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ABSTRACT

Proteorhodopsin (pR) is an intrinsic membrane protein with an important role in
solar-energy storage of the biosphere. Earlier work in our lab has shown that
polyhistidine-tagged pR can be purified by means of selective precipitatiociwate
under specific conditions, as can a number of mutants based on thiaddied pR.
Purification of a heterologously-expressed trans-membrane proteisiimpke salt such
as citrate is novel. However, such a phenomenon leads to several questions: How does
citrate cause pR precipitation? Does the polyhistidine-tag assist in poeti@itation? Is
this precipitation pH-specific? Does citrate affect the function of pR? Btrate-
induced pR precipitation have any biological significance? Are there othehetrsould

cause pR precipitation?

This dissertation focuses on understanding the nature of the interaction of pR with
citrate and other anions, and in particular on trying to take advantage of thistiomeirac
order to develop a novel membrane protein purification method. The end goal that
branches out of these two aims is to utilize the compact citrate inberade identified
in pR, by incorporating it into other membrane proteins and using it to permit their

purification by similar simple procedures.

In Chapter 1, | briefly provide some background information on the wide variety

of structurally-similar proteins as rhodopsins that include pR. | also deshelgeneral



importance of developing purification methods for 7-helix membrane proteins, mgludi

pR.

Chapter 2 focuses on the investigation of the nature of citrate-binding site of pR
To address the main question of how citrate aids in pR purification, site-directed
mutagenesis technique was applied to generate several single, double, triple glgquadr
mutants of pR in a histidine-tag free background, which were then tested for their
reactivity to citrate. Several different anions were tested to exahprecipitation of pR
was specific to citrate or whether the precipitation is susceptildther negatively
charged salts. Photocycle of pR progresses through several intermediatesith a
distinct absorption maximum (described in subsection 1.3.1). M-intermediate i®detect
at pH> 8 with Amax= 410 nm. Flash spectroscopy involves excitation of pR at a particular
wavelength that leads to transient absorption, thus, signaling the formation of the
corresponding intermediate. Flash-induced transient visible absorption measisrem

were used to assay the effect of exposing pR to citrate on its physiologicibn.

Chapter 3 describes the development of a method of purification of pR using
simple salts, citrate and phosphate. Chapter 4 begins an exploration of a futuiendirect
The ultimate objective is to apply the above techniques for the general purposeinf 7-hel
membrane protein purification, especially for the important class of pharogazad!
receptors known as GPCRs. An attempt at heterologous expresEiaoin and
purification, of a mammalian GPCR, is described therein. Such a method would be

desirable for obtaining proteins for structural, functional and pharmacadlsgickes.
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Chapter 1

1. INTRODUCTION

1.1 General Background
1.1.1 Rhodopsins

Proteorhodopsin belongs to a large group of proteins, called rhodopsins, found in
all domains of life. Rhodopsins are also known as retinylidene proteins, because they
consist of the apoprotein opsin and chromophore retinal. They are hepta-helical trans-
membrane proteins that form an interior retinal binding pocket in the hydrophobic core of
the protein. The apoprotein is reversibly and covalently bound to its cofactor
chromophore retinal at a lysine residue via a protonated Schiff base (PSBglatka
evidenced by the shift in thg,ax« Rhodopsins, although they all share this common
architecture, include members of two distinct superfamilies of proteins, nvdk-get

uncertain phylogenetic relationship.

The first rhodopsin superfamily is often referred to as type 1 rhodopsins or,
alternatively, as the microbial rhodopsins. Some of these trans-membramesgnates a
purely sensory function, apparently including some types of pR [HillebreRhtel al .,
200; Kunz W. gt al., 2004; Spudich J. L., 2006]. However, most pR proteins are
included among the energy-transducing microbial rhodopsins, which act as gimt-dr

ion pumps. That is, they translocate ions, generally protons or chloride ioss e



membrane generating an ion gradient. This electrochemical gragltbehi coupled to

ATP synthase that synthesizes the energy-rich molecule ATP. Exampleteinc
bacteriorhodopsin, a proton pump in Archea; halorhodopsin, a chloride pump in Archea,;
and proteorhodopsin (pR), a proton pump in Bacteria. The microbial rhodopsins are
distributed broadly among the three kingdoms of life. This widespread distribuies rai
the question of whether they were present in the last common ancestor to both Archea
and Bacteria, or even the last universal common ancestor (LUCA) [Last&llN.2010].
There is yet little direct evidence for autotrophy based on microbial rhodd@ginmsez-
Consarnau Let al., 2007; Gémez-Consarnau dt.al., 2010] but that does not rule out

the likelihood that, before the advent of chlorophyll-based oxygenic-photosynthesis 2.4-
3.5 billion years ago, these ion pumps served a functional purpose in the process of sola

energy transformation [Hohmann-Marriott M. F. and Blankenship R. E., 2011].

Multicellular animals, including human beings, possess membrane proteins in the
other major family of rhodopsins, often referred to as type 2 rhodopsins. These are the
visual-pigment rhodopsins. The visual rhodopsins are in the G-protein coupled receptor
(GPCR) superfamily, but are also photoreceptor proteins that contain retinamant
derivative, as their photo-pigment. Retinal has an absorption maximusgat380 nm
when measured as the free aldehyde in ethanol, but exhibits different absorpiioa ma
when it forms a protonated Schiff base chromophore linked to different opsins. This
absorption maxima shift is also responsible for color vision. Rhodopsins in animals

(including both vertebrates and multicellular invertebrates) are respoaosiigléor the



function of vision, unlike the microbial rhodopsins that are also involved in photo-

transformation of energy as discussed above.

Figure 1.1 shows the different regions at which a variety of microbial and visua

rhodopsins, as well as other pigments, exhibit maximum absorption.

Phyreocyaning 614 nn

Chlorophyll 450 nrm Chlorophyll 665 nm
Bacteriochloroplorll =200 o
/\ SRI 587
SEIT 487 nm HE. 5?6
W 3PE. 520 . BE 562 nm
N

|
400 500 600 700

Wavelength (nanometers)

Fig. 1.1: Absorption maxima of various rhodopsins and other
photopigments: SR refers to sensory rhodopsin, pR is proteorhodopsin
which is divided into Green-absorbing pR (GPR) or Blue-absorbing pR
(BPR), and HR is halorhodopsin.

1.1.2 Microbial rhodopsins

Only recently were homologs of archaeal rhodopsins discovered in the domains
Bacteria and Eukarya. Proteorhodopsin (pR), the first example of which was found in
oceanic proteobacteria in 2000 [Béja @al., 2000], is a light-driven proton pump that
functions like its homolog bacteriorhodopsin (BR) (see below). However, its absorption

maxima are dependent on the aquatic environment in which it is found. The variants of



pR are either green-absorbing pR wWithx = 525 nm or blue-absorbing pR withax =

490 nm.

There is an extensive older literature on the archaeal homologs of pR, because the
first four microbial rhodopsins were discovered in the domain Archea, spegyificall
Halobacterium salinarum and a number of closely related halophilic species. Two of
them are light driven pumps viz., bacteriorhodopsin (BR) and halorhodopsin (HR), and

the other two are phototaxis receptors, namely sensory rhodopsin (SR) I, and SR 1l

Archeal rhodopsins show 80% identity in the 22 residues that form the retinal
binding pockets in BR, HR and SRII (Fig.1.2). However, outside the pocket, there is
limited identity between the amino acids. A homolog foundatronobacteria
pharaonis (NpSRII) shares only 27% identity to BR in the overall primary sequence, and
only ~40% identity with other halobacterial sensory rhodopsins [Spudich J. L. and Jung

K. H., 2005].

The archaeal homolog of pR, bacteriorhodopsin (BR), is the prototype of a
microbial rhodopsin, having been the first one discovered in the 1970s. BR is a light-
driven proton pump whereas HR is a light-driven chloride pump. BR pumps proton to the
outside of the cell whereas HR pumps chloride inside the cell. Both these pumps
hyperpolarize the cell by generating a positive charge outside théhaslireating an

inwardly directed proton motive force (pmf). Their absorption maxima are irr¢leag



orange region of the spectrum [Varé G., 2000] with BR absorbikg.,at 568 nm

[Albeck A., et al., 1989] and HR atnax= 576 nm [Stenkamp R. E&t al., 2002].

Sensory rhodopsins sense the changes in the intensity or the color of light and
then produce signals that affect the flagellar rotor, i.e. the archaésakeathming
behavior. SR | attracts halobacteria towards orange light and away frorfuhlaiv-
light [Spudich J. L. and Bogomolni R. A., 1984]. SR Il is expressed only during the
aerobic growth when the cells are not dependent on light for their energyel sety a
repellent function [Takahashi T al., 1990]. InH. salinarum, sensory rhodopsin SRI
absorbs maximally atnax= 587 nm [Spudich J. L. and Bogomolni R. A., 1984] whereas

the SR Il absorbs atha= 487 nm.

The crystal structure of BR has been elucidated [Subramaniam S. and ldenders
R., 2000], and its photocycle has been understood quite well [Heberle J., 2000; Lanyi J.
K., 2006]. In BR and pR, the retinylidene chromophore alternates betweesnalénd
13-cisisomers (Fig. 1.4). Crystal structures of HR [Kolbe #&al., 2000]and SRII

[Gordeliy V. I.,et al., 2002] are also known (Fig. 1.3).
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Fig. 1.2: Multiple sequence alignment of rhodopsinsthe conserved residues are
shown in red. The following rhodopsins are used for comparison: Sensory rhodbpsins
of Natronomonas pharaonis, Haloarcula and Halobacteria, ion pumps of
bacteriorhodopsin (proton pump), halorhodopsin (chloride pump), proteorhodopsin
(proton pump), sensory rhodopsinArfabaena and eukaryotic GPCR, bovine rhodopsin.
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a.HR b.BR C.SRII d. Bovine rhodopsin

Fig. 1.3: Crystal structures of rhodopsins with Protein Data Bank (PDB) nmbers:

These rhodopsins serve different functions but share the same overall topology of
heptahelical trans-membrane structure. (a) HR PDB: Hl8pacterium salinarum)

transports chloride into the cytoplasm from extracellular medium, (b) BR PBEBB
(Halobacterium salinarum) pumps proton from cytoplasmic side to the outside of the

cell, (c) SRII PDB: 1H2SNatronomonas pharaonis) senses harmful light and repels the
cells away to a safer environment, (d) Bovine rhodopsin PDB: 1F88 is a G-Protein
Coupled Receptor (GPCR). The PDB files show a dimer of bovine rhodopsin crystal. The
above PDB files were manipulated with UCSF Chimera package (descridempierc?).
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Fig. 1.4: Structure of free retinal and retinal covalently bondedto lysine: In
microbial rhodopsinsAll-trans retinal (a) is converted to 18s retinal (b) upon photon
absorption. c. Structure of I8s retinal showing a protonated Schiff base linkage (PSB)
d. Structure of 13-cis retinal bonded to the Lysine via a protonatetf Bake linkage.
These structures were created in ChemSketch [ACD Labs].



1.2 Proteorhodopsin

Within the past decade it has been shown that among the type 1 rhodopsins, the
most abundant and widely distributed is proteorhodopsin. Proteorhodopsin was the first-
discovered eubacterial homolog of archael rhodopsins [Béfi &., 2000]. A bacterial
artificial chromosome (BAC) library of naturally occurring marineteaoplankton from
Monterey Bay was constructed and sequenced. Sequence analysis of a 130-kb genomic
fragment that encodes ribosomal RNA (rRNA) operon from an as-yet ivatedt
member of marine bacteria revealed a gene encoding a putative rhodopsin [B&g.O.,
2000]. The rRNA sequence on the same fragment identified the organysm as
proteobacteria belonging to SAR86 group. Hence, the protein was named

proteorhodopsin.

The native pR consists of 249 amino acids [Béjaetl., 2000]. The amino acid
composition as shown in Table 1.1 and the secondary structure is shown in Fig. 1.5A.
The active protein is covalently bound to its choromophorg&aik retinal at the
conserved lysine, Ly3", via a Schiff base linkage (Fig. 1.4). Proteorhodopsin has been
heterologously expressedHncoli, and addition of retinal to the pR expresdtgoli
bacteria causes a red-coloration of cells (Fig. 1.5B) with an absorptiomomaxat
520nm or 540nm depending on the pH. The residue that is responsible for the two
spectral forms is Asp97, the homolog of Asp85 in BR [Dioumaev At Hl., 2002]. The
Asp97 has to be deprotonated in order for pR to perform the photocycle function. Asp97
is deprotonated at pH 7 or above where pR exhibifs= 520 nm. Thus, it is the 520 nm

form of pR that is physiologically important.



Table 1.1: Amino acid composition of pR (ProtParam)

Number of
Amino acid amino acids Percent
present in pR | composition

Ala (A) 28 11.2
Arg (R) 4 1.6
Asn (N) 9 3.6
Asp (D) 8 3.2
Cys (C) 3 1.2
GIn (Q) 1 0.4
Glu (E) 7 2.8
Gly (G) 24 9.6

His (H) 1 0.4

lle (1) 19 7.6

Leu (L) 31 12.4
Lys (K) 8 3.2
Met (M) 10 4.0

Phe (F) 15 6.0
Pro (P) 6 2.4
Ser (S) 16 6.4
Thr (T) 14 5.6
Trp (W) 10 4.0
Tyr (Y) 14 5.6
Val (V) 21 8.4

Total 249 100

Total number of negatively charged residues (Asp + Glu): 15
Total number of positively charged residues (Arg + Lys): 12



Fig. 1.5: Secondary structure and color of pR: A) Secondary structure or pR:

Proteorhodopsin is a hepta-helical trans-membrane protein. The 7-helicdseteé la
from A-G. The N-terminus is on the extracellular side whereas the @Qatesrfaces the
cytoplasmic side of the cell. Lysiffé residue that forms a protonated Schiff base linkage
with retinal is depicted in blue color. Three cysteines depicted in yellomatiaed to
serine, pR is referred to as pR triple cysteine mutant (TBMUT5600 cells expressing
pR: The left tube shows cells that were induced with L-arabinose, the right tubs show
same cells after the addition af-trans retinal.C) pR TCM at pH 6 and 9: pR TCM
absorbs at differeniaxdepending on pH. This is due to the titration of D97 at higher
pH. High pH form is the physiologically active form that initiates the ptyatie of pR.
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1.2.1 Photocycle of pR

Due to a lack of a three-dimensional crystal structure of pR, the photocycle has
been studied using various biophysical techniques such as time-resolved and static
Fourier-transform infrared (FTIR) or visible spectroscopy, and fladheed laser
spectroscopy. In summary, the photocycle begins upon photon absorption, the retinal
chromophore undergoes isomerization alopg@,4 bond which leads to a
conformational change in the retinal form fromta#ins to 13<is [Friedrich T.et al.,
2002; Krebs R. Agt al., 2003]. The protein responds to change in the retinal
conformation by cycling through a series of intermediate stages nanied/iKN and O
[Béja O.,et al., 2000; Dioumaev A. Ket al., 2002; Friedrich Tet al., 2002; Varo6 G.¢et
al., 2003]. At the end of the cycle, the protein regains its original state and the retinal
chromophore thermally reisomerizes to antiahs state. The physical significance of
this photocycle is that a proton is pumped from the cytoplasm to the extracetlelaf si

the membrane. Fig. 1.6 illustrates the photocycle of pR.

The photocycle of pR is considered to be similar to its archeal homolog
bacteriorhodopsin (BR) [Béja G al., 2000] given the conservation of several
functionally important residues (Fig. 1.2). Lys231 (Lys216 in BR) present in theGelix
(Fig. 1.5A) forms a protonated Schiff base with retinal (Fig. 1.4). The pR with photo-
isomerized retinal is referred to as thatidte [Bergo V.et al., 2004; Dioumaev A. Ket
al., 2002]. There exists an L-state in BR but it has not been isolated kineticatiiglor ¢
trapped in pR yet, although its presence was clearly identifiable @résolved FTIR

spectral features that decay during the temporal rise of characterispedital features
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[Xiao Y., et al., 2004]. In addition, the multi-exponential pattern of K to M transition
implies the presence of an L-intermediate [Dioumaev Aetldl., 2002]. In the L-to-M
switch, the proton from the protonated Schiff base is transferred to a proton acceptor
Asp97, the homolog of Asp85 in BR [Béja @ al., 2000; Dioumaev A. Ket al., 2003;
Dioumaev A. K.et al., 2002; Friedrich Tet al., 2002]. Asp227 (Asp212 in BR) probably
in concert with another conserved residue Tyr200 (Tyr85 in BR) aids in providing the
environment for the proton channel from the Schiff base to the proton acceptor [Béja O.
et al., 2000; Heberle J., 2000]. Simultaneously, another proton is released to the
extracellular side during the formation of the M intermediate. Arg94 AngBR)
appears to be involved in the proton release mechanism at the extracelkilaefere

the proton uptake from the cytoplasm [GovindjeeeRal., 1996; Partha Ret al., 2005].

In the M-to-N transition, the Schiff base is reprotonated by the proton donor Glu108
(Asp96 in BR), located toward halfway between the Schiff base group and the
cytoplasmic side of the membrane [Dioumaev Aetdal., 2002]. The transition from N

to O [Béja O.gt al., 2000] involves protonation of Glu108, t&retinal returns to all-
trans state [Dioumaev A. Ket al., 2002] and the proton acceptor D97 becomes

deprotonated thus completing one photocycle. The proton pathway is shown in Fig. 1.7.

13
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Fig. 1.6: Photocycle of pRThe pR photocycle was elucidated by using
biophysical techniques such as time-resolved and static FT-IR oiirildisted

laser spectroscopy. The existence of some of the intermediates, ebgskeds
most strongly on evidence from the bR photocycle, and has not been directly
observable in pR. There is a possibility of existence of an intermediatedreL
and M, therefore, a space has been left. The same is true of the reversibility of
some of the steps shown. The time constant for K to M state is in tens of
milliseconds. Decay of half of M intermediate to N state is approximateiy.

The recovery of the native pR takes the longest time, approximately
corresponding to 200 ms.
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Fig. 1.7: Proton pathway of pR: Left: Homology model of pR based on
BR is shown with the important residues involved in proton pump colored
in red. The Homology model was made and manipulated as described in
Chapter 2Right: Only the residues are magnified here to show the proton
pathway. The numbers refer to the different intermediate’s i«

covalently bonded via protonated Schiff base linkage to retinal
chromophore that undergoes @lns to 11<€isisomerization upon photon
absorption (not shown). This is referred to as K state. (1) InLto M
transition, the Schiff base proton is transferred 1§ fhe proton acceptor
and another proton is simultaneously released at the extracellular side (2),
while D" is still protonated. (3) In M to N transition, Schiff base is
reprotonated from cytoplasmic side by the proton dofd%t &) In N to O
transition, E°®is reprotonated from the cytoplasm. At the end, the retinal
returns to its altrans state.

1.2.2 Energy transduction and proton pumping of pR

Several lines of evidence prove that pR functions as a proton pump and not as a

sensory rhodopsin. One characteristic difference between the sensory rhodogsins

proton-pumps is that the genes for sensory rhodopsins are generally locatedliyhy

near to, and co-transcribed with, genes that encode additional transduceispreésied
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to convert the signals detected by the sensory rhodopsins into physiological @espons
Htr is an example of such a co-transcribed regulator/transducer gend Sedtlal.,

1995; Yao V. J. and Spudich J. L., 1992]. Sensory rhodopsins generally exhibit light-
mediated proton pumping activity, but to a lesser degree, and only when the transducer is
removed [Bogomolni R. Aet al., 1994]. The proteorhodopsin geneyiproteobacteria

does not sit near arijtr-like gene. Additionally, pR-expressiikg coli cells clearly show

a net outward translocation of protons in the presence of retinal and light [BéjalQ.,
2000; Béja O.et al., 2001]. The transport of protons creates a proton gradient and proton
motive force (pmf) which generates membrane electrical potential, -20@amV, in
physiologically relevant range [Béja @t,al., 2000]. The pmf is utilized by the ATP
synthase to synthesize ATP that can be utilized by the cell for its enexdy. fég. 1.8

illustrates the mechanism of proton pump and energy production.

Furthermore, flash-induced absorption changes determined in heterologously
expressed. coli produced evidence of the existence of two intermediates, M and O
[Béja O.,et al., 2000]. Flash spectroscopy of native membranes of the bacterioplankton
samples from Monterey Bay also confirmed the photocycle charac®{Béja O.gt
al., 2001]. This also indicates that marine bacteria have pR as well as endogéanals ret
synthesizing genes for the pR to be able to function as a proton pump. Flash spectroscopy
also showed that pR is present at high density in these membranes to about*R x 10
molecules per cell [Béja Cgt al., 2001]. These facts show that pR is functional as a

proton pump in its native environment.
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The ion pumps differ from sensory rhodopsins with respect to the photocycle
kinetics. The ion pumps such as BR and HR have faster photocycling rates. They sho
photocycle with a half-time typically ~20 ms whereas the sensory rhod@pdiitst
photocycle half-time >300 ms [Hoff W. Det al., 1997]. This large kinetic difference is
significant because the proton-pumping is efficient at a faster photocyatmwhereas
the slow rate is important for the light-sensing function of the sensory rhodopisens
photochemical reaction cycle of pR has been estimated to be 20-45 ms [Bfjd O.,

2000], yet another fact that confirms the light-dependent proton-pumping function of pR

BR and pR contain a proton donor Asp96 (BR) or Glu108 (pR) [Dioumaev A. K.
et al., 2002] whereas the haloarcheal sensory rhodopsins lack a corresponding proton
donor carboxylate group. They contain Tyr or Phe in that position. The significance of
proton donor in the pumps lies in the fact that an immediate proton transfer to the
unprotonated Schiff base intermediate, M, improves the pumping efficiency lirgpee
up the decay of M. In the sensory rhodopsins, the M intermediate is a signaliragstate
shown for SRI [Spudich J. L. and Jung K. H., 2005]. The longer lifetime of the M
intermediate is advantageous for the signaling efficiency and therefotackhaf a

proton donor is beneficial.

It should however be noted that although the photocycling rates are considered a
criterion for distinction between the transport proteins and sensory proteins imAtche
is not generally true for the proteorhodopsin. The pR proton-pump found on surface

waters of Monterey Bay shows a faster rate of ~20 ms whereas the pRparotpn
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found at a depth of 75 m from Hawaiian Ocean-Time station exhibits ~10-fold ddéere

in its rate, showing a slower rate [Wang W. W al., 2003].

ADP +Pi ATP

) &

Cyioplasmic side

Fig. 1.8: Proton pump coupled to ATP synthesistabel 1 shows pR that
absorbs sunlight and functions as a proton pump. Label 2 shows the expelled
protons thagenerate a proton gradient that creates a proton motive force (pmf).
Label 3 represents ATP synthase that utilizes this pmf to synthegizernérgy
ATP (labeled as 5) from a lower energy metabolic intermediate ADEI¢d as

4).
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1.3  Visual rhodopsins

Mammalian rhodopsins are found in the photoreceptor cells, rods and cones, of
the retina and are responsible for vision in vertebrates. They are sevemérabsane:-
helical proteins that bind to Idsretinal. Photon absorption by the chromophore&i$1-
retinal isomerizes it to atkans form which is the first step of the photochemical reaction
cycle, also known as photocycle. The isomerization of retinal causes condoahat
changes in the structure of rhodopsin, eventually leading to the formation of an
intermediate metarhodopsin | which becomes deprotonated to give metarhoddpsin |l
photoactivated rhodopsin which initiates an enzymatic cascade. While the cascade i
motion, the metarhodopsin Il is hydrolyzed into opsin anttatis retinal which diffuses
away as it cannot fit into the binding site of tisretinal. All4rans retinal is then
converted to 1Lisretinal by the action of several enzymes leading to the regeneration of

rhodopsin. [Stryer L]

Each photoactiavated rhodopsin catalyzes the activation of multiple copines of t
G-protein known as transducin, which initiates a further amplifying cascade tbadti
enzymes, eventually leading to the closure of ion channels in the membrane, leading t
the hyperpolarization of the rod cell, a neuronal signal that can be propagtedpdidc

nerve. Fig. 1.9 shows the visual cycle of eukaryotes [Fain &.dL, 2010].

Mammalian rhodopsins absorb in the green-blue region of the spectrum with

absorption maximum atnax = 500 nm in the rods. Cones absorb at three distinct
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wavelengthSkmax = 420 nm (blue conehmax = 530 nm (green cones) ahgx = 560 nm

(red cones).
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Fig. 1.9: Visual phototransduction in Rod cells{A) Photoreceptors are present in the
disks in the outer segment in a rod cell. (B) In step 1, lightighabsorbed by the
rhodopsin (R) molecule which is converted into an active form (R*). In step 2, R*
activates the downstream G-protein, transducin, to G*. Transducin is a hetarataoe
up ofa, B, andy subunits, and is bound to a GDP molecule in its inactive form. After
activation, it exchanges a GTP molecule atissibunit and dissociates from theandy
subunits. In step 3, G* binds to thesubunit of phosphotdiesterase (PDE) thereby
activating its, andy subunits. In step 4 the activated PDE hydrolyzes cGMP to 5’-GMP.
In step 5, guanylyl cyclase (GC) synthesizes cGMP. In step 6, the lomeamntation of
cGMP closes the cGMP-gated Nzhannel preventing Nand C&" from entering the
cells. This leads to hyperpolarization of the cell causing the voltage-Qatedhannels

to close. This causes inhibition of release of the neurotransmitter, glutahiakeis an
inhibitor of the bipolar cells. The rod cells are connected via bipolar cells to tgkogan
Since the bipolar cells are released from the inhibition, they begin to relemssine
transmitter at the synapse of the bipolar cells and ganglion leading to théi@xatdahe
synapse. The axons of the ganglion cells form the optic nerve, which relays th&eimpul
to the brain. This leads to interpretation of the image. This figure is a ntbdgision of

a figure taken with permission from Fain&al. [Fain G. L.et al., 2010].

20



1.4  Biological significance of pR
1.4.1 Evolutionary basis

The widespread distribution of proteorhodopsins and other microbial rhodopsins
among widely divergent classes of unicellular organisms has evolutiogaifycsince.
The type 1 rhodopsins i.e. the microbial rhodopsins, are found in all three domains of life,
namely Archea, Bacteria and Eukarya. Therefore, it can be assumect thaiganitors
of these proteins may have existed in the common ancestor before these domains
underwent divergence. If this is the case, then the pR and other light-driven pumps may
have been the primary means of solar energy capture and its conversion into cellular
energy. The first chlorophyll-based photosynthetic organisms were thgrelee-algae
which date back somewhere between 3.5 and 2.4 billion years ago [HohmanntMarriot
M. F. and Blankenship R. E., 2011]. Proteorhodopsin-like homologs could have played
an important role in the generation of energy between 3.8 and 3.5 billion years ago befor
the advent of chlorophyll-based photosynthesis. With the evolution of multicelhdar
complex organisms with more efficient energy conversion systems, pR-tters

remained restricted to the simpler unicellular organisms.

1.4.2 pR based phototrophy

The original discovery of pR was fropproteobacterium which belongs to
SARS86 clade [Béja Oet al., 2000]. However, since these bacteria have not yet been
cultured, all the functional properties of pR were originally studied by hetexsdog
expression irk. coli. Proteorhodopsin was also founddandidatus pelagibacter

[Govindjee R.gt al., 1996], the first cultivated bacteria belonging to SAR11 clade which
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is the most abundant clade of oceanic bacteria [Morris RtMl,, 2002; Rappé M. Set

al., 2002]. Studies were conducted PRalagibacter unigue obtained from Oregon coasts,

to examine the effect of pR on cell growth rate or cell yield in the ligthttlae dark
[Giovannoni S. Jet al., 2005]. There results were not conclusive due to the fact that the
composition of the sea water used for the experiments is not known completely.
Therefore, the limiting factors fdtelagibacter growth could not be identified [Govindjee
R.,etal., 1996]. In 2007, marine bacteria belonging to the dia#bacteria were

isolated from the surface water of the Mediterranean Sea and wered{Gdraez-
Consarnau Let al., 2007]. Their genome-sequence analysis uncovered the presence of
PR genes and consequent experiments on the growth or cell yield in light and dark
showed the importance of pRvivo. The bacteria showed increase in number when
exposed to light. An inverse relationship between abundant organic matter and a
functional pR was suggested by both the groups [Giovannoniesall,,2005; Gomez-
Consarnau Let al., 2007]. That is, pR-mediated phototrophy is functional only during

the periods when organic food is scarce.

Another group working with heterologously expressed pR. oli also showed
the importance of pl vivo [Walter J. M. et al., 2007]. They demonstrated that pR can
augment cell mobility and increase cell survival when the cells are sbgecenergy-
and oxygen-depletion by azide. This observation confirms the notion that pR is most
functional during lean times. Another lab working with pREirtoli showed that pR
catalyzes light-dependent proton translocation across the membrane whictegener

chemiosmotic potential [Martinez Aet al., 2007]. The proton translocation thus results
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in photophosphorylation ig. coli, i.e., synthesis of ATP in the presence of light

[Martinez A.,et al., 2007].

Recently a study of the marine bactéfibrio sp. showed that pR enables the
cells to survive starvation much better in the presence of light than in dark [Gémez-
Consarnau Lt al., 2010]. They also showed that the survival ability was abolished
upon deletion of the pR gene, and again restored when pR was suppiad {ine. on
an exogenous plasmid introduced into the cells). This study definitively detdrenine

physiological role for pR in the native marine bacterium.

The most recent study on mariRkavobacterium concluded increase in cell
yields and growth rates in the presence of light and low carbon growth conditioms. Thi
study showed a significant up-regulation in the pR and retinal biosynthetic geigd.in |

[Kimura H.,et al., 2011].

These studies show that pR supplements the energy needs of the bacteria in the
presence of light and retinal only when the nutrition supplies are limited. Thus, g€nabl

the cells to survive in the nutritionally unpredictable environment.

1.4.3 Energy balance
Solar energy is trapped in the biosphere mainly by the chlorophyll-basedhprotei
clusters known as photosystems | and I, found mainly in cyanobacteria and the closel

related eukaryotic symbiont organelles known as chloroplasts. However l&nce t
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discovery of pR from surface waters in the year 2000, numerous pR-directed surveys
have identified a wide variety of similar genes in picoplankton from varioug geloic
ocean environments includidgtarctic, Central North Pacific, Mediterranean Sea, Red
Sea, and the Atlantic Ocean as well as fresh wat¢asrina-Ismaeel Ngt al., 2010;

Béja O.,et al., 2001;de la Torre J. Ret al., 2003; Man D.gt al., 2003; Man-
Aharonovich D. gt al., 2004; Sabehi Get al., 2003]. Over 4000 variants of pR have
been isolated from both surface and deep-water samples, as well as from batbasgpen-
and coastal areas. Sea water samples from Sargasso Sea alone identifiddrédg dif
partial sequences homologous to pR. Another global shipping expedition uncovered

2,674 putative pR genes [Rusch DeBal., 2007; Venter J. Cet al., 2004].

Given the ubiquity and abundance of pR with an estimated average of at f8ast 10
pR-producing bacteria in the photic zone [Morris R.#al., 2002] and a more recent
estimate of 80% oceanic bacteria harboring pR [DelLong E. F. and Béja O., 2810] it

evident that pR can affect the solar energy balance of the Earth.

Fig. 1.10 shows the Earth’s solar energy balance [Walter &t K., 2010].
About 50% is reflected by the Earth or clouds, leaving only 50% of the total solar
irradiance to reach the Earth. According to this article [Walter JetNl,, 2010], when
average solar illumination of North American latitudes is considered to be 20(p@atts
square meter (W/f [Programme UND, 2000], and land area is approximated-anfQ
solar illumination of US is estimated to be 2000 trillion Watts (TW). Even if 10% of the

land is illuminated with 2% efficiency, it would produce 4 TW of energy [Walter JetM.,
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al., 2010]. A comparison is made to four different energy resources as described in the

Fig. 1.10 caption.

Conservative calculations, based on the amount of pR present in a liter of ocean
water (using 0.3ng/L pR, 30,000 Da, 0.1 V electro-potential gradient), show that oceans
can capture at least 1 TW of annual solar energy, compared to 3.5 TW of annual non-
biological energy consumption by the USA [Brenner MetRl., 2006]. Proton pumps
such as bacteriorhodopsin and proteorhodopsin have therefore attracted attention for the
purpose of solar energy capture and harvest [Rusch@&aB, 2007; Venter J. Cet al.,

2004; Walter J. M., 2010].
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Fig. 1.10: Earth’s solar energy balanceThis figure is taken with permission [Walter J.

