tions to changes in solvent polarizability [119]. Nevertheless, the 21 Phe residues in GF
may contribute significantly to the CD spectrum in the 260-270 nm region, specifically to
the band observed at approximately 265 nm in both detergents (Figure 3-25). The shoulders
seen in both detergents at approximately 295 nm are most likely due to the 7 Tyr L, transi-
tions [121]. It is the 5 Trp residues, that each have an L, band at approximately 275 nm and
L;, doublet between 280 and 290 nm, that produce large overlapping CD signals in the 270-
290 nm region, and provide the largest measure of difference between the two detergent
solubilized GF samples. It is in this region where the intensity and sign of the CD signals
differ the most, and is the best measure of structural difference between the two detergent

solubilized states of GF.

The actual contributions of the individual aromatic residues cannot be determined
by any deconvolution techniques, or other forms of post-acquisition processing. The only
method available for determining the aromatic residue contributions in a near-UV CD spec-
trum is to change the residues one at a time by mutagenic techniques, and assess the affect
on the CD spectrum. However, what the near-UV CD spectrum can indicate is the degree
of structure present in the sample, since only aromatic residues held rigidly in an asymmet-
ric environment will display CD bands [119]. Thus the comparison of the SDS and DM sol-
ubilized GF near-UV CD spectra indicates a difference in the tertiary structure in the two
detergents. As noted above, the facilitator CD spectrum in DM is much more intense, and

opposite in sign, to the GF spectrum in SDS.
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3.6.3 GF Folding/Unfolding

The loss of protein tertiary and secondary structure, i.e. unfolding or denaturation,
can be induced by chemical treatment or by temperature changes, and can be monitored by
changes in CD measurements. Changes in tertiary structure are often monitored as changes
in the aromatic CD spectral intensity at 273 nm and reflect the change in the degree of free-
dom of individual amino acids as the protein unfolds (see Section 1.5.3.2) [121]. Depend-
ing on the extent of structural loss the CD intensity at 273 nm is either greatly reduced, i.e.
partial denaturation, or it disappears. Similarly, the loss of secondary structure can be mon-
itored as a loss of ellipticity values in the peptide bond absorption region, 190-240 nm, as

the structure becomes random and the CD signals average to zero [121].

The thermal denaturation of SDS- and DM-solubilized GF in the near- and far-UV
region was achieved by increasing the temperature of the CD cell using the Haake circulat-
ing water bath, with subsequent acquisition of the CD spectra in both the near- and far-UV
regions (see Figures 3-26 to 3-29). The near-UV CD spectra of SDS- and DM-solubilized
GF at temperatures ranging from 20-80°C are shown in Figure 3-26 A and B, respectively.
They illustrate that not only are the tertiary structures of GF different in the two detergents
(see also Figure 3-25 and section 3.5.2), but that they unfold differently. Figure 26 A and
B show that in the 20°C to 80 °C temperature range the intensity of the CD spectra of SDS
solubilized GF changes very little, whereas the intensity of the DM solubilized GF spectra
is greatly reduced at temperatures above 50°C. Monitoring the temperature dependent
changes in ellipticity at 273 nm illustrates that the DM solubilized protein displays a sig-
moidal unfolding curve whereas SDS-solubilized GF shows little evidence of unfolding at

all temperatures (see Figure 3-27; discussed further in Chapter 4).
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Figure 3-26. Thermal denaturation of A, SDS- and B, DM-solubilized
GF, monitored by near-UV CD.
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Figure 3-27. Thermal denaturation of SDS (M) and DM (®)
solubilized GF monitored by changes in ellipticity at 273 nm
in the near-UV CD region.

In separate experiments the thermal dependence of GF secondary structure in the
two detergent preparations was determined by monitoring changes in ellipticity in the far-
UV region. Figures 3-28 A and B illustrate that as temperature increases the characteristic
a-helix ellipticities (approximately 220 nm and 208 nm) of both SDS- and DM-solubilized
GF reduce in intensity. Thus, it is apparent that GF secondary structure is lost in both deter-
gents upon temperature increase, with both showing sigmoidal unfolding curves (see

Figure 3-29).
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The data in Figures 3-27 and 3-29 were fitted to equation 2-4 using the program
Mathematica, and provided a means of determining the midpoints (7,,,) and widths (AT) of
three of the four unfolding transitions. The fitted curves are shown in Figures 3-30 to 3-32,
and indicate that the thermal denaturation of GF in detergent is truly sigmoidal. This
method assumes that the protein exists in two states, helix and random coil in the far-UV
region, and folded and unfolded in the near-UV region. The values of 7}, and AT are given
in Table 3-3. Also given in Table 3-3 is the value d x?, a parameter that indicated the good-
ness of fit, i.e. small ¥ values indicate a good fit of the curve to the data. The implications

of the data presented in Table 3-3 will be discussed in Chapter 4.

142



9 F—r—r————————r—— T —r—r——r—r—r
4
<~ -10 - =
3 -
“g-u- .
. i -
- .
- .
ol A q
s -12 B
L]
e
E-IJ- ~
L
-lJblllIlllllllllllllll.&ll
260 280 300 320 340 360 380

Temperature (°K)

Figure 3-30. Thermal denaturation of SDS solubilized GF monitored by
ellipticity changes at 208 nm (®), plotted against the Mathematica output
of the fitting procedure (solid line). O = -12552, O 5019 = -9498.
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Figure 3-32. Thermal denaturation of DM solubilized GF monitored by
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Table 3-3. Fitted values for SDS and DM solubilized GF

T °K AT, °K x>
SDS, Far-UV 340.3 22.2 0.224
SDS, Near-UV o --- I
DM, Far-UV 320.2 30.7 0.234
DM, Near-UV 326.8 15.9 28.2
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CHAPTER 4
DISCUSSION

4.1 GF Overexpression and Purification

One of the major impediments to structural analysis of membrane proteins is the
small number of molecules that are typically synthesized by the cell. The overexpression
of membrane proteins poses a potential problem as the presence of an abnormally large
number of membrane proteins can be toxic to the cell simply because they are associated
with the membrane [137]. For example, the increased production of functional tetracycline/
H™ antiporter resulted in cell death [195]. Many factors influence the (over-) expression
levels of membrane proteins in E. coli including the strength of the promoter on the expres-
sion vector, the proteolytic stability of the recombinant protein, and its translation effi-
ciency. Environmental parameters also play an important role in the level of expression and
state of the membrane protein. For example, overexpression of functional rat neurotensin
receptor was critically dependent on a temperature of 24°C [196]. Thus, the optimal E. coli

expression conditions must be determined by a trial-and-error approach [137].