M et al., 2010] (A) Solar energy that reaches our planet is only 50% of the original
irradiance of the Sun and then 50% of that is absorbed by the Earth’s surface. The
remaining energy could provide enough power to sustain our current needs. (B) Energy
consumption of the USA and world relies mainly on the fossil fuels. However, interest
renewable sources is on the rise. (C) shows a comparison of four energy reSdweces
dashed line represents the minimum energy need of US (4 TW). Ethanol production from
biomass is low efficiency [Brenner M. &.al., 2006]. Solar panels are efficient at
harvesting sunlight and creating hydrogen fuel but are not cost-effeatiiack

hydrogen transportation infrastructure. Photosynthesis has higher energssmonve
efficiency (33%) [Brenner M. Rt al., 2006]. Proteorhodopsin exhibits an energy
conversion efficiency of 21% - calculated using the energy of 525 nm photons and
dividing it by the energy stored in a proton pump across a 0.2 V membrane potential.
However, pR can absorb photons over a wide spectrum, thus capturing higher energy
(50%) compared to only 37% by photosynthesis.
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1.5 Variants of proteorhodopsin

The pR-expressing variants can be genectdlysified into two major groups
based on their absorption maxima. The green absorbing pR is termed as GPR (Green
absorbing pR)) with anax= 525 nm, and the blue absorbing pR are BPR (Blue absorbing
pPR) with aAmax = 490 nm. These absorption maxima correspond to the depth of the
habitat of bacteria; the bacteria that live on the surface of the water cabn tiestmmger
wavelengths whereas the ones that live in deeper water obtain only the shorter
wavelengths, in accordance with the spectral quality at the d&#jas@.,et al., 2000;
Man D.,et al., 2003]. The difference in the GPR and BPR comes from the ability of the
chromophore, retinal, to undergo “spectral tuning” according to its microenvironment
[Birge R. R, 1990;0ttolenghi M. and Sheves M., 1989]. “Spectral tuning” refers to the
large variation of the absorption spectrum of the chromophore as dictated by its
interaction with the apoprotein or its environment. For example, in methanol, the
protonated retinylidene Schiff base shows,& = 440 nm but in the protein
environment, it exhibits an “opsin shift” [Nakanishi k al., 1979] to a longer

wavelength such as 525 nm in GPR or 490 nm in BPR.

The various mechanisms attributed to the phenomenon of “opsin shift” as studied
in BR are: (1) Coplanarized conformation of retinal structure induced by the protein
environment from a twistegtionone ring/polyene chain in solution [Nakanishi &.al.,

1979], (2) A weakened PSB/counteranion association resulting either from as@ore
the interionic distance from a solvation of counterion may lead to further shift in the

absorption maximum to longer wavelengtBtatz P. Eet al., 1972;Blatz P.E. and
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Mohler J. H. 197P (3) Presence of negative charges i.e., polarizable groups and
permanent dipoles along the polyene chain may lead to stabilization of ttezlestate

and cause a red shift [Hubbard R. and Kropf A., 1958; YaatBl,, 1995], (4) The

aromatic retinal binding pocket of the proteBrgiman M. Set al., 1988; Rothschild K.

J., etal., 1989], composed of Trp residues, stabilizes the excited state of retinal leading

to red shift.

The contribution of chromophore/protein interactions in the process of spectral
tuning and opsin shift has been activielyestigated in pR. Based on structural modeling
and site directed mutagenesis studies, the single amino acid that is respontilele for
difference between GPR and BPR was found to be located at the position 105; GPR
contains Letf® and BPR has GHff. In BPRs, GIn105 is directly hydrogen-bonded to the
Schiff base (SB) whereas in GPRs, a water molecule bonds to the SB [KéleRget
al., 2003; Kralj J. M.,et al., 2008; Man D.gt al., 2003; Man-Aharonovich Det al.,

2004; Wang W. W et al., 2003].

GPRs and BPRs have a similar primary structure but possess some other
differences besides the absorption maximum. GPRs have a faster photoditieéha
20-45 ms) whereas BPRs show a slower photocycle (half-time 200 ms) [Bé&jalQ.,
2001; Man D.gt al., 2003; Wang W. W et al., 2003. Another point of difference was
found in the protonation state of a glutamate residue at the position 142. In GPRs Glul42
is normally protonated but in BPRs, it was found to be deprotonated at pH 7 or above

[Kralj J. M., et al., 2008].
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It has been suggested that spectral tuning could also result from a combined effec
of amino acids that form the retinal binding pocket and those that can impact clmanges i
the conformation of the binding pocket [Bielawski J.éPal., 2004]. A recent study
using random PCR mutagenesis to screen for color-tuning mutations found about 20
single residue pR mutants that showed a red- or blue-shift compared to the wild type
[Kim S. Y., et al., 2008]. Quite confirmatory to the above prediction, most of these
mutations are located far from the retinal binding pocket. Other effettsdn influence
spectral tuning include factors that influence protein stability [BidtawsP. et al.,

2004] or interaction between helices [ShimonoeKal., 2003].

1.6  Applications of proteorhodopsin
1.6.1 Holography and information storage

Information storage is mainly done via electronic memory, magnetic tape or
optical discs. With chip sizes, capacities and speeds approaching the liragsraflogy,
attention is being directed towards biomolecules with photochromic properties for the
purpose of developing various electronic and computational devices: information storage
both two- and three-dimensional, and optical processing. The basic criterion for a
molecule to qualify for such applications is the photochromic property, i.e., the &bility
change color upon excitation by light, with two or more intermediates displdigtigct
spectral properties. It should possess photo-cyclicity, meaning thatundargo
repeated transitions between these various photochromic states. Additionally, the

molecule should also be small in size, as well as thermally and chensizddlyg.
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Holography refers to use of light for the process of storing data. Photons, as they
travel at the speed of light, enhance the speed at which data can be stored apd.acces
Three-dimensional (3-D) information storage is ideal for high density mesadtroteins
qualify for such an application as they exist as relatively small melecahother factor
that is important for holographic application is the refractive index and change in the
light-induced refractive-index [Hampp N. A., 2000]. The refractive index of
bacteriorhodopsin is 1.47-1.55 [Zeisel D. and Hampp N. A., 1992; ZhaegeC,,

1994], compared to 1.33 for water.

Bacteriorhodopsin (BR) is found in halobacteria that survive in extreme
conditions of salt, such as 25%NB NaCl [Wise K. J.gt al., 2002]. BR is found densely
packed in the cell membranes of these cells arranged as uniformly orieragadrnex
crystalline arrays occurring as a two-dimensional crystal. BR isadl photochromic
molecule that undergoes photocycle through several intermediates, eachisithca
spectral property. For example, BR (B state) absorbs atfiGhereas its most long-
lived intermediate with deprotonated Schiff base (M state) exhibits antadeyarated
absorption maximum at 409 nm. These different wavelength maxima are the gource o
difference between written and blank spots. Despite the fact that M intetmedihe
most stable intermediate for cellular proton pump function, it is not necegbarily
optimal stability for the storage applications. A mutant, D96N, was found to inchease t
lifetime of this intermediate [Hampp N. A., 2000]. Therefore, the D96N mutant of BR
has received more attention as a holographic memory material [Hampp N. A., 2000]. The

optical properties of B and M states confer on BR the ability of being applied as
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photochromic optical recording, long term information storage and holographic

biomaterial.

A 3-D memory system was built by placing BR inside polyacrylamidenggl i
cuvette [Birge R. R., 1995p combination of two one-photon excitations is crucial for
applications. One wavelength can be used for writing information into BR and the other
can be used for erasingTihe system was read by two lasers, one to activate the protein
in a section of the cuvette and the other to read/write information in that section. The
information is stored similarly to binary code where the initially exc#iate is assigned
a binary value of 0 and the long-lived intermediates are designated 1. The storage
capacity is enhanced because multiple sections can be activated and mudiple da

locations can be written simultaneously. [Birge R. R., 1995]

Proteorhodopsin is a homolog of BR with added advantages. Unlike BR, pR has
been expressed heterologousl¥ircoli which divides every 20-30 minutes. Thus, pR
can be made in larger quantities in relatively less time than BR. Detesgjebilized pR
has been found to be as stable as BR in the purple membrane. Proteorhodopsin exhibits a
photocycle with similar intermediates and therefore, pR is also being tested
application in 3-D information storage and holography [Ranaghan B.al., 2010; Xi

B., et al., 2008].
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1.6.2 Cosmetic ingredient

Color changing technology is the future of personal care and cosmetics. Some
examples of such items have already been around for a while. Examples are “mood
lipstick” that contains weak acid pigments and a conjugate base that absohBeatent
wavelength than the acid pigments; luster pigments that are refrautiveféective;
thermochromic pigments that change color when exposed to heat found in the nail-polish;
paint or kids’ garments; interactive cosmetics that change color to coerléme
complexion of the skin, interactive toothpastes with magnetic cleaning as@oang R.,
2008]; and photochromic pigments, such as the AgCl used in the Trar8ltienses

from Bausch and Lomb.

Photochromic materials such as metal oxides, for example, molybdenum and
tungsten oxides, have been suggested for use in cosni#tmi&¢n J. and Birge R. R,
2003. The idea is that upon light absorption, these photochromic materials would
maintain or evolve a particular coloration. These materials are lighttxdepg therefore,
they would change the color depending upon where the person is. BR was also included
in this patent as a cosmetic application. BR exhibits a wide absorption in the visible
region, 350-630 nm. By selecting certain mutations, the coloration effect can be
manipulated to last for a longer duration. These inorganic metal oxides or prateth-ba
formulations are relatively risk-free compared to organic dyes sucoadyas or
quinolines. Additionally, due to the fact that BR contains 8 tryptophan, 11 tyrosine, and
13 phenylalanine residues, it absorbs strongly in the UV region, 180-330 nm. This has an

added advantage of making BR also effective as a UV blocking agent.
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Proteorhodopsin exhibits similar photochromic properties as BR. Therefore, it can
also be used for such an application. It is a brightly purple colored protéaiamnvit
intermediate (M) that has a blue-shifteglx. The M-intermediate can be made to live
longer by creating a mutation in the proton donor group (E108Q). The corresponding
lifetime increases by 10-20 times that of the wild type pR [Dioumaev At &., 2002].
Additionally, proteorhodopsin contains 10 tryptophan, 14 tyrosine, and 15 phenylalanine

residues (Table 1.1) which renders it suitable as a sun-blocking agent; SrBiR.

1.6.3 Bioenergy production

The increasing demand for energy is a global issue. Concerns of security and
longevity of traditional energy sources has directed research towardatalefoels and
energy production. The annual energy consumption of the US is close to 3.5 Terawatts
(TW), and the world energy consumption is approximated at 16 TW. More than 80% of
the world energy supply is dependent upon fossil fuels and the current level of CO
emissions is 380 ppm compared to the pre-industrial values of 280 ppm. If the current
levels are maintained, the G@vels have been projected to rise to 550 ppm by the end
of the centuryBrenner M. Pet al., 2004. In the year 2010, the nation’s energy supply
was dominated by petroleum, followed by natural gas, coal and nuclear power in that
order (Fig. 1.11). Compared to these traditional energy resources, the renavesigie
consumption was relatively low. However, its use has grown dramatically cer. ye
Renewable alternatives, such as wind, solar, thermal power, and biofuels havedattra
much attention in the recent times, both to help achieve fuel-independence and to limit

CO, emissions.
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Renewable energy consumption in the nation's energy supply, 2010
Total: 87,282 quadrllion Bty Total: 2049 quadrillion Btu
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Source: LS. Energy Information Administration

Fig. 1.11:Energy chart: Left: Various energy sources available in the US, Right:
Types of renewable energy sources. The consumption values are based on the
year 2010. Figure is taken from U. S. Energy Information Administration website
(www.eia.gov).

In recent years, research on the use of microorganisms for energy production has
been on the rise. For example, ethanol is produced as a metabolic by-product and is being
used as an alternative fuel. The aim is to manipulate these microorganisms for the
production of liquid hydrocarbons. Since the biological systems are regulated by
numerous feedbacks, there are technical engineering hurdles to be overcome. Mganwhi

we can focus on the microorganisms or systems with relatively simpler moelesrgy/

production.

Bacteria and Archea use relatively simple light driven proton-pumps to harvest
solar energy. The proton pumps generate proton motive force (pmf) which can then be

used to synthesize energy in the form of ATP. The facts that pR can transfarm sola
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energy into useful cellular energy and that it can be functionally expresaed i
heterologous system make pR a potential candidate for use in energy proddetiten [

J. M., 2010]. There is an issue of coupling pR to another protein or system that would
synthesize a useful form of energy instead of ATP. Another issue is that pR functions
only under circumstances where the cells are limited for ATP or pmf.dfartine, pR
functions to increase the pmf only when the pmf falls below the threshold pmf {\d/alte
M., 2010; Walter J. Mgt al., 2007]. Metabolic engineering of microbes has had some
success, for example, introduction of a glucose transporter gene into an obligate
photoautotroph converted it into a heterotroph. It was shown that this microalga survived
on glucose in the dark instead of light [Zaslavskaia Lettal., 2001]. Proteorhodopsin
therefore has great potential for being used in conjunction with another enzyame(s) t

produce energy.

1.7 Purification of protein

Why is purification of pR important? The closest relative of pR is the ar8ifeal
which has been a popular protein for applications such as the development of
optoelectronic, 2-D and 3-D optical storage, cosmetics and potentially for lggener
production. However, growth of halobacteria is quite slow with doubling time tiyp&tal
least 10-12 h [Deshpande A. and Sonar S., 1999; Seehra J. S. and Khorana H. G., 1984].
At the same time, heterologous expression and purification of the native BR has been a
considerable challenge due to the inadequate accessibility to the ggstdios for
optimization of BR production [Wise K. & al., 2002]. On the other hand, pR has been

successfully expressed ki coli, possesses similar properties as BR and therefore, has

35



attracted much attention for similar applications [Ranaghan M. al., 2010; Xi B.,et

al., 2008].

In addition, the three-dimensional structure of pR has not been solved yet. In
order to study the 3D structure, one needs a good quality crystal that can ligifiadio
utilize the protein for either its application purposes or carry out crystagibygr one
needs a significantly high amount of functionally active and pure protein, typicallg 10
mg/ml to at least >90% homogeneity. Since pR is readily expres&edoh, it is easy
to grow these cells in larger volumes. The next step is the isolation and ponfickthe

protein.

1.7.1 General Process of Purification of Protein

Protein purification is the process of isolation and separation of a particular
protein from the cellular extract that contains thousands of proteins. Each pretés ha
own physical and chemical properties and therefore, they can be sepanateddch
other on the basis of the properties such as solubility, size, charge, isoelentyic poi
hydrophibicity, binding-affinity, post-translational modification, etc. Diffarmethods

of purification are used, depending on the property of the protein.

Generally, for purifying intrinsic membrane proteins, the cells that sgphe
proteins are lysed and the membranes are subjected to solubilization in a deténgent, e
before or after a centrifugation step to separate the membranes dtemseluble

cytosolic components. The crude detergent-solubilized protein is then subjected to a
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series of steps that gradually isolate the protein from the mixture and dlyeyild the
pure protein. Traditional protein purification methods include the use of salts or solvents
that aid in fractionating the protein of interest from the extract. Itisvield by a

combination of different column chromatography methods, dialysis and filtration.

Solubility of proteins is one of the properties that is utilized in the initplssof
protein purification. The differing solubilities of proteins depend on pH of the solution,
ionic strength of the salts, polarity of the solvent, nature of the ions, tempeaaiire,
isoelectric point. Proteins are generally least soluble at their c$nelgoint, since there

is less Coulombic repulsion between identically-charged molecules of thenprotei

The aim is to either get the best yield of the protein of interest or to haveshe m
pure form of protein. In order to keep a track of the protein of interest, one needs an
activity assay to measure the protein’s concentration and activity. At egchst
different fractions are assayed for protein. Then, that particuldioinabat contains the
protein is subjected to chromatography technique(s) to separate it from the other

contaminant proteins.

1.7.2 Membrane protein purification

Membrane proteins are the proteins that are found associated with the membranes
of a cell or its organelles. They are generally categorized as tranbraree proteins,
also known as integral proteins, and peripheral membrane proteins. Since the membrane

proteins are surrounded by lipids, their isolation is considerably challergyocapgared
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to the soluble cytoplasmic proteins. The membrane proteins are hydrophobic and
therefore, when they are separated from the membranes, they tend to aggrdgat
precipitate from an agueous solution. In order to keep the membrane proteins solubilized,
one has to employ detergents. Detergents have affinity for water as well as t

hydrophobic amino acid residues. They can break down the phospholipid bilayer of the
membrane and solubilize the lipids and proteins. In this process, they form macelles

therefore prevent the protein from forming aggregates.

Integral and peripheral membrane proteins are involved in vital roles in cellular
functions, such as cell signaling, cell adhesion, transport of molecules, andniaracete
of cell or organelle structure, to name a few. About 30% of the mammalian gemp@ne O
Reading Frames (ORFs) has been found to encode integral membrane prateers|St
T.J. and Arkin I.T., 2000]. Despite their importance in the key functions, only 290
membrane proteins have had their three-dimensional (3D) structure elddmdtee
[Stephen W., membrane protein structure database] compared to the available 3D

structures of >43000 soluble proteins [NCBI database].

About 2-4% of the human genome has been predicted to code for G-protein
coupled receptors (GPCRs), which are trans-membrane proteins. They are involved in a
variety of functions such as visual sensing, smell sensing, regulation of the immune
system etc. Many diseases involve the malfunctioning of GPCRs, some of which are
blindness, allergies, diabetes, cardio-vascular defects. Approximatelgfati#trently

marketed drugs target GPCRs [Lundstrom K., 2006]. Yet, the 3D structures of only the
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following six GPCRs are known so far: Bovine rhodopsin [Palczewslatlél,, 2000],

B2 Adrenergic Receptor [Cherezov &.al., 2007; Rasmussen S. @ al., 2007],p1
Adrenergic Receptor [Warne Tet al., 2008], human A, Adenosine receptor [Jaakola V.
P.,etal., 2008], CxCR4 chemokine receptor [Wu &.al., 2010] and, Dopamine D3

receptor [Chien, E.Yet al., 2010].

The major obstacles in obtaining structures of GPCRs, or membrane proteins in
general, involve protein expression, large scale production and purificationnprotei
stability, and homogeneity. Selecting the appropriate detergent is one of teagdsl
that faces the process of membrane protein purification. The chosen detergent should
keep the protein solubilized and stable, but also not interfere in the crystalidéorrkair
example, the detergent, norfidglucoside, that was used for rhodopsin crystallization
[Stenkamp R. Esgt al., 2002] is not suitable for the crystal formation of another GPCR,
2 adrenoceptoBRAR). Similarly, the detergent, dodecyl maltoside, use@2&R was

not found to be suitable for rhodopsin crystallization.

1.7.3 Salting out: the Hofmeister series

When an impure protein solution is subjected to an increasing amount of salt it
begins to precipitate out of the solution. This phenomenon is known as “salting-out”.
The salt concentration at which the precipitation begins is different forahffeypes of
protein. Thus, different proteins are separated from the solution at different

concentrations of the salt and are thus fractionated.
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Ammonium sulfate is often used for the salting-out of proteins because it ig highl
water soluble, and does not denature the proteins. It also utilizes two ions, ammonium
and sulfate, that are high in the Hofmeister series (see below), whiclsghagelative
effectiveness of different types of ions at causing salting-out of proteins fiXed salt

concentration, ions higher in the Hofmeister series are more likely to Gdtisg sut.

Specific ion effects were long ago found to display recurring trends in thegsalti
out of proteins [Hofmeister F., 1888; Kunz \&t.al., 2004]. Such trends are more

pronounced for anions than for cations.

Hofmeister measured the concentration of various salts needed to predigitate t
proteins from the whole egg white. He arranged the salts as a series ofemti@agions
referred to as the Hofmeister series. More salts have been examined ahtbdtide

series, a partial list is shown below.

For the same cation with different anions, the order is:
S0O% > HPQ? > acetate > citrate > tartarate > bicarbonate > chromate> Cl
NOs; > CIO,

For the same anion, the order for cations is:

Li* > Na > K" > NH," > Mg*

lons in the Hofmeister series were originally thought to cause theitseffec

indirectly by influencing the structure of water, specifically bgrmging its hydrogen-
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bonding properties [Collins K. D. and Washabaugh M. W., 1985]. Therefore, the
Hofmeister series is arranged in the order of these ions’ ability to mdkeak
hydrogen-bonded water structures. The species to the left afetnown as
cosmotropes, while those to its right are called chaotropes. Cosmotropes veediiel
promote hydrogen-bonded water structure. They are strongly hydratalizstidne
macromolecules and exhibit salting-out effects on proteins. Chaotropes avattire
structure breakers’; they destabilize and cause salting-in of the maccolasle
Hofmeister [Hofmeister F., 1888; Kunz \¢t,al., 2004]concluded that the better the
capacity of a salt to order the water i.e., to be solvated (hydrated), the nectveft is

in precipitating the protein.

Recently, it has been shown by various research groups that ions do not affect the
bulk water properties. It was shown using femtosecond mid-infrared pump-probe
spectroscopy that anions have no influence on the hydrogen bonding network outside the
direct vicinity of the anion [Omta A.W. and Bakker H.J., 2003]. It was concluded that, at
least at the relatively low concentrations that can lead to salting-out phenoraitnar
cosmotropes nor chaotropes are involved in long-range structure making turstruc
breaking effects. Another group [Batchelor JdDal., 2004] conducted thermodynamic
studies by using different solutes known for their stabilizing or destabilifiect& on
proteins. They collected data as a function of temperature and calculated ficesobef
of thermal expansion. Their results showed no obvious correlation between
cosmotropes/chaotropes and their sign (+/-) of the coefficient value. Yetarae m

challenge to Hofmeister’s conclusion came from a study of the effect afdikitr
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anions on phase transition of a surfactant monolayer of octadecylamine and éstadjac
water structure. Guraat al. [Gurau M. C.gt al., 2004] showed that anions followed the
Hofmeister series in the stabilization of the monolayer, but showed a sighdeaation
when it came to the structuring of water. The ordering of the monolayer by tmes ai
suggested to be due to their ability to penetrate the headgroup region and srayseali

in the hydrocarbon packing [Aroti Aet al., 2004].

It has been suggested that direct ion-macromolecule interactionsppmesibte
for the phenomenon of salting-in or salting-out behavior [Zhang Y. and Cremer P. S.,
2006]. Anions show two trends in the way they effect protein precipitation, depending
upon the pH of the solution [Bostrom kt.al., 2005]. At a pH above the isoelectric point
(p!) of the protein, the protein possesses a net negative charge and a direcstdofmei
series is observed. “Direct Hofmeister series” refers to the phenomenantivber
cosmotropes stabilize the folded state of the protein and lead to the saltinfpct ef
whereas the chaotropes lead to destabilization and salting-in of proteins. At apH bel
the pl, the net charge is positive. In this range, an inverse Hofmeistgrisfbbserved,
where Hofmeister’s “cosmotropes” lead to salting-in and “chaotropesédhe protein

to salt-out of the solution.

The above mentioned effects of salts are observed mostly on soluble proteins. The
effects of the Hofmeister series on membrane proteins have only recamthgdoa
matter of interest. Conformational equilibrium studies were performed ontifineaeh

visual pigment 9-demethyl-rhodopsin (9dm-Rho), where the retinal was replaed by
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demethyl retinal [Vogel R. and Siebert F., 2001]. It was found that the well known
Hofmeister cosmotropes were unsuccessful in stabilizing 9dm-Rho becaasenitainly
stabilized by the phospholipid bilayer. All the salts also caused an equilibrittrfrcani
the Ml intermediate to the less compact Mll intermediate. Another study on
bacteriorhodopsin led to similar conclusion [De’r, A. and Ramsden J. J., 1998]. The
denaturant, NaSCN, accelerated the decay of the M intermediate of bRisvtiere
stabilizer, NaF, did not show any kinetic effect. Thus, the effect of Hofmemstsron

the membrane protein is not as strong as the soluble proteins.

1.8  Widely used method of pR purification

Proteorhodopsin was originally cloned into the plasmid pBAD TOPO TA which
adds a polyHis-tag at the C-terminus of pR. The purification of proteorhodopsin has
normally depended on the use of the polyHis-tag that binds to the Nickel column or
Nickel-nitroloacetic acid (NTA) agarose resin beads [Berg&\al,, 2004; Friedrich T.
et al., 2002; Gourdon Ret al., 2008; Jung J. Yet al., 2008; Kelemen B. Ret al., 2003],
where Nickel is bound to agarose via NTA. In short, Histidine-binding 2bit\a type of
affinity binding that has been exploited as a column chromatography for piiwifica
purposes. The His-tagged protein binds to tHé i the resin, the other proteins are
washed away with a very low concentration of imidazole, and thus removed. The bound
protein is then eluted with a high concentration of imidazole that competes with the poly
histidine group on the target protein. This type of purification yields a fainlg protein.
However, there can be some contamination from the rare proteins that contain poly-

histidine residues or from non-specific binding té.Ni
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1.9 Our method of pR purification

Our lab developed an inexpensive method of pR purification using citrate as the
precipitant [Partha R. and Braiman M.S., 2003; ParthetRl,, 2005]. The utility of
citrate was discovered serendipitously. Citrate was initially enepl@g one of the
buffers during the pH titrations in order to determine thg gfkhe proton acceptor group
Asp’’ [Partha R.¢t al., 2005]. It was observed that upon incubation with citrate, pR
begins to precipitate out of the solution. This observation led to the hypothesisr#tat cit
could be used as a selective precipitant of pR and thus, aid in pR purification. It was
found that a detergent concentration of 0.3% at pH 5.5 with a 50 mM citrate

concentration yielded the most intense purple pellet of pR.

His-tagged pR and several select site-directed pR mutants have beend putifie
citrate to 50% purity and 48% yield. The advantages of using citrate intdusmlality to
purify the protein in a few steps, eliminating the need for high-speed ceatitiug
which is typical in membrane protein purification procedures. Thus, overall, the citr
method of protein purification is inexpensive at various levels, easy and fast. Further

purification was carried out using Nickel-column to yield 95% purity and 41% vyield.

1.10 Citrate

Citric acid is a tricarboxylic acid. Its conjugate base is known asecitfatric
acid is a weak organic acid and is found in citrus fruits. The IUPAC name ofaaidics
2-hydroxypropane-1, 2, 3-tricarboxylic acid. The structure of citrate api&itsalues

are shown below:
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Citrate appears as an intermediate in the citric acid cycle, also known as
tricarboxylic acid (TCA) cycle or Krebs cycle. After the food has beendoralown into
glucose, glucose enters a cycle known as glycolysis. Glycolysis andhiescytosol of
the cell, it precedes the TCA cycle which is followed by the electron wandpain. The
end product of glycolysis is pyruvate. Pyruvate is oxidatively decarboxytafed
acetyl CoA which enters TCA cycle. A four-carbon compound, oxaloacetate, condenses
with a two-carbon acetyl unit, acetyl CoA, to generate a six-carborbivicgic acid
compound known as citrate. Citrate undergoes a series of reactions to gerezgpte en
rich molecules, NADH, FADKHand GTP. NADH and FADfhre oxidized in the
electron transport chain to generate ATP. Besides, the intermediates alyTlgAalso
serve as a source of building blocks for biosynthesis. For exatmkétoglutarate and

oxaloacetate, the intermediates of TCA, are the source of many amino &trigks. [

1.11 Citrate does not degrade pR

The purification process requires that the reagents do not destabilize and
inactivate the protein. Proteorhodopsin is a retinal protein and absarhs at520-545
nm depending on the pH. Citrate precipitated pR is found to remain stable, evident from
the 545 nm absorption maximum at pH 7.0. This indicates that pR is properly folded and
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is bound to its chromophore retinal. A similar absorption maximum and an identical pK
of 8.1+0.2 was obtained for the protonated Schiff base counterion Asp97 from partially
purified citrate extracts as from a freshly-prepared pR purified logwgher methods

[Partha R.gt al., 2005].

1.12 My Research

My research has focused on two main issues. One was on understanding the
nature of the interaction of pR with citrate and other anions. The other was to extend this
study to develop a simple method for the purification of membrane proteins. The final
goal of my study is to apply these methods first to other similar membrangael

then to extend it to all the membrane proteins.

Study of the nature of pR-citrate interaction revealed the importance of four
positively charged amino acid residues found in the first intracellular loop of pidy S
of interaction of several other anions led to the development of a purification protocol of

a membrane protein pR exclusively using simple salts.

The future prospect of this study lies in the application of these two findings for
the purification of other membrane proteins of general and pharmaceuticalangeort
An attempt was made first to express mammalian trans-membrane pndEegoli and
then to purify it using our established citrate method of protein purification. @here

several hurdles that remain to be overcome before the protocol can be standardized.
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Chapter 2

CITRATE BINDING SITE IN PROTEORHODOPSIN INVOLVES TWO

LYSINES IN THE FIRST CYTOPLASMIC LOOP

2.1 ABSTRACT

Proteorhodopsin (pR) has one or more binding sites for citrate, as evidenced by
aggregation of native purified pR from octylglucoside detergent solutionsredé cit
concentrations as low as ~10hfpH 5.5-7.5). The aggregation is reversible by dilution
of citrate and addition of detergent, at pH>9. Other anions, e.g. glutaraaeafe;
phosphate, and chloride, also cause aggregation, but only at higher concentrations.
Citrate binding requires lysines 57 and 59, two of the four cationic residues inthe firs
intracellular loop. That is, citrate no longer causes precipitation of pR whenlysages
are mutated. The loss of citrate sensitivity is nearly complete for #ruple mutant
R51Q/R53Q/K57Q/K59Q, the triple mutant R53Q/K57Q/K59Q, and the double mutant
K57Q/K59Q, even with M citrate. In contrast, the single-site mutant R51Q shows only
a ~2-fold increase in the citrate concentration required to induce pR agongg@at-30
mM), while R53Q appears not to fold stably. Thus, the 2 arginines play a less certain
role in the citrate binding site.  Lysines 57 and 59 are conserved among digparate
proteobacteria.  Aggregation of pR in detergent micelles requires oitrglitamate

concentrations similar to endogenous levels, ~M)and ~100 i respectively, that
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have been measured inside thriving bacteria. However, we have obtained no evidence for
citrate binding for pR in a reconstituted lipid bilayer environment. In partidildah
photolysis of pR liposomes shows no effect of citrate on the yield or kinetics of the M

intermediate.

2.2 INTRODUCTION

Proteorhodopsin (pR), originally discovered in an as-yet uncultivated species of
the SAR86 group of-proteobacteria, was the first-discovered eubacterial homolog of
bacteriorhodopsin [1, 2]. It is estimated that the world’s oceans contain at [EgsR10
producing bacteria in the photic zone [3]. Since its first discovery, numerouseaRedir
surveys of marine DNA samples have been conducted, and subjected to metagenomic
analysis. Variants of pR genes have been found widespread in diverse bactenaplankt
groups from widely-dispersed geographic locations [4-9]. A global ocean sgmpli
expedition uncovered more pR related genes from the surface marine environment [9]
More recently, new pR genes have been discovered in estuarine and inland bodies of
water, leading to the conclusion that pR genes are widespread, i.e., not just confined t

marine environments [10].

When heterologously expressedircoli, pR functions as a light-driven proton
pump, with a net outward transport of protons, but only in the presence of exogenously
added retinal [1]. The ubiquity of pR in the Earth’s oceans and fresh water bodies, and its

ability to pump protons resulting in photophosphorylation, i.e. ATP formation [1, 11-13],
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together raise the possibility that pR photochemistry contributes a caidel&action

of solar energy utilization by the biosphere.

Recently, our lab discovered that citrate, at concentrations oMV20.e, only a
bit above those previously measured intracellularly [14], selectively piaeipipR from
a detergent extract of pR-expressiagoli cells, making this a useful step in the

purification of a membrane protein [16, 17].

The current work was aimed primarily at identifying the structural basisR
aggregation in the presence of citrate, specifically, the nature of inberatpR with the
three carboxylate groups of citrate. The degree of specificity of suctteaadtion is
studied by altering the primary structure of the pR protein through siteetirec
mutagenesis. It was found that a positively-charged cluster of amino sicide®in the
first loop, between theland 2 helices of pR, is involved in mediating the interaction

between citrate and pR.

It was also found that besides citrate, pR can also be precipitated by other
polycarboxylates, phosphate and chloride, albeit at concentrations that are higher

especially relative to their physiological levels.

Aggregation of pR from detergent solutions is initiated over the physiological
concentration range of citrate in bacteria. This is of particular interéght of the

conclusion [11] that marine bacteria might also employ pR as a solar ersargucer
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selectively under conditions associated with low respiratory rates, aglaafesuch
conditions triggering pR expression or activity [11]. Citrate is a key intiatesin the
tricarboxylic acid (TCA) cycle and is an allosteric regulator of ynamzymes in
bioenergetic pathways. Therefore, it was hypothesized that the ofitifrate as am
vitro precipitant for pR might in fact reflect amvivo interaction between citrate and pR,
i.e., citrate might mediate an “on/off” switch for pR activity as a functiorespiratory

state of the bacteria.

However, experiments on pR in reconstituted liposomes failed to support this
hypothesis. In fact, flash photolysis of the reconstituted pR shows no effecats oitr
the millisecond kinetics or amplitude of the photocycle. This kinetics resustadasbt
on the hypothesis that citrate could be regulating pR activity in the bactdlia

membrane.