Over the past two decades many systems have been developed to increase the
expression levels of both water soluble and membrane proteins [137, 146b, 174] including
bacterial [174], insect [197], and mammalian expression systems [198]. Methods used
today for the overexpression and purification of both water-soluble and membrane protéins
rely on molecular biological manipulation of cellular processes to promote the over-pro-
duction of recombinant proteins [174], and require a great deal of knowledge about the

molecular biology of the host cell line. Fortunately, E. coli is one of the most widely used
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and well characterized expression systems in molecular biology, -- the “work-horse” of

molecular biology.

4.1.1 Advantages of the pET Expression System

Our choice of expression system was initially based on the ability to affix an N-ter-
minal polyhistidine tag, which has been successful for the purification of membrane pro-
teins. For example, the glucose transporter of E. coli was overexpressed and purified in
milligram quantities by IMAC [178]. The pET expression system adopted for the overex-
pression of GF adds the desired N-terminal polyhistidine tag and also takes advantage of
the strong bacteriophage T7 promoter incorporated into the vector. Among the advantages
of this system over other methods, is that the expression of GF can take place only in an
expression host cell-line, i.e. DE3 lysogens. DE3 lysogens carry a plasmid containing a
chromosomal copy of the gene for T7 RNA polymerase, with its expression under control
of the lac promoter. Thus, the lac repressor protein is inactivated upon the addition of IPTG
[199], which leads to the expression of T7 RNA polymerase and, subsequently, the genes
inserted into the pET vector that are under control of the T7 promotor. This tightly con-
trolled expression system provides a means for genetic manipulation of the expression
vector in non-expression cell-lines, i.e. non DE3 lysogens, without background expression
of the recombinant protein, advantageous if the overexpressed protein is toxic to the cell.
A further advantage gained from the pET expression system relates to the selective inhibi-
tion of bacterial RNA polymerase, but not T7 RNA polymerase, by the antibiotic rifampi-
cin. The addition of rifampicin to a growing culture provides a mechanism for shutting

down native protein synthesis without any negative effects on expression from the pET
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vector [160, 161]. In some cases the recombinant protein represents as much as 50% of total

cellular protein. [161].

The pET28gIpF expression construct yields recombinant protein with an N-termi-
nal hexahistidine (Hisg) segment and T7-epitope for protein purification and immuno-
detection purposes, respectively. The use of polyhistidine segments for protein purification
by IMAC has become a widely used technique in the last 4-5 years and in most cases there
is little or no effect of the His segment on protein function or structure [200-202]. The addi-
tion of the Hisg-segment to the N-terminus of GF provides a means of binding the protein
to Ni>*-NTA Sepharose resin so that non-bound impurities can be removed. Elution of GF
from the Ni%*-NTA resin can be achieved either by washing the column with imidazole
which competes with GF for the binding sites, or by reducing the buffer pH to protonate
the Hisg segment. The latter method was chosen for GF purification, as the former required
further sample processing due to imidazole interference during GF spectroscopic analysis.
As shown in Figure 3-9, purification of GF by IMAC provided a means of attaining highly

pure GF in one purification step.

4.1.2 Optimization of expression
To optimize the expression levels of GF, growth conditions were varied and the

effects on expression were analyzed. It was empirically determined that, for optimum
expression, a) the cell line BL21(DE3)pLysS should be used, b) the culture should be
grown in TB broth at 37°C, ¢) IPTG induction should be at an ODg of approximately 0.7,
d) rifampicin should be added at one hour post induction, and c) the cells should be har-
vested two hours after the addition of rifampicin. These parameters provide further evi-

dence that high cell densities are required for maximum GF expression levels, as TB is a
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rich medium that provides higher cell densities than the commonly used LB medium [159],
and induction at the mid-log phase of growth ensures a relatively high cell density during
expression of the recombinant protein. Optimizing expression using the above parameters
provides approximately 14 mg of 95% pure GF from 9.5 grams of cells recovered from 2

litres of E. coli cell culture.

To maximize GF expression, after stopping native protein synthesis, the optimum
time for the addition of rifampicin was determined (see Section 3.2). The results indicate
that cell density at the time of rifampicin addition is not critical, in the ODgq range of 0.6
- 1.0, since there is no substantial difference in expression levels detected within the limits
of Western immunoblot analysis. Thus, induction of expression at mid-log phase (ODg, =
0.7), with the rifampicin added 1 hour later, provides cell densities high enough for GF-
expression with yields over two-fold higher than the previously optimized GF expression
protocol discussed below (see Figure 3-3). However, increasing the growth time after
rifampicin addition does not significantly increase GF yield. This observation may indicate
that the cellular capacity to express recombinant GF from the T7-promoter is limited when

native bacterial protein synthesis is inhibited.

The protocol established above was not the first developed for GF overexpression.
Prior to discovering the advantage gained from the use of rifampicin, the protocol involved
growth at 30°C, induction of expression at an ODg, of approximately 0.4, and cells were
harvesting no later than two hours post-induction. Although the E. coli strain
BL21(DE3)pLysS lacks the lon and ompT proteases, the advantage observed for growth at
the lower temperature was considered to reflect either reduced degradation of GF by other

proteases present in E. coli [203] or reduced RNase degradation of recombinant GF mRNA
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[204]. Grisshammer and Tate [137] suggested that an improvement of membrane protein
expression levels with reduced culture temperature indicates that the insertion of protein
into the membrane may be rate limiting and that slowing the rate of protein synthesis by
reducing the temperature may reduce the amount of membrane-free GF available for pro-
teolytic degradation. They further state that reducing the rate of protein synthesis may also
result in less GF mRNA left unbound to ribosomes and therefore less protected from RNase
degradation. Thus, it is possible that rifampicin aids GF expression not only by freeing cel-
Jular resources for GF expression, but also by shutting down the production of the offend-
ing bacterial proteases and RNases, thereby indirectly increasing the survival rate of both

GF mRNA and protein.

As mentioned, approximately 14 mg of 95% pure GF are recovered from 2 litres of
E. coli cell culture, but it may possible to increase these levels to approximately 10 mg per
litre (discussed further in Chapter 5). These levels are adequate for electron or X-ray crys-
tallography, but for protein levels adequate for 'H NMR studies, it will be necessary to pre-
pare at least 3 to 4 litres of E. coli. Furthermore, for NMR analysis of isotopically labelled
GF it will be necessary to use minimal media, and since cell densities are lower in minimal

media [146b] it will also be necessary to prepare 4-6 litres of cells.