2.3 MATERIALS AND METHODS
2.3.1 Protein Expression

Proteorhodopsin triple cysteine mutant (pR-TCM), i.e. the protein corresponding
to accession number AAG10475 but with all 3 cysteines mutated to serine, wasezkpress
from a pBAD-TOPO plasmid i&. coli, with minor modifications to protocols described
previously [18, 19]. The pR-TCM was expressed in the native form i.e. without the C-
terminal polyhistidine tag. Cultures (50-500 mL) were grown in an enriched LB
medium (0.5% yeast extract, 1% peptone, 30 KH,PO,, 50 mM NaHP Oy, 1%

glycerol, pH-adjusted to 7.0).
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For induction of pR, the temperature of the shaking incubator was reduced to
15°C, L-arabinose was added to a final concentration of 0.2%, ammdreretinal was
added to a final concentration ofi™ [19]. The culture was left shaking at 50 rpm in the
dark at 15°C overnight [19]. Cells were harvested by centrifugation in 500-mL bottles

(6000rpm, 4°C, 10 min).

2.3.2 Protein Purification

A crude detergent extract of pR was prepared by gently resuspending the cell
pellet in 10 volumes of 10 kkh HEPES buffer, pH 7.1, containing 3%octyl--D-
glucoside (OG), 0.08% lysozyme, Mrphenylmethylsulfonyl fluoride (PMSF) protease
inhibitor, and 0.01 mg/mL DNAse, and incubating at room temperature for 3 h or at 4°C

overnight. Cellular debris was removed by centrifuging the lysate at=2§00

To the purple-colored supernatant, a 1/3-volume of 180citrate buffer (pH
5.5) was added with gentle mixing, to give a citrate concentration o83 Tiis
sample was incubated on ice for 15 min, and then centrifuged ax3f)@G0OC to
precipitate out whitish impurities. Addition of a same-sized second volume of tiee sam
100 M citrate buffer (to 40 i) was followed by incubation and centrifugation to
remove more of the uncolored contaminants, while losing at most a small amount of the
PR as precipitate. A third addition of 100/heitrate, to a final citrate concentration of
50 mM and final OG concentration of 1.5%, followed by centrifugation, yielded a bright

purple pellet containing most of the pR, with almost no color left in the supernatant.
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The volume of the purple pellet was estimated, then it was gently re-solubilized in
a 10-fold larger volume of 50 kh Tris-Cl buffer, pH 9.1, containing 3% OG. This
sample was then centrifuged to remove grayish insoluble material. $igmficant
purplish color remained in the pellet, it was re-extracted with the same pH fd buf
containing 3% OG. The (combined) clear purple supernatant was again subjected to
selective precipitation by addition of aliquots of 10Mmitrate, pH 5.5, as described in
the preceding paragraph. However, with increasingly pure pR, the total citrate
concentration needed to precipitate the pR decreases, so smaller relativeswokne

used.

A total of 3-4 cycles, each consisting of selective precipitation of pRitayeci
followed by resolubilization in Tris buffer/detergent, yielded pR Witky/As,o ratio of
4-10. This sample was then applied to a freshly-poured ¥Q cm hydroxylapatite,
Cao(POy)s(OH),, (BioGel HTP, BioRad) column, poured in 500/niKCI, 100 nM
acetate (pH 6). The bound protein was eluted with a 0-80@hosphate gradient (pH
6) containing a constant 0.4% OG. The uncolored eluate was discarded and 2 mL

fractions were collected as soon as the purple color began to elute.

The eluted purple fractions were pooled, concentrated with Amicon filters (MW
cut-off 10,000 kDa), and washed in the filters with 1@ IHEPES, 0.4% OG. The
concentrated sample was further dialyzed in a Tube-O-dialyzer (Gepe M\t cut—off
4,000 kDa) against 10MhHEPES 0.4% OG, with several changes, to remove the

phosphate completely.
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For the quadruple mutant R51Q/R53Q/K57Q/K59Q, the triple mutant
R53Q/K57Q/K59Q, and the double mutant K57Q/K59Q, evenMatcitrate it was not
possible to get the pR to precipitate from the crude cell extract. For thésetsn~1
mL of this crude detergent extract of the cell pellet was applied diredthet
hydroxylapatite column, and eluted as described above. This yielded only partial

purification, i.e. arAgo/Aszo ratio of ~10.

2.3.3 UV-visible absorbance measurements

A Shimadzu UV-265 spectrophotometer was used to measure quantities of pR
remaining in the supernatant of pR samples purified as above, both before and after
addition of various amounts of 10Qvrtitrate buffer (pH 5.5), followed by
centrifugation to remove aggregated pR. The data collected were ahabmg
MIDAC-GRAMS.RTM. (Galactic Industries) software. The concemtrabdf pR in the
sample was determined by the valué\gk, after correction of the baseline by

subtraction of the absorbance reading at 700 nm.

2.3.4 Site Directed Mutagenesis

Proteorhodopsin mutants, based on the pR TCM template DNA, were generated
using a QuikChange Site Directed Mutagenesis kit (Stratagene), with psym¢nesized
by Integrated DNA Technology. The mutated plasmid DNA was recoverecHrooh
cultures and was sequenced at the Sequencing Facility of SUNY UpstatalMedic

University.
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2.3.5 Test for aggregation with diverse anions

Proteorhodopsin was purified with several rounds of citrate buffer as mentioned
above. It was resolubilized in Tris 50MnpH 9 and also containing 3% OG. It was tested
for precipitation with anions of various monocarboxylates (acetate), dicdalesy
(succinate, dodacanedioate, aspartate, glutamate and glutarate) anoxyletes (iso-
citrate and cis-aconitate); as well as with monovalent and polyvalent ionsssuch a
phosphates, sulfates (ammonium sulfate, sodium sulfate, sodium thiosulfate), shloride
(sodium chloride, potassium chloride), sodium chlorite, larger polyvalent ions such as
glucose-6-phosphate (G6P), adenosine triphosphate (ATP), and adenosine diphosphate
(ADP). All of the above salts and acids were buffered to pH 7.5 with Tris M.OTine
final concentration of OG was 1%. Proteorhodopsin was incubated at 4°C with above
mentioned buffers ranging from S\into 200 nM. Then the samples were centrifuged at

2000 rpm, 20°C, 5 minutes.

2.3.6 Reconstitution of pR into DOPC liposomes

Proteorhodopsin was purified with citrate (as above) t&adis2oratio of about 3.
The resolubilized pR was diluted to a concentration of 1 mg/mL inM0rns-ClI, 3%
OG, pH 9. Reconstituted membrane vesicles of pR were prepared with some
modifications of protocol described previously [20|G (800 mg) was added to 10 mL of
20 mg/mL dioleoylphosphatidylcholine (DOPC) in chloroform, and the mixture was
dried using SpeedVa¥. The dry powder of the lipid-detergent mixture was resuspended
in 40 mL of 50 nM MES and 300 il NaCl, pH adjusted to 6, to achieve a final lipid

concentration of 5 mg/mL. It was then sonicated until a clear solution was obtairned. Thi
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lipid-detergent solution (6(L) was added to the partially pure pR (1 mL, 1mg/mL). The
lipid-protein mixture was incubated at room temperature for 1h, then transferred t
dialysis tubing (4,000 kDa cut-off) and dialyzed for 1 week at room temperaturetagains
50 mM Tris-ClI, 100 nM NacCl, 10 nM MgCl,, 3 mM NaNs, and 5 nM DTT, pH 8.5.

Unlike in reference 20, Methyl 2-4, Pentanediol (MPD) was not included in tlysidial
buffer. After a week of dialysis, the reconstituted sample was washeadlsaves with

50 mM Tris buffer containing 3 M NaNs, pH 8.5.

Citrate-containing pR vesicles were made by including EDaitrate in the

vesicle-forming dialysis step.

2.3.7 Flash spectroscopy and kinetic analysis

Flash-induced kinetics of the M intermediate of the reconstituted pR vesmles
measured in a custom-built system using a 3-mL quartz cuvette. Theiexdaser
was a frequency-doubled RYAG laser flash (532 nm, 8 ns, ~10 mJ9m The
measuring light was a battery-powered 400-nm light-emitting diode, usingpa sker
lenses to focus its output first through the illuminated region of the cuvette, and then onto
an AC-coupled silicon photodiode detector. A 532-nm notch filter was used to reduce
the size of the laser flash artifact. Phototransients in the millisecoaddirge were
acquired by using a LeCroy Model 9400A Dual 250 MHz Digital Oscilloscope. The
total number of points measured was 25000 at a spacingffdr a total duration of
100 ms Each sample’s transient intensity-change signal was obtained by aveés@gihg

acquisition sweeps, then converted to a percent transmission change by dividing by the
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intensity drop produced with a mechanical chopper wheel blocking the measuring beam
intermittently at ~30 Hz.  After removal of the first 0.1 ms of data followinglési f to
remove the flash artifact and the rise of the M intermediate, each avelsgegt@n
transient was fitted to a first-order kinetic equation for M dedayt)= B + A, € by

using the solver function in Excel, optimizing for values of the baseline absof®ance

the transient amplitudé, , and the first-order decay constént

2.3.8 Homology modeling and molecular graphics imaging

Homology modeling of pR was based on the crystal structure of
bacteriorhodopsin (bR) froidal obacterium salinarum (PDB: 1FBB). It was produced
using Geno3D, an automated protein-modeling Web server [21]. Molecular graphics
images of pR-citrate interactions were produced using the UCSF Clpaakage from
the Resource for Biocomputing, Visualization and Informatics at the Uitywefs

California, San Francisco [22].

2.3.9 Distance Tree of proteorhodopsin related proteins

A distance tree of bR/pR homologs was generated using BLAST pairwise
alignment [23]. The protein sequence of pR was aligned against the protein database
using the BLASTp algorithm, and the distance tree was produced using fast minimum
evolution tree method. The resulting file (newick format) was manimisith

TreeViewX [24].
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2.4 RESULTS

2.4.1 Purification of proteorhodopsin without His-tag

Proteorhodopsin (pR) with the polyHis-tag has previously been purified by
selective precipitation with sodium citrate, from a level of 0.1% of total pratahe
crude cell lysate to 20-25% [16, 17]. Those earlier results were confirmed smwiti
pR TCM lacking the non-native C-terminal kg, thereby showing that citrate is not
likely interacting with these histidines. By using this rapid citrate joatibn method,
followed by a single column step using hydroxylapatite (BioGelHTP), pR-T&ikhout
any non-native His tag) can be routinely purified to giv&agAsyoratio of <3.0. When
extra care is taken, this can be improved to a ratio of 2.0, indicative of >95% pigity (
2.1). With an elution buffer containing 0.4% OG, most of the pR elutes from the

hydroxylapatite at 570-600 Mhphosphate (pH 6.0).
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Fig. 2.1: Absorption spectrum of pR triple cysteine mutant without the Hig-
tag: The protein was purified by 3 repeated cycles of citrate aggregatiowéal

by resolubilization, then loaded on hydroxylapatite column, eluted with phosphate
gradient containing 0.4% OG, and dialysed against 10mM HEPES, 0.4% OG. The

Azsd/Aso ratio for this sample is 2.1, indicating >90% purity.
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It was also of interest to confirm that this column purification did not strip the pR
of any co-factors that might be required for precipitating it with @tréib establish that,
the samples of pR purified by the BioGel HTP column were concentrated, phosphate w
removed by extensive dialysis against 1 HHEPES containing 0.4% OG, then 1/3
volume of 100 riv citrate buffer (pH 5.5) also containing 0.4% OG was added, i.e. to a
final citrate concentration of 33Ilvh After incubation on ice for 10 min followed by
centrifugation, the purified pR TCM sample precipitated out of the solution
guantitatively. This indicates that pure pR specifically interacts withtejtwith no
dependence on co-precipitating protein(s) or other co-factors. Thus, pR isskihtdag

site(s) for citrate.

It is of interest that failure to remove phosphate after the hydroxylapalitein
results in insensitivity to citrate. That is, even at fairly low (3@)rmmoncentrations,
phosphate competes for the citrate binding site on pR, completely inhibiting libeabi
similar (50 nM) citrate concentrations to precipitate pR. This observation establishes
definitively that the citrate-induced aggregation of pR is not merely agaltit of the
protein. A salting-out process by 50heitrate should be enhanced, rather than

inhibited, by the additional presence of 5Mmhosphate.

2.4.2 Lysines in the first cytoplasmic loop on pR mediate citrate interaicins
It was hypothesized that citrate, a tricarboxylate with averageebérg.5 in
agueous solution at pH 5.5, would interact with positively charged amino acid(s) on pR.

There are 12 positively charged lysine and arginine residues in the entiagyprim
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sequence, of which 8 are on the cytoplasmic surface, and 4 are grouped in the first
intracellular loop (IC1): Artf, Arg®®, Lys’” and Lys? (Fig. 2.2). A reasonable hypothesis

to explain the citrate-induced aggregation of pR is that it may be mediated &ysom
these 4 cationic residues on IC1. There was also a possibility of other lyserggnines
being involved in such an interaction, but the ones present in the membrane-spanning
helices were ruled out easily. That is, direct interaction of citratetwih of the

arginines (Ar§° and Arg?) and one lysine (LyS") were thought to be very unlikely, on

the grounds that these residues are buried within the membrane protein, Zhis ltiys

site of Schiff base formation with the retinal chromophore. Additionally, our k&b ha
previously made the R94C mutant [16] and shown it to be susceptible to citrate-induced

precipitation.
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Fig. 2.2: Locations of cationic residues in pRThe native sequence of SAR86

PR (accession #AAG10475) is shown, with approximate division into helices A-
G, resulting in 3 interhelical loops on each side of the membrane. The 3 cysteines
(yellow) were all mutated to serine in Triple Cysteine Mutant proteorhodopsin

(PR TCM), which served as a baseline for all of the further pR mutations studied
in the current work. Positively charged residues (lysine, arginine, and histidine
are colored blue.

To test the role of the four amino acids in 1864 in binding to the citrate
molecule, pR mutations were generated at these residues by using stesdirec
mutagenesis. Then these mutants were examined for the amount of pR remaining in the
supernatant, after standardized additions of increasing amounts of citratesdlteare

summarized in Fig. 2.3.
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Fig. 2.3: Citrate precipitation of wild type pR and mutants: “Wild

type” pR (TCM without Higtag) and mutants were purified by means of
citrate precipitation and subsequent hydroxylapatite column. The pR
content of an aliquot of the sample was determined by measuring the 520-
nm absorbance. Each sample was then subjected to increasing
concentrations of citrate, and with centrifugation at 4°C (606010

min) prior to measurement of the visible absorption spectrum. The portion
of the initial pR remaining in the supernatant, as measured by 520-nm
absorbance, is plotted as a function of the citrate concentration. Dashed
line represents wild type ph; mutants R51Q, K125Q/K126Q, K172Q

and K244Q, which superimposetriple mutant R53/K57/K59 double
mutant K57Q/K59Q; and quadruple mutant R51Q/R53Q/K57Q/K59Q.

The initial mutation was carried out to change all four residues simultdapeous
allowing to rapidly screen for any effect on citrate precipitation. Spadifi the
guadruple mutant pR R51Q/R53Q/K57Q/K59Q (on a background pR sequence
containing no His tag, but with the 3 native cysteines all mutated to serine)stemsfte
its reaction to citrate. It exhibited a remarkable difference cosdparthe control,
unmutated protein (pR TCM). Unlike the control (pR TCM lackingsKishich
completely precipitated from 0.4% OG solution at 9@ witrate, pH 5.5, the quadruple

mutant did not precipitate even at citrate concentrations of M@minigher (Fig. 2.3).
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This result with quadruple mutant indicates strongly that one of more of these foor ami

acid residues in IC1 play a role in mediating the interaction between thedpéitrate.

In order to identify the amino acids most directly responsible for citrate
interaction with pR, single mutants R51Q, R53Q, K57Q and K59Q, the double mutant
K57Q/K59Q and the triple mutant of pR R53Q/K57Q/K59Q were made. These mutant
proteins were purified as above, and then precipitated with varying conaerdrafi
citrate buffer. With the triple mutant R53Q/K57Q/K59Q, even though a small fraction of
it precipitated at 50 M citrate, the pR never completely precipitated, even at higher
(=100 mM) concentrations of citrate. The double mutant K57Q/K59Q also showed a
similar effect as the triple and quadruple mutants. Only a minute fraction otdheR
precipitated with 50 M citrate, 0.4% OG; and the precipitation did not increase with
increasing concentrations of citrate. This suggests that the two Igsaesost likely

involved in the citrate interaction for the process of pR aggregation.

To assay the individual roles of Af@nd Arg®in the pR binding site for citrate,
the single-site arginine mutants, R51Q and R53Q, were tested for sensitoithate-
induced precipitation. The R51Q mutant did not show significant alteration with respect
to its citrate sensitivity. That is, most of this mutant protein precipitatibdalvout the
same concentration of citrate as required for precipitating pR TCM. Thu¥,idrpt
required for citrate interaction. On the other hand, cells expressed with tleersutgnt
R53Q did not exhibit a normal purplish color. This appears to be due to an inability of

this single-site pR mutant to express and/or fold properly.
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Since the double lysine mutant showed a dramatic decrease in the precipitation, it
was interesting to know whether a single lysine residue mutation would als@ashow
similar decrease and help pinpoint the citrate interaction to just one resmaas.Hoped
that a single residue might bring about a significant change in citrate\sgnsihe
single lysine mutants, K57Q and K59Q were generated and the mutant proteins were
expressed. However, these mutants were also not as strongly colored a8 thgevand
most other mutants, either in cell pellets or at any point during purification. sThia¢y
appeared not to be as stably folded; and the purified proteins lost their faint browa-purpl

color completely when citrate was added.

The remaining lysines present on the cytoplasmic side of the pR, such as
Lys'*/Lys"? near the second loop, Ly8on the third intracellular loop and L3/8 near
the C-terminal end of pR, were also mutated to glutamine individually or in pairs, i
order to examine their role in citrate-mediated pR aggregatior®llys™®, Lys'’*and

s** pR mutants were expressed as colored proteins and precipitated out of the

Ly
detergent containing solution at 100/neitrate concentration, similar to the Atgnutant
as well as the unmutated control (pR TCM). These results indicate thas|§25e126,

172, and 244 do not help mediate citrate-induced aggregation of pR.

2.4.3 Proteorhodopsin interacts with several anions

Interaction of pR with citrate appears to involve a specific region of tharprote
namely the positively charged IC1 loop. In order to investigate the deigspecificity
for citrate as the anion, several different anions were tested under siomtitions. As

an initial investigation mono-, di-, and tri-carboxylic acids anions were testhd range
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of 10-100 nM, always buffered with 10 M Tris-Cl at pH 7.5 and in the presence of 1%
OG. The control experiment--adding 1QMnlris-Cl, pH 7.5 while maintaining the
detergent concentration at 1%--caused no precipitation. Table 2.1 shows theofesults
interaction of all anions tested with pR. The possible physiological signiéazribe
values is represented as a physiologically indexed concentration requingcte i
precipitation. A value near physiological index means that the concentratiuat of t
particular anion required to induce precipitation of pR is close to the physidlogica

concentration of that anion inside healthy growing bacteria.

Acetate, a mono-carboxylate with a negative charge of 1 at pH 7.5, did not cause
precipitation, even at the highest concentration measured, KO@ee Table 2.1). This
was the case even at pH of 5.2, closer to itg(dEta not shown.). Likewise, several
dicarboxylic acids (succinate and dodecanedioate) also failed to preqyttateder

similar conditions, even at a concentration as high as 200 m

However glutarate, which has a similar spacing between its carb®gytaups as
citrate, did cause pR precipitation, at a slightly higher concentration thate citr
Glutamate, which is just-amino glutarate, showed a similar pattern of precipitation as
glutarate. Interestingly, aspartate, whickHamino succinate, was more similar to
glutamate and glutarate than to succinate. However, both dicarboxytio agids
(glutamate and aspartate) were unable to cause complete precipitagt®nesen at the
most effective concentrations, they always left a substantial fractitve @R in the

supernatant. These results suggest that the spacing between a pair of dargooyts
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is the major, but perhaps not the only, structural determinant of anion-induced

precipitation of pR

Given that several divalent anions precipitated pR, albeit not as well as citrat
itself, it was important to examine whether other simple trivalent anionsstk#rate
and aconitate, might interact with the citrate binding site, and therebymRuse
precipitation. In addition to citrate itself, two other tricarboxylic asidgwed evidence
of binding. Thatis, precipitation of pR was observed ifgaconitate and isocitrate at

50 mM (but not at 10 M, and notably not at the higher concentration of 180.m

Phosphates are multiply-charged anions pervasive in biological systene. Som
evidence of a possible interaction between pR and phosphate was already seen while
trying to precipitate pR eluted from a hydroxylapatite column. Thereforeapiples
were treated with increasing concentrations of phosphate, buffered at pH 7.5 and at
constant 1% OG concentration. It was found that pR precipitation was not observable
until phosphate reached 100hphosphate. In order to determine if phosphate was
interacting at the same site on pR as the citrate, partially purifiedupledr
(R51Q/R53Q/K57Q/K59Q) and double (K57Q/K59Q) mutants were also tested with
increasing concentrations of phosphate at pH 7.5. It was found that, as with ttiasge
IC1 mutants failed to precipitate. This remained true at even higher (200 m
concentrations of phosphate, strongly suggesting that phosphates may bind to the same

site on pR as the citrate.
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Larger phosphate-containing molecules were also tested that are found
intracellularly, such as glucose-6-phosphate (G6P), ADP, and ATP. G6P hds a sing
phosphate group, ADP has two, and ATP has three. G6P showed precipitation of pR at 50
mM, but not at concentrations above 100lMADP showed precipitation up to 40vin
while ATP exhibited no precipitation at any of the concentrations tested (20150 m
Additionally, concentrations of ADP or ATP above 5Mred to denaturation of the pR
with white precipitation. That is, while no pR remained in the supernatant, the {atecipi
showed a yellow color instead of the characteristic red-purple. It woutddresting to

investigate any further details of this intriguing behavior.

Inorganic anions such as sulfate, chloride, and chlorite were investigatbdifor
ability to cause pR to aggregate. Sulfate (sodium or ammonium), sodium thiosulfate and
sodium chlorite did not cause any precipitation even at 10 r€hloride showed
initiation of pR precipitation at 40-50Ivhy depending on whether the counter-ion used
was potassium or sodium. These results suggest that chloride also may havfeca spec

effect on the IC1 anion-binding site, even though it is monovalent.
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Table 2.1: Precipitation of pR with diverse anionsAnions were buffered to pH 7.5,
also contained 10 & Tris-Cl at pH 7.5, and a sodium counterion. The concentration of
OG was maintained at a constant 1% for all tests.

Min. Physiologically- Physiological
Anion tested concentration, indexed concentration

mM (pR concentration (mM)14 15 25,30

precipitation)
Citrate ++ (10) 0.76, 5 i3 2",
Cis-aconitate + (50) 3125 0.016°
Isocitrate + (50) 2.5 20
Succinate - N/A 0.57
Dodecanedioate - N/A N/A
Acetate - N/A N/A
Aspartate + (50) 12 474"
Glutamate + (50) 0.52 &
Glutarate + (50) N/A N/A
Sulfate - N/A N/A
Thiosulfate - N/A N/A
Phosphate ++ (100) 13.3 75
ATP - 4.2 9.6 "
ADP + (20)* 71.4 0.56" "
Glucose-6- ++ (50) 62.5, 41.6 0§ 1.2
phosphate
Chloride ++ (40) 0.07 535
Chlorite - N/A N/A

e ++indicates complete precipitation of pR, + indésapartial precipitation leaving significant color
in the supernatant, - indicates lack of preciptativith all the color in the supernatant.
e The references for concentrations for physiolo@jdahportant anions available are labeled as
superscripts. Concentration of phosphate is fBmeptococcus bovis[30] and that of chloride is
from marine bacteri@seudomonad [25]. All other anion concentrations are fréincoli [14, 15].
o N/Arefers to data Not Available
e *indicates anomalous behavior. ATP showed whitzpitate with faintly colored supernatant up
to 40 niV. It started to show degradation of pR beginningtatrM with yellow precipitate and a

colorless supernatant. ADP showed similar behastanting at 60 il

67



2.4.4 Model for pR-citrate interaction

A homology model of pR was created using Geno3D molecular modeling web
server [21] based on the crystal structure of bR (PDB: 1fbb). Based on the ofsd
double lysine mutants, it can be speculated that two of the negatively charged eaeboxyl
groups of citrate bind to the positively chargeaimino groups of the two lysines, s
and Lys®through H-bonded salt bridges. Using the homology model of bR, a structural
model for pR-citrate interaction was built by using the UCSF Chimera packdd&ig2
2.4). It can be seen that ’Ysnd Lys® are likely close enough for such an interaction to
occur. The distance between the farthest carboxyl groups of citrate issabowhile the
distance between tleamino groups of the two lysines, Pysnd Lys®, is
approximately 8 A in the homology model. At physiological pH, citrate is confyplete
dissociated and has a charge of -3, while the lysine side chains each chntyaage.
Assuming an H-bonding distance between the proton donor nitrogen of lysine and proton
acceptor oxygen of citrate to be 2.5-3A, the two lysines can easily form dagbtd a

single citrate molecule.
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Fig. 2.4:Model of pR-citrate interaction: a. The homology model of pR, based on the
crystal structure of native conformation of bR fréfalobacterium salinarum (PDB:

1FBB), was produced using Geno3D. Molecular graphics images of pR-citrate
interactions were produced using the UCSF Chimera package from the Resource for
Biocomputing, Visualization and Informatics at the University of CalifiprSan

Francisco. Argf, Arg>>, Lys”’, and Ly&® side chains are depicted in blue. The lysine side
chain bond torsion angles were manually adjusted to permit reasonable H-bonding
interactions with two of the carboxylates of a citrate molecule, shown in pink arid red.
Close-up image of the citrate-lysine interaction.

2.4.5 Citrate precipitates pR at physiological pH

Proteorhodopsin shows precipitation at pH 5.5 from a 3% detergent solubilized
extract or Tris-Cl buffered solution also containing the detergent. To akp&ss
precipitates at a pH higher than 5.5, especially near the physiological ptdrgedé
extract of pR containing cells was made and subjected to several roundg®f citra

precipitation. The precipitated pellet was resolubilized in 3% OG buffered at ph€9. T
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detergent extract and the resolubilized pellet were then treated wahvedume of 100
mM citrate buffered at pH 5.5, 6.0, 7.0, and 7.5. The protein completely precipitated out
of the solution at all the pH values indicating that pR precipitation likely occurs

throughout the physiological pH range.

Another aim was to find out the exact concentration of citrate that can cause pR
precipitation out of the detergent solubilized solution at the likely physiologit#V.5)
In order to avoid possible effects of dilution of the OG detergent, the same 19(34 m
concentration of OG was used in all the precipitant solutions as in the startingiple.sa
This concentration is just above the critical micellar concentration (CMOY0§23-25
mM). The pR in detergent solution was subjected to an increasing concentration of
citrate, buffered at pH 7.5 (with Tris), while maintaining 1% OG. It wasdathat pR
precipitates within minutes atcitrate concentration of 10vh and indeed nearly
guantitatively at all 5 concentrations measured between 10 andM0Q was also
observed that upon incubation at 4°C for several h, eveld Sitrate proved sufficient to

cause pR precipitation.

Another significant question regarding the role of pH is whether the lysine and
arginine mutations of IC1 would react similarly to citrate precipitatiqgrHat.5 as they
do at pH 5.5. Partially purified samples of quadruple and double lysine mutants were
tested with an increasing citrate concentration at pH 7.5 at 1% OG coricenitatas

found that both the quadruple and the double mutants failed to precipitate, even at citrate
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concentrations as high as 108niThis supports the hypothesis that Rrg\rg®®, Lys’

and Lys® are part of a citrate-binding site in pR.

2.4.6 Effect of citrate on pR physiological activity
Based on site-directed mutagenesis, the citrate binding site on pR appears to be
located on the intracellular side of the membrane. This site appears totintghnecitrate
at a concentration close to that of the endogenous citrate concentration insdea bact
[14, 15]. These findings led to the consideration of the possibility that citrate could

potentially have a physiological significance in the regulation of pR phd®agtvity.

To assess this possibility, pR was purified (by using the citrate @uidinc
method described), and reconstituted in citrate-free DOPC vesicles. Tlaaiting
liposomes were then subjected to flash photolysis. An observed transient 410-nm
absorbance signaled the formation of the M intermediate. A representative plot of
transient absorbance against time is shown in Fig. 2.5A. A curve fit to the sing|
exponential is also shown along with the residual plot. A log plot of absorbance vs. time
(Fig. 2.5B) yielded a straight line, consistent with a first-order exponel@taly. The
exact value of the 410-nm absorbance decay constant was calculated from a nonlinear
least-squares curve fit as 45 wrhich corresponds to a half-life of 22 ms. This is very

similar to that reported previously [26].

71



0.1

0.08 -

0.02

0 20 40 60 80
Time after photolysis (ms)

Log AA41onm

0 26 4‘0 GIO 8‘0 100

Time after photolysis (ms)
Fig. 2.5: Flash photolysisFlash-induced transient absorbance changes in pR-containing
DOPC liposomes (buffered at pH 8.5) show the decay of the M intermediate. These data
were obtained from a sample containing no citrate. In pathe measured absorbance
data were fit to a first-order kinetic equatidg(t)=B + Ao €™, by using the solver
function in Excel, optimizing the values Bf Ao andk. The fitted exponential curve is
superimposed on the measured transient absorbance at 410 nm. The residual trace
(lightly-dotted line) demonstrates the high quality of the fit. Bashows a log plot of
absorbance against time. This plot yielded a straight line signifying-@ifdsr
exponential decay of the M intermediate. The decay cong&taraticulated from the slope
of this curve matches that obtained from the non-linear least-squares ojximi@da B,
and for the exponential fitting procedureAn all digitized points up to the
commencement of the M decay phase, corresponding to a total of ~8 ms of time, were
omitted in order to allow the approximation of a single-exponential process.)

72



These results by themselves indicate that the use of citrate-inducedatggr as
a step during pR purification does not significantly alter the photocycle, i.e sthieare
PR retains its native functionality. As a further control, we added increasiogras of
citrate to the external solution surrounding the pR-containing liposomes and subjected
them to flash photolysis. No effect of citrate addition on the kinetics (Fig. 2.6) or
amplitude (not shown) of the 410-nm (M) absorbance decay was observed. This was as
expected, since pR has been found to insert right-side-out in vesicles [27, 28], and
citrate added after vesicle formation would therefore not be expected to be &lalehto r

the intravesicular binding site on IC1.
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Fig. 2.6: Dependence of the fitted half-life for M (410-nm absorbance)
decay on external citrate concentrationThe 410-nm absorbance
transient for each citrate concentration was fitted as in Fig. 2.5.

Finally, to test the effect of intra-vesicular citrate, the expertmas repeated

but with citrate buffer included during the vesicle-forming dialysis steptriicellular
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citrate binding had a physiological role in regulating pR activity, then intiauas
citrate might be expected to affect either the amplitude or kinetics df theermediate.
However, this was not observed (data not shown). That is, citrate inclusion in the
reconstituted liposomes did not significantly alter the M-intermediateitailor its
decay rate. Overall, the flash spectroscopy experiments with pR liposaneke pro

evidence for a physiological role for citrate.

2.4.7 Conservation of the citrate binding site

Based on the protein sequence alignment of pR to the members of the microbial
rhodopsin superfamily and the resulting distance tree of proteins (Fig. 2.7), it istevide
that the pR representatives belonging to the proteobacteria group share comaserged a
acid residues at the citrate binding site we have identified on loop IC1. Tiviles
there is no evidence for conservation of these residues in the archaeal b ed
(corresponding roughly to the top half of this figure), both the lysines, K57 and K59, are
highly conserved among the members of bacteria belonging feptteteobacteria. In
less closely-related-proteobacteria, the conservation is not as strongCarglidatus

pelagibacter lacks both the lysines, and possesses just one arginine instead.

At least one of the two lysines is conserved in other members of phylum
Bacteroidetes, such as Flavobacteria, Cellulophaga and Polaribacter. Thgsntledas|
generally substituted by arginine. This is the most conservative possiblieusiobst

since arginine conserves both the positive charge of lysine and its ability te dona
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protons to an H-bond. Thereby, pR in Bacteroidetes would be predicted also to interact
with citrate. This large phylum Bacteroidetes, previously known as the CRBpltaga-
Flexibacter-Bacteroides) group of bacteria, diverged from a common anglestar2.5

Ga [29], and from the-proteobacteria even more distantly in the past. The significant
degree of conservation of the cluster of two charged cationic residues in loop IG3 amon

such distantly-related bacteria is worth noting.