4.1.3 Detergent Extraction and Purification of GF
Eight detergents were tested for their ability to extract GF from insoluble cell frac-

tions (see Table 3-1). Initially, LDAO was chosen as the best detergent because it gives a
high yield of extracted GF, it dissolves the insoluble cell fraction quickly, and is inexpen-
sive. However, the difficulties encountered in the protein purification steps, and the severe

aggregation of GF in LDAO (see Figure 3-7) necessitated consideration of an alternative
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detergent. The 150 mM SDS and 4 M urea mixture proved to be a highly effective extrac-
tion agent for GF as long as the sample temperature was kept near 25°C. Extraction below
15°C was not possible due to SDS crystallization [186]. In the absence of urea, SDS was
found to be a successful extraction agent only when the incubation time was increased by
approximately one-half hour, to allow for complete solubilization of the water-insoluble
cell fraction. However, the non-ionic saccharide detergent 3-D-dodecylmaltoside was
found to be just as effective as SDS and has the added advantage of causing significantly
less denaturation [186] (see Table 3-1). Similar to SDS extraction, large scale extraction of
GF using DM was only successful when the extraction time was increased by one-half

hour.

No protocols have been published, other than the paper by Manley ez al. [111], that
demonstrate the use of Ni>*-NTA resin for the purification of SDS-solubilized membrane
proteins. Indeed, the Qiagen IMAC manual recommends against the use of SDS, yet pro-
vides no explanation. The purification of SDS-solubilized GF, by IMAC on a Ni*-NTA
column, proved to be no more difficult than the standard protocol for water-soluble protein
suggested by Qiagen [162b], or the purification of DM-solubilized GF. However, it was
necessary to adjust the purification protocol based on the detergent used for solubilization.
It was found that GF solubilized in DM and OG (independently) elute from the Ni2*-NTA
resin at a pH just below the pKa of histidine (i.e. below pH 6.0) as expected, while SDS-
solubilized GF eluted at a much higher pH (above 7.0). This difference in the elution pH
between the non-ionic and ionic detergents may be due to the effects that detergent head-
groups can have on the local pH around the micelle, as the strong anionic headgroup of SDS

(see Figure 1-6) induces H;O™ ions to concentrate around the sulfate headgroup so that the
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pH at the micelle surface is lower than that of the bulk solution [206]. Thus, the pH near

the Hisg-tag may be lower than the pH recorded by the pH meter, causing SDS-extracted
GF to elute at an apparently higher pH than expected. However, with careful optimization
of the low pH washing steps, SDS-solubilized GF is routinely purified to greater than 95%

by Ni?*-NTA IMAC in one step (see Figure 3-9, lane 2).

The extraction and purification of GF with OG was not attempted. The high CMC
of OG (20-25 mM) would require the use of large quantities during extraction and purifi-
cation, and at a cost of more than $80 per gram this was considered to be too expensive.
Therefore, to produce OG-solubilized GF, the protein was extracted and purified in DM,
and the DM was then exchanged for OG while GF remained bound to the Ni%*-NTA col-
umn. Pure OG-solubilized GF was obtained (see Figure 3-9, lane 4). However the protein
proved to be quite unstable and attempts to adjust solution pH, after elution from the Ni2*-
NTA column, resulted in immediate and severe oligomerization. GF aggregates were pro-
duced with molecular weights high enough for a retention of a large fraction of the sample
at the stacking/resolving gel interface (see Figure 3-10). It is likely that GF is positively
charged at low pH and therefore does not aggregate as easily, though increasing the pH
closer to the isoelectric point may make aggregation easier. The OG-solubilized protein
was used in an attempt to prepare GF proteoliposomes. However, dialysis of an OG-solu-
bilized GF and E. coli phospholipid vesicle mixture also resulted in severe aggregation of
facilitator (data not shown). The inability of OG micelles to maintain GF in a soluble state
is likely a consequence of the short hydrocarbon chain in the OG monomer. This short
carbon chain provides OG with a high CMC (see section 1.1.2.1), which is useful for lipid

reconstitution studies, but also produces micelles with small hydrocarbon core diameters
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[1, 2]. Evidently, OG micelles do not provide a large enough hydrophobic surface for stable
solubilization of GF in solution and perturbations result in the immediate aggregation of

GF. Since this is not observed in SDS and DM solubilized GF, and since these two deter-
gents both have 12-carbon acyl chains, it appears that GF solubilization efficiency and sta-

bility may increase with increasing detergent acyl chain length.

4.1.4 Is Overexpressed GF Properly Folded?

To determine if recombinant glycerol facilitator is properly folded, inserted into the
E. coli inner membrane, and active in vivo, a xylitol transport assay was conducted. The
xylitol transport activity of recombinant GF, expressed from the pET28g/pF plasmid in E.
coli, was found to be virtually identical to that previously reported for native GF (see Figure
3-16) [106, 107, 188]. For example, it was reported by Heller ez al. [106] that the half-time
of equilibration of a xylitol gradient across the membrane of GF expressing cells was 0.7
minutes, whereas we measured a half-time of equilibration of approximately 0.6 minutes
for recombinant GF. These results suggest that functional protein is inserted into the E. coli
inner membrane and that the addition of the amino-terminal Hisg-T7-tag has little or no
effect on the structure and activity of recombinant GF. That the amino-terminal tag has no
effect on GF structure/function is in accord with the crystal structure [110] which indicates
that the amino-terminus is extracellular, is distant from the pore, and likely has no impact

on GF structure or function (see Figure 1-22).

The xylitol-transport study also provides evidence that (at least some of) the protein
is being inserted into the bacterial membrane in a functional state, rather than being seques-
tered in inclusion bodies. Electron micrographs do not show any indication of either extra

membranous regions for the insertion of overexpressed GF or dark granular GF-inclusion
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bodies (see Figure 3-4). This absence of any visible effect of GF overexpression may be an
indication that the expression levels of GF can be improved upon, and that the overexpress-
ing cells are far from saturated with GF. However, this depends on whether the changes that
membrane protein overexpression cause on cell morphology is a rule or simply an effect

observed in many cases of membrane protein overepression [137].

4.2 Spectroscopic Analysis of GF Structure

4.2.1 GF Primary Structure
MALDI-TOFMS is a powerful analytical tool for accurate mass determination of

biomolecules [192]. However, the presence of detergents and lipids in membrane protein
preparations poses a challenge for mass spectrometry due to the reduction in the signal-to-
noise ratio and mass resolution resulting from detergent or lipid adducts to the protein
[190]. The removal of detergent prior to analysis has been demonstrated to degrade spectral
quality because of protein precipitation and the consequent loss of sample for desorption
[191]. However, it was also shown that the use of detergents at and above their CMC
improves the solubility of membrane proteins and increases their concentration at the sur-
face layers of the matrix crystal, providing more analyte for desoption [191, 192]. This
observation could not be confirmed with GF solubilized in SDS or DM, therefore the poly-
urethane (PU) membrane method was used for glycerol facilitator MALDI-TOFMS anal-
ysis [164]. The PU method provides a means for extensive washing of samples to remove
salts, detergents, and other buffer components prior to desorption and significantly
increased the signal-to-noise ratio and mass resolution of GF spectra compared to those of
unwashed samples. We reasoned that OG might not interact as strongly with GF and there-

fore might be a better candidate for the preparation of protein for mass-spectral analysis.
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We therefore prepared GF in OG by Ni?>*-NTA on column exchange of SDS for OG (see
section 3.3.2). The OG solubilized protein yielded a well resolved mass spectrum of mono-

meric GF with the highest signal above the noise of all the spectra produced (Figure 3-17).