Fig. 2.7: Conservation of citrate-binding lysine pair in pR: pR and bR
sequences from multiple organisms were aligned with BLASTp algorithm, and a
distance tree was produced using fast minimum evolution tree method. The
following color code is used to indicate the degree of conservation of the two
lysine residues in loop IC1, associated with the putative citrate bindingf site
proteins.m K.K @ K.Rm..ROR.Rm..K.
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2.5 DISCUSSION
2.5.1 Purification of pR TCM without His-Tag

It was shown previously that selective precipitation of pR with citrate wewés
better and more reproducibly when the 3 native cysteines are mutated to serine [16, 17].
Furthermore, the resulting protein is somewhat more stable. The reasons éoe ttill
unclear, but TCM was used as the background “wild type” for the studies here of the

citrate-induced aggregation phenomenon.

Nearly all previous studies on purified pR were carried out on protein expressed
with six non-native histidine residues added to its C-terminus. This method of
purification of pR using citrate as a selective precipitant is equddigtefe with pR in its
native form, i.e., without the Hjgag. This finding is significant because it has the
potential of being applied for purification of pR from natural source organisms, which of
course lack the His-tagged version of the protein. Additionally, this method also
eliminates the use of expensiveéNilerivatized resin, instead using a relatively
inexpensive hydroxylapatite column. Besides, it has been observed that the non-native
Hiss-tag is unstable over long periods of storage at 4°C (our unpublished data). It also
shows that pR can be purifiedAggos40ratio of less than 3 (>50% purity) with only
citrate and hydroxylapatite column. The pR purified by using citrate aajgyagteps
shows normal M decay kinetics, and is therefore likely to represent the stwee na

structure as for pR prepared by other methods.
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2.5.2 pR-citrate interaction and aggregation

Citrate-induced aggregation of pR occurs at concentrations around the
endogenous free citrate concentrations that range betwebhdhth13 nM, that have
been measured inside healthy bacterial cells [14, 15]. The apparent citraetiaimon
required for aggregation of pR TCM from crude cell extract is ~B0) but the required
free citrate concentration is considerably less than this, becausefi@angmuortion is
likely consumed by other proteins present in the crude extract that bind cittee, eit
specifically or randomly. Thus, with purified pR less citrate is heeded togaigréne
protein, indeed approaching the physiological levels of citrate inside the cell
Specifically, it has been observed that negdgntitative precipitation of pure pR in
0.4% OG can be achieved with as low 18l witrate at pH 5.5 (data not shown). The
experiments at pH 7.5 and in the presence of 1% OG also showed that precipitation of pR
can be achieved rapidly at 10vhtitrate. Prolonged incubation of pR under above
mentioned conditions has also shown a precipitation at 5 mM citrate. The intracellula
concentration of citrate inside a healthy growing bacteria rangesfirai to 13 mM.
An intracellular concentration of 2 mM was obtained from cells growing onsfitich
made them grow slightly slower than those in liquid media [15]. This could partiall
explain why Bennett B.Det al., [15] obtained a lower concentration of citrate compared
to the previous value of 13 mM by another group [14]. It should also be noted that native
PR is found iny-proteobacteria, and in other bacteria from oceanic or fresh water
environment. The difference in the environment as well as the genotype might also
probably affect the metabolism and metabolite concentrations in cellsngelifierent

numbers than those estimated inEhaeoli cells under standard lab conditions.
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In this study, two lysine residues of pR have been specifically identifietieha
mediate its interaction with citrate. The two lysine residues appear toofutmgether to
form a binding site for citrate. However, the binding that was observed was w highl
cooperative process, rather than simple equilibrium involving a 1:1 stoichiometry.
Therefore it was not easy to define the binding reaction so as to permit btangjrhple

binding isotherm.

The quadruple mutant of R51Q/R53Q/K57Q/K59Q shows the clearest reduction
in citrate-induced aggregation, followed by the triple mutant R53Q/K57Q/K59Q. The
R51Q single mutation does not show any effect on citrate-induced precipitation. But
when only the two lysines, LYsand Lys®, are mutated, then the protein behaves like the
guadruple mutant, i.e., citrate does not cause aggregation. This strongly suggests that the
two lysines are critical for the citrate mediated aggregation, and thusHeressential

locus of initial citrate binding to pR.

Interestingly, single mutations at either of the 2 lysines in IC1 (K576
or at one of the arginines (R53Q) did not express cells with their normal strong pink
color, but at most a much more subdued brownish-orange. Furthermore, it was much
more difficult, or impossible, to purify pR from any of these 3 single-sitemsithan
for the triple- or quadruple-mutants, and the resulting purified pR proteins lost afitpinki
color to give an absorption conforming to free retinal, wWitg=380 nm, upon addition
of as little as ~30 M citrate. This suggests that pR is unable to fold stably when certain

of these mutations are present individually. It is not clear why these omstagispecially
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that of Arg®, should cause such protein instability only when present invidually, and not
in combination. However, as a result of such protein instability, the degree of

involvement of R53 in citrate-mediated pR-aggregation cannot be clearly defined.

Phylogenetics comparisons show that these 4 cationic residues in IC1ltare qui
strongly conserved, even among pR sequences from organisms that likelydlveagg
2.5 billion years ago. Such a degree of conservation is usually a sign of phyaiologic
function. It seems unlikely that these residues are a requirement noerstyuttural
stability, since they are not conserved in the somewhat more-distantbdregéinal-
binding proteins found in archaea (bacteriorhodopsin, halorhodopsin, and sensory
rhodopsin), nor in their fungal homologs. Our site-directed mutagenesis expeaments
the phylogenetic comparisons together hint at a possible physiologictdrolgate

binding at IC1 in pR.

2.5.3 pRinteraction with diverse anions

Citrate induces pR aggregation at a pH ranging from 5.5 to 7.5, in the presence of
1% OG. Since citrate causes pR aggregation at a physiological pH 7.5, otimés anga
inorganic anions were tested at the same pH, and in the presence of detergent up to a
concentration of 1% OG. Monocarboxylates such as acetate, and several diesesoxyl
such as dodacanedioate and succinate, could not induce pR precipitation. Other
dicarboxylates such as glutarate, aspartate, and glutamate, armbkytates (iso-citrate,
cis-aconitate) appear to induce considerable precipitation of pR at particular

concentrations. The concentration of glutamate and isocitrate required to induce
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precipitation is higher than that of citrate. In each case, however, it igalthssr

physiological concentrations.

If we look closely at the structures of di- or tri-carboxylates, thegpeas to be a
pattern in the structures of those that are capable of inducing pR precipitagtateAc
has a single carboxylate group that is insufficient to cause precipitatiog@uegdation.
Dodecanedioate is a dicarboxylate but the separation of the two carboxyliz@aqd

by a distance of 10-carbon atoms renders it incapable of causing premipitati

acetate dodecanedioate
Tricarboxylates (isocitrate armis-aconitate) possess a similar structure as citrate
with respect to the position of the carboxylate groups. Glutamate is a dicateoxyl
however, the separation between its two carboxylate groups resembles thatenf cit
Glutarate is similar to glutamate without the amino group. This shows that fenpee
of amino group has relatively little effect on the precipitation. It appearshialistance
between the carboxylate groups has to be within a certain distance for théanion

interact with the citrate-binding site.

There is a quantitative difference in the amount of precipitation effectebyjust
the tricarboxylates, citrate and isocitrate, although their carbexgtaups have nearly-
identical spacing. Citrate can achieve a complete precipitation of pRetealO rivl,

but isocitrate begins to precipitate pR only at 3@.rmhe only structural difference
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between these two tricarboxylates is in the placement of the OH group. Thistsulaes
pR-citrate interaction is very specific. The spacing between the carbexxyeght be

only a part of the steric requisite to produce precipitation of pR.

- OH .. . 0 OH o~ O o8
0 O 0] o ©O o 2
)\/ O 9 AN e}
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- o) 0]
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citrate glutarate glutamate iso-citrate cis-aconitate

The results that most contradicted a simple model of carboxylate-distance a
determinant of binding were those from aspartate, a dicarboxylate thabtesenccinic
acid except for the additional presence of an amino group. Succinate lackgityhé&oabi
induce pR precipitation, whereas aspartate precipitated pR, albeit onlyiyartial

- "0

o) 'e) O

NH, O ©

aspartate succinate

Nevertheless glutamate does interact considerably strongly with pR tha
aspartate, although not as strongly as citrate. The concentration requirédc® pR
precipitation by glutamate is only half of its physiological concemtnatin E. coli
cultures fed on glucose, acetate or glycerol, glutamate was found to be thebmuatant
intracellular metabolite, constituting over 40% of the total metabolome [15]. |
comparisons of glucose-fed cultures, glutamate was followed by glutatfioctese-

1,6-bisphosphate (FBP) and ATP. The abundance of glutamate is justified on two
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grounds. First, it is the major nitrogen donor in the cell, involved in ~88% distribution of
nitrogen that is donated via transamination reactions [31]. Second, it actsvegdhe
intracellular counterion to potassium [32]. It can be speculated that a high catioant

of glutamate could potentially aid in the regulation of pR activity intracelulln the
nutrient-limited conditions, glutamate could potentially support the bacteria up to a
certain period of time while also keeping the pR inactive. Only under conditions where
glutamate concentration falls below the levels that signals starvingiomsdihen the

PR pumping activity takes control of the energy provision.

Other anions such as phosphate and chloride completely precipitated pR, at higher
concentrations compared to citrate, albeit within their physiologicakgariigappears
that pR-anion interaction is quite specific, in the sense that only a few anmoause

the pR to aggregate and precipitate.

The aggregation phenomenon observed is unlikely to be merely a salting-out of
the protein. Salts typically used for salting-out (e.g. 10-18Dammonium sulfate) do
not cause aggregation of pR, whereas a mereM@omcentration of citrate suffices,
measured under a specific set of similar conditions, namely at pH 7.5 and in 1% OG. It
should be noted, however, that at lower pH and either higher or lower detergent
concentrations, there is less distinction in the behavior of pR with sodium citrate and
other salts. Salting-out certainly appears likely to be occurring undeicsaditions. It is

also possible that the precipitation of pR by higher concentrations of other sa-e.g
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50 mM chloride or 100 M phosphate at pH 7.5 and 1% OG, could be a salting-out

phenomenon.

Furthermore, NaCl caused pR aggregation at a lesser concentration than KCI,
indicating some possibility of cation-specific effect/interaction. Hewgthis trend too is
opposite of what is expected from the Hofmeister series, if these satteraly causing
salting-out. This might suggest a cation-dependent protein interaction. isékew
potassium phosphate precipitated pR at a lesser concentration than sodium phosphate.
However, there is not a monotonic dependence of the pR precipitation phenomenon on
KCI concentration: KCI precipitates pR at 50/nbut not at 100 md. However, neither
potassium nor sodium acetate causes any precipitation, so the cation appears to have

much smaller effect than the anion.

Hofmeister [33, 34] showed that different ions show a consistent trend in
effecting precipitation of wide variety of proteins. For the same catitindifferent
anions, the order is SO> HPQ” > acetate > citrate > tartarate > bicarbonate >
chromate > CI> NOs > CIOy4. For the same anion, the order for cations is>LINa' >
K* > NH,;" > Mg®*. Additional salts have been studied by subsequent workers. It has also
been shown that the order of both, the anions and cations, is reversed depending upon the
pH. Proteins show a “direct order” i.e. the order as shown by Hofmeister, at a pH above
their isoelectric point (pl) whereas the order is reversed at a pH belgk[Bie 36].
This reversal is theoretically explained by a combination of Coulombic segeefiect

and ion-surface interactions [37]. The order of cations may reverse with wliffateons,

84



due to ion pairing [38, 39]. The order of anions may also reverse depending on the
hydrophobicity and hydrophilicity of the surface of the peptide. lons that aréedepad
depleted from the hydrophobic surface (such psaise the interfacial tension strongly

and enhance the precipitation of a protein. Such a repulsion is directly proportional to the
ionic-surface charge density [40, 41]. For a surface that possesses both hydramdhobic a
hydrophilic patches or groups, a smaller anionp@lds strongly to the cationic surface

compared to a larger anion[42].

Proteorhodopsin precipitation with diverse anions has been carried out at a pH
higher than the pl of pR, estimated to be 4.6 (Braiman M. S., unpublished data) indicating
that the anions should have exhibited a direct order of Hofmeister series. Thd mdversa
trend suggests something more than Hofmeister effect as a cause of mitvatdi

precipitation.

Of the anions beside chloride and polycarboxylates, the one that appears to
interact most strongly with pR is phosphate, which causes precipitation at cahcestr
somewhat higher than citrate, i.e. a few times greater than the phicablagge The
physiological concentration of phosphate varies between a wider range depentheg
metabolic status of the cell. Although the precipitation of pR by phosphate occurs at a
concentration higher than that of citrate, it is still within the physiolbgaresge of the
phosphate. Intracellular concentration of phosphate is affected by the mettelaf s
the cell; when the glucose consumption is high, the inorganic phosphate concentration

decreases from 45.5Mnhto 7.5 nM [30]. At higher concentration of phosphate, i.e., 45.5
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mM, the cells are probably at metabolic rest or at a level of lower metabibhtyad hat

is possibly the concentration at which phosphate shows its inhibitory effect on pR by
precipitating it. It should be noted that these values of inorganic phosphate cormentrat
are derived fron®treptococcus bovis as those oE. coli are not available. It is quite likely

that they might be different froma. coli and, from oceanic bacteria which harbor pR.

The two mutants that most clearly interfere with citrate binding (K57@K&nd
R51Q/R53Q/ K57Q/K59Q) also interfered with phosphate-induced precipitation. This
indicates that phosphate and citrate likely interact with pR through the dame si
Interestingly, phosphate at a higher concentration (>4a) mot only fails to precipitate
wild type pR, but can also suppress its interaction with citrate, even when ttgedete
concentration is lower (~0.4%), a condition that usually promotes the citrate-ehduce
aggregation. This was observed previously when pR eluted from a hydroxylapatite
column with phosphate gradient failed to undergo citrate-induced precipitation, and
required dialysis to remove the phosphate prior to use of the citrate. Competition of
phosphate and citrate for the same site could help to explain why citrate logbsgithe

to precipitate pR when the phosphate concentration is high.

Phosphate esters and anhydrides that are found intracellularly gavsisgirpr

results. G6P showed no precipitating effect at higher concentrations, s/A&faand

ATP led to pR denaturation.
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Anion binding has been studied in bacteriorhodopsin (bR) [43], halorhodopsin
(hR) [44] and mammalian rhodopsin [45]. A recent study on anion binding and its effect
on the pK, of proteorhodopsin [46] included sulfate, phosphate and chloride as well as
other anions. Based on the effect on, pKpR, it was proposed that chloride and sulfate
have a binding site on pR. However, these workers [46] did not report any precipitation
effect on pR by any of these salts, even at a 3@Camion concentration. This likely
arises from the use of dodecyl maltoside for their measurements on pR, ates-@di
critical micelle concentration (CMC). Citrate-induced precipitatiopR®fsolubilized in
such concentrations of dodecyl maltoside, or even with OG concentrations at 5dimes it
CMC fails to cause pR precipitation. Our lab’s initial experiments withmRcédrate
were standardized with OG near its CMC, and therefore the studies wezd oat with

these conditions.

However, there is clearly a dependence of the aggregation phenomenon on the
detergent as well as the anion. At even lower concentrations of OG, e.g. 0.5%, pR
precipitation from OG solutions has been observed by using tricarboxylate#r@ase,
cis-aconitate) as well as numerous other salts such as sodium sulfate, sodium, chlorit
potassium chloride, sodium thiosulfate, G6P, ATP and ADP. When OG concentration
was maintained at 0.5%, most of the salts and carboxylates showed at least a sca
precipitation of pR, even at quite low anion concentration. This interplay between salt
and detergent concentration is somewhat surprising. Increasing salt cdrarentra
normally has the effect of increasing micellar size and reducing CMGneifomic

detergents such as OG. Thus addition of salt to pR in 0.5-1% OG might be expected to
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lead to formation of more stable mixed micelles containing pR and detergentthatiner

leading to aggregation.

Citrate has already been employed in the process of purification of pR and the
possibility of using some of these other salts as alternative purifyimgsaigebeing
explored. The salts that are most attractive are NaCl and phosphate. Tnexpeasive
and easily available in abundance and based on our preliminary experiments, do not show

any effect on the characteristic absorption of pR at 520 nm.

2.5.4 Citrate has no discernible effect on pR reconstituted in a membrane

Normal kinetics following pulsed-laser photolysis of the reconstituted pRie®sic
prepared in the presence of citrate, suggest that citrate fails t@aexaggregation effect
on proteorhodopsin in DOPC liposome environment, just as it apparently does not have
an effect when non-ionic detergents are used well above their CMC. hartbgt the
geometry adopted by the lipid and/or detergent molecules interferes wabrtaet of

the some of the pR surfaces involved in aggregation.

The absence of a measurable effect of citrate on the pR photocycle in
reconstituted phospholipid vesicles makes it very unlikely that citrate bindimgoised
in any simple binary regulation scheme. However, these experiments iadourif
reconstituted systems from heterologously-expressed pR may have excluded som
necessary component, e.g. another bacterial protein found in the aoceanic

proteobacterium, that is involved in a ternary interaction involving also pR and.citrate
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Thus, the possibility cannot be excluded, that the binding and self-aggregation of pR in
detergent micelles in the presence of citrate (and phosphate) is a nonquigai@ffect
that is nevertheless reflective of anion binding involved in a more complicated

physiological regulatory process.

2.6 CONCLUSIONS

Citrate in a physiological concentration range can cause aggregation and
precipitation of proteorhodopsin from detergent solution, without denaturation or loss of
function. In this study, the structural basis for the interaction between pR e wias
investigated. Site-directed mutants of a number of positively charged anudsoragR
shows that those found in the first intracellular loop (IC1), R51/R53/K57/K59, aréyclear
involved in binding to citrate, with the strongest effect from the lysines. Péryitig
comparisons indicate that these four amino acid residues are strongly conseymgd am
PR sequences belonging to organisms that diverged more than 2.5 billion years ago. In
the physiological pH range of oceanic bacteria, the concentration o ceuired for
selective pR precipitation from OG detergent solution, M) i also in the intracellular
physiological range. However, flash spectroscopy experiments witippsdmes
showed no effect of citrate on photocycle yield or kinetic, and thus fail to support the

hypothesis of a physiological role for citrate in pR regulation.

Besides citrate, pR also interacts with other anions such as phosphate,tglutama
and chloride, all of which can also lead to selective precipitation under certainaondit

However, at high concentrations phosphate not only fails to cause precipitation, but also
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blocks citrate-induced precipitation, suggesting that both may bind at the samne sit
IC1. Thus, in addition to citrate, manipulation of phosphate and chloride concentrations

is potentially useful in the purification of pR by selective precipitation.

2.7 Acknowledgements

This work was supported by Syracuse University. | express thanks to Prof. Joseph
Chaiken for lending me his oscilloscope that enabled me to visualize flash spEmyros
measurements. | thank Mr. Michael Brandt for his help with Flash spectroscopy

instrumental expertise.

90



Chapter 3

COLUMN-FREE PREPARATION OF PROTEORHODOPSIN, AN INTEGRAL
MEMBRANE PROTEIN, BY SELECTIVE PRECIPITATION WITH SIMPLE

SALTS

3.1 INTRODUCTION

3.1.1 Membrane proteins—heterologous expression and purification

Membrane proteins are involved in essential roles in cellular functions, such as
cell signaling, cell adhesion, transport of molecules, and maintenance of cellrellerga
structure. About 30% of the mammalian genome open reading frames (ORFbgbave

found to encode integral membrane proteins [1].

Despite their key functions, only 290 membrane proteins have had their three-
dimensional (3D) structure elucidated to date [2] compared to the availableu8Drsts
of >42000 soluble proteins. One major difficulty lies in the inability to achieve sfotes
expression and purification of membrane proteins. These goals are gemera|

challenging than for soluble proteins.

Selective precipitation of proteins with various salts has been traditiasaityas

one of the earliest steps in the process of purification of soluble proteins. Thesmces

91



salting out was originally proposed and studied by Hofmeister [3, 4]. lons are thought t
cause their effect indirectly by influencing the structure of watefTarefore, the ions

are divided as cosmotropes that promote hydrogen-bonded water structurg tieadin
salting-out of proteins, and chaotropes that break the water structure consequently
causing salting-in of proteins. Solubility of proteins also depends on the salt
concentration in the solution. At lower concentrations, the salts stabilize tlyedhar
groups of the proteins thus assisting in protein solubility or salting-in. Howe\regher
concentrations, they bind to the water molecules apparently causing a decthase

water activity that leads to protein precipitation or salting-out of proteins.

Hofmeister established a series of anions and cations according teffibaty in
inducing protein precipitation from aqueous solutions [3, 4]. Despite continued
differences in opinion about the mechanism of salting out, it is nevertheless ae/aluabl
method for protein biochemists. Ammonium sulfate is a prime example of a shfouse
salting out, mostly for soluble proteins. Other commonly used salts include sodium

chloride, sulfate and phosphate [6].

The effect of Hofmeister ions on membrane proteins has only recently gained
some attention. Studies performed on membrane proteins such as rhodopsin [7] and
bacteriorhodopsin [8] showed that membrane proteins tend to show deviations from the
Hofmeister series. It was suggested that these deviations could be due es¢negof a
membrane environment that prevents the ions from exerting their influence on lteral wa

structure as strongly as in bulk aqueous phase. Salt-induced precipitation of proteins
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requires that they be capable of existing in a soluble form. For membranagrate
suitable detergent is required to keep the membrane proteins stable @s saodlible, in

particular to prevent them from aggregating prior to addition of a salt.

There are general guidelines that can be followed when choosing adeterg
solubilize membrane proteins during their purification. However, these cannade us
strictly [9]. The general guidelines use a classification of detergentsld or harsh.
Mild detergents have a good chance of maintaining a physiologically activenprote
structure. Harsh detergents exhibit a high probability of denaturing membodemgr
Two structural factors that are most important in determining mildnesssimeas of a
detergent are the head group and the hydrophobic tail. Harshness increaseslas the
head group is altered from large to small and from polar to zwitterionic tgezhdt also
increases as the hydrophobic tail decreases in length. However, thadelificmnal
factors to consider before selecting a particular detergent. These isfedn a specific
“chemical effect” between the detergent and the protein; for example astatlized
B1- adrenergic receptor is very stable in a relatively harsh detergent@dtodide (DM)
[10] but is extremely unstable in a mild polyoxyethylene detergent like C12ES8. In
contrast, another protein, the sarcoplasmic reticulufi-&8Pase was found to be

especially stable in C12E8 and indeed has been successfully crystallized B [CIRE

At the same time as it maintains a significant degree of solubility byaking a
membrane environment, the detergent ideally should not interfere with the protein

crystallization process. However, a detergent that works for crystglbime membrane
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protein does not necessarily perform equally well with another protein. For exdahel
detergent, nonyg-glucoside, that was used for rhodopsin crystallization [12, 13] is not
suitable for the crystal formation of another membrane prdi2iadrenoceptoBRAR).
Similarly, the detergent, dodecyl maltoside, used successfully faaltiziag p2AR was

not found to be suitable for rhodopsin crystallization.

3.1.2 Use of citrate in proteorhodopsin purification
It was discovered serendipitously several years ago in the Braimantlalirtia
can selectively induce the precipitation of the transmembrane protein, poztepsin
(pR) under certain conditions [14, 15]. Beginning with pure solutions of pR solubilized in
octylglucoside (OG) detergent, the precipitation occurred maximally, withmal
protein denaturation, at a detergent concentration of 0.3% OG, a pH of 5.5, and a citrate

concentration exceeding 50Mn

In chapter 2 of this thesis, the mechanism of citrate-induced pR precipitation was
discussed. It was shown that citrate can induce pR precipitation at a broadfrphigas
well as OG concentrations; and also that pR does not depend on the non-native His-tag
for its precipitation by citrate. In the course of working with His-tagoR, a
purification method was developed which included the use of citrate followed by a
hydroxylapatite column chromatography. This method was originally developed due to a
need to purify pR mutants that had to be prepared without the His-tag. However,
producing pR without a Higag is advantageous for other reasons: Firstly, the His-tag

tends to be unstable over periods of days as evidenced by lower molecular weaght ba
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gradually appearing on SDS-PAGE gels (data not shown) with apparent sedgeea
occurring; whereas non-His-tagged pR is stable over many months of storauyellgec
this method should be applicable for the eventual purification of homologously-expresse

pR, which is produced at a low concentratiop-proteobacteria.

3.1.3 Overview of the development of using phosphate in conjunction with ate

for pR preparation

For the original method of purification of His-tag-free pR, a phosphate gradient
was used in order to elute pR from a hydroxylapatite column [15] (see also pgecedin
chapter). The pR was eluted at 540 phosphate when using an OG concentration of
0.4%. While attempting to ascertain that the eluted pR was still susceptililat® c
induced precipitation, it was found that no amount of added citrate could precipitate pR
out of the 540 Wl phosphate solution. This led to a hypothesis that the phosphate has a
binding site on pR, and that this binding site overlaps with the citrate binding site,
resulting in competitive inhibition. As a result, phosphate can keep pR solubilized, and
the presence of phosphate inhibits or prevents pR from being precipitated tey Tiira

hypothesis was tested, and confirmed as described herein.

The ultimate aim has been to take advantage of this set of properties, by
employing phosphate in combination with citrate in the process of pR purification. |
addressing this aim, it is first important to know whether phosphate, by itselfdiace
PR precipitation. This was answered, in the affirmative, in the preceding chipiés

OG concentration, phosphate precipitates pR over a concentration range of 100250 m
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Several questions remain: (1) Does phosphate-induced precipitation depend on the
detergent (OG) concentration? (2) Does phosphate-induced precipitation leadeo furt
purification of pR i.e. beyond what can be achieved with citrate alone? Afigeang

these questions, | proceeded to find a combination of citrate and phosphate that would
yield a substantially puneR, without requiring columns. A short protocol was
established for preparation Bf coli-expressed pR using only selective precipitation with

inexpensive salts of phosphate and citrate.

Preparations of pR using citrate and phosphate are likely to be directlg tmabl
many commercial purposes, such as for holography and cosmetic applications
Combination of citrate and phosphates and perhaps other salts, may conceivably result i
pR crystallization. However, use of these salts will need to be fine-tuned bgfarer

form of pR can be obtained that would be appropriate for structural studies.

3.2 MATERIALS AND METHODS

3.2.1 Protein Expression and Purification using citrate and hydroxylapatite
column chromatography
Protocols as described in chapter 2 were followed for protein expression and
purification of pR. Plasmid pBAD TOPO TA containing pR triple cysteine mutant
(TCM) without the C-terminal His-tag was used for all the experiments.ituzere
prepared using this background sequence. Mutants were made using site directed

mutagenesis as described in chapter 2.
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3.2.2 Partial purification of pR

Initial partial purification of pR TCM was carried out using citrate &udnly.
The detergent extract of pR-expresdihgoli was made using lysis buffer described in
chapter 1. A 1/10 volume of 100nmncitrate buffer, pH 5.5 was added to the extract.
After incubation on ice for 30 min, the citrate-treated extract was cegedfat 5000
rpm, 4°C. The whitish impurities were discarded and another 1/10 volume of citrate
buffer was added to the pink supernatant. More white impurities sedimented upon
centrifugation and were discarded. To the pink supernatant, an equal volumeef citra
was added and it was incubated overnight at 4°C. The pink precipitate was then
resolubilized in 50 el Tris buffer pH 9 also containing 3% OG. The solution was
centrifuged at 5000 rpm, 4°C. Any impurities were discarded. A 1/10 volume of citrate
buffer was again added to the reddish-pink supernatant. Impurities were diseélde
each addition of citrate buffer. A bright pink pellet was finally obtained whh again
resolubilized in Tris buffer pH 9 containing 3% OG. Addition of a 1/10 volume of citrate
buffer was repeated one last time. This last addition yielded an inten$e peitet. If
needed, this pellet was subjected to another round of Tris buffer resolubilization and
consequent precipitation with citrate buffer. Two or three rounds of such puoifidati
citrate-precipitation produced a pellet, which when resolubilized in 3% OGagave
Aososooratio of 4-6.

Partial purification of pR TCM with mutations at IC1 cationic residues was done

as described in chapter 2.
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3.2.3 Preparation of pR using phosphate-citrate buffers in competition
Proteorhodopsin was partially purified as described in the preceding subsection,

to Agsosooratio of 6 This pellet was resolubilized in 190 of 50 mM Tris-Cl buffer, pH

9 containing 3% OG. To this solution, 40 of a buffer containing 600 mM potassium

phosphate and 30mM citrate, pH 7.0, also containing 0.4% OG, was added and it was

incubated on ice for 1 h. Another addition ofydOof the above solution yielded a white

pellet that was discarded. To the pink colored supernatanyl2dD100 mM citrate, pH

7.0 also containing 0.4% OG was added that yielded a purple pellet.

3.2.4 Polyacrylamide Gel Electrophoresis
A 13% and an 18% SDS-polyacrylamide gel were used to analyze the purification
of the protein. The purity level was estimated using the Kodak gel documentestiem s

or BioRad Molecular Imag&ChemiDod" XRS+Imaging System.

3.2.5 Absorption Spectroscopy
UV-vis spectra measurements were recorded on Shimadzu UV-265
spectrophotometer and the data were analyzed using MIDAC GRAMS (Galactic

Industries) software.
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3.3 RESULTS
3.3.1 Phosphate precipitates pR between 50-400hphosphate concentration and
0.3-0.5% OG concentration
An initial aim was to confirm the conditions, described briefly in Chapter 2, for
using phosphate by itself to cause the precipitation of pR. It was also of ihbesest
whether this phenomenon could be used to aid in the purification of pR, or if phosphate is
acting simply as a non-specific protein precipitant. Another aim was taéerdeation of
the lowest detergent concentration that allows pR to be precipitated by phosphate without

undergoing denaturation.

From prior work in which pR was eluted from hydroxylapatite columns at 540
mM phosphate 0.4% OG, and pH 7.0, it was apparent that pR is not susceptible to
precipitation at this concentration of phosphate—at least at this pH and in this range of
OG concentration. Nevertheless, it was found that pR in 0.3-0.5% OG was prettipitate
by a lower phosphate concentrations, specifically in a range of 50-¥0thmsphate
buffered at pH 7.0 (See table 3.1). Once again, no precipitation was seen & 500 m
600 mM phosphate. On the other hand, increasing the OG concentration to 0.6% or above
led to a much scantier precipitation when using 50-40Dphosphate. Table 3.1 shows
the effect of increasing concentration of OG on the precipitation of pR by phosphate

buffer.

To summarize, phosphate by itself has the capacity to induce precipitation of pR

throughout the tested concentration range of 50 - 4d0wien using 0.3% to 0.5% OG.
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However, higher concentrations of phosphate clearly inhibit precipitation of pR. As
noted previously in section 3.1.2, this inhibition persists even when a different precipitant
such as citrate is added at a concentration normally sufficient to caugstatiec. This

suggests some kind of competitive inhibition is occurring, at least in thigdete

concentration range.

Table 3.1: Determination of an optimum OG concentration under increasig
concentration of phosphate at pH 7.0

Phosphate

concentration| 50 mM 100 mv 200 mM 300 mivi 400 mM 500 "M
oG &

concentratio
0.3% ++ ++ ++ ++ ++ -
0.4% ++ ++ ++ ++ ++ -
0.5% ++ ++ ++ ++ ++ -
0.6% +/- +/- +/- +/- +/- -
0.7% - - - - - -
0.8% - - - - - -
0.9% - - - - - -

++ signifies essentially complete precipitatiory, irtlicates scanty precipitation with much pR
remaining in the supernatant; - refers to absehpeegipitation

3.3.2 Determining the minimum phosphate concentration that induces pR
precipitation
In order to pinpoint the minimum concentration of phosphate that induces
precipitation of pR at pH 7 and at 0.4% OG, phosphate concentrations betwebh 10 m
and 50 nM were tested for their ability to induce precipitation of pR, while holding the
OG concentration constant at 0.4% (in both the pR sample and in the added phosphate
buffer). It was found that 40 khpotassium phosphate is sufficient to cause complete pR

precipitation at this detergent concentration and at pH 7 (Table 3.2).
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Table 3.2: Determination of minimum concentration of phosphate that
induces precipitation of pR at 0.4% OG

Phosphate | 10mM | 15mM | 20mM | 25mM | 30mM | 35mM | 40mM | 50mM
concentration
Precipitation - - - - - - ++ ++
detected

++ indicates complete precipitation with a coloslesipernatant; + indicates partial precipitation,

leaving significant pink color in the supernatarifhdicates no precipitation.

3.3.3 Phosphate precipitation by itself does not eliminate impuritiesfiebehind by

citrate-induced precipitation

The simplest possibility of using citrate and phosphate in a complementary

fashion to purify pR would be to alternate these two precipitants. In order fordtesgt

to work however, it would be necessary for phosphate alone to selectively inbeease t

purity of pR, beyond what had been achieved with citrate alone.

That is, it was necessary to determine whether precipitation with phosphate alone

leads to further purification of pR, or simply co-precipitates pR along withetine s

contaminant proteins left after selective precipitation with citrate. viagsmeasured by

analyzing the purity level after successive precipitations with eitgdaine, then

phosphate alone, at 0.4% OG concentration. After each precipitation, pR was re-

solubilized in Tris-Cl, pH 9, also containing 3% OG; and its UV-vis spectrum was

obtained after a 10-fold dilution with water.
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TheAggosaoratio provides an estimate of purity (Fig. 3.1). There was not a
significant difference in th8ygos20ratio between the two samples, suggesting that
additional precipitation with phosphate, by itself at 0.4% OG concentration, doeadhot le
to any further purification of pR beyond what can be achieved with citratgpation

alone.

Absorbance

300 400 500 600

Wavelength, nm

Fig. 3.1: UV-vis spectra of pR before and after phosphate
precipitation: Spectrum (A) representgrate-precipitate@R solubilized
in 3% OG buffered with 50 M Tris-Cl, pH 9. Spectrum (B) represents
the this same pR sample, subsequently re-precipitated witivb0 m
potassium phosphate buffer pH 7, also containing 0.4% OG, then
resolubilized in 3% OG buffered with 50MnTris-Cl, pH 9.
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3.3.4 Combination of phosphate inhibition with citrate-induced pregpitation

promotes the selectivity of pR precipitation (Done in collaboration wh

Jonathan Kim)

As discussed above, it was observed that pR precipitation is inhibited by
phosphate at concentrations higher than 500 mM or at OG concentrations 0.6% or higher.
Therefore, while the precipitation by phosphate alone does not lead to any further
purification, it was hypothesized that the inhibition might be utilized for putidica

purposes.

That is, the next question to be addressed was whether the inhibitory effect of
phosphate on citrate-induced precipitation was selective for pR, and in partibethew
it was more selective than the citrate-induced precipitation itsed, if sould be
exploited in a purification step by combining phosphate and citrate treatmerdetrt@
test this possibility, the phosphate concentration was maintained at\20Bigh enough
in order to inhibit the citrate-induced precipitation. Meanwhile, the concemtratiOG
was maintained more than 0.7% to prevent phosphate-induced pR precipitation. Higher
concentrations of phosphate, such as 58) mere not used because addition of even a

very high citrate concentration fails to precipitate pR under these conditions

Partially purified pR samples, with an initi&bgos2oratio of 5, were treated with
three citrate concentrations - 1530 mM, and 65 M - while maintaining a constant
concentration of 0.4% OG and 200hphosphate buffered at pH 7.0. All the three

samples produced pR precipitates. These were then resolubilized M 3@srbuffer,
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pH 9.0 containing 3% OG, and UV-visible spectra were obtained. Citrate concentrations
of 15 mM and 65 nM yieldedA,sos20ratio of 4 whereas 30 b citrate sample produced a
ratio of 3 (Fig. 3.2). These results show that phosphate at RDAids most in the
purification process of pR in combination with an optimum concentration of citrate. A
concentration of 30 M citrate is required to achieve the greatest degree of purification:
lower or higher citrate concentrations than 3@ of citrate, as tested above, do not yield

as good results.

65 mM
0.2 — 15 mM
0.15
30 mM
01
0.05
0
300 400 500 600

Fig. 3.2: Combination of phosphate inhibition with citrate-inducedpR
precipitation promotes pR purification: Citrate-purified pR was resolubilized

in 50 MM Tris also containing 3% OG, pH 9. Equal volume of phosphate (400
mM, pH 6 also containing 0.4% OG), was added and it was divided into three
parts. Citrate, buffered at pH 5.5, and also containing 0.4% OG was added to a
final concentration of 15, 30 or 65\ then the three samples were centrifuged.
The three pellets were separately resolubilized in BDTms buffer, pH 9,
containing 3% OG, and UV-vis spectra were obtained as described in the text.
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3.3.5 Phosphate likely binds to pR at the same site as citrate

Citrate binds to pR at the positively charged residues found at the first
intracellular loop (see Chapter 2). Since phosphate appears to compete witiatiéne c
the citrate-binding sites were examined for phosphate-pR interactioialli?@urified
double (K57Q/K59Q) and quadruple (R51Q/R53Q/K57Q/K59Q) mutants as well as a
control wild type (pR TCM) were treated with increasing concentrations opphtes
ranging from 40 vl and 200 v, buffered at pH 7 while maintaining 0.4%
concentration of OG. Proteorhodopsin TCM was confirmed to precipitate at phosphate
concentration of 40 M, as shown in Tables 3.2 and 3.3. However, the mutants failed to
precipitate with phosphate (Table 3.3). This observation strongly suggests that phosphat
binds to the same site on pR as the citrate, since the same mutations eliminate bindi
effects. Other mutants will need to be examined to determine all the sttasetha

involved in phosphate binding.

Table 3.3: Determination of phosphate-pR interaction site using two cifite-binding
site mutants

Phosphate concentration

40mM

75 mM

100mM

200mM

Wild Type, pR TCM

++

++

++

++

Double
mutant(K57Q/K59Q)

Quadruple mutant
(R51Q/R53Q/K57Q/K59Q

++ means complete precipitation; - refers to absefiprecipitation
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3.3.6 Optimization of purification conditions, using phosphate in combiation with
citrate
To explore the possibility of using phosphate in combination with citrate for the
purpose of pR purification, initially a high phosphate concentration was maintained to
keep the other contaminant proteins in solution while incrementally increasing t
concentration of citrate to selectively precipitate the pR. The concentrat®@ vfas

also maintained above 0.7% to avoid any phosphate-dependent pR precipitation.

For an optimized purification protocol, solutions were simplified so as to contain
fewer ingredients. This also resulted in higher yields of pR in a shorter timeyass i
possible to simultaneously increase citrate and decrease phosphate, wdtfittbe af a

single concentrated citrate solution acting as precipitant.

Proteorhodopsin was initially purified to Apgoss2oratio of 5-6 using two cycles
of citrate precipitation followed by resolubilization in 1®0nTris pH 9 containing 3%
OG. Then to the Tris-OG-resolubilized pR, an equal volume of 3d@hosphate also
containing 0.4% OG was added, and the mixture was incubated at 4°C for 30-45 min.

Centrifugation yielded a white pellet and a pink supernatant.

To the supernatant initially containing 2560/mphosphate and Olvhcitrate, a
100 M citrate buffer, pH 5.5 was incrementally added. An initial addition of 1/10
volume produced a white pellet, corresponding to contaminants, and pink supernatant

corresponding to pR. Repeated addition of similar volumes of citrate buffer caused
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additional white impurities to precipitate. Fig. 3.3 shows the incrementaigatioh of

PR with citrate, in the presence of phosphate. The top panel summarizes the experiment
as the concentration of citrate increases, the concentrations of phosphate and OG
decrease. When the concentration of citrate reachedvBdnd that of phosphate

decreased to 165 a light pink pellet was obtained. Upon further additions of the

citrate buffer, each followed by centrifugation, it was noticed that thet p@iproved

both in size (yield) and intensity of color (purity). It was also observed thaihawas
reached where no amount of citrate could precipitate any additional pR fronmthe fa

pink supernatant.

It can be seen that precipitation of whitish impurities begins with theafiition
of about 9 nM citrate and 228 M (Fig. 3.3 lane 2). However, most of the pR remains
solubilized. The purity level of pR is 5.3% at this stage, as judged by SDS-PAGE
analysis, meaning that 5.3% of the total precipitate is pR This level of padtyield
clearly demonstrate that phosphate competes with citrate, i.e. phosphate itlateks c

induced precipitation.

However, with each further addition of citrate and concomitant dilution of
phosphate, more impurities are precipitated out, while leaving increapungd pR in the
supernatant. The cause of the precipitation of these impurities is not clgampti be
binding to citrate either non-specifically or by specific proteinatéinteraction.

Addition of citrate also causes precipitation of pR leading to loss of pR.
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It can be seen that with the progress of citrate addition and simultaneows dilut
of phosphate, more pR is precipitated while also being purified (Fig 3.3). The majority
impurities are removed at the earlier phase of purification leavingesdual
contaminants. It is intriguing that three contaminants co-precipitate witt ppparent
molecular weights of ~31, 45, 66 and about 97 kDa (See appendix 3.9 for the identity of
contaminants). It should also be noted that the amount of sample loaded in lane 7 is half
of the amount loaded in lanes 3-6. This observation means that the pR yield may be

under-estimated.

Fig 3.3 (lane 7) also demonstrates that pR TCM can be substantially purthied wi
124 mM phosphate and 50Whcitrate. Fig. 3.4 shows the UV-vis spectra and an intense
purple pellet of the precipitate obtained with 12l phosphate and 50Mhcitrate.
Phosphate aids in the purification of pR; part of the reason for this is that phoseste rai
the concentration of citrate required to precipitate pR by 5-fold, but does nosmtiea
citrate concentration needed to precipitate impurities. Note that competpifation of
PR is obtained with 10 M citrate in the absence of phosphate (chapter 2). The
purification thus arises from the competing nature of phosphate for citratéyeand t

selectivity of this competition process for pR.

It should be pointed that even 50/neitrate is unable to completely precipitate

PR in the presence of phosphate, yet more evidence of phosphate-citrate compigi

precipitation reaches a saturation point leaving a faint pink pR in the supernatagt addi
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to the loss of recovery. Conditions will need to be explored to minimize the overadl losse

of pR recovery.

Changing the concentrations of phosphate and citrate simultaneously provides a
sharp solubility transition for pR. With the above conditions, this occurs at a

concentration of 149 M phosphate and 40Whcitrate (Fig. 3.3 Lane 5).

The yield and purity results at each step of citrate-phosphate purifieaéon
summarized in Table 3.4. Calculation of yield and purity of the supernatant was done
using the spectra (data not shown) obtained from the supernatants. The corresponding
precipitate obtained after removing the supernatants was analyzed onrARIESH#Rurity
of the precipitates was estimated from the gel. Fig. 3.5 shows the incrgasgy of pR
in supernatant and precipitate. Initially, the supernatant contains more pgfec¢bates
purer as more impurities are removed. The precipitate contains more impuitiies
small fraction of pR. As purification progresses, the precipitate contaisspR,

achieving 40% purity.
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Fig. 3.3: SDS-PAGE analysis of citrate-phosphate purification of pR:
Each lane (in the third panel) contains the proteins in the pellet obtained
by sequential precipitations of a single sample of partially-purified pR.
The pR was initially in a buffer containing 5avinTris-Cl, 250 nM

sodium phosphate, pH 7 containing 1.7% OG, and was subjected to
sequential additions of a 1/10 volume of 100l witrate buffer, pH 5.5, to
attain the final concentrations as shown in the top panel. The wavy shape
of the bands in the first 3 lanes is due to the presence of high concentration
of OG. Detergent tends to cause spreading and anomalous behavior of
protein bands.

The second panel shows the variations in the concentrations of citrate,
phosphate and OG as more citrate was added. Column colored

M represents concentration of phosphll gepicts citrate concentration
ando shows the concentration of OG.

The last panel shows the color of the pellets obtained at various stages
with citrate-phosphate purification.

Absorbance

0.4—

0.3—

0.2—

0.1—

300

400 500 600
Wavelength, nm

Fig. 3.4: Citrate-phosphate purified pR TCM: Proteorhodopsin TCM was purified

using the protocol described in the text. The spectrum (at left) and the purified prote
pellet (at right) correspond to lane 7 of Fig. 3.3. This is an uncorrected spectrumghowi
Acsoisooratio of 2.57. The yield of the pellet, relative to the total pR present in the original
cell culture, is 34.68%; and the purity is 40-48% as judged by SDS-PAGE (with
Coomassie Blue staining and optical scanning) and UV-vis spectra.

111



45
40 - ®
35 4
30 4

R
= 251 °
= o
S5 20 o
o o

15 - o o o) o

10 - o

°
5 @ [ )
0 ‘
0 1 2 3 4 5 6 7
Lane

Fig. 3.5: Purity of supernatant and precipitate:Progress of purification of pR
using citrate-phosphate buffefs.depicts progress of purity in supernat#nt,
depicts progress of purity in precipitate.

Table 3.4: Yield and purity of pR at various stages of purification with
citrate and phosphate

Lanes 1 2 3 4 5 6 7
Yield of pR in
supernatant, % 53 49 46 44 42 38 --

(from spectra)

Purity of pR in
supernatant, %9 13.6 14 14.5 17.3 21 22 --
(from spectra)

Purity of pR in
precipitate, % | <4.5 | 5.3 7 12 7.8 25 40
(from gel)

The yield is calculated by considering the total pR (mg) of the lysat@@&
Purity refers to the fraction of pR present in the total protein, expressed as
percent.
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3.3.7 Scaled-up test of a simplified citrate/phosphate protocol for prepation of

pR

A 1200 mLE. coli culture of pR-expressing cells was subjected to purification
using citrate and phosphate buffers. A summary of this process is as follows:ra buffe
containing both a high concentration of phosphate and a low concentration of citeate, wa
added initially to a partially purified pR, in order to selectively precipitagéampurities.
High initial concentration of phosphate and effective OG ensured pR was saltide a
start. At this stage, citrate was kept to a minimum concentration in ordevenpasny
citrate-induced pR precipitation early in the process. However, whitish iteguri
precipitated allowing their removal. Subsequently, phosphate-free titriiez was
added to compete with phosphate, and thereby selectively precipitate pR.
Detailed protocol

As described in the preceding subsection, proteorhodopsin was partially purified
with two cycles of citrate precipitation, each followed by 3% OG/Tris buffer
resolubilization, to agosoratio of 6. The pellet was again resolubilized in minimal
volume of 3% OG buffered with 50vhTris-Cl, pH 9.0. A buffer of 600 M phosphate
and 30 nM citrate, pH 7.0, containing 0.4% OG was added gradually with gentle mixing,
followed by centrifugation. When the concentrations of phosphate and citrate reached
350 mM and 17.5 W, respectively, whitish impurities settled out while pR remained in
the solution. Complete precipitation of pR was observed by adding to this solution an
equal volume of phosphate-free citrate buffer, 100, pH 7.0. This yielded final
concentrations of 175 kh phosphate and 58.75Mcitrate. The final concentration of

OG was close to 1%. Results above, showing that a similar concentration of phosphate
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by itself in the presence of 1% OG fails to cause precipitation, show thaitrate, and
not phosphate, that led to precipitation at this point. But the competition by phosphate is

what leads to purification of pR.

In support of these conclusions, increasing the concentration of citrage whil
proportionately increasing the phosphate in the same ratio, does not lead to poetipita
of pR. Furthermore, a phosphate:citrate concentration ratio of 20:1 is adequatede provi

partial, but not complete inhibition of the citrate induced precipitation.

Fig. 3.6 shows the spectra of pR at various stages of purification, and Fig. 3.7
shows an SDS-PAGE analysis. Proteorhodopsin is easily puriffedolgyoratio of 6
(Fig. 3.7, B) with two cycles of citrate only to a purity level of 35% (Fig. 3.7, Igne B
This ratio was improved to 3.3 (Fig 3.7, C) and to a purity of 67% as measured by SDS-
PAGE analysis (Fig. 3.7, lane C) after hydroxylapatite column chromatogrgig. 3.7
also demonstrates that pR whbgosooratio of 6 can be enhanced to an even bétgyis,o
ratio of 2.6 (Fig. 3. 7, D), corresponding to a purity level on SDS gel of 50% (Fig 3.7,
lane D), by simply using a combination of phosphate and citrate. These resgédstsug
that phosphate can be used in the method of pR preparation, mainly as a selective

competitor of the precipitating citrate.

Table 3.5 shows the purification yield and purity of pR obtained using citrate
method followed by either hdyroxylapatite column chromatography or a comnopirmt

citrate and phosphate buffers. The amounts of pR, total protein and yields wergtealcul
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using theAs,o andAzgp values from the spectra (Fig. 3.6) as described in the footnote of
Table 3.5. Comparison of purity levels obtained from the spectra and those from the
SDS-PAGE shows a discrepancy between the values. This could be attributedco the fa
that the specifié\,go value at the earlier steps of purification reflect that most of the
protein content was average soluble proteins, for wiigh= 1 for a 1 mg/mL solution,

with a smaller contribution from pR, for whiéso= 1 for a 0.4 mg/mL solution

However, as the purity of pR increases, Abg value due to contaminants is smaller
compared to that by pR. For the purity calculations, since the amount of pR is added to
the total protein content, and then the amount of pR purity is obtained by dividing the

entire protein content, the values appear smaller.

Besides the above explanation, it is also possible that the protein undergoes
denaturation and loses its chromophore retinal. Therefore, the absorption at 520 nm is
relatively low giving it a low ratio ofgo520 However, the protein still shows up on the
SDS-PAGE even though it has lost its chromophore retinal, giving an impression of

higher yield.
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Fig. 3.6: UV-visible absorption of pR at various stages of purification
using different methods:All the spectra were measured in the presence
of 3% OG at pH 9 buffered by 50MnTris-Cl. Spectra A, B, C and D
correspond to pR samples in Lanes A, B,C and D of Fig. 3.2.

65,200 kDa

45,000 kDa

31,000 kDa

21,500 kDa
—— pRTCM

pRTCM

— 14,400 kDa

18% SDS-PAGE 13% SDS-PAGE

Fig. 3.7: SDS-PAGE analysis of pR purificationLeft, 18% SDS-PAGE: Lane

A contains pR purified by one cycle of citrate precipitation and resoluiliza

Lane B shows pR purified by two cycles of citrate precipitation/resatakiin,

Lane C is the hydroxylapatite-column-purified pR, Lane M contains liaage
SDS-PAGE molecular weight markers, BioRRight, 13% SDS-PAGE: Lane B

and Lane C are the same samples as correspondingly labeled in the 18%egel. Lan
D depicts the pR sample purified exclusively through differential pretgt

with different combinations of citrate and phosphate buffers, as described in the

text.
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Table 3.5: Proteorhodopsin purification using citrate followed by
hydroxylapatite column chromatography or combination of citrate and
phosphate buffers

Amount | Purity
Purification | Aggosz0 | Total of pR (total Enrichment| Yield
stage Ratio | protein | obtained | pR/total | Factor (%)

(mg) (mg) protein)
(%)

1. Whole cell| 44.4 406 6.0 1.47 1 100
extract*

2. After 1 28 251 5.67 2.3 15 94.5
citrate
precipitation
cycle
(spectrum A)

3. After 2 6.36 41 4.95 12 8.2 82.5
citrate
precipitation
cycles
(spectrum B)

"4a. After 3.33 5.4 1.66 31 21 28
hydroxylapat
ite column
(spectrum C)

Tab. After 2.6 4.34 2.08 48 32.4 35
citrate-
phosphate
purification
(spectrum D)

Proteorhodopsin TCM was expressedtircoli UT5600. Purification was carried
out as described in the text. The amount of pR obtained at each step was
calculated based oh;,0, the absorbance due to retinylidene Schiff base at pH 9,
of an appropriately diluted aliquot. Molar extinction coefficierAgb considered
was 50, 000 M cmi?, molecular weight of pR was considered to be 30,000 Da.
The non-pR contaminants of the same sample were estimated based on the
amount ofAxgo that could not be contributed to pR, estimating 1 mg/mlAfes =

1.0, this was added to the concentration of pR to determine the total protein
content. Purity was calculated by dividing the amount of pR by the total protein.
"The sample from step 3 was divided into two parts: one part was subjected to
hydroxylapatite column purification while the other was purified with a
combination of citrate and phosphate buffers. Total yield is a combination of both
4a and 4b.

*The Aso Of whole cell extract was corrected by adjusting the baseline to negate
the effect of light scattering.
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3.4  DISCUSSION
3.4.1 Phosphate-induced pR precipitation

Precipitation of pR by phosphate suggests that either there is a binding site on pR
for phosphate, like citrate, or that phosphate has a salting-out effect [3, 4]. At 0.3-0.5%
OG phosphate effects precipitation of pR only within a range of 40 — 800With only
these two species present, i.e., phosphate and OG, at any concentration above the
indicated ranges, pR precipitation is inhibited. This behavior, taken by itself, could be
consistent with a salting-out effect (and salting-in at the higher phosphate

concentrations).

However, it is more likely that a specific binding site for phosphate sept®n
PR, because of an observed competition between phosphate and citrate. Spetifically, i
was found that 250 M phosphate in 1.7% OG causes precipitation only of impurities,
but not pR. This concentration of phosphate also inhibits citrate from binding and
leading to pR precipitation, but in a competitive fashion. That is, an increase in the
concentration of citrate can overcome the inhibitory effect of phosphate. Under At 0.3
0.5% OG, and in the absence of phosphate, pR can be completely precipitated with 10
mM citrate. However, in the presence of phosphate, the citrate concentrgtiorddor
PR precipitation is increased to about 38InThis competitive effect of elevated citrate
would not be expected if the high level of phosphate were simply causing a “salting

effect.
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An even more important piece of evidence favoring a specific competitive
binding is that the two IC1-loop mutants that we examined for effects on phosphate
binding - both the double (K57Q/K59Q) and quadruple (R51Q/R53Q/K57Q/K59Q)
charge neutralization - eliminated both citrate and phosphate induced ptieciztall

concentrations (at pH 7 and 0.4% OG).

This observation strongly suggests that phosphate binds to pR at the IC1 loop,

specifically at the positively charged residues. We conclude further thaghattesat

higher concentrations likely binds at the same site (and possibly others); dodnthos
binding by phosphate can inhibit precipitation of pR; also, that a 3-4 fold higher-than-
usual concentration of citrate can out-compete the phosphate binding on the IC1 loop,
and thereby restore the citrate-induced precipitation. Thus the phosphateatad citr
binding sites overlap, and phosphate binds to that site preventiniyl trate from

binding to it. Therefore, pR cannot be precipitated by citrate, except at saagtlific

elevated concentrations, in the presence of the inhibitory phosphate.

It has previously been shown that 30Mmhosphate binds pR and lowers the
pK, of Asp, the counter-ion of Schiff base of pR [16]. Other anions such as chloride,
sulfate and halogeno-acetates were also shown to influence {lo¢ pR at even lower
concentrations and were suggested to have a binding site on pR. These anions are
assumed to bind away from the active site, Asp97, based on the fact that none of them
affects the absorption maxima of pR. They are speculated to bind either at the

extracellular side or possibly cytoplasmic side of pR. The results of myimemts with
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the pR mutants is consistent with these earlier conclusions, and in particulatas@ic

binding site at the cytoplasmic side on the intracellular loop, IC1.

In a previous study with bovine rhodopsin, the presence of solute anions,
including sulfate, chloride and nitrate, was shown to increase thef @€hiff base group
of the chromophore [17]. These anions were also shown to influence the conformational
equilibrium of Meta I/Meta Il intermediate states, suggesting &dedined ion binding
site at or within the protein. It has been observed that several anions, includirgy sulfat
and chloride, cause the precipitation of pR under select counterion conditions, as

mentioned in chapter 2.

Phosphate-induced pR precipitation is dependent on the concentration of OG. In
the presence of 0.7% OG, which is the critical micelle concentration (CMCylaarhi
phosphate loses its ability to precipitate pR. Phosphate groups perhaps bind toatr intera
with certain amino acid groups that become buried inside the pR-detergent ascelle

more detergent is added.

The presence of phosphate does not affect the absorption maximum of pR, as
evidenced by the presence of a peak at 520 nm at pH 9. The effect of phosphate on the pR
photocycle remains to be examined. Sharaabi et al. [16] showed that pR binding of other
anions such as chloride, sulfate and halogeno-acetates affects the photoclfelenigy a

the decay rate of the M intermediate.
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3.4.2 Preparation of pR using citrate-phosphate buffers
The combination of citrate and phosphate for the purpose of pR preparation has
many of the same advantages as the citrate method by itself, includicgdoand
rapidity. The combination of citrate and phosphate gives a higher purity thete citr
alone, and can effectively eliminate the requirement of any chromaptogcolumn in
order to obtain pR samples suitable for some research purposes, e.g. for simple

spectroscopic measurements screening for alterations in absorption maximum

A pR band is present in all the lanes in Fig. 3.3, showing that pR is partially lost
along with the bulk of the impurities, before a relatively pure pR band can be ptedipita
with a higher concentration of citrate. Conditions need to be explored where the
impurities or contaminant proteins can be either precipitated before pR, drahatn
be kept solubilized in the phosphate solution while pR selectively and completely

precipitates out.

3.5 CONCLUSIONS

Phosphate by itself precipitates pR selectively but does not purify pR beyond
what is achieved with citrate alone. However, it binds to the impuritiesiatiasitrate to
selectively precipitate pR. Phophate shares at least one of its binding piesvith
citrate, i.e. the lysines and arginines located at the IC1. There mightdyebotding sites
of phosphate but this particular overlap of the interaction sites explains wdtg citr

cannot precipitate pR in the presence of phosphate.
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While proteins have been studied for their binding to various salts, there is no
report yet on the use of salts in the purification of membrane proteins. This study
underscores the application of inexpensive salts for the purification of membrane prote
such as pR, more importantly, without the use of any chromatographic columns. The
entire process of pR production is rendered extremely inexpensive, beginthirigevi
protein expression because pR is express&dadali making the protein production fast

and less labor-intensive.

Proteorhodopsin purified by citrate-phosphate method lacks the polyHis-tag
which makes the process applicable to the purification of pR from natural source. The
three-dimensional structure of pR has not been solved yet. Because pR is a proton pump
and the Higtag would be expected to affect binding of protons to various groups with the
protein, it is desirable to produce pure protein without the tags for structural and

functional studies [18]

Proteorhodopsin shares properties with BR that make them both attractive
biomaterials for certain applications, e.g. as a holographic recording mgiug0].
Unlike BR, pR can be expressed rapidlircoli in a fully functional form, which
makes it more attractive for such uses. Due to its photochromic properties, R is al
being pursued as a cosmetic ingredient as was suggested in a patent issuathfaise
of BR [21]. These applications demand significant amount of protein. The above method

of pR preparation has the potential to produce such quantities in short time period.
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This method of purification might also potentially be applied toward the
purification of pharmaceutically important membrane proteins known as GPCRs. This
somewhat-speculative potential application will be explored further in thechagter of

this thesis.
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Chapter 4

HETEROLOGOUS EXPRESSION OF BOVINE RHODOPSIN, A MAMMALIAN

RHODOPSIN, IN E. coli

4.1 INTRODUCTION

Based on the identification of a short compact motif responsible for pR-citrate
interaction, it was hypothesized that it might be possible to exploit this fmotife
purification of other membrane proteins. This chapter describes a strategyshat
developed to test this hypothesis, and preliminary attempts to express ati@mm
membrane protein, bovine rhodopsinEircoli with the aim of adapting the citrate
purification method to G-protein-coupled receptors (GPCRSs). Similar to pR, SPCR
generally contain a cluster of positively charged amino acid residues inirtsteir f
intracellular loop (Fig. 4.1 and 4.2). If their spacing in the native primajyesee is
inadequate, site directed mutation(s) can be carried out on the amino acids présent i
loop to generate positively charged amino acid (s) with spacing matching phasent

in pR.

124



MNGTEGPNFYVPFSNKTGVVRSPFEAPQYYLAEPWQFSMLAAYMFLLIMLGFPINFLTLYVTVOH

KKLRTPLNYILLNLAVADLFMVFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEIALWSLVVL

AIERYVVVCKPMSNFRFGENHAIMGVAFTWVMALACAAPPLVGWSRYIPEGMQCSCGIDYYTPH

EETNNESFVIYMFVVHFIIPLIVIFFCYGQLVFTVKEAAAQQQESATTQKAEKEVTRMVIIMVIAFLI

CWLPYAGVAFYIFTHQGSDFGPIFMTIPAFFAKTSAVYNPVIYIMMNKQFRNCMVTTLCCGKNPLG

DDEASTTVSKTETSQVAPA

Fig. 4.1: Primary structure of bovine rhodopsin showing positively charged
residues:The underlined segments represent the loops, beginning with the
extracellular loop and ending with the cytoplasmic loop. The first intracellular
loop is shown in bold and the positively charged residues are highlighted.

To use citrate for the purpose of GPCR puirification, the first step was to eapress
GPCR protein in bacteri&. coli was chosen as the expression tool because it multiplies
fast, with a doubling time of ~30 minutes, consequently producing the protein in large
guantities in a shorter time period. Also, wihcoli, the behaviors of lipids and co-
contaminants that are co-purified at each step when using the citrategtionfibethod
for pR are recognizable. Switching to a different expression organism woutgpdeted
to introduce complications resulting from a different mix of contaminant poteid

lipids.

However, membrane proteins, especially integral membrane proteindfiatdtdi
to express irk. coli. High-level expression of such proteins is often toxic to the host cell.

To circumvent such difficulties, it is often possible to take advantage of thedeelufi
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gene fusion. Another membrane protein, nativi.toli, is genetically fused to the
protein of interest at either the C- or N-terminus. These fusion proteinsarenalwn as
tags which are either short fragments or the entire length of proteirridacbdopsin
(BR), an archaeal homolog of pR, has been expresd¢edah using tags such as
maltose-binding protein (MBP) [1] ¢galactosidase [2]. These larger fusion proteins
allow efficient expression of the protein of interest. The drawback of tag-fisstbatiit
adds another step in the process of purification; the tags typically need &abedcin

order to produce a pure protein in the native form for structural studies.

Because it is possible to obtain relatively high levels of pR expresskrcah -
up to 10 mg per liter of culture, an uncommonly high level of expression for an
heptahelical membrane protein - fusion with pR or with pR segment(s) appears as a

attractive strategy for expression of GPCRs.

As a first candidate for heterologous expression of a GPE&Rauli, an attempt
was made to express mammalian rhodopsin, specifically bovine rhodopsin. GPCRs are of
great pharmacological importance, with about 30-50% of drugs being targ&CRs
[3]. Some of the drugs that target GPCRs are shown in Table 4.1 [4]. Table 4.2 shows

some of the hereditary diseases associated with malfunctioning GPCRs [4].

The binding sites of GPCR ligands are buried in between the seven
transmembrane helices. Structure-guided design of drugs that targes@GBE been

limited due to the lack of three-dimensional structures of these binding sitess This
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largely due to the challenge in purification of these proteins in sufficientigesnd

carry out crystallization studies. Bovine rhodopsin was the first GPCR to $teltrgd
mainly due to its abundance and high concentration in an easily-obtained tissue, cow
retinas [5]. Methods for purification of it were first developed in the 1940s, allowing
widespread research attempts on its crystallization. However| tostila span of

around 50 years to get the protein pure enough that is suitable for three-dimeB&pnal (

structural studies.

Homologous expression of most other mammalian GPCRs in large quantities is
difficult, since they are generally expressed in very low quantities irethe c
Considerable effort is being applied into heterologous expression of functional GPCRs,
but production of even modest quantities of membrane proteins is a challenge. Rat
neurotensin receptor is a GPCR that has been expredsecbinas a dual fusion protein
with MBP-tag at the N-terminus and thioredoxin (Trx)-tag at the C-tersnifluis
yielded 10 mg of the fusion protein from 200 L of culture [6]. (It should be noted that
only half of the 10 mg was attributable to the native rhodopsin sequence; the other half
was MBP itself). Another example Bf coli expression of a GPCR is that of chemokine
receptors, CR, CCR3, CCR5, and CX3CRL1 [7]. The final yields of purified receptors

obtained were between 0.1 to 3 mg/L of culture.

Our lab and others have been successful in expressing 5-10 mg/L oEpé&dlin
[8]. It should be noted that while expression of pR is by definition considered

heterologous ifk. coli, the native pR was originally found k coli related bacterig-
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proteobacteria. This might explain the ease and the high success rate diexmiesR

in E. coli. If a membrane protein such as a GPCR could be expres&ecbinand

purified with the citrate method, the consequences of such results could be immense, a
the protein could be obtained in larger quantities and purified with a simple, inexpensive
and labor-easy method.