The detergent-exchanged protein was oligomeric according to SDS-PAGE, how-
ever MALDI-TOFMS did not detect the presence of the oligomeric species. This suggests
that the GF oligomer either dissociates in the mass spectrometer or that not enough oligo-
mer was present for detection. The former is possible since although MALDI-TOFMS is a
relatively soft-ionization technique most non-covalent associations do not survive this pro-
cedure [207]. However, the latter is more likely since we have observed that the OG-solu-
bilized protein is prone to aggregate, and aggregated membrane proteins are difficult to
desorb. A further possibility is that the oligomers observed in SDS-PAGE gels form in the
gel during electrophoresis. However, if oligomers were formed during electrophoresis, the
GF bands would not be well resolved and would appear very diffuse (smeared) in the Coo-
massie stained gel, but this is not the case (see Figures 3-9 and 3-10). Therefore, it is most
likely that oligomeric GF was not detected by MALDI-TOFMS because the OG solubilized
protein aggregated and precipitated upon the addition of the acidic MALDI matrix, and was

then not available in the matrix crystal for desorption [191, 192].

MALDI-TOFMS analysis of recombinant GF solubilized in OG indicates that the
observed mass of 33,650 Da is within 0.4% of the expected GF monomer mass of 33,505
Da. The difference of 145 Da is not likely due to a bound OG monomer, since the mass
difference would then be 454.5 Da, larger than the error from the measurement. The addi-
tional mass might be explained by the addition of several sodium or phosphate ions (23 and

95 Da, respectively) from the sample buffer.
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4.2.2 GF Secondary Structure

Far-UV circular dichroism analysis of proteins in solution is useful for quantifying
secondary structural elements. The occurrence of CD bands at 222 nm and 208 nm in the
CD spectra of GF solubilized in SDS/urea, SDS, DM, and OG indicates that the prevalent
secondary structure is the a-helix (see section 3.5.1 and Figure 3-19 A-F). Deconvoluting
the spectra using the CCA program confirmed this and provided statistical weights for the
structural elements of GF in the different detergents (see Table 3-2) [131]. The analysis
indicates that GF has the highest a-helix content (50-55%) when it is solubilized in the non-
denaturing detergent DM. A slightly lowér a-helix fraction is observed for the protein in
SDS (48-49%). Significantly lower helix content was observed for GF extracted with SDS/
urea and solubilized in SDS (32%), and for GF solubilized in OG (42%). The difference in
helix content between GF extracted in SDS with and without urea likely reflects the dena-
turing effects of urea on protein structure [186], and suggests that GF is in a more denatured
state after exposure to urea. Similarly, the slightly lower helical content of GF solubilized
in SDS without exposure to urea, compared to GF solubilized in DM, suggests that GF may
be in a slightly more unfolded state in SDS than in DM. This is in accord with the view that
SDS is a more denaturing detergent than DM. The even lower helix content measured in
OG suggests partial denaturation of the protein in that detergent as well (see section 3.3.2
and Figure 3-10). Recall that the solubility of GF in OG is low and that the protein oligo-
merizes in this partially unfolded state [208]. The absence of oligomerization of the protein
in SDS, even though CD suggests that the protein may be partially unfolded, may be due

to charge repulsion between the anionic headgroups of SDS that coat the protein.
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Sequence alignments of the E. coli GF with the aquaporins [58], hydropathy anal-
ysis [63], and the electron diffraction structures of AQPI [87, 88] suggested that about 47%
of GF is composed of 6 transmembrane o-helices. More recent electron and X-ray diffrac-
tion data [66, 209, 209a] also indicated that half of loops B and E form short helical seg-
ments that form part of the pore of the protein, elevating the helix content to approximately
55%. Several weeks after the publication of a large portion of the material presented in this
thesis [111], the X-ray crystal structure of GF was published [110]. The X-ray data show
that the GF protein has secondary structural features that are similar to those displayed in
the AQP1 cryoelectron crystal structure [66] including the 6 transmembrane a-helices and
the two short helices formed by loops B and E'. The GF crystal structure also shows the
presence of 3 very short helical segments containing 10, 9, and 4 residues formed in loops
C and E (see Figure 1-23). Thus, the crystal structure indicates that GF is up to 67% helical.
The CCA-derived helical contents of DM, SDS, OG, and SDS/urea solubilized GF are
55%, 49%, 42%, and 32%, respectively [see Table 3-2]. However, these weights were
determined for the recombinant form of GF which contains an additional 35 residues rela-
tive to wildtype GF. If we assume that no amino acids in the Hisg-T7 tag are helical and re-
calculate the helix contents for the rest of the molecules the helicity rises to 62%, 55%,
47%, and 37% for GF solubilized in DM, SDS, OG, and SDS/urea, respectively. Therefore,
the CCA-derived helical contents of DM-solubilized GF are in good agreement with the
AQP1 and GF diffraction data, suggesting that GF is in a native-like state in DM. Indeed,
that SDS-solubilized GF retains 55% helix suggests that GF remains highly folded in this

detergent. One possibility is that in SDS the 3 short loop helices are denatured whereas the

1. 1 have adopted the nomenclature used by Murata et al. [66], i.e. the helix and loop nomenclature is the
same as for AQP1 (see Sections 1.3.3 and 1.4.5)
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transmembrane helices are retained. This would provide an expected helical content of

approximately 58%.

4.2.3 GF Tertiary Structure

CD analysis of proteins in the near-UV region reveals tertiary organization. The CD
measurable transitions arise from the aromatic amino-acid side chains that are being held
in a rigid, asymmetric, electronic environment. However, because there are no deconvolu-
tion techniques available to extract detailed structural information from near-UV protein
CD spectra, analysis is limited to the determination of spectral, and therefore structural, dif-
ferences from sample to sample. The simple presence of a measurable near-UV CD spec-
trum is an immediate indication that a protein sample contains some organized tertiary
structure [121]. Judging from the near-UV spectra of GF solubilized in SDS and in DM the
protein has elements of tertiary structure in both detergents (see Figure 3-25). Comparison
of the near-UV CD spectra of GF also indicates that its tertiary structure is different in the
two detergents. The spectrum of DM-solubilized GF has more than twice the intensity of,
and is for the most part opposite in sign to, the SDS-solubilized spectrum. This suggests
that there are more side-chains fixed in a stable environment in the DM-solubilized protein
than in the SDS-solubilized protein. Furthermore since the measured CD spectrum is a sta-
tistical weight of all the components present the spectra suggest that the SDS-solubilized
GF is dynamic. The weights of all the conformations present in the sample effectively
reduce the intensity of the observed spectrum. Whether or not the DM-solubilized spectrum
represents native GF tertiary structure cannot be conclusively determined from the spectra,

and further analysis is required (see section 4.2.4). Nevertheless, the intensity of the DM-
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solubilized GF spectrum, compared to that in SDS, indicates that it is the most likely can-

didate for native tertiary structure.