Table 4.1: GPCR-targeted drugs

Trademark | Generic name| Disease Target receptor
of drug
Allegra Fexofenadine | Allergies H1 antagonist
Atrovent Ipratropium Asthma Mixed muscarinic antagonist
Axid Nizatidine Renal dysfunction | H, antagonist
Betaloc Metoprolol Asthma/COPD Betal antagonist
BuSpar Buspirone Depression 5-HT, agonist
Cardura Doxazosin hypertension Alpha, antagonist
Claritin Loratidine Allergies Antihistamine H1 antagonist
Cozaar Losartan Hypertension AT, antagonist
Diovan Valsartan Hypertension AT1 antagonist
Duragesic Fentanyl Pain Opioid agonist
Gaster Famotidine Ulcers H, antagonist
Hytrin Terazosin Hypertension Alpha; antagonist
Imigran Sumatriptan | Migraine 5-HT1 agonist
Lupron Leuprolide Cancer LH-RH agonist
Neurotonine | Gabapentin Neurogenic pain | GABA B agonist
Pepcidine Pamotidine Ulcers H, antagonist
Plavix Clapidogrel Stroke P2Y12 antagonist
Prepulsid Cisapride Digestion 5-HT, ligand
Prostap SR | Leuprorelin Prostate cancer LH-RH agonist
Risperdal Risperidone | Psychosis Mixed D2/5-HT, antagonist
Seloken Metoprolol Hypertension Betal antagonist
Serevent Salmeterol Asthma B2 agonist
Singulair Montelukast | Asthma LTD4 antagonist
Tagamet Cimetidine Ulcers H2 antagonist
Tenormin Atenolol Hypertension Beta2 antagonist
Ventolin Salbutamol Asthma/breathing | Beta2 agonist
problems
Zantac Ranitidine Ulcers H2 antagonist
Zofran Ondansetron | Antiemetic 5-HT3 antagonist
Zoladex Goserelin Cancer LH-RH agonist
Zyprexa Olanzapine Schizophrenia Mixed D2/D1/5-HT2
antagonist
Zyrtac Cetirizine Allergies Antihistamine H1 antagonist

Source: The table is a redrawn version of the tiien with permission from Flower D. R [4].
More drugs and the diseases have been added talifés
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Table 4.2: Diseases associated with malfunctioning GPCRs

Disease Receptor Type/function of
mutation

Color blindness Red and green X chromosome

opsins rearrangements

Stationary night Rhodopsin Missense mutation

blindness

Retinitis pigmentosa Rhodopsin Apoptosis of rod
cells

Retinitis pigmentosa Rhodopsin Null mutations

Nephrogenic DI V2- receptor Loss of function

Isolated ACTH receptor Loss of function

glucocorticoid

deficienty

Hyperfunctioning | TSH receptor Missense

thyroid adenomas

Familial precocious| LH receptor Missense

puberty

Familial Cd*-sensing Missense

hypocalciuric receptor

hypercalcaemia

Neonatal severe Cd *-sensing Missense

hyperparathyroidism receptor

Source: The table is a redrawn version of the tdaalen with
permission from Flower D. R. [4].

4.2  Methods and Rationale
4.2.1 Construction of chimera plasmid coding for bovine rhodopsin fused to N-
terminal leader sequence from pR
Initially, the unmodified bovine rhodopsin gene (originally obtained from Jeremy
Nathans) was cloned into the expression site of commercially availabieighlpBAD-
TOPO-TA from Invitrogen. The resulting recombinant plasmid pBAD TOPO-TA kad it

sequence verified in order to confirm the correct direction of insertion, tagn w
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transformed irE. coli Strain UT5600, the same that has been used for pR expression. In
this construct, bovine rhodopsin is under the control of arabinose promoter. However,
even after addition of 0.2% arabinose and 11-cis-retinal, the protein failed to express

fold, and/or form a holoprotein, as evidenced by lack of a reddish chromophore.

This was a generally-expected result, as it has not been possible in general to
express GPCRs i&. coli. A widely-accepted reason for this is tBatoli is unable to
insert the N-terminal (N-T) region of bovine rhodopsin into its membrane and tleeiefor

incapable of expressing it without an N-terminal fusion to a n&iweeli protein.

Therefore, we adopted the strategy of fusing bovine rhodopsin to an N-terminal
leader sequence from pBince pR is successfully expressedsbygali, it is apparent that
the N-terminal portion of pR is able to translocate through the membrane and
consequently lead the entire protein to span the membrane seven times. It was
hypothesized that if the N-T region of bovine rhodopsin that forms the extracellula
segment was replaced by the N-terminal portion of pR corresponding to theekuiaa

segment of pR, then bovine rhodopsin might also express and properly Eolcbin

Fig 4.2 and 4.3 show the secondary structures of bovine rhodopsin and pR
respectively. Construction of the chimeric protein was accomplished by pergoam
site-directed mutagenesis using pPBAD TOPO TA containing bovine rhodopsin as the
cloning vector and replacing the N-terminal extracellular loop of bovine rhodopsin wi

that of pR. To be specific, the first 33 amino acids at the N-terminus in bovine rhodopsin
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were replaced by the first 27 amino acids of pR. The gene and protein sequences of pR

and bovine rhodopsin are shown in Fig. 4.4 and 4.5.

Ciurrent Opinion in Ced Bickagy

Fig. 4.2 Secondary structure of bovine rhodopsinThis figure is based on
Sakmar T. P. [10], taken with permission. The 33 amino acids at N-terminal
region on the extracellular side, labeled as extracellular loop, wereedg N-
terminal 27 amino acids of pR. The positively charged amino acids in the
intracellular loop 1 (C1) are marked in red.
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Fig. 4.3: Secondary structure of pRThe first 27 amino acids at the N-
terminus of pR on the extracellular side were used to replace the first 33
amino acids of N-terminal extracellular loop of bovine rhodopsin.

The mutagenesis was accomplished by using a polymerase chain reactipn (PCR

mediated method [9]. This method utilizes overlap extension methodology. The overall

reaction is divided into two steps: the first step involves synthesis of a dowridesir

linear DNA insert containing the desired new sequence, with sequences at boktaends t

overlap the existing target gene; the second step uses the double-stranded apait

of primers for thermal-cycling DNA synthesis (as in the polymerasa cbaction). The

overlapping sequences at the ends of the synthetic DNA are identical to portioas of t

template for the DNA synthesis in the second step (Fig. 4.6). Thus, the insert become
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incorporated into the cloning vector in the second step. The PCR-mediated cloning
method uses a polymerase known as Phusion®, a high-fidelity DNA polymerasarthat c

potentially insert up to 6.7 kb of insert [9].

A set of primers were designed for the purpose of generating a chinteoainé
rhodopsin with the N-terminus of pR. The sequences of the primers are shown in Fig. 4.7.
Schematic diagram of the strategy of primer design is shown in Fig. 4.8. Botimtleespr
included a portion of plasmid pBAD TOPO TA on left side of N-T pR and, a portion of
bovine rhodopsin gene on the right side of N-T pR. An extra fragment, known as
overhang, was also included in the primers to ease the process of annealingdaritie se
step; the overhang on the 5' side of pR matched a portion of the pBAD-TOPO
commercial plasmid sequence, and the overhang on the 3' side corresponded to a portion

of bovine rhodopsin sequence.

The overall methodology is summarized in Fig. 4.6. For the first step, the N-
terminal portion of pR with overhangs on both its sides was synthesized comiyercial
(Integrated DNA Technology). An approximate portion of pR that was synthesized i
shown in Fig. 4.6a. The synthesized linear fragment is shown in Fig. 4.6b. It has the
aforementioned overlapping regions on both sides of pR. This linear fragment served as
the insert that primed the second step of PCR (Table 4.3 and Fig. 4.6¢). Plasmid pBAD-
TOPO with bovine rhodopsin (cloning vector) served as the template; thus the overhang
and the overlapping sequences of the insert are complementary to segmeasts of thi

template. The pR sequence that is a part of the primer automatically beccenteslins
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Since the N-terminal portion of bovine rhodopsin is not a part of the insert, it is replaced
by pR. The final product obtained is the recombinant plasmid pBAD TOPO TA with

N.T. pR-bovine rhodopsin chimera (Fig. 4.6d).

4.2.2 Transfection of supercompeterit. coli with the chimera plasmid

pBAD TOPO TA plasmid containing the chimera was digested with Dpnl to
eliminate the template plasmid. It was then transfected into superconipateintcells
(Agilent technologies). Plasmid DNA was isolated for analysis on 0.8% &ggebss

well as DNA sequencing.

4.2.3 Transfection ofE. coli UT5600 with the chimera plasmid
Plasmid containing chimera DNA was transfected into UT5600 cells for the

purpose of protein expression.

Fig. 4.4a: Sequence of Bovine rhodopsin gene (Nucleotide accession number:
AHO001149): The red region is the sequence included in the primers. The region, 99 bp, 5'
side to the red region (italics) is the sequence on the N-terminus that fornnstthe f
extracellular loop, which was replaced by N-terminus of pR.

ATGAACGGGACCGAGGGCCCAAACT TCTACGT GCCTTTCTCCAACAAGACGGEGECGT GGTGCGCAGCCCCT
TCGAGGCCCCGCAGTACTACCT GGCEGAGCCATGECAGT TCTCCATGCTGECCGCCTACATGT TCCTGCT
GATCATCGCTTGCECTTCCCCATCAACT TCCTCACGCT GTACGT CACAGT CCAGCACAAGAAGCTGCGCACA
CCCCTCAACTACATCCTGCTCAACCT GECCGT GECCGACCTCTTCATGGT CTTCGEGEECTTCACCACCA
CCCTCTACACCTCTCTGCACGGGTACT TCGT CTTTGEECCCACGEGCTGCAACCTGGAGGECTTCTTTGEC
CACCTTGGEGECEGTGAAATTCCACT GTGGT CCTTGGT GGT CCTGECCATCGAGCGGTACGTGGTGGTGTGC
AAGCCCATGAGCAACT TCCGCT TCEGEGAGAACCACGCCATCATGEECGT CGCCT TCACCTGGGTCATGG
CTCTGGECCTGT GCCGCGCCCCCCCT CGT CGECT GGT CCAGGT ACAT CCCGGAGGECATGCAGT GCTCGT G
CGGGATTGACTACTACACGCCCCACGAGGAGACCAACAATGAGT CGT TCGTCATCTACATGI TCGTGGTC
CACTTCATCATCCCCCTGATTGTCATATTCT TCTGCTACGGEGCAGCT GGT GT TCACCGT CAAGGAGECGEG
CTGCCCAGCAGCAGGAGT CGECCACCACT CAGAAGCCCGAGAAGGAGGT CACCCGCATGGTGATCATCAT
GGTCATCGCTTTCCTAATCTGCTGGECT GCCCTACGCT GEEGTGECGT TCTACATCTTCACCCATCAGGEC
TCTGACTTTGGCCCCATCTTCATGACCATCCCGECTTTCTTTGCCAAGACT TCTGCCGT CTACAACCCCG
TCATCTACATCATGATGAACAAGCAGT TCCGGAACT GCATGGT CACCACT CTCTGCTGTGGCAAGAACCC
GCTGGEGT GACGACGAGGECCT CCACCACCGT CTCCAAGACAGAGACCAGCCAAGT GGCGCCTGCCTAA
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Fig. 4.4b: Sequence of pR (Nucleotide accession number: AF2791060te: The

sequence provided with this accession number is the reverse complement of the following
sequence. Here, the underlined sequence represents the sequence used for thi primers
is the portion of pR, the N-terminus pR, that replaced the N-terminus of bovine

rhodopsin.

ATGAAATTATTACTGATATTAGGTAGTGI TATTGCACTTCCTACATTTGCTGCAGGT GGTGGTGACCTTGA
TCCTAGTGATTACACTGGTGITTCTTTTTGGTTAGT TACTGCTGCTTTATTAGCATCTACTGTATTTTTCT
TTGTTGAAAGAGATAGAGT TTCTGCAAAATGGAAAACATCATTAACTGTATCTGGTCTTGT TACTGGTATT
GCTTTCTGGCATTACATGTACAT GAGAGGEGGTATGGAT TGAAACTGGTGATTCCCCAACTGTATTTAGATA
CATTGATTGGT TACTAACAGT TCCTCTATTAATATGTGAATTCTACTTAATTCTTGCTGCTGCAACTAATG
TTGCTGGATCATTATTTAAGAAATTACTAGT TGGTTCTCTTGT TATGCTTGTGI TTGGT TACATGGGT GAA
GCAGGAATCATGGECTGCATGECCTGCATTCATTATTGGGTGI TTAGCT TGCGTATACATGATTTATGAATT
ATGCEGECTCGAGAAGGAAAAT CTGCATGTAATACT GCAAGT CCTGCTGT GCAATCAGCT TACAACACAATGA
TGTATATTATCATCTTTGGT TGEGCGATTTATCCTGTAGGT TATTTCACAGGT TACCT GATGGGT GACGGT
GGATCACGCTCTTAACTTAAACCTTATCTATAACCTTGCTGACT TTGT TAACAAGATTCTATTTGGT TTAAT
TATATGGAATGT TCGCTGT TAAAGAATCTTCTAATGCTTAA

Fig. 4.5a: Sequence of bovine rhodpsin protein (Protein accession number:
AAA30674): The N-terminal 33 amino acids of bovine represented in bold italics form
the first extracellular loop. They replaced by N-terminus of pR in the chiptasmid
construction.

IMNGT EGPNF YVPFSNKTGVVRSPFEAPQYYLAEPWOFSMLAAYMFLLI MLGFPI NFLTLYVTVQHKKLRT
PLNYI LLNLAVADLFMWFGGFTTTLYTSLHGYFVFGPTGCNLEGFFATLGGEI ALWSLWWLAI ERYVWVC
KPMSNFRFGENHAI MGVAFTW/IVALACAAPPLVGABRYI PEGMQCSCA DYYTPHEETNNESFVI YMFW
HFI | PLI VI FFCYGQLVFTVKEAAAQRQESATTQKAEKEVTRWI | WI AFLI CW.PYAGVAFYI FTHQG
SDFGPI FMTT PAFFAKTSAVYNPVI YI MVNKQFRNCWT TL CCGKNPL GDDEAST TVSKTETSQVAPA

Fig. 4.5b) Sequence of pR protein (Protein accession number: AAG1047%he N-
terminal 27 amino acids of pR represented in bold italics form the extracédogpar
They replaced the N-terminus of bovine rhodopsin in the chimera plasmid construction.

MKLLLI LGSVI ALPTFAAGGGDLDASDYTGVSFW.VTAALLASTVFFFVERDRVSAKVWKTSLTVSALVTG
I AFVHYMYMRGVW ETCGDSPTVFRY! DWLLTVPLLI CEFYLI LAAATNVAGSLFKKLLVGSLVMLVFGYM
GEAG MAAWPAFI | GCLAW/YM YELWAGEGKSACNTASPAVQSAYNTMWYI | | FGWAI YPVGYFTGYLM
GDGGSALNLNLI YNLADFVNKI LFGLI | WWVAVKESSNA
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Fig. 4.6: PCR-cloning method:First step is shown in (a) which involves synthesizing a
linear insert. The primers used for this step include a sequence of pR to be zgdthesi
flanked by overlapping sequences as described in the text. (b) is the product of the firs
step that serves as an insert for the second step. NOTE: The first step ted, amd

the linear fragment was directly obtained as a commercially syn#itegroduct

(Integrated DNA Technology). (c) Second step uses cloning vector as thetéecimigla
which the insert (linear product) becomes inserted. (d) shows the final produtt-wit
pR-bovine rhodopsin chimera.

plasmid

a \7‘ bovine rhodopsin

Proteorlfodopsin

—

pBADTOPOTA

Plasmid overhang
b K
Plasmid N.TpR Bovine rhodopsin
Bovine rhodopsin overhang]
pR
c v d
[ \ ‘/Bovine rhodopsin pR
fPlasmid \)/
Bovine rhodopsin Bovine rhodopsin

-

pBAD TOPO TA pBAD TOPO TA
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Fig. 4.7: Sequences of primers, obtained commercially, used for construanti of
chimera plasmid N-T pR-bovine rhodopsin

a) Forward primer: Fwd/pBAD_overhang-pR-BovR: Blue portion represents the
sequence of pBAD TOPO TA plasmid, black underlined sequence is the N-T of pR, red
portion represents that of bovine rhodopsin sequence beginning at amino acid # 34. The
first 19 bases on the 5' side (blue bold part) is the sequence of pPBAD TOPO TA that
serves as an overhang, i.e., it does not have a complementary sequence in the revers
primer.

STCCATACCCGTTTTTGGG CTAGAAATAATTTTGTTTAACTTTAAGAGGAGA

TATACATACCCATGAAATTATTACTGATATTAGGTAGTGTTATTGCACTTCCT

ACATTTGCTGCAGGTGGTGGTGACCTTGATGCTAGTGATCATGGCAGTTCTC
CATGCTGGCCGCCTACATGTTCCTGCTGATG

b) Reverse primer: Rev/BovR_overhang-pR-pBADThe color coding is same as the
Forward primer. Similar to the Forward primer, there is an overhang on the &f side

reverse primer. However, this 19 bases overhang is the sequence of bovine rhodopsin that
is in continuation with the sequence used in the Fwd primer. It does not have a
complementary sequence in the Fwd primer.

STGATGGGGAAGCCAAGCAT GATCAGCAGGAACATGTAGGCGGCCAGCAT
GGAGAACTGCCATGATCACTAGCATCAAGGTCACCACCACCTGCAGCAAAT
GTAGGAAGTGCAATAACACTACCTAATATCAGTAATAATTTCAT GGGTATGT
ATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAG -3

c) The following is a reverse sequence of the Reverse primer. The 3'to Sheeaui¢he
above Rev primer to show where it complements the Fwd primer. Note: the bold portions
do not have a complementary sequence.

3'GATCTTTATTAAAACAAATTGAAATTCTTCCTCTATATGTATGGG TACTTTA
ATAATGACTATAATCCATCACAATAACGTGAAGGATGTAAACGACGTCCACC
ACCACTGGAACTACGATCACTAGGTACCGTCAAGAGGTACGACCGGCGGATG
TACAAGGACGACTAGTACGAACCGAAGGGGTAGT -5'
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Plasmid overhang

N

Plasmid N.T pR Bovine rhodopsin

N

Bovine rhodopsin overhangJ

Fig. 4.8: Schematic diagram for primer designThis represents the
strategy of primer design used for the construction of chimera plasmid, as
described in the text. Total number of bases in each primer is 190.

Table 4.3: PCR parameters

Thermo-cycling reaction for Step 2

Step| Temperature, °C Time
1 98 30 sec
2 98 10 min
3 72 2.5 min
4 35 x4
5 72 10 min
6 4 hold

End

4.3 Results
4.3.1 Analysis of the plasmid construct of pR-Bovine rhodopsin chimera

A chimera of N-T pR-Bovine rhodopsin was cloned into the plasmid pBAD
TOPO TA. The expected size of the chimera plasmid is 5128 bp. This plasmid DNA
isolated fromE. coli was electrophoresed on 0.8% agarose gel (Fig. 4.11). Chimera

plasmid shows at least two forms, one at an apparent size of 3 kb (supercoiled) and
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another at an apparent size of about 7 kb (circular). A control plasmid pBAD TOPO TA
containing bovine rhodopsin was also run on the gel. The size of this control plasmid is
5202 bp, which is very close in size to the chimera plasmid. Therefore, to ascertain the

identity of chimera plasmid, chimera was analyzed by two methods.

The first one was a restriction digestion analysis. Two restriction enkigae
sites are present in the original control plasmid pBAD TOPO TA-bovine rhodopsin; one
of them is located at the N-terminal sequence of bovine rhodopsin. This siteimsthest
chimera plasmid, since that sequence is replaced by N-terminal seqtipRcé\then
the control and the chimera plasmids were subjected to digestion with Ndel, two bands
for the control plasmid and only one band for the chimera plasmid were expected. Figs.
4.9 and 4.10 describe the position of Ndel cuts and the expected band sizes. Fig. 4.11
shows the Ndel restriction digestion analysis. The expected sizes of bands aiasxpbt
two bands of sizes 3544 bp and 1658 bp for bovine rhodopsin and one band

corresponding to size 5128 bp for chimera.

The second, more definitive method of analysis was DNA sequencing. The
sequence result of the pR-bovine opsin chimera is shown in Fig. 4.12. These results show
that the N-T pR was cloned and replaced the N-T of bovine rhodopsin gene in the

chimera plasmid.
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Fig. 4.9a: pBAD-TOPO TA-bovine rhodopsin showing Ndel restriction sites:

The following sequence shows plasmid pBAD TOPO TA containing Bovine rhodopsin
gene (red). The purple color represents Ndel restriction recognitionGHEATG).

There are 2 sites in this sequence. The total size of this plasmid is 5202 bp. Ndel cuts at
positions 399 and 3943. Therefore two bands are obtained upon Ndel digestion
corresponding to 3544 bp and 1658 bp.

AAGAAACCAATTGTCCATATTGCATCAGACAT TGCCGT CACTGCGTCTTTTACTGECTCTTCTCGCTAACCAAACCGGTA
ACCCCGCTTATTAAAAGCAT TCTGTAACAAAGCGGEGACCAAAGCCAT GACAAAAACGCGT AACAAAAGT GTCTATAATCA
CGGCAGAAAAGT CCACATTGATTATTTGCACGGCGT CACACT TTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGG
ATCCTACCTGACCCTTTTTATCGCAACTCTCTACTGITTCTCCATACCCGI TTTTTTGGGECTAGAAATAATTTTGITTAA
CTTTAAGAAGGAGATATACATACCCAT GECCTCTGGAT CCGGT GATGACGATGACAAGCTCGCCCT Tt agaggat cccat

ATGAACGGGACCGAGGGECCCAAACT TCTACGT GCCTTTCT CCAACAAGACGGEGECGT GGT GCGCAGCCCCT TCGAGECCCC
GCAGTACTACCT GGCGGAGCCATGGCAGT TCTCCATGCTGGECCGCCTACATGT TCCTGCTGATCATGCTTGGECTTCCCCA
TCAACTTCCTCACGCT GTACGT CACAGT CCAGCACAAGAAGCT GCGCACACCCCT CAACTACATCCTGCTCAACCTGGECC
GI'GECCGACCTCTTCATGGT CTTCGGEEEECT TCACCACCACCCTCTACACCTCTCTGCACGEGTACTTCGTCTTTGEECC
CACGGGCTGCAACCT GGAGGEGECT TCTTTGCCACCT TGEGECGGT GAAATTGCACT GTGGT CCTTGGT GGT CCTGBCCATCG
AGCGGTACGT GGT GGT GT GCAAGCCCAT GAGCAACT TCCGCT TCGEGGAGAACCACGCCAT CATGEECGT CGCCTTCACC
TGGGTCATGGECT CTGECCT G GCCGCGCCCCCCCT CGT CGECT GGT CCAGGT ACAT CCCGGAGGECATGCAGT GCTCGT G
CGGGATTGACTACTACACGCCCCACGAGGAGACCAACAATGAGT CGTTCGTCATCTACATGI TCGTGGTCCACTTCATCA
TCCCCCTGATTGTCATATTCT TCTGCTACGGEGCAGCTGGT GT TCACCGT CAAGGAGGECGECTGCCCAGCAGCAGGAGT CG
GCCACCACT CAGAAGGCCGAGAAGGAGGT CACCCGCATGGTGATCATCATGGTCATCGCTTTCCTAATCTGCTGECTGCC
CTACGCTGGGEGTGECGT TCTACATCT TCACCCATCAGGGECTCTGACT TTGGCCCCATCT TCATGACCATCCCGECTTTCT
TTGCCAAGACTTCTGCCGT CTACAACCCCGT CATCTACAT CATGATGAACAAGCAGT TCCGGAACT GCATGGT CACCACT
CTCTGCTGI GGCAAGAACCCGCT GGGT GACGACGAGGCCT CCACCACCGT CTCCAAGACAGAGACCAGCCAAGT GECGECC
TGCCTAAL cgat aagct t aat t AAGGECGAGCT TGAAGGT AAGCCTATCCCTAACCCTCTCCTCGGTCTCGATTCTACGC
GTACCGGTCATCATCACCATCACCATTGAGT TTAAACGGT CTCCAGCTTGECTGT TTTGGCGGATGAGAGAAGATTTTCA
GCCTGATACAGAT TAAAT CAGAACGCAGAAGCGGT CTGATAAAACAGAAT TTGCCT GGCGECAGTAGCGCGGT GGT CCCA
CCTGACCCCAT GCCGAACT CAGAAGT GAAACGCCGT AGCGCCGAT GGTAGT GT GEGGGT CTCCCCAT GCGAGAGTAGGGAA
CTGCCAGGCATCAAATAAAACGAAAGGCTCAGT CGAAAGACTGEECCTTTCGT TTTATCTGT TGT TTGT CGGTGAACGCT
CTCCTGAGTAGGACAAAT CCGCCGGEGAGCGGAT TTGAACGT TGCGAAGCAACGGECCCGEGEAGEGET GGCGGEGECAGGACGCCC
GCCATAAACT GCCAGGCATCAAAT TAAGCAGAAGGCCATCCTGACGGATGECCTTTTTGCGT TTCTACAAACTCTTTTTG
TTTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCT GATAAATGCTTCAATAATATTGAAAAA
GGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGECATTTTGCCTTCCTGT TTTTGCTCAC
CCAGAAACGCTGGTGAAAGT AAAAGAT GCTGAAGAT CAGT TGGEGT GCACGAGT GGGT TACATCGAACT GGATCTCAACAG
CGGTAAGATCCTTGAGAGT TTTCGCCCCGAAGAACGT TTTCCAATGATGAGCACTTTTAAAGT TCTGCTATGT GGCGCGG
TATTATCCCGT GI' TGACGCCGEECAAGAGCAACT CGGT CGCCGCATACACTATTCTCAGAATGACT TGGT TGAGTACTCA
CCAGT CACAGAAAAGCATCTTACGGAT GGCATGACAGT AAGAGAAT TATGCAGT GCTGCCATAACCATGAGTGATAACAC
TGCGGCCAACTTACT TCTGACAACGAT CGGAGGACCGAAGGAGCTAACCGCT TTTTTGCACAACAT GGGGGATCATGT AA
CTCGCCTTGATCGT TGGGAACCGGAGCT GAAT GAAGCCATACCAAACGACGAGCGT GACACCACGATGCCTGTAGCAATG
GCAACAACGT TGCGCAAACTATTAACT GGCGAACTACT TACT CTAGCT TCCCGGCAACAATTAATAGACT GGATGGAGEC
GGATAAAGT TGCAGGACCACT TCTGCGCT CGGECCCT TCCAECTGECTGGT TTATTGCTGATAAAT CTGGAGCCGGT GAGC
GTGGGTCTCGCGGTATCAT TGCAGCACT GGGGECCAGAT GGTAAGCCCTCCCGTATCGTAGT TATCTACACGACGGGGAGT
CAGGCAACTATGGATGAACGAAATAGACAGAT CGCTGAGATAGGT GCCTCACTGATTAAGCATTGGTAACTGTCAGACCA
AGTTTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTTTTGATA
ATCTCATGACCAAAATCCCTTAACGT GAGT TTTCGT TCCACT GAGCGT CAGACCCCGT AGAAAAGATCAAAGGATCTTCT
TGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCT TGCAAACAAAAAAACCACCGCTACCAGCGGTGGT TTGT TTGCCGGA
TCAAGAGCTACCAACTCTTTTTCCGAAGGT AACT GGCT TCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGC
CGTAGT TAGGCCACCACT TCAAGAACT CTGTAGCACCGCCTACATACCT CGCTCTGCTAATCCTGT TACCAGT GGCTGCT
GCCAGTGGCGATAAGT CGTGT CT TACCGGGT TGGACT CAAGACGATAGT TACCGGAT AAGGCGCAGCGGT CGEECTGAAC
GGGEGEGEGT TCGT GCACACAGCCCAGCT TGGAGCGAACGACCTACACCGAACT GAGATACCTACAGCGT GAGCTATGAGAAA
GCGCCACGCT TCCCGAAGGGAGAAAGGCGGACAGGT AT CCGGT AAGCGGECAGGGT CGGAACAGGAGAGCGCACGAGEEAG
CTTCCAGGEEGAAACGCCTGGTATCTTTATAGT CCTGT CGGGT TTCGCCACCTCTGACTTGAGCGTCGATTTTTGTGATG
CTCGT CAGGGEEGECGGAGCCT AT GGAAAAACGCCAGCAACGCGECCTTTTTACGGT TCCTGECCTTTTGCTGECCTTTTG
CTCACATGTTCTTTCCTGCGT TATCCCCTGATTCTGTGGATAACCGTATTACCGCCT TTGAGT GAGCTGATACCGCTCGC
CGCAGCCGAACGACCGAGCGCAGCGAGT CAGT GAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCTTACGCA
TCTGTGCGGTATTTCACACCGCATATGGTGCACT CTCAGT ACAAT CTGCTCTGATGCCGCATAGI TAAGCCAGTATACAC
TCCGCTATCGCTACGT GACT GGGT CAT GGCT GCGCCCCGACACCCGCCAACACCCGCT GACGCGCCCTGACGEECTTGIC
TGCTCCCGECATCCGCT TACAGACAAGCT GT GACCGT CT CCGEGAGCT GCATGT GT CAGAGGT TTTCACCGT CATCACCG
AAACGCGCCGAGGECAGCAGAT CAAT TCCCGCGCGAAGGCGAAGCGECAT GCATAAT GT GCCT GT CAAAT GGACGAAGCAGG
GATTCTGCAAACCCTATGCTACT CCGT CAAGCCGTCAATTGTCTGAT TCGT TACCAAT TATGACAACT TGACGGCTACAT
CATTCACTTTTTCTTCACAACCGGCACGGAACT CGCTCGEGECT GGCCCCGGTGCATTTTTTAAATACCCGCGAGAAATAG
AGTTGATCGT CAAAACCAACAT TGCGACCGACGGT GECGATAGGCAT CCGEGT GGT GCTCAAAAGCAGCT TCGCCTGECT
GATACGT TGGT CCTCGCGCCAGCT TAAGACGCTAAT CCCTAACT GCTGGCGGAAAAGAT GT GACAGACGCGACGGECGACA
AGCAAACAT GCTGT GCGACGCT GGCGATATCAAAAT TGCTGT CTGCCAGGT GATCGCT GATGTACT GACAAGCCT CGCGT
ACCCGATTATCCATCGGT GGATGGAGCGACT CGT TAAT CGCTTCCATGCGCCGCAGT AACAATTGCTCAAGCAGATTTAT
CGCCAGCAGCT CCGAATAGCGCCCT TCCCCT TGCCCGECGT TAATGAT TTGCCCAAACAGGT CGCTGAAATGCGECTGGT
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GCGCTTCATCCGGEGECGAAAGAACCCCGT AT TGGCAAATAT TGACGGCCAGT TAAGCCAT TCATGCCAGT AGGCGCGCGGA
CGAAAGTAAACCCACTGGT GATACCAT TCGCGAGCCT CCGGATGACGACCGT AGT GATGAATCTCT CCTGGECGGGAACAG
CAAAATATCACCCGGT CGGCAAACAAATTCTCGTCCCTGATTTTTCACCACCCCCT GACCGCGAAT GGTGAGATTGAGAA
TATAACCTTTCATTCCCAGCGGT CGGT CGATAAAAAAAT CGAGAT AACCGT TGGCCT CAAT CGGCGT TAAACCCGCCACC
AGATGGGCATTAAACGAGT AT CCCGGCAGCAGGEGATCATTTTGCGCT TCAGCCATACTTTTCATACTCCCGCCATTCAG
AG

Fig. 4.9b: Schematic representation of plasmid pBAD TOPO TA — bovine rhodopsi

digestion with Ndel

1658 bp Ndel, 300

Ndel, 3043

pPBAD-bov rhod,
5202 bp

3544 bp
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Fig. 4.10a: Chimera plasmid showing Ndel restriction siteS:he following is a

manually generated sequence of N-T pR-bovine rhodopsin chimera in order to show the
Ndel restriction site. The same color coding is followed. The purple color represents
Ndel restriction recognition sites (CATATG). There is only one site in ¢gjgence at
position 3869. The total size of the chimera plasmid is 5128 bp. Upon Ndel digestion,
only one band corresponding to 5128 bp is obtained.