One interpretation of the far- and near-UV CD results is that DM-solubilized GF
adopts one tertiary structure, while the sample in SDS is more flexible resulting in the aver-
aging of the CD signal to close to zero. It may be that SDS-solubilized GF adopts a molten-
globule like state. This is a compact, partly folded protein state with few tertiary interac-
tions and some secondary structure [209b]. This would yield protein with a measurable far-
UV CD spectrum (see Figures 3-20 and 3-21) and negligible near-UV CD spectrum (see

Figure 3-25).

4.2.4 Thermal Denaturation of GF

The regular arrangement of structural elements gives rise to the distinct CD bands
in both the near- and far-UV regions. Thus the loss of protein structure upon unfolding can
be followed by monitoring the changes in the CD bands that represent distinct structural
elements. For example, changes in secondary structure are monitored by changes in the a-
helix intensity at 208 nm and the tertiary structure is measured by following the Trp band
at 273 nm. The thermal unfolding of SDS and DM solubilized GF was monitored in this
manner (see Figures 3-27 and 3-29) in order to determine if there are any differences in the

stability of the molecules in the two environments.

Plotting the change in spectral intensity at 273 nm against the sample temperature
(see Figure 3-27) shows that only small changes in the SDS-solubilized sample occur over

the course of the experiment. On the other hand the DM-solubilized sample displays a sig-

1. Equation 1-29 is true for both far- and near-UV CD.
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moidal unfolding curve (see Figure 3-27). This suggests that the residual near-UV CD

spectrum in SDS is not reflecting an organized tertiary fold of the protein that can be dena-
tured by an elevation in temperature. In contrast, the DM-solubilized GF spectra show dra-
matic changes with increasing temperature and this suggests that GF loses tertiary structure

and unfolds at the elevated temperatures.

The effects of elevated temperature on GF-solubilized in SDS and DM, as moni-
tored by far-UV CD, are shown in Figure 3-28. Plotting the change in intensity at 208 nm
as a function of temperature (see Figure 3-29) indicates that both SDS- and DM-solubilized
GF display sigmoidal unfolding curves (see Figure 3-30 and 3-31) with T,;’s of 340 K and
321 K, respectively. Thus GF secondary structural elements are lost in both detergents
when the temperature is increased, as a consequence of thermal denaturation. That the mid-
point of the thermal denaturation of SDS-solubilized GF is 19 K higher than DM solubi-
lized protein indicates that secondary structure of GF solubilized in SDS is more stable and

may be more protected from temperature changes than when it is solubilized in DM.

Therefore, far-UV CD indicates that the GF structural elements in SDS and DM are
similar (see Table 3-2) but that the protein unfolds in the detergents in a slightly different
manner, reflected by the different T, values. Indeed, upon thermal denaturation the helical
contents in SDS- and DM-solubilized GF are reduced from 49% to 39% in SDS and from
55% to 32% in DM (determined by CCA analysis). Evidently, the protein in DM loses
twice as much secondary structure as that lost in SDS. In both cases, the residual helix con-
tent may reflect a stable core in the molecule that is more resistant to denaturation. Alter-

natively, aggregation of the protein (see below) at higher temperatures may complicate the
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interpretation of this result. Aggregation could protect some of the folded proteins from

unfolding.

4.3 Implications of GF Structure in Detergent and in
Vivo

4.3.1 Detergent Solubilized GF
There is considerable evidence that AQP1 [82, 83, 87, 88, 209a], AQP4 [210], and

AQPZ [58] are tetrameric molecules in membranes. Furthermore, purification and concen-
tration of AQP1 [49], AQPZ [166], and AQPO (MIP-26) [71] results in the production of
oligomers (dimer, trimer, tetramer, and sometimes higher oligomers) observable in SDS-
PAGE. In fact, several other membrane proteins have been demonstrated to partially or
completely retain their membranous oligomeric state during SDS-PAGE including M13
coat protein [180], glycophorin A [181], the fusion domain of the HIV-1 envelope glyco-
protein (gp120-gp41) [182], and phospholamban [183]. In addition, differences observed
in the electrophoretic mobilities of urea-unfolded and detergent-solubilized mitochondrial
voltage-dependent anion channel porin on SDS-PAGE strongly suggest that elements of
the tertiary structure of this $-barrel membrane protein are preserved during SDS-PAGE
[211]. The observation that GF has only slightly less helical content in SDS than DM sup-
ports the idea that membrane proteins dissolved in SDS retain some elements of native
structure during polyacrylamide-gel electrophoresis. On the other hand, oligomers of GF
in SDS-PAGE are observed after the following denaturing treatments: heating in SDS,
extraction of SDS-soluble protein with urea, addition of urea to DM-solubilized protein,
elevation of pH in OG-solubilized protein, dialysis of OG-solubilized protein, and extrac-

tion of GF with LDAO. That heating and urea can induce oligomerization suggests that
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these oligomers arise following partial or complete denaturation of the protein and this data
is supported by the observation of lower helix content in these samples, i.e. SDS/urea
extracted GF has 32% helix and heat denatured GF has 31-38% helix. However, dimeric
facilitator is observed to form in the absence of any denaturing agents (SDS, urea, heating)
when the protein is solubilized in DM and is particularly abundant in highly concentrated

solutions (see Figure 3-14B).

The strongly denaturing effects of SDS [1, 2, 186] have made it useful in the elec-
trophoresis of proteins. A widely accepted model states that SDS disrupts tertiary interac-
tions and increases helical content of water-soluble, globular proteins yielding rod-like
proteins coated with SDS at a 1.4:1.0 ratio (w/w) [146b, 158]. The idea that GF secondary
structure is retained when solubilized in SDS may be surprising. However, SDS is not a
universal denaturant [180-182], and the retention of secondary structure in SDS solutions
has been observed for other membrane proteins including neuraminidase of influenza virus
[212], alkaline phosphatase in liver cell plasma membranes [213], and phospholipase Al
of E. coli cell membranes [214]. In the light of these observations then is is not too surpris-
ing that SDS does not significantly denature GF secondary structure to any greater extent
than DM. Indeed, comparison of the experimental helical contents of 53-62% (adjusted to
account for the N-terminal Hisg-17 tag), to the expected helix content of 67% based on the

crystal structure [110], suggests that GF may be in a native-like state in both detergents.