AAGAAACCAATTGTCCATATTGCATCAGACAT TGCCGT CACTGCGTCTTTTACTGGECTCTTCTCGCTAACCAAACCGGTA
ACCCCCCTTATTAAAAGCAT TCTGTAACAAAGCGGCGACCAAAGCCAT GACAAAAACGCGT AACAAAAGT GTCTATAATCA
CGGCAGAAAAGT CCACATTGATTATTTGCACGGECGT CACACT TTGCTATGCCATAGCATTTTTATCCATAAGATTAGCGG
ATCCTACCTGACCCTTTTTATCGCAACTCTCTACTGITTCTCCATACCCGI TTTTTGGCECTAGAAATAATTTTGTTTAAC
TTTAAGAAGGAGATATACATACCCATGAAATTATTACTGATATTAGGTAGTGT TATTGCACTTCCTACATTTGCTGCAGG
TGGTGGT GACCTTGATGCTAGI GATCCATGGECAGI TCTCCATGCTGECCGCCTACATGI TCCTGCTGATCATGCTTGECT
TCCCCATCAACT TCCTCACGCT GTACGT CACAGT CCAGCACAAGAAGCT GCGCACACCCCTCAACTACATCCTGCTCAAC
CTGGECCGTGECCGACCTCTTCATGGT CT TCGGEGEGEECT TCACCACCACCCTCTACACCTCTCTGCACGGGTACTTCGTCTT
TGGGECCCACGGEGECT GCAACCT GGAGGECTTCTTTGCCACCT TGEECGGTGAAAT TGCACT GTGGTCCTTGGT GGTCCTGG
CCATCGAGCGGTACGT GGTGGT GTGCAAGCCCAT GAGCAACT TCCGCT TCGEEGAGAACCACGCCAT CATGEGECGT CGCC
TTCACCTGGEGT CATGGECT CTGECCT GT GCCGCGCCCCCCCT CGT CGECT GGT CCAGGT ACAT CCCGGAGGECATGCAGT G
CTCGTGCGGGAT TGACTACTACACGCCCCACGAGGAGACCAACAATGAGT CGTTCGTCATCTACATGT TCGTGGTCCACT
TCATCATCCCCCTGATTGTCATATTCTTCTGCTACGGEECAGCTGGT GT TCACCGT CAAGGAGGECGECTGCCCAGCAGCAG
GAGT CGGCCACCACT CAGAAGGCCGAGAAGGAGGT CACCCGCATGGTGATCATCATGGTCATCGCTTTCCTAATCTGCTG
GCTGCCCTACGCTGEGEGTGECGT TCTACATCT TCACCCATCAGGEGECTCTGACT TTGGECCCCATCTTCATGACCATCCCGG
CTTTCTTTGCCAAGACT TCTGCCGT CTACAACCCCGT CATCTACATCATGATGAACAAGCAGT TCCGGAACTGCATGGTC
ACCACTCTCTGCTGT GGCAAGAACCCGCT GGGT GACGACGAGGECCT CCACCACCGT CTCCAAGACAGAGACCAGCCAAGT
GGCCCCTGCCTAAL cgat aagcet t aat t AAGGGCGAGCT TGAAGGTAAGCCTATCCCTAACCCTCTCCTCGGTCTCGATT
CTACGCGTACCGGT CATCATCACCATCACCATTGAGT TTAAACGGT CTCCAGCTTGGECTGT TTTGGCGGATGAGAGAAGA
TTTTCAGCCTGATACAGAT TAAAT CAGAACGCAGAAGCGGT CTGATAAAACAGAAT TTGCCT GECGECAGT AGCGCGGT G
GTI'CCCACCT GACCCCAT GCCGAACT CAGAAGT GAAACGCCGT AGCGCCGAT GGTAGT GTGGGGT CTCCCCATGCGAGAGT
AGGGAACTGCCAGGCATCAAATAAAACGAAAGCCT CAGT CGAAAGACTGEECCTTTCGI TTTATCTGT TGT TTGTCGGTG
AACGCTCTCCTGAGT AGGACAAAT CCCCCCEGAGCGGAT TTGAACGT TGCGAAGCAACGECCCCGAGEGET GGCGEECAGG
ACGCCCGCCATAAACT GCCAGGCAT CAAAT TAAGCAGAAGGCCATCCTGACGGATGECCTTTTTGCGT TTCTACAAACTC
TTTTTGITTATTTTTCTAAATACATTCAAATATGTATCCGCTCATGAGACAATAACCCTGATAAATGCCTTCAATAATATT
GAAAAAGGAAGAGTATGAGTATTCAACATTTCCGTGTCGCCCTTATTCCCTTTTTTGCGECATTTTGCCTTCCTGITTTT
GCTCACCCAGAAACGCTGGTGAAAGT AAAAGAT GCTGAAGAT CAGT TGGEGT GCACGAGT GGGT TACATCGAACTGGATCT
CAACAGCGGTAAGATCCTTGAGAGT TTTCGCCCCGAAGAACGT TTTCCAATGATGAGCACTTTTAAAGT TCTGCTATGTG
GCGCGGTATTATCCCGT GT TGACGCCGGEGECAAGAGCAACT CGGT CGCCGCATACACTATTCTCAGAATGACT TGGTTGAG
TACTCACCAGT CACAGAAAAGCAT CTTACGGAT GGCATGACAGTAAGAGAATTATGCAGT GCTGCCATAACCATGAGTGA
TAACACT GCGGCCAACT TACT TCTGACAACGAT CGGAGGACCGAAGGAGCTAACCGCTTTTTTGCACAACATGGGGGATC
ATGTAACTCGCCT TGATCGT TGCGAACCGGAGCT GAAT GAAGCCAT ACCAAACGACGAGCGT GACACCACGATGCCTGTA
GCAATGGCAACAACGT TGCGCAAACTAT TAACTGGCGAACTACT TACTCTAGCT TCCCGGCAACAAT TAATAGACT GGAT
GGAGGCGGATAAAGT TGCAGGACCACT TCTGCGCT CGECCCT TCCAECT GECTGGT TTATTGCTGATAAAT CTGGAGCCG
GT'GAGCGT GGGT CTCGCGGTAT CAT TGCAGCACT GGGGECCAGAT GGTAAGCCCTCCCGTATCGTAGT TATCTACACGACG
GGGAGT CAGGCAACTATGGATGAACGAAATAGACAGAT CGCTGAGATAGGT GCCTCACTGATTAAGCATTGGTAACTGTC
AGACCAAGT TTACTCATATATACTTTAGATTGATTTAAAACTTCATTTTTAATTTAAAAGGATCTAGGTGAAGATCCTTT
TTGATAATCTCATGACCAAAATCCCTTAACGTGAGT TTTCGT TCCACT GAGCGT CAGACCCCGTAGAAAAGAT CAAAGGA
TCTTCTTGAGATCCTTTTTTTCTGCGCGTAATCTGCTGCT TGCAAACAAAAAAACCACCGCTACCAGCGGTGGITTGTTT
GCCGGATCAAGAGCTACCAACTCTTTTTCCGAAGGT AACT GGCT TCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAG
TGTAGCCGTAGT TAGGCCACCACT TCAAGAACT CTGTAGCACCGCCTACATACCTCGCTCTGCTAATCCTGI TACCAGT G
GCTGCTGCCAGT GGCGATAAGT CGT GT CT TACCGGGT TGGACT CAAGACGATAGT TACCGGAT AAGGCGCAGCGGT CGGEG
CTGAACGGEGEGEEGET TCGT GCACACAGCCCAGCT TGGAGCGAACGACCT ACACCGAACT GAGATACCTACAGCGT GAGCTAT
GAGAAAGCGCCACGCT TCCCGAAGGGAGAAAGGCGGACAGGT AT CCGGT AAGCGGECAGEGT CGGAACAGGAGAGCGCACG
AGGCGAGCT TCCAGCEEGAAACGCCTGGTATCT TTATAGT CCTGT CGGGT TTCGCCACCTCTGACT TGAGCGTCGATTTTT
GT'GATGCT CGT CAGGGEEGECEGAGCCTAT GGAAAAACGCCAGCAACGCGECCTTTTTACGGT TCCTGECCTTTTGCTGEC
CTTTTGCTCACATGITCTTTCCTGCGT TATCCCCTGATTCTGI GGATAACCGTATTACCGCCT TTGAGT GAGCTGATACC
GCTCGCCGCAGCCGAACGACCGAGCGCAGCGAGT CAGT GAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTCTCCT
TACGCATCTGI GCGGTATTTCACACCGCATATGGTGCACT CTCAGTACAAT CTGCTCTGATGCCGCATAGT TAAGCCAGT
ATACACTCCGCTATCGCTACGT GACT GGGT CATGGECT GCGCCCCGACACCCGCCAACACCCGCT GACGCGCCCTGACGEG
CTTGICTGCTCCCGGCATCCGCT TACAGACAAGCT GTGACCGT CTCCGGGAGCTGCATGT GTCAGAGGT TTTCACCGT CA
TCACCGAAACGCGCGAGGCAGCAGAT CAAT TCGCGCGCGAAGECGAAGCGGECAT GCATAAT GT GCCTGT CAAAT GGACGA
AGCAGGGATTCTGCAAACCCTATGCTACT CCGT CAAGCCGT CAATTGTCTGAT TCGT TACCAAT TATGACAACT TGACGG
CTACATCATTCACTTTTTCT TCACAACCGGCACGGAACT CGCTCGGEGECTGECCCCGGTGCATTTTTTAAATACCCGCGAG
AAATAGAGT TGATCGT CAAAACCAACAT TGCGACCGACGGT GECGATAGGCAT CCGEGT GGT GCTCAAAAGCAGCTTCGC
CTGCCTGATACGT TGGT CCTCGCGCCAGCT TAAGACGCTAAT CCCTAACT GCTGECGGAAAAGAT GT GACAGACGCGACG
GCGACAAGCAAACATGCTGT GCGACGCTGGCGATATCAAAAT TGCTGT CTGCCAGGT GATCGCTGATGTACTGACAAGCC
TCGCGTACCCGAT TATCCAT CGGT GGAT GGAGCGACT CGT TAAT CGCT TCCAT GCGCCGCAGT AACAATTGCT CAAGCAG
ATTTATCGCCAGCAGCT CCGAATAGCGCCCT TCCCCTTGCCCGECGT TAATGAT TTGCCCAAACAGGT CGCTGAAATGCG
GCTGGTGCGCTTCAT CCGGECGAAAGAACCCCGT AT TGGCAAATAT TGACGGCCAGT TAAGCCAT TCATGCCAGT AGECG
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CGCGGACGAAAGT AAACCCACT GGTGATACCAT TCGCGAGCCT CCGGATGACGACCGTAGT GATGAATCTCTCCTGECGEG
GAACAGCAAAATAT CACCCGGT CGGCAAACAAATTCTCGTCCCTGATTTTTCACCACCCCCT GACCGCGAATGGTGAGAT
TGAGAATATAACCT TTCATTCCCAGCGGT CGGT CGATAAAAAAAT CGAGATAACCGT TGGCCT CAATCGGCGT TAAACCC
GCCACCAGATGGGCATTAAACGAGT ATCCCGGECAGCAGGGEGATCATTTTGCGCT TCAGCCATACT TTTCATACTCCCGCC
ATTCAGAG

Fig. 4.10b: Schematic representation of plasmid pBAD TOPO TA N-T pR-bovine

rhodopsin chimera digestion with Ndel restriciton enzyme

MNdel,
3840

chimera plasmid
5128 bp
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Fig. 4.11: Agarose gel analysis of Ndel digested plasmigé&asmid pBAD

TOPO TA-bovine rhodopsin and pBAD TOPO TA N-T pR-bovine rhodopsin

were digested with restriction enzyme Ndel at 37°C for 1 hour. The digested
product was loaded on 0.8% agarose gel and run against undigested control
plasmids. Lane 1 contains undigested bovine rhodopsin plasmid; lane 2 contains
digested bovine rhodopsin plasmid, lane 3 has digested chimera plasmid and lane
4 shows undigested chimera plasmid. Lane 5 was loaded with 1 kb ladder (NEB).
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Fig. 4.12: Sequence result of chimera plasmid pBAD TOPO TA N-T pR-Boven
rhodopsin chimera: a) The following is a result obtained from sequencing of the
chimera plasmid (SUNY Upstate DNA Sequencing Facility). The umeetiportion is
the sequence of pR included in the primers, the bold red region corresponds to the
sequence of bovine rhodopsin present in the primers.

GACGCTTTTNATCGAAACTCTCTACTGT TTCTCCATACCCGT TTTTTGGGCTAGAAATAATTTTGT TTAACTTTAAGAAG
GAGATATACATACCCATGAAATTATTACTGATATTAGGTAGI GTTATTGCACTTCCTACATTTGCTGCAGGTGGT GGTGA
CCTTGATGCTAGT GATCCATGGCAGT TCTCCATGCTGGCCGCCTACATGTI TCCTGCTGATCATGCTTGECTTCCCCATCA
ACTTCCTCACGCT GTACGT CACAGT CCAGCACAAGAAGCT GCGCACACCCCT CAACTACATCCTGCTCAACCTGECCGTG
GCCGACCTCTTCATGGT CT TCGGEGEGEGECT TCACCACCACCCTCTACACCTCTCTGCACGGATACTTCGTCTTTGGGECCCAC
GGGECTGCAACCTGGAGGEECT TCT TTGCCACCCT GGECGGT GAAAT TGCACT GTGGT CCT TGGT GGTCCTGGECCATCGAGC
GGTACGT GGT GGT GT GCAAGCCCAT GAGCAACT TCCGCT TCGEEGAGAACCACGCCAT CATGEECGT CGCCTTCACCTGG
GTI'CATGGCT CTGGECCT GTGCCGCGCCCCCCCT CGT CGECT GGT CCAGGT ACAT CCCGGAGGECATGCAGT GCTCGT GCGG
GATTGACTACTANACGCCCCACGAGGAGACCAACAATGAGT CGT TCGTCATCTACATGT TCGTGGTCCACTTCATCATCC
CCCTGATTGTCATATTCTTCTGCTACGGGECAGCTGGT GT TCACCGT CAAGGAGGECGGECT GCCCAGCAGCAGGAGT CGECC
ACCACT CAGAAGGCCGAGAAGGAGGT CACCCGCATGGT GATCATCATGGT CATCGCTTTCCCTAATCTGCT GECTGCCCT
ACGCT GEGEGT GENGGT TCTACATCTTCACCCAT CAGGGCECTCTGAANT TTGENCCCATCTTCATGACCATCCCCGECTTT
CTTTGCCAAGANT TCTGCCGT CTACAACCCCGT CATCTANAT CATGATGAAAAAGCAGT TCNGGAACTGCATGGTCACCA
CTCTCTGCTGNGGNAAAAACCCNCT GGGGGANAACAAGNCCCT CCCCCACCGT NTCCAAAANAAAAACCAGCCAAGNGEG
CCTGCCTANNGAAAAGCT AAANAAGGGNAGNNT GAAGGAANGCTAT CCCTNACCCNNT CTCGGT CCCNAT TNACCGGAAC
GGTANNATCNCATCCNT TGNGT TNANNGGCNCNACNT GCNT GT TTGGGANAAANAAAT TTCCCCCGAANNAATAANNNAA
CNNAAGGGNTGNAAANAAAT TGCT GGGEGANANGNGGEGEGEGECCCCNT ACCCT GCCAANCAAAAAAACCCNANCCAAGEEEG

4.3.2 Attempt at heterologous expression of chimera protein i. coli

The plasmid pBAD TOPO TA containing pR-Bovine opsin chimera was
transfected intdc. coli UT5600 cells. These cells are protease-deficient which allows for
efficient expression of foreign protein. Three transfected colonies wekedpiand
grown in LB medium supplemented with ampicillin @@&ml). The culture was grown
to ODsgp Of about 1. It was then induced with L-arabinose (0.2%) and retinal (a mix of
photoisomers of all-trans and 11-cis retinvad)s added in order to produce a fully

functional protein covalently bound to its chromophore.

The 11-cis retinylidene Schiff base chromophore of bovine rhodopsin absorbs at a
Amax= 500 nm and therefore, cells expressing properly-folded rhodopsin should appear
orangish-red. A slightly brown coloration of the cells was seen. An atieagpimade to

isolate the protein by lysing the cells. A UV-vis spectrum of the exteaealed a strong
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absorbance at 280 nm. The characteristic absorbance of retinal bound bovine rhodopsin at

500 nm was not clearly visible.

4.4 Follow-up Experiments
4.4.1 To detect the expression of chimera protein
Expression of chimera protein can be assessed by Western blot using just a

fragment of the proteorhodopsin.

4.4.2 To detect the location of chimera protein

Western blot only indicates that the expression of a mammalian rhodopsin, bovine
rhodopsin. It does not necessarily demonstrate that the protein is translocateérad ins
into the membrane. Several techniques can be utilized to investigate whethamira c

protein is integrated into the membrane.

Differential centrifugation: It is first of all important to know that the protein
fractionates with the bacterial inner membrane fraction. To that end, the clutke ce
extract will be subjected to a technique known as differential centrifungétat includes
use of high speed centrifugal force. For this purpose, the cells exprdssmggaprotein
and bovine rhodopsin (control) will first need to be disrupted. This can be done by
various methods such as liquid shear pressure (French press), ultrasonicatiog, osmoti
shock, glass bead milling, Freeze-thaw, and enzymatic lysis (lysozymiedistgbtion
yields a suspension of plasma membrane/vesicles/microsomes, cellidédissells,

nuclei, soluble proteins and cell organelles. This suspension will be subjected to
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differential centrifugation where it is first centrifuged at a logjeeed (10,000 x g) to

remove the cell debris, nuclei and intact cells. The supernatant will be centrduge

higher speed (20,000 x g) to remove other contaminants. The supernatant fraction
resulting from this speed will finally be subjected to ultracentrifuge,ishat very high

speeds such as 150,000 x g. The pellet obtained would contain the membrane fraction
including microsomes (endoplasmic reticulum vesicles). Various fractions of
supernatants and pellets will be loaded on SDS-PAGE and the chimera protein (or bovine
rhodopsin) will be detected by Western blot. The protein bands would show up in the
lower speed supernatant (possibly pellet too due to the unbroken cells), and in the
supernatant of the medium speed (20, 000 x g). The most intense band would be expected
to show up in the high-speed (ultracentrifuge) pellet. In order to ascertattettigy of

the membrane fraction, a marker enzyme that is plasma-membranecsgaatifie

detected.

Sucrose gradient:An alternative or additional method to differential
centrifugation is density gradient centrifugation. The medium speed fpetiebbove
will be layered on top of a sucrose gradient and centrifuged at high speed. The neembran
pellet will settle in the gradient at a point where its density matcheefttia¢ sucrose

density. The detection of the protein will be done similarly as mentioned above.

GFP- or immunolocalization: In addition to membrane fractionation, cellular
localization of the pR can be determined with some direct microscopy methods. For

example, green fluorescent protein (GFP) can be tagged at C-terminal end eeits the
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can be observed under a fluorescence microscope. Another similar technique known as
immunoflourescence can also be employed which utilizes an antibody desigmet agai
the protein (or the polyHis tag) that is chemically linked to a fluorophore. The

fluorophore can be visualized under a fluorescence microscope.

4.4.3 Purification of chimera protein with citrate

Despite the absence of a significant similarity in the sequence of pR and bovine
rhodopsin, a close examination of the first intracellular loop of both the proteins shows
that they are somewhat similar. They both contain positively charged anmdno ac
residues, lysine and arginine. Citrate interacts with pR at the positivetged residues
found in the first intracellular loop (chapter 2). Therefore, citrate can be ustn for
purification of chimera protein. For the first trial, same protocol as usqzRfor

purification will be attempted. The concentration and pH can be altered if needed.

Combination of phosphate and citrate will also be used to purify the chimera. The

purification process will be monitored by UV-vis spectra as well as BRSE. The

percent yield and purity will be calculated from gy absorption.
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4.5 Future Experiments

If the follow-up experiments fail to show expression of the chimera proteirg som
of the following modifications can be attempted, not necessarily in that order.
4.5.1 Modification of expression experiments

Preliminary screening: Several different strains &. coli will be screened to
transfect the chimera protein. After growing the lEegli cells containing chimera
protein N-T pR-bovine rhodopsin to @d=1, several different temperatures such as
15°C, 22°C, and 37°C, will be tried for inducing the protein. Freshly made solution of

11cisretinal (in acetone) will be added to aid the formation of a holoprotein.

4.5.2 Modification of cell wall lysis
The extraction buffer used for cell lysis will be buffered at severalrdiftgpH
units to keep the protein stable. Several different detergents can also bedstobeene

improve the lysis of the cells and also to solubilize the chimera protein into éngett

4.5.3 Alteration in the size of the leader sequence
If the protein is not inserted into the membrane, then the length of N-T pR

sequence will be increased to assure the membrane incorporation of the chimera.

4.5.4 Stabilization of membrane proteins by Genetic Engineering
It has been shown that some point mutations, individual or in combination, have a
dramatic effect on the thermostability of the membrane proteins. For examaindom

mutagenesis oE. coli diacylglycerol kinase (DGK) yielded 12 thermostabilising
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mutations [11]. Later the same group showed that similar stability was i@htgron
bacteriorhodopsin (BR) by using mutations [12]. This method was also applied to the
GPCRs such as turk@y-adrenergic receptop{AR) [13], adenosine A receptor (A,

R) [14], and the neurotensin receptor (NTR) [15]. Thermostability was also found to
improve the solubility of proteins in the detergents that are otherwise ndtlsddathe
protein. Random mutagenesis will be performed on the chimera protein and a stable
temperature will be found. The stability of the protein can be assayed using UV-

spectrophotometry as bovine rhodopsin shows maximum absorption at 500 nm.

4.6  Conclusions

This study will need further examination to make a definitive conclusion. A
higher level of expression, proper native folding as judged by its charactabsorption
maximum, and confirmed cellular localization of the chimera protein will bpriheary
prerequisites. The purification of the chimera can then be attempted usinglthe wel
established protocol using citrate method of purification. Assuming the expression,
isolation and purification of chimera follow the steps of pR purification, this stadye
extended toward the heterologous expression of pharmaceutically important membra
proteins inE. coli. If the N-terminal portion of pR can significantly improve the
expression of GPCRs in bacteria sucltasoli, then it will not only facilitate in
increasing the amount of protein in a shorter time but also help in the expression of
proteins that are difficult to express. This will eventually aid in providingelargounts

of proteins required for structural studies and thereby, understanding the strutiere of
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GPCRs and their ligand binding sites. A well-resolved ligand-binding site oéptox

will benefit in designing ligand-site specific drugs.
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Appendix

2.9 UV-visible spectra of pR

Absorbance

Wavelength, nm

Fig. 2.9.1: UV-vis absorbance spectra of pR at different stages of purificatio@ells

containing pR TCMwere subjected to lysis using lysis buffer as described in materigls

and methods of chapter 2. The lysate was treated with MOitrate buffer, pH 5.5. The

precipitate was redissolved in 50 Tris buffer, also containing 3% OG, pH 9. The
figure shows four such rounds. Curve A show#\& nm/s20 nnfatio of 6.5; curve B

174

shows a ratio of 4.8, curve B shows a ratio of 5.5; curve C shows 4.8 and curve D shows

3.25. Such partially purified pR samples were used for testing pR precipitation wit
several anions.

Al

400 500 600

Wavelength, nm Wavelength, nm

Fig. 2.9.2: Absorption maximum varies for acidic and basic pR species:

Proteorhodopsin TCMithout the poly-His tag (on the left) and with the tag (on the
right) were partially purified with citrate buffer, as described in Chightaliquots of the
sample were treated with universal buffer adjusted to different pH. Adlaimples were
in 3% OG. UV-vis spectra were recorded. The pR sample in more acidic axfep#s
an absorption maximum near 540 nm whereas the sample buffered at alkaline pH

shows

Amax Near 520 nm.
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Absorbance

300 400 500 600

Wavelength, nm

Fig. 2.9.3: UV-vis spectra of pR TCM mutants: Quadruple mutant
(R51Q/R53Q/K57Q/K59Q) was purified by loading the cell lysate on the hydroxigapat
column while the other mutants were partially purified using citrate ssitded in text.
Curve A represents double mutant K125Q/K126Q, curve B represents single mutant
K172, curve C is that of quadruple mutant, curve D shows spectrum of single mutant
R51Q, and curve E shows the spectrum of single mutant K244Q.
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2.10 Western Blot of pR expressed ik. coli

Ponceau stained blot Western blot
Mol.wt.kpa M ! 2 1
260 — ﬂ '
160 — el
110 — &=
80 —
60— I
50 — -
40 — W B
. -
0= His-tagged
is-tagge
15 — - PRTCM

. & A

Fig. 2.10: Western Blot of pR expressed i&. coli: UT5600E. coli cells transfected

with plasmid pBAD TOPO TA containing pR TCM with, and without the polyHis-tag

were induced with 0.2% L-arabinose andM fetinal was added. The Cultures were left

at 16°C overnight under shaking conditions, 200 rpm. Cells were harvested and lysed
using the lysis buffer described in chapter 2. Whole cell extract was prepitdh

equal volume of 50% TCA. The resulting waxy pellet was washed with water and then
treated with 50:50 mixture of chloroform:methanol. After drying it overnight in

Speedvat, SDS-PAGE loading buffer was added and the samples were loaded on 4-12%
gradient gel. The proteins were Western blotted on the nitrocellulose nmemblacked

with 5% milk prepared in Tris-buffered saline with Tween (TBST) and incdhaité

anti-His Antibody conjugated to horseradish peroxidase (HRP) overnight at 4°C. The blot
was washed 8 times with 10-15 mL TBST for 15 minutes/wash. It was then tretited wi
Chemiluminescent reagents (Pierce) and the signal was detectedoiRtdR)el
documentation system. To visualize the molecular weight markers, the blot was
incubated with Ponceau stain and detected similarly. Molecular weight markeiVll is
Novex® Sharp Protein Standard, Invitrogen. Lane 3 is pR TCM without His-tag, and lane
2 is pR TCM with Hig-tag.

Acknowledgements for Fig 2.9:Anti-His antibody conjugated to HRP was kindly yiced by Dr. Robert
Doyle. SDS-PAGE gradient gel, Western blotting umiblecular weight marker, chemiluminescent
reagents and the BioRAd gel documentation systera generously provided by Dr. Michael Cosgrove. |
thank both of them along with Brian Huta (helpeduse Dr. Doyle’s Western blotting unit, unforturigte
the results were or poor quality), Valerie Voudht, Anamika Patel and Melody Sanders (for theiphel
with the above blot).
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2.11 Flash Spectroscopy data
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80 mM Citrate
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Fig. 2.11: Flash photolysisFlash-induced transient absorbance changes in pR-
containing DOPC liposomes (buffered at pH 8.5) show the decay of the M intetenedia
These data were obtained from samples containing increasing amourigtef ag

labeled. In pard, the measured absorbance data were fit to a first-order kinetic equation,
Asod(t)= B + Ag €, by using the solver function in Excel, optimizing the valueB, of\,

andk. The fitted exponential curve is superimposed on the measured transient absorbance
at 420 nm. The residual trace (lightly-dotted line at x = zero) demonstratgsaiity of

the fit. PartB shows a log plot of absorbance against time. This plot yielded a straight

line signifying a first-order exponential decay of the M intermedidte.decay constant

k, calculated from the slope of this curve matches that obtained from the noridastar
squares optimization. (1B, and for the exponential fitting procedureAinall digitized

points up to the commencement of the M decay phase, corresponding to a total of ~8 ms
of time, were omitted in order to allow the approximation of a single-exponential
process.)

2.12 pR-citrate aggregation

Based on the lack of interaction with R51 (as measured by results with thessimgle

mutant R51Q), and the possible involvement of R53 (as measured by the insensitivity to
citrate of multi-site mutations involving this residue, as well as the ihabiflithe single

site mutant R53Q to fold properly), the phenomenon of citrate-induced pR aggregation is
thus best explained by considering a homology model of three molecules of pR and two
molecules of citrate (Fig. 2.12). The three pR molecules can be bridged byrai® ci
molecules, via salt bridges to both lysines and one arginine of the first lticadeop

of pR (Fig. 2.12). For example, an arginine (R53) of one pR (purple) can H-bond to one
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carboxylate group of a citrate, while the two other carboxylate groups of tieec#ase
can be H-bonded to the lysines (K57 and K59) of a neighboring pR (green). This model
indicates how multivalent citrate anions might bind to multiple pR molecules

simultaneously, and thus lead to citrate-induced aggregation of pR.

Fig. 2.12:Model of pR-citrate aggregation:a. Three molecules of pR, shown in purple,
green and red, are bridged by citrate molecules, shown in pink and red, interacting vi
salt bridges to lysines and arginines of loop IC1 on each pR (blue). For exangﬁ?e, Ar
of one pR (purple) is H-bonded to one carboxylate group of a citrate. The two other
carboxylate groups of the same citrate are H-bonded to the lysiné54hgs.ys®) of a
neighboring pR (green). This model indicates how multivalent citrate aniohs Inmgl

to multiple pR molecules simultaneously, and thus to lead to citrate-induced diggrega
of pR,b. Magnified image of the pR-citrate interactions.

The references to the construction of homology model and its manipulation are describe
in Chapter 2.
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2.13 Interaction of pR with diverse ions

2.13.1 Precipitation of pR by Lithium salts

Citrate buffer and buffers of other diverse anions were prepared with litlsium a
the counter-ion, and the pR precipitation was examined.

Preparation of 250 nM citrate-LiOH buffer, with 10 m M Tris-CI, pH 7.5

250 mM citric acid was dissolved in minimum amount of,@H Tris-Cl buffered

at pH 7.5 was added to a final concentration of M. fhis solution was then

titrated with 1M LiOH solution to attain pH 7.5.

Table 2.13.1: Determination of OG concentration at which pR exhibits the
broadest range of precipitation with citrate buffer with lithium as the
counterion, buffered at pH 7.5, also containing 10 M Tris-Cl, pH 7.5

Conc. Of

OG —» | 05%|0.6%|0.7% | 0.8% | 0.9% | 1.0%
Conc. Of

citrate l

buffer

5mM - - - - - -
10 mM - ++ ++ + - -
50 mM ++ ++ ++ + - -
100 mM ++ ++ ++ - - -
150 mv ++ ++ + - - -

= ++ depicts complete precipitation of pR with no color in the
supernatant, + depicts about 50% precipitation, and — shows no
precipitation with all the color in the supernatant.

Conclusion: 0.7% OG was chosen for the examination of precipitation of pR by

other Lithium salts.
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2.13.2 Preparation of buffers of Lithium salts

The following buffers of Lithium were prepared to test the effect of wwithon

the precipitation of pR:

1.

2.

LiCl in 10 mM Tris-Cl, pH 7.5

LioSOy in 10 nM Tris-Cl, pH 7.5

Lithium acetate in 10 M Tris-Cl, pH 7.5

Phosphate buffer with 10vhTris-Cl, titrated with M LiOH to pH 7.5
(prepared with phosphoric acid) — Higher concentration could not be
prepared as Li-phosphate precipitated, only 180was made.
Glutamate with 10 M Tris-Cl, titrated with M LiOH to pH 7.5
(prepared with glutamic acid)

Aspartate with10 mal Tris-Cl, titrated with M LiOH to pH 7.5 (prepared
with aspartic acid)

Succinate with 10 M Tris-Cl, titrated with M LiOH to pH 7.5 (prepared
with succinic acid)

Cis-aconitate with with 10 M Tris-Cl, titrated with M LiOH to pH 7.5

(prepared with cis-aconitic acid)

Note: Other lithium salts with anions such as isocitrate, ATP, ADP, and G6P

could not be prepared in similar fashion because these are available only ek salt

sodium, rather than as free acids.
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Table 2.13.2: Determination of concentration of Lithium salts required to

induce pR precipitation at 0.7% OG

Buffer

with 10 | 10 20 30mM [40mM |50 mM 100 MM | 150 mM

mM mM mM

Tris-Cl,

pH 7.5

LiCl - - + + (90%) ++ ++ ++
(<50%)

Li oSOy - ++ ++ ++ ++ ++ +

Lithium - ND - -(<5%) | +(50%) | + (90% ++

acetate

Lithium - ++ ++ ++ ++ ++ (85 ND

phospha mM)

te

Lithium - ND + ++ +(90%) | +(90%) + (90%)

glutamat (60%)

e

Lithium - ND + ++ ++ ++ + (50%)

aspartate (60%)

Lithium - ND ++ ++ ++ ++ + (90%)

succinat

e

Lithium + ND ND ND ++ ++ -

cis- (50%)

aconitat

e

e ++ indicates complete precipitation of pR with no color in the supernatant,
+ indicates approximately about 50%-90% precipitation, and — indicates
no precipitation retaining all the color in the supernatant

e ND means “not determined”

Conclusion: Diverse anions with lithium as the counter-ion tend to precipitate pR.

However, they do so at a lower concentration of OG than that shown by the respective

sodium salts.
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e 2.13.3 Precipitation of pR by potassium salts

Table 2.13.3: Determination of pR precipitation by salts of PotassiunAnions were
buffered to pH 7.5, also contained 18ntris-Cl at pH 7.5, and a sodium counterion.
The concentration of OG is maintained at a constant 1%.

Anion tested PR precipitation | Physiologically | Physiological
(Min. - indexed concentration
concentration, concentration | (mM)** 122530
mM)

Acetate (potassium) ND N/A N/A

Phosphate 40 (++) 7.530 5.3

(potassium)

Chloride (potassium)| 50 (++) ND at 100 555.5 0.09

mM

e ++ indicates complete precipitation of pR, + indicates partial precipitaawing
significant color in the supernatant, - indicates lack of precipitation witheal
color in the supernatant.

e The references for concentrations for physiologically important anionisiaieai
are labeled as superscripts. Concentration of phosphate iStireggtococcus
bovis [30] and concentration of chloride is from marine bacteésadomonad
[25]. All others are fronk. coli. (References refer to Chapter 2)

e N/A refers to data Not Available.

e 2.13.4 Precipitation with bromide as the anion
The aim was to determine if the effect of chloride in the process of pR pa&oipitould
be minimized. Since bromide is placed towards the right side of chloride in the
Hofmeister series of anions, it is expected to show less salting-out éffieatfer of 10
mM Tris was pH adjusted with HBr to pH 7.5, to test the precipitation of pR.
Additionally, since all the anions are the sodium salts, it was necessaryrtmexa
sodium bromide by itself or buffered with Tris-Br would induce pR precipitation:Biris

buffer or NaBr buffer/solution were prepared as follows:

161



Tris-Br buffer, pH 7.5: 220 mM Tris was dissolved in minimum gBl It
was titrated with HBr (conc.) to attain a pH of 7.5

NaBr solution: 200 mM NaBr was prepared with Bl

NaBr buffered with Tris-Br: Tris-Br buffer was added to the reaction
tubes to a final concentration of 10 mM followed by addition of NaBr to
the required concentration. This ensured a constant concentration of the

Tris-Br buffer.