The far-UV CD spectra of SDS- and DM-solubilized GF show that the heat dena-
tured proteins have a relatively featureless spectrum in the 240-200 nm region having lost
the distinct 208 and 222 nm bands (Figure 3-29A and B, 80°C spectrum). The similarities

between these CD spectra and those of SDS/urea (see Figure 3-19B) and OG (Figure 3-
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22B) solubilized GF suggest that SDS/urea- and OG-solubilized GF are not in a native con-
formation and are likely partially unfolded. The finding that urea can induce protein dena-
turation is expected [186], and the dual action of SDS and urea would be expected to
denature most proteins. Furthermore, the inability of OG to maintain GF in a native con-
formation is, as mentioned above, a likely consequence of the short 8 carbon acyl chain that
constitutes the hydrophobic tail of OG (Section 4.1.3). That OG-solubilized GF forms high
molecular weight aggregates (Figure 3-10), whilst in SDS/urea extracted GF the highest
molecular weight species is a tetramer (see Figure 3-9, lane 1), may be a consequence of
the highly denaturing and disaggregating effects of SDS and urea and reflects the greater

ability of SDS in maintaining GF in a soluble and (in this case) denatured state.

The thermal denaturation of SDS- and DM-solubilized GF, monitored by CD, also
illustrates the different influence of these detergents on GF structure. In essence, DM
appears to promote the retention of both 2° and 3° structure when it is used for extraction
and purification of GF, whereas the SDS extracted and purified protein retains only second-
ary structural elements. That GF retains secondary but not tertiary structure in SDS is an
indication that the protein may adopt a molten globule-like state. The mid-point of the ther-
mally induced unfolding transition (7},) for GF (321 K), determined by far-UV CD analy-
sis, suggests that DM-solubilized GF loses secondary structure at a lower temperature than
in SDS (340 K) even though it may contain greater tertiary structure. This may be due to
an increase in the “protective” or stabilizing effect of SDS on GF secondary structure. Since
transmembrane helices may fold independently of one another, the higher T;,, in SDS may
also indicate that, relative to DM-solubilized GF, GF in SDS is already partially denatured.

So weakly stable secondary structure in DM unfolds at lower temperatures but is absent in
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SDS. This would explain the lower helix content of GF solubilized in SDS (48-49%) com-

pared to DM (50-55%) as a partial loss of native helix content.

One model of protein folding suggests that the different levels of protein structure
form in a cooperative manner with secondary structure forming first, followed by tertiary
and quaternary structure [132]. Protein unfolding can then be expected to proceed in a
reverse, but also cooperative, manner. The thermal denaturation analysis of GF in DM indi-
cates that the loss of secondary structure has a T, of 320 K and tertiary structure unfolds
with a T, of 327 K. The implication is that secondary structure is lost before tertiary struc-
ture, which is highly unlikely. What the CD spectra, both near- and far-UV, do not indicate
is the presence or absence of GF oligomers (dimer, trimer, and tetramer) in the protein prep-
aration. Furthermore, the two sets of spectra were acquired on samples that differed in con-
centration by approximately 10 fold. High GF concentrations have been shown to induce
GF oligomerization when it is solubilized in DM (see Figure 3-14, lane 5). Therefore, the
elevation in the T, of unfolding as determined by near-UV CD, compared to far-UV CD,
may reflect a higher proportion of oligomerized protein at the higher concentration. Oligo-
merization may prevent disruption of tertiary structure until the oligomers have dissociated
into monomers thereby elevating the T, for unfolding compared to preparations of mono-
meric (i.e. less concentrated) protein. It must also be pointed out that owing to a lack of
points at higher temperatures the goodness of fit of the near-UV CD data is poorer than for
the far-UV CD data and therefore the measured difference in Ty, may be smaller than sug-

gested.

The measured transition of GF from “folded” to “unfolded” states resulted in a

majority of data points within the transition region that are at lower temperatures for both
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SDS solubilized GF measured by far-UV CD (see Figures 3-30) and DM-solubilized GF
measured by near-UV (see Figure 3-32). This may indicate that the measured transition for
SDS-solubilized GF is not a cooperative unfolding, but that the ellipticity loss reflects
aggregation of GF at the elevated temperature (see Figure 3-15), or that the loss of tertiary

structure of GF in DM is abrupt.

The structural stability of GF in any of the detergents tested is not high. This relative
instability may reflect the removal of a lipid or protein “co-factor” present in intact E. coli
cells but lost upon extraction and purification of the facilitator, thus leading to a reduction
in the structural stability of detergent-solubilized GF. The data indicate that GF may not be
fully folded when solubilized in DM or that in DM the protein is less stable than in a
bilayer. Indeed, the apparent absence of GF oligomers in Xenopus oocyte membranes [215]
suggests that oligomerization is weak and raises the possibility that lipid or other compo-
nents of the E. coli membrane may play a role in the stabilization of the protein’s confor-
mation as suggested by Truniger and Boos [216]. Further, the fraction of glycerol facilitator
present as oligomer in SDS-PAGE is smaller than that reported for AQPZ [166], suggesting
that the oligomerization of the bacterial facilitator is weaker than that of the bacterial water
channel. That GF can be visualized, via SDS-PAGE, in a monomeric form at low protein
concentrations in all detergents, in the absence of denaturant, agrees with the work of
Lagree and colleagues who show that GF is monomeric in detergent [185, 215]. Further-
more, Borgnia and Agre [217] recently showed that GF can be isolated in monomeric form
by sedimentation of GF solubilized in OG directly from bacterial membranes, whereas GF
behaves as a multisubunit oligomer when studied by selective adsorption and elution from

Ni2*-NTA. They conclude that GF exists in multiple oligomeric states, that GF tetramers
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are stabilized while in the membrane and during affinity purification, and that the affinity
of the GF monomer-dimer-tetramer association is lower than that for AQPZ. Thus, our
observations of the appearance of GF oligomers under a variety of conditions, with tet-
ramer representing the highest molecular weight species in non-denaturing situations, sug-
gests that it is not only the detergent that reduces GF structural stability, but that GF tends

to form weakly associated oligomers with the predominant species being tetrameric.

4.3.2 Membrane Embedded GF

We originally proposed that the state of GF in vivo is tetrameric, based on our obser-
vations of tetramers on SDS-PAGE and on the data acquired on AQP1 [83]. In order to
investigate the possibility that the native state of GF is tetrameric, a cross-linking analysis
experiment was performed. Cross-linking was achieved using the lipophilic cross linkers
DSS and DSG, and the hydrophilic cross-linker BS. Each cross-linking study indicated the
appearance of dimer, trimer, and tetramer within the first 30 minutes of cross-linking (see
Figure 3-11). The rapid appearance of GF tetramer and the absence of higher-molecular
weight species, even after 24 hours, is an indication that cross-linking is specific [218]. If
cross-linking were non-specific the immuno-detected monomer, dimer, trimer, and tet-
ramer bands would either not have been well resolved and appeared as multiplets, or would
not have been differentiated from the background, due to the cross-linking of molecules of
various sizes to GF. The cross-linking data, therefore, suggest that GF exists as a dimer or
tetramer in its native membrane state. This conclusion is in good agreement with the
recently published paper by Fu et al. [110] which shows that GF crystallizes as a tetramer.
It also agrees Borgnia and Agre [217] who showed that GF can be extracted from the mem-

brane in a tetrameric state.

165



4.3.3 Is GF Structure and Function Related to External Glycerol
Concentrations and Glycerol Kinase Activity?
The data presented above suggest that the oligomeric state of GF is a weakly asso-

ciated tetramer in its native membrane environment. What might be the evolutionary reason
for this? It has been proposed that oligomerization of porin proteins as trimers [211] per-
mits the formation of a large inter-molecular hydrophobic core that stabilizes the protein
fold and this advantage may also be applicable to the GF tetramer. However, if the protein
is more stable as a tetramer than a monomer, why has it not evolved into a stable tetrameric
structure? Why is it advantageous for GF to form weakly associated tetramers? The answer
may be related to an association between the glycerol facilitator and its genetic neighbour,
glycerol kinase (GK). After entry into the E. coli cytoplasm, glycerol is phosphorylated by
the glycerol kinase (GK) [95] to sn-glycerol-3-phosphate (G3P) and is then available for
use as a carbon source. GK shows complex regulatory behaviour and is functional in both
a dimeric and tetrameric form [102]. Fructose 1,6-bisphosphate and the phosphoenolpyru-
vate phosphotransferase protein IIAC are both allosteric inhibitors of GK, and bind at dif-
ferent sites [103, 104]. Two molecules of fructose 1,6-bisphosphate bind to the GK
tetramer locking it in the tetrameric conformation in an inactive state [103], while the phos-
phocarrier protein IIA S binds to each monomer [105]. There has been considerable spec-
ulation and some kinetic evidence that GK exists in close association with GF at the inner
membrane and that the kinase may be regulated by interacﬁon with the facilitator (see Sec-
tion 1.4.2) [100]. This has been compared to the interactions of hexokinase and glycerol
kinase with their respective mitochondrial porins [101]. If the facilitator and kinase do
interact at the membrane, then the changing oligomeric state of GK could have an influence

on the oligomeric state of the facilitator, or conversely GF may exert some influence on GK
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oligomeric state. Assuming a 1:1 interaction between the two proteins, then both the dimer
and tetramer states of GK could have access to glycerol from the associated GF dimer and

tetramer, respectively (see Figure 4-1). This would not be possible if GF formed very

GLYCEROL GLYCEROL

VAN
%

Figure 4-1. Diagrammatic representation of the possible GK-GF
tetramer-dimer association.

strong tetramers or if GF could not oligomerize at all, and may explain why GF oligomers
are only observed in cross-linking studies or at high protein concentrations. Thus, the weak-
ness of the self-association of GF, in comparison to some of the aquaporins, may reflect the
fact that some oligomerization determinants (such as GK or native membrane lipids as

mentioned above) are absent from detergent preparations.
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CHAPTER 5
FUTURE WORK

Ideally, the structural analysis of GF would be performed using techniques that can
provide information at atomic resolution. Techniques such as NMR and X-ray diffraction
are commonly used to provide this level of information for water-soluble proteins, but are
more difficult to perform on membrane proteins. Detergent micelles often lead to line-
width broadening and reduction of spectral resolution in NMR analysis [139], and in crys-
tallography many attempts to form 3-dimensional crystals of membrane proteins have
resulted in protein precipitation [27]. One goal of this work was to purify glycerol facilita-
tor for NMR analysis, however early results suggested that GF tended to form high molec-
ular weight oligomers which would compound the line-width problem in NMR analysis.
Thus, MALDI-TOFMS, circular dichroism, and chemical cross-linking were chosen as ini-

tial, low-resolution, biophysical analytical techniques.

The NMR analysis of detergent-solubilized GF, with the goal of structure determi-
nation at atomic resolution, is not feasible at this point in the research project. The oligo-
meric state of GF, and conditions affecting it, are not yet fully understood. What is known
is that conditions such as increasing the sample temperature (see Figure 3-16) or the addi-
tion of urea (see Figures 3-13 and 3-14) cause immediate denaturation and aggregation.
Also evident is that the choice of detergent affects the oligomeric state, such that OG-sol-
ubilized GF aggregates upon perturbation (see Figure 3-11), GF is in a molten globule-like
state in SDS, and DM-solubilized GF is in a native state. However, GF does form oligomers
at the protein concentrations required for NMR analysis when solubilized in both SDS and
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DM (see Figure 3-15). Therefore, the conditions promoting stable monomer formation

must be determined and understood before NMR structural analysis can be started.

3.1 Suggestions for Future Work

There are many avenues open to advance this research project. Initially, steps to
improve the expression levels should be examined. Evidence exists that upon induction of
protein overexpression in the pET system, the mRNA levels of the recombinant protein
increase at a faster rate than native mRNA. As a result, the newly transcribed mRNA is
often left unprotected by ribosomes, and is rapidly degraded by endonuclease RNaseE,
indirectly reducing expression levels [204]. A new strain of E. coli has recently been made
available from Invitrogen that has a mutation in the rne gene, that encodes RNaseE. The
strain, BL21 Star™ (DE3) with and without pLysS, has been shown to increase protein
yields from two- to ten-fold for 70% of the proteins tested [220]. Whether this would
increase the yield of GF is not known. It is quite possible that the addition of rifampicin to
the growing culture in the optimized protocol is indirectly increasing the level of successful
translation by stopping production of native RNaseE. However, since increasing the incu-
bation time after rifampicin addition does not increase GF yield, inhibiting bacterial protein
synthesis may be detrimental to GF expression. This limitation mi ght be removed using the
BL21 Star™ (DE3)pLysS strain, leading to further simplification and enhancement of the

GF expression protocol.

There is also some room for improvement in the procedure for extraction of GF
from the E. coli membrane. The results have shown that the length of the detergent acyl
chain influences the stability of GF in solution. My data suggest that the 8 carbon chain of

OG is too short to keep GF from denaturing and aggregating even under very gentle con-
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ditions, i.e. slow dialysis to remove OG in the presence of phospholipid vesicles. This
reflects the lack of a sufficiently hydrophobic environment in which the solubilized GF can
be maintained. We found GF to be stable in DM but we did not explore detergents with
longer acyl chains, such as tetradecyl-maltoside (TM), for the extraction and structural
analysis of GF. An additional benefit of this detergent may be a slight reduction in the
micelle size and hence the micelle weight, since the CMC for TM is one-tenth that of DM
and the monomer mass difference is only 28 Da and the aggregation number and micelle
mass would thus be lower (see Section 1.1.2.1). This would be advantageous for NMR
analysis, as the weight reduction of the protein/detergent complex would improve spectral

resolution (by decreasing the correlation time) [221].

The xylitol-transport assay of whole cells induced to express GF has shown that the
recombinant protein is functionally identical to native GF. It is not known, however,
whether the detergent extracted and IMAC purified GF remains in a functional state. To
establish that detergent purified GF is in a native state, and that the structural data presented
in this thesis represents the native structure, it is necessary to reconstitute the purified pro-
tein into liposomes and assay the ability of the proteoliposomes to equilibrate a xylitol gra-
dient. The detergents preferred for such studies are those with high CMCs, as complete
removal of the detergent by dialysis would be possible. The production of GF proteolipo-
somes was attempted using OG solubilized GF, but as described earlier GF is not very
stable when solubilized in OG and rapidly aggregates. However, another detergent often
used for membrane protein purification and reconstitution is the bile acid sodium cholate
[222]. The purification and reconstitution of GF should be attempted in sodium cholate and

those preparations used to reconstitute the protein into proteoliposomes, in an effort to
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show that GF can be purified in its native state. Acquisition of far- and near-UV CD spectra
of GF in proteoliposomes would aid assessment of the state of the protein in DM and other

detergents.

Recombinant GF has been demonstrated to be functionally identical to that of wild-
type GF. Furthermore, the quaternary structure of native, membrane-embedded GF has
been shown to be tetrameric. There is considerable evidence that the AQP1 tetramer repre-
sents the functional unit of the protein [82-84, 223], and also that the activity of GK is
related to GF, but it is not known if the functional state of GF is the tetramer. Because cross-
linking GF in the native membrane has provided the evidence that GF can form a tetrameric
species, further analysis of the cross-linked protein may provide an insight into the quater-
nary state of GF, indicating whether GF is still functional after the tetramer has been fixed
by cross-linking. In other words, it may be possible to prepare membrane vesicles contain-
ing GF from crude membrane preparations, to cross-link the GF, and to assay the ability of

the vesicles to equilibrate a xylitol gradient.

A further extension to the cross-linking studies would be to cross-link GF in the
detergent micelle. This could provide a view into the quaternary state of the protein in
detergent. Thus far, all inferences about the quaternary state have been based on SDS-
PAGE analysis and cross-linking in the native membrane, and have provided evidence that
GF can form tetramers in detergent and is tetrameric in the membrane. The SDS-PAGE
gels reveal what the state of GF is after the gel sample has been prepared and electrophore-
sed in the presence of SDS. Cross-linking GF in the detergent micelle prior to electrophore-
sis, in the absence of any denaturing agent, may provide an indication of the quaternary

state of detergent-solubilized GF. These cross-linking studies combined with a gel filtration
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study should allow the separation of micelles or proteoliposomes containing high molecu-

lar weight forms of GF from monomers.

The secondary structure of GF has been determined using circular dichroism, and
the results agree well with the secondary structural elements observed in the X-ray crystal
structure [110]. It would be advantageous to confirm our assessments of secondary struc-
ture by CD with those obtained by infrared (IR) spectroscopy. There are well characterized
relationships between the position of the amide I bands in an IR spectrum and the type of
secondary structure [119] making IR analysis an attractive technique for confirmation of

GF secondary structure in detergent.

It is interesting to note that neither the CD analysis of GF nor the crosslinking was
performed in the presence of glycerol. As the natural substrate of GF, it would seem rea-
sonable that the addition of glycerol to the buffer during structural analysis may have an
affect on monomer structure, and may provide a means of stabilizing GF structure. It is
doubtful, however, that glycerol would have any affect on GF quaternary structure, as the

functional unit of GF is the monomer.

There have been several advances in the study of membrane proteins by NMR in
recent years. Advances in LN, 13C and ?H labeling provide hope for the analysis of larger
proteins and protein complexes. The development of 3-dimensional and 4-dimensional het-
eronuclear NMR methods have extended the mass range for structure determination of pro-
teins by NMR spectroscopy to 48 kDa [224-226]. Random fractional deuteration of
proteins uniformly labelled with 5N and 13C reduces heteronuclear relaxation rates so that
high quality spectra can be obtained for proteins in the range of 30-40- kDa [139, 227]. This

mass range is sufficient for rapid determination of the overall protein folding, and is a rea-
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sonable approach for the NMR analysis of the 33 kDa GF monomer in detergent micelles.
Thus, in principle, NMR methods are available for the study of detergent solubilized GF.
However, it is important that the propensity for GF to form different oligomeric species be

addressed first (see above).

It may also be possible to take advantage of the rifampicin inhibition of bacterial
protein synthesis for the preparation of isotopically labeled GF. Labelling recombinant pro-
teins with 1°N or 1>C can be costly, since the isotopes must be added to the growing culture
in the form of expensive isotopically labelled nutrients such as 13C—glucose or 15N-glycine:.
Further the addition of the isotopically labelled nutrients results in the incorporation of the
isotopes into the recombinant protein, but does not stop their incorporation into bacterial
proteins. The addition of the labelled nutrients after the inhibition of bacterial protein syn-
thesis with rifampicin may provide a means of specifically targeting the recombinant pro-

tein for isotope labelling.

The solution of the AQP1 and GF crystal structures, by cryoelectron and X-ray
crystallography respectively, has shed light on the selectivity and transport mechanisms in
the MIP family [66, 110, 209a]. It is somewhat surprising, however, that their channel
structures are amazingly similar, although the channel specificities are quite different. Both
structures show the half-helices HB and HE! meeting in the center of the channel at a point
of constriction (3 A in AQP1 and 3.5 A in GF), and that the helix dipoles generate a positive
electrostatic field because the N-termini of both helices are in the center of the channel. In
both cases the channels present hydrogen bond donors and acceptors on one side and

hydrophobic residues on the other, forcing strict orientation of the permeant molecules, i.e.

1. I have chosen to use the nomenclature from Murata ef al. [66]
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the oxygens of the water molecules face the hydrogen bond donors and the water hydrogens
face the hydrophobic wall, and the hydroxyls of the glycerol molecules face the hydrogen
bonding residues forcing the alkyl backbone to contact the hydrophobic wall. Early work

on the pore specificities of the MIP superfamily suggested that the pore diameter may be

the major selective mechanism employed by the family [70], and since the AQP1 [66] and
GF [110] crystal structures show no significant differences other than their pore diameters,
this suggestion has become an attractive theory for further investigation. As the pore diam-
eter of GF is greater than that of AQP1, by 0.5 A, it may be possible to switch the pore spec-
ificity from glycerol to water by increasing the size of the residues flanking the GF pore.

This would provide evidence that the pore diameter, rather than the specific residues lining

it, is responsible for selectivity in the MIP family of proteins.
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