Table 2.13.4: Determination of pR precipitation with Bromide at pH 7.5
and at 1% OG

Precipitant tested: 10mM |50mM | 100 mM | 150 mM
Buffer/solution

Tris-Br - + + +
NaBr solution - - ++ ++
NaBr buffered with Tris-Br - + + +

e ++ indicates complete precipitation of pR, + indicates partial precipitation
leaving significant color in the supernatant, - indicates lack of precipitation
with all the color in the supernatant.

3.8 Purity of pR can be predicted by theA,ggs20ratio

There is an inverse relationship betwdegys oratio and the purity of
proteorhodopsin. As the purity of pR increases, the ratio decreases: the sampie conta
less impurities and more pR leading to highgp absorption for the samfggovalue.

The contribution of pR towaré,go also increases with purification. Fig. 3.8 shows a plot

of purity (%) of pR against th&ggs20ratio. The calculation of purity was performed

162



using equation 1 (Table 3.5) and the values of ratio were ranged from 2-32. Ratio of 2

corresponds to the maximum theoretical purity of pR obtained in our lab [1].

100 ¢

v

80 -

60

Purity, %
R R

40 -

20 -

2 12 22 32
Asso/520 ratio

Fig. 3.8: Dependence of purity o\,gos20ratio: Purity (%) is plotted again®bsoss2o

ratio. The values of ratio are obtained from Table 3.4, the purity (%) values airgedbt

from equation 1. For comparison purpos®geszoratio of 2, a theoretical ratio that has
been obtained for pure pR in our lab [1] is also included. It corresponds to a100% purity.
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Table 3.8: Derivation of equation

Plot of % purity against A,ggso ratio
Assume Aogo R
Assume Asog 1
Theoretical ratio A,ggs00 fOr pure pR 2
A,go due to contaminant proteins =R-2
mg/ml contaminant proteins (Aggy =1 =
1mg/ml =R-2
mg/ml of pR (As20/50000*30000)*** 0.6
total protein contaminants + pR) (R-2) + 0.6
therefore, total protein (contaminants + pR) =R-1.4
%purity of pR in total protein (0.6/R-1.4)*100

=60/R-1.4

where R denotes

Ratio A230/520 Equation 1

R [Ratio(Azs0/520)] % purity
Theoretical value for pure pR 2 100
D 2.8 42.85714
C 3.3333 31.03502
B 6.3636 12.088
A 26.66 2.375297

*+* Molar extinction coefficient = 50,000 M cni™
Molecular weight of pR = 30,000 mg/mL (or g/L).

3.9 N-terminal sequencing results

Purification of pR with citrate or with a combination of citrate and phosphate
yields some contaminants. A band corresponding to 30,000 Da from an SDS-PAGE of
PR purification was excised and N-terminal sequencing was carried out using Edman
degradation (lowa State University Protein Facility). The result shdweefbdowing
sequence:

V/A, DIN, FIL, H/IM, Q, Y, A, R, S?/Q?, I?

The detailed N-terminal peptide sequence report is attached at the end of this
subsection 3.9.4. The most likely sequence was suggested to be VDFLHQYARSI (See

detailed results). This sequence was subjected to BLASTp [2] to identifycdeenpirom
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the database. The sequence alignment yielded numerous hits, mainly including
maltoporins. Since pR is expressedtircoli (Strain UT5600), interest was concentrated
onE. coli hits (Table 3.9.1). It was found that the sequence matched (90%) to the LamB

protein ofE. coli as shown below.

VDFHQYARS ---N-term nal sequence result
VDFH YARS ---showi ng the nmatch
VDFHGYARS ---E. coli maltoporin sequence from BLAST

The protein sequence of lamB is shown in Fig. 3.9.1., and the details
corresponding to this protein, such as, the protein accession number, the authors and
publication of this sequence, are provided in Fig. 3.9.2. LamB is expressed with an N-
terminal leader sequence that is cleaved off during the translocation intorttizane.

The sequence of the entire protein containing the leader sequence is shown in Fig. 3.9.3.

LamB protein is a specific type of porin called maltoporin. Porins are a class of
proteins that belong to-barrel proteins. Maltoporins are theref@rbarrel proteins that
are found in the outer membrane of gram negative bacteria incladooy. They are
homo-trimers that form water-filled channels that allow passive diffusf small
molecules (<600 Da) [3]. Specifically, LamB is part of the maltose regulometicades
proteins required for uptake and metabolism of maltose and other linear maltod&xtrins

4],

The relative molecular weight (Mr) is 142 kDa. However, it appears as a band at

~95 kDa on SDS-PAGE that has been suggested to possess a compact or folded form.
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Similarly, the compact monomer has been found to run at ~35-37 kDa, depending upon
the concentration of acrylamide in the SDS-PAGE [4]. About 80% folded trimer appears

at ~66 kDa, and denatured monomer runs at 45 kDa [4].

Based on above information, it appears that the majority of the contaminants in
PR preparation arise from the presence of LamB maltoporin. Since maltoperins ar
residents of outer membranekofcoli, it can be speculated that removal of the outer
membrane during pR purification would eliminate maltoporin contamination. This would
yield a fairly pure protein with a purity of >90% using a combination of citrade a

phosphate as described in the text.

In order to remove the outer membran&o€oli, penicillin or lysozyme can be
used in the presence of EDTA while also maintaining iso-osmotic conditionsrgy usi
sucrose. Isolation of resulting spheroplasts (cells lacking outer merpbeanbe done

using centrifugation at higher speeds.
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Table 3.9.1: BLAST hits from alignment of N-terminal sequence result agast
reference sequence databas&he result obtained from N-terminal sequencing was
BLASTed against the protein database of reference sequences usi8J BLA
algorithm. The results containitig coli hits were selected

Max |(Total [Query |E
score|score|coveragevalue

Accession Description Links

LamB porin [Escherichia coli MS 69-1]

2P 07185557 30 8. Ta pory (Lambia recoptorprotefoS 269 || 9% | 17
[Escherichia coli M718]

|ZP_06660163.1|maltoporin [Escherichia coli B185] 26.9 ||26.9 | 90% |17 | |

[YP_002405410]maltoporin [Escherichia coli 55989]  |[26.9 ][26.9 ][90% |17 [[d |

[YP_002295602]jmaltoporin [Escherichia coli SE11]  |[26.9 [[26.9 [[90% |17 |[@ |

7P 02903949 1 maltose-inducible porin [Escherichia 269 ||26.9 ||90% 17

albertii TW07627]

maltoporin [Escherichia coli O157:H7
EDL933] >ref|[NP_313046.1| maltoporin
[Escherichia coli O157:H7 str. Sakai]
>ref|ZP_02775854.1| maltose-inducible
porin [Escherichia coli O157:H7 str.
EC4113] >ref|zP_02780195.1] maltose-
inducible porin [Escherichia coli O157:HY
str. EC4401] >ref|ZP_02799382.2| maltgse-
inducible porin [Escherichia coli O157:HY
str. EC4196] >ref|ZP_02805437.2| maltgse-
inducible porin [Escherichia coli O157:HY
str. EC4076] >ref|ZP_02791285.2| maltgse-
inducible porin [Escherichia coli O157:H
str. EC4486] >ref|ZP_02785890.2| maltgse-
inducible porin [Escherichia coli O157:H
str. EC4501] >ref|ZP_02809640.2| maltgse-
inducible porin [Escherichia coli O157:H
str. EC869] >ref|ZP_02823327.2| maltose-
NP_290670.1 |linducible porin [Escherichia coli O157:H26.9 [|26.9 | 90% 17 E
str. EC508] >ref|ZP_03081185.1|
maltoporin [Escherichia coli O157:H7 st
EC4024] >ref|lZP_03250829.1| maltose-
inducible porin [Escherichia coli O157:H
str. EC4206] >ref|ZP_03255079.1| maltgse-
inducible porin [Escherichia coli O157:H
str. EC4045] >ref|ZP_03261262.1| maltgse-
inducible porin [Escherichia coli O157:H
str. EC4042] >ref|[YP_002273557.1|
maltose-inducible porin [Escherichia col
0157:H7 str. EC4115]
>ref|ZP_03441540.1| maltose-inducible
porin [Escherichia coli O157:H7 str.
TW14588] >ref|lYP_003080875.1|
maltoporin [Escherichia coli O157:H7 st
TW14359] >reflYP_003502271.1|
maltoporin precursor [Escherichia coli
O55:H7 str. CB9615]

~

~

~
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NP_756858.1

maltoporin [Escherichia coli CFT073]
>reflYP_543545.1| maltoporin [Escheric
coli UTI89] >ref|lYP_859628.1| maltopor
[Escherichia coli APEC O1]
>reflYP_002331805.1| maltoporin
[Escherichia coli O127:H6 str. E2348/69
>reflYP_002394020.1| maltoporin
[Escherichia coli S88]
>reflYP_002400534.1| maltoporin
[Escherichia coli ED1a]
>ref|ZP_04004763.1| maltoporin
[Escherichia coli 83972]
>ref|ZP_04534075.1| maltoporin
[Escherichia sp. 3_2_53FAA]
>ref|ZP_07180104.1| LamB porin
[Escherichia coli MS 45-1]
>ref|ZP_07194092.1| LamB porin
[Escherichia coli MS 185-1]
>ref|ZP_07449995.1| maltoporin
[Escherichia coli NC101]
>ref|ZP_08350973.1| maltoporin (Maltos
inducible porin) [Escherichia coli M605]
>ref|ZP_08361536.1| maltoporin (Maltos
inducible porin) [Escherichia coli TA206
>ref|ZP_08386364.1| maltoporin (Maltos
inducible porin) [Escherichia coli H299]

=]

©

26.9

90%

17

ZP_03000669.1

maltose-inducible porin [Escherichia col
53638] >ref|zP_07133992.1| LamB pori
[Escherichia coli MS 115-1]

26.9

90%

17

YP_001746426,

maltoporin [Escherichia coli SMS-3-5]
>ref|ZP_03048831.1| maltose-inducible
porin [Escherichia coli E110019]
>reflYP_002410330.1| maltoporin
[Escherichia coli IAI39]
ref|ZP_06651609.1| conserved
ypothetical protein [Escherichia coli
B354] >ref|ZP_07152941.1| LamB porin
[Escherichia coli MS 21-1]
>ref|ZP_08366600.1| maltoporin (Maltos

inducible porin) (Lambda receptorproteif]

[Escherichia coli TA143]

N

—

©

26.9

90%

17

YP_672105.1

maltoporin [Escherichia coli 536]
>ref|ZP_03033493.1| maltose-inducible
porin [Escherichia coli F11]
>ref|ZP_07175041.1| LamB porin
[Escherichia coli MS 200-1]

N

©

26.9

90%

17

ZP_03044172.1

maltose-inducible porin [Escherichia col
E22] >ref|ZP_03059296.1| maltose-
inducible porin [Escherichia coli B171]
>reflYP_003224609.1| maltose outer
membrane porin [Escherichia coli 0103
str. 12009]

N

©

26.9

90%

17

YP_312948.1

maltoporin [Shigella sonnei Ss046]

>reflYP_691468.1| maltoporin [Shigella

N

©

26.9

90%

17
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flexneri 5 str. 8401] >ref|[YP_001465537
maltoporin [Escherichia coli E24377A]
>reflYP_001460823.1| maltoporin
[Escherichia coli HS]
>reflYP_001726919.1| maltoporin
[Escherichia coli ATCC 8739]
>ref|ZP_03029272.1| maltose-inducible
porin [Escherichia coli B7A]
>reflYP_002389506.1| maltoporin
[Escherichia coli IAI1]
>reflYP_002415177.1| maltoporin
[Escherichia coli UMNO026]
>reflYP_003232038.1| maltose outer
membrane porin [Escherichia coli O26:H
str. 11368] >ref|[YP_003237152.1| maltg
outer membrane porin [Escherichia coli
O111:H- str. 11128] >ref|ZP_06646772.
lamB [Escherichia coli FVEC1412]
>ref|ZP_06664749.1| maltoporin
[Escherichia coli BO88]
>ref|ZP_06988088.1| maltoporin
[Escherichia coli FVEC1302]
>ref|ZP_07098165.1| LamB porin
[Escherichia coli MS 107-1]
>ref|ZP_07103702.1| LamB porin
[Escherichia coli MS 119-7]
>ref|ZP_07118062.1| LamB porin
[Escherichia coli MS 198-1]
>ref|ZP_07124042.1| LamB porin
[Escherichia coli MS 84-1]
>ref|ZP_07140275.1| LamB porin
[Escherichia coli MS 182-1]
>ref|ZP_07208840.1| LamB porin
[Escherichia coli MS 124-1]
>ref|ZP_07223201.1| LamB porin
[Escherichia coli MS 78-1]
>ref|ZP_07591760.1| porin LamB type

[Escherichia coli W] >ref|ZP_07690255.(L

LamB porin [Escherichia coli MS 145-7]
>ref|ZP_07788346.1| maltoporin
[Escherichia coli 1827-70]
>ref|ZP_08371730.1| maltoporin (Maltos
inducible porin) [Escherichia coli TA271
>ref|ZP_08380822.1| maltoporin (Maltos
inducible porin) [Escherichia coli H591]
>ref|ZP_08393167.1| phage lambda
receptor protein [Shigella sp. D9]

1

12
(¢}

e_

e_

NP_418460.1

maltose outer membrane porin (maltopg
[Escherichia coli str. K-12 substr.
MG1655] >reflYP_001732813.1|
maltoporin [Escherichia coli str. K-12
substr. DH10B] >ref|ZP_03069347.1|
maltose-inducible porin [Escherichia col
101-1] >ref|[YP_002928942.1| maltose
outer membrane porin (maltoporin)

26.9

90%

17
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[Escherichia coli BW2952]
>reflYP_003038169.1| maltoporin
[Escherichia coli 'BL21-Gold(DE3)pLysS
AG'] >ref|ZzP_04871107.1] maltose-
inducible porin [Escherichia sp. 1 1 43]
>reflYP_003047080.1| maltoporin
[Escherichia coli B str. REL606]
>ref|ZP_07145223.1| LamB porin
[Escherichia coli MS 187-1]
>ref|ZP_07160863.1| LamB porin
[Escherichia coli MS 116-1]
>ref|ZP_07169764.1| LamB porin
[Escherichia coli MS 175-1]
>ref|ZP_07183347.1| LamB porin
[Escherichia coli MS 196-1]
>ref|ZP_07244983.1| LamB porin
[Escherichia coli MS 146-1]
>ref|ZP_08345891.1| maltoporin (Maltos

[Escherichia coli H736]

inducible porin) (Lambda receptorproteir

he-

ZP_07779537.1||maltoporin [Escherichia coli 2362-75] |[26.9 [[26.9 | 90% | 17 |
maltose outer membrane porin (maltopg
[Escherichia coli O157:H7 str. FRIK2004Q)]

ZP_05937728.1||>ref|ZP_05949515.1| maltose outer 26.9 (|26.9 | 90% 17

membrane porin (maltoporin) [Escherich

coli O157:H7 str. FRIK966]

Fig. 3.9.1: Sequence of lamB protein fronk. coli

GenBank: CAA02071.1

>gi | 4529934]

enb| CAA02071. 1]

| anB [ Escherichia coli]

VDFHGYARSG GWI GSGGEQQCFQT TGAQSKYRL GNECET YAEL KL GQEVMKEGDKSFYFDTNVAYSVAQ
QNDVEATDPAFREANVQGKNL | EW.PGSTI WAGKRFYQRHDVHM DFYYWDI SGPGAGLENI DVGFGKLS
LAATRSSEAGGSSSFASNNI YDYTNETANDVFDVRLAQVE! NPGGTL EL GVDYGRANL RDNYRL VDGASK
DGW.FTAEHTQSVLKGFNKFVWQYATDSMT SQGKGL SQGSGVAFDNEKFAYNI NNNGHMLRI LDHGAI SM
GDNVDVMYVGMYQDI NWDNDNGTKWATVG RPMYKWIPI MSTVVEI GYDNVESQRTGDKNNQYKI TLAQQ
WQAGDSI WBRPAI RVFATYAKWDEKWGYDY TGNADNNANFGKAVPADFNGGSFGRGDSDEWT FGAQVE! W

w
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Fig. 3.9.2: Accession number, author, and publication details of lamHegcherichia
coli]

GenBank: CAA02071.1
LOCUS CAA02071 421 aa |'i near PAT 20- JUN- 1996

DEFINI TION | anB [ Escherichia coli].
ACCESSI ON  CAA02071

VERSI ON CAA02071.1 d:4529934
DBSOURCE enbl accession A31943.1
KEYWORDS .

SOURCE Escherichia col

ORGANI SM  Escheri chi a col
Bacteria; Proteobacteria; Ganmaproteobacteria; Enterobacteriales;
Ent er obact eri aceae; Escheri chi a.

REFERENCE 1 (residues 1 to 421)

AUTHORS  Hof nung, M, Bouges-Bocquet, B. and Guesdon, J. L.

TI TLE Vector nodified by at |least a part if not the whole of gene LamB
and mcroorgani sns transforned with this vector and nade capabl e of
synt hesi zi ng a determ ned external menbrane protein, encoded by an
insert also included in said vector

JOURNAL Patent: EP 0146416- Al 26- JUN- 1985
I NSTI TUT PASTEUR; | NSERM CENTRE NATI ONAL DE LA RECHERCHE
SCl ENTI FI QUE ( CNRS)

FEATURES Location/Qualifiers
source 1..421
[ organi sn="Escherichia coli"
/ db_xr ef ="t axon: 562"

Protein <l..>421
/ name="| anB"
Regi on 1..421

/ regi on_nane="Mal t oporin-1ike"

/ note="The Ml toporin-like channels (LanB porin) forma
trimeric structure which facilitate the diffusion of
nal t odextrins and other sugars across the outer nenbrane of
Gram negative bacteria. The menbrane channel is formedby an

18-strand antiparallel beta-...; cd01346"
/ db_xr ef =" CDD: 30073"
Site order(3,9,11..13,40..42,58, 60, 64. .66, 68, 81..82, 84. . 86, 88,

100, 102. . 104, 106, 123. . 127, 151. . 155, 168, 170, 319, 351. . 352,
361, 363, 415, 417, 419, 421)
/site_type="other"
/note="trimer interface"
/ db_xr ef =" CDD: 30073"
Site order (8,41, 43, 82, 106, 109, 116, 118, 121)
/site_type="other"
/ not e="sugar binding site [chen cal binding]"
/ db_xr ef =" CDD: 30073"
CDS 1..421
/ gene="| anB"
/ coded_by="A31943. 1: <1..>1263"
/transl _tabl e=11

ORIG N

1 vdf hgyarsg i gwt gsggeq qcfqttgaqs kyrl gnecet yael kl ggev wkegdksf yf
61 dtnvaysvaq gndweat dpa freanvqgkn |iew pgsti wagkrfyqgrh dvhm df yyw
121 di sgpgagl e nidvgfgkls | aatrsseag gsssfasnni ydytnetand vfdvrlagne
181 inpggtlel g vdygranl rd nyrlvdgask dgw ftaeht gsvl kgf nkf vvqyatdsmt
241 sqgkgl sqgs gvaf dnekfa yni nnnghm ril dhgai sm gdnwdnmyvg nyqdi nwdnd
301 ngt kwwt vgi rpnykwt pi m st virei gydn vesqrt gdkn nqykitl aqgq wgagdsi wsr
361 pairvfatya kwdekwgydy tgnadnnanf gkavpadfng gsfgrgdsde wtfgaqnei w
421 w
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Fig. 3.9.3: Sequence of LamB porin showing the N-terminal leader sequence
fromLamB porin [Escherichia coli M863]: The leader sequence is shown in bold
italicized letters.

GenBank: EGB61149.1

>gi | 323965697| gb| EGB61149. 1| LanB porin [Escherichia coli M63]

MM TLRKLPLAVAVAAGYMSAQAMAVDFHGYARSG G GSGGEQQCFQT TGAQSKYRLGNECET YAELK
L GREVWKEGDKSFYFDTNVAY SVAQONDWEAT DPAFREANVQGKNL I EW.PGSTI WAGKRFYQRHDVHM
DFYYWDI SGPGAGLENI DVGFGKL SLAATRSSEAGGSSSFASNNI YDYTNETANDVFDVRLAQVEI NPGG
TLELGVDYGRANL RDNYRL VDGASKDGW. FTAEHT QSVL KGFNKFVWQYAT DSMT SQGKGL SQGSGVAFD
NEKFAYNI NNNGHMLRI L DHGAI SMGDNVDMMYVGVY QDI NADNDNGTKWATVG RPMYKWIPI MSTVVE
| GYDNVESQRTGDKNNQYKI TLAQQMWRAGDSI WBRPAI RVFATYAKVWDEKWGYDYNGSSSTNPYYGKAVP
ADFNGGSFCGRGDSDEWT FGAQVEI WV

Fig. 3.9.4: N-terminal peptide sequence reporfThe excised band corresponding to
~35 kDa was sequenced at the lowa State University Protein Facility. {His déthe
report are described therein.
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lowa State University
Protein Facility

PROTEI N PEPTI DE SEQUENCE
REPORT
Date: July 30, 2007
To: Farhana Syed
Sampl e Nunber: 3570
Sanpl e Nane: ECO CIT 35k #3
Sanpl e Preparation: The sample was washed 6 tines with D
wat er and | oaded onto a filter for sequence anal ysis.

I nstrunents: 494 Procise Protein Sequencer/140C Anal yzer
from

Applied Biosystens, Inc.
Sequenci ng Met hod: Ednan Degr adati on

Cycl e Nunber Anmi no
Aci d
1 v, A
2 Db N
3 F, L
4 H, M
5 Q
6 Yy
7 A
8 R
9 s?, Q?
10 4
No
oA-3767,
The major amino acid is listed first for each
cycl e. If you have any questions, feel free to call ne.

Prepared by: Joel Tel :

L No
9A-3267, «

e-mail:protei n@ast at e. edu
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Protein/Peptide Sequence Analysis Submission Form

Sequence Number, 3 §—7O Date J% @uﬁ; by, 0%

Your Sample 1D # Et‘/o CIT25k ¥ 2

Name Ed_&im, Sq&ﬂ(— Supervisor, D Maﬁlé g, lgmw\m
.:‘Dr.epﬁl{r;ien;!'éhohmpaﬁy s rncgs'c {fuc Phone # g T "‘K? l-‘ax #o\5 e g "Q‘O*?U

Maziling Address i”"bé‘f- A 924*1 CE:MM ey S,“ffm Uv\:!" o rtene " N7 -3¢

J B% 5{\ LI |
E-Mail Address Mme@ $-}—r( &\H@ Q-lv—cagn -

Accountor P. O. #
For on campus orders please submit an i af with your order, For off camp orders please submit o purchase order,

How many residues do you need? lo L
Sample Information
Sample amount __moles; or ~ o micrograms MW, 35 Ko

“For samples in solution: What solvent is the saraple in?

For samples electroblotied to PVDE: What membrane was used?

_# _Immobilon-P (45 micron) (Miilipore) Problot (,1 micron) (ABI)
___Westran {.45 micron) (Schieicher & Schuell) Trans-Blot (.1 micron) (Biorad)
mnmobilon-PSQ (.1 mieron) Millipore) Fluoratrans {1 micron) (Pall Corp)

N-Terminal blocked: No Donot know_ ¥ Yes

Protein/Peptide Modified: Yes, 2t with

Cysteine modified: Yes If yes, what derivative? . No —

Enzyme treatment: Yes__ What enzyme? Cleavage sites
Radioactivity: Yes No X ‘

No_ X _ (Please aftach) .

DNA sequence known: Yes__ No A (Please attach)

Amino acid analysis performed: Yes No X (Please attach)

Protein sequence known: Yes

If your sample was coliected on an HPLC, please attach the chromatogram with AUFS, gradient, solvents, column
and wavelength. :
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7/30/707 4:41 PM

3570, 07/30/2007

1570,

07 /3072007

Blank 1

6.00

4.00

2.00 ““\\\—_f/"———ﬁ—_,

-2.00

-4.00}

.

12.

15,

18.0
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_7/30/07 4:41 PM 3570, 07/30/2007

3570, 07/30/2007 Standard 1

6.00

~2.00

-4.00

Standard 1, Interpolated baseline

Peak No RT peak ID : Type Height Pmol Ht
2 3.87 D e 36251 10.00
3 4.32 N c 30594 10.00
4 5.01 S c 13267 10.00
5 5.27 Q [od 19250 10.00
6 5.59 T c 10102 10.00
7 5.89 G ] 17420 10.00
8 6.37 E c 18552 10.00

11 8.05 H c 11985 10.00
12 8.39 ) A c 16111 10.00
17 9.83 s c 1920 10.00
19 10.45 R c 7152 10.00
20 10.80 Y ¢ 15884 10.00
28 13.24 P c 15442 10.00
30 13.97 M c 15575 10.00
31 14.29 v o] 16825 10.00
34 15.51 dptu 12778 10.00
37 16.56 W c 19913 10.00
38 16.85 dpu 9780 10.00
39 17.23 F c 16679 10.00
40 17.68 I c 13636 10.00
41 17.94 K c 22878 10.00
42 18.21 L c 16896 10.00

Farhana Syed, Eco CIT 35k #3
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7/30/07 4:41 BM

3570, 07/30/2007

3570, 07/30/2007 Residuz 1
[ dbtu
6.00 '
Ik |
£.00
L.AJ‘J A v \ dou
!| 2551 N KL
| . p m F I
2.00 } UD_/IL\J%‘\_, HfL sRY o \—-
f — —
0.00 3
-2.00
-4.00 J
3.0 5.0 9.0 12.0 15.0 i8.¢C
Residue 1, Interpolated baseline
Peak No RT Peak ID Type Height Prol HE
2 3.79 D ¢ 8422 2.32
4 4.26 N c 8737 2.86
7 4.95 s c 6968 5,25
9 5.31 Q c 43898 2.54
10 5.52 T I} 3165 3.13
11 5.83 G c 4952 3,84
12 6.29 E c 2757 1.49
18 7.98 H . 774 0.65
19 8.32 A c 5864 3.64
24 8.78 8 c 480 2.50
26 10.38 R c 1089 1.52
27 10.74 b4 c 1021 0.64
37 13.18 P c 1086 0,71
41 13.90 M c 329 .53
42 14.22 v [ 4884 2.90
46 15.44 dptu 73115 57.22
48 16.48 W s 3R2 0.18
50 16.78 dpu 4234 4,33
51 17.16 T c 735 0.44
52 17.62 I ! 765 0.56
53 17.87 K c 1330 0.58
54 18.14 L ‘c 1543 0.91

Farhana Syed,

Eco CIT 35k #3



7/30/07 4:41 PM

3570, 07/30/2007

07/30/2007

Regidue 2-1

6.00

-2.,00

-4.00

Residue 2,

Peak No

00 =1 O U UH (1 o s ()

RT

.76
.24
.92
.18
.50
.80
.25
.96
.29
.37
.70
.15
.86
.20

Interpolated baseline

Peak ID

<EOURAFIEOQAONZUT

(=N
g%
=i«

HRAaA

Farhana Syed,

aonoooaooaoNoNa0ae

acann

12.0 15.

4

Height
5249
3164
1652
1021

817
3451
1626
© 801
2341

648

757
1142

153
1508
45054 3
1900

962
1138
1137
1844

Eco CIT 35k #3

FOCORUOOOOOROOROORRPE

18.0
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7/30/07 4:41 PM 3570, 07/30/2007

3570, 07/30/2007 Residue 3-2

6.00

dptu

F
N SQTG E HA S'RY P MV dpy, IKF

-2.00

3.0 6.0 9.0 12.0 15.0 18.0

Residue 3, Interpolated baseline

Peak No RT Peak ID : Type Height Pmol Ht
2 3.78 D c 2324 0.64
4 4.25 N c 2197 0.72
6 4.93 s c 1563 1.18
7 5.18 Q c 1086 0.56
9 5.51 T c 700 0.69

10 5.82 G c 3277 1.88
11 6.27 E c 1656 0.89
18 7.97 H c 682 0.57
19 8.30 A ] 2239 1.39
24 9.73 s c 369 1.92
28 10.36 R c 610 0.85
29 10.73 Y c 768 0.48
39 13.16 P c 1261 0.82
41 13.87 M c 250 0.16
42 14.21 v [ 1584 0.94
45 15.43 dptu 49071 38.40
48 16.77 dpu 1675 1.71
49 17.15 F c 3745 2.25
50 17.60 I c 1218 0.89
51 17.86 K c 1059 0.46
52 18.13 L c 3381 2.00

Farhana Syed, Eco CIT 35k #3
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7/30/07 4:41 PM 3570, 07/30/2007

3570, 07/30/2007 Residue 4-3

6.00

dptu

DN S8QTGcE Hp s'RY P My dpup IKL
o.oo‘“*’”\rdw N

3.0 6.0 9.0 12.0 15.0 18.0

Residue 4, Interpclated baseline

Peak No RT Peak ID Type Height Pmol Ht
2 3.77 D c 1989 0.55
4 4.25 N c 3526 1.15
6 4,93 S c 2861 2.16
7 5.18 Q c 2397 1.25
9 5.51 T c 1609 1.59

10 5.82 G c 3824 2.20
11 6.27 E c 2076 1.12
14 7.97 H c 1326 1.11
15 8.30 A c 2258 1.40
20 9.73 3 c 360 1.88
21 10.36 R c 708 0.99
22 10.70 Y ¢ 807 0.51
28 13.13 P c 1224 0.79
30 13.86 M c 9715 0.63
31 14.18 A c 1630 0.97
37 15.40 dptu 53880 42 .17
39 16.74 dpu 1701 1.74
40 17.12 F c 2121 1.27
41 17.59 I c 1477 1.08
42 17.83 K c 1184 0.52
43 18.10 L c 2528 1.50

Farhana Syed, Eco CIT 35k #3
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- 7/30/07 4:41 PM 3570, 07/30/2007

3570, 07/30/2007 Residue 5-4

6.00

dpwr IKL

3.0 6.0 9.0 12.0 15.0 18.0

Residue 5, Interpolated baseline

Peak No RT Peak ID Type Height Pmol Ht
2 3.75 3] c 1395 0.38
4 4.22 N c 1778 0.58
6 4.90 S c 1486 1.12
7 5.14 Q c 1915 0.99
8 5.47 T c 706 0.70
9 5.78 G c 3661 2.10
10 6.22 B c 1868 1.01
14 7.90 H c 843 0.70
15 8.25 A c 2153 1.34
19 9.66 s' c 125 0.65
23 10.28 R c 584 0.82
24 10.63 Y ] 755 0.48
32 13.08 P c 1026 0.66
34 13.79 M c 444 0.29
35 14.12 v c 1451 0.86
39 15.35 dptu 49037 38.38
42 16.69 dpu 1521 1.56
43 17.07 F c 1185 ’ 0.71
44 17.53 I c 1179 0.86
45 17.77 K c 1009 0.44
46 18.05 L c 2084 1.23

Farhana Syed, Eco CIT 35k #3
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. 7/30/07 4:41 BM 3570, 07/30/2007

3570, 07/30/2007 ) Residue 6-5

6.00

4.00] dptu

Wow IKD

-2.00

3.0 6.0 9.0 12.0 15.0 18.0

Residue 6, Interpoclated baseline

HL

Peak No RT Peak ID Type Height Pmol

2 3.85 D c 12945 3.57
4 4,31 N c 5627 1.84
[ 5.00 s c 1447 1.09
7 5.25 Q c 1684 0.87
8 5.57 T c 831 0.82
9 5.88 G c 3138 1.80
10 6.34 B c 1845 0.99
16 8.04 H c 464 0.39
17 8.35 A c 2114 1.31
22 9.77 S’ c 411 2.14
24 10.43 R c 695 0.97
25 10.74 Y c 1880 1.18
29 13.17 P c 1042 0.67
31 13.89 M c 474 0.30
32 14.21 v c 2058 1.22
35 15.43 dptu 48649 38.07
38 16.45 W c 87 0.04
39 16.75 dpu 1581 1.62
40 17.14 F c 1055 0.63
41 17.60 I C 1291 0.95
42 17.83 K c 1105 0.48
L c 2348 1.39

43 18.12

Farhana Syed, Eco CIT 35k #3
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7/30/07 4:41 PM

3570, 07/30/2007

3570, 07/30/2007 Residue 7-6

6.00
4.00
2.00

dptu

J DN sarpG E H,ﬁ s RY P uv J\ wpwF IKL
0.00
-2,00
~4.00
3.0 6.0 9.0 12.0 15.0 18.0
Residue 7, Interpolated baseline

Peak No RT Peak ID Type Height Pmel Ht

2 3.77 D c 2016 0.56

4 4.25 N c 3781 1.24

6 4.93 S c 2971 2.24

7 5.18 Q c 2711 1.41

8 5.50 T c 1650 1.63

9 5.81 G c 3342 1.92

10 6.27 E c 2032 1.10

i5 7.98 H < 187 0.16

16 8.30 A c 2964 1.84

23 9.73 s c 478 2.49

25 10.38 R c 646 0.90

26 10.70 Y c 1866 1.17

34 13.15 P c 991 0.64

35 13.89 M c 324 0.21

36 14.20 v c 1746 1.04

39 15.43 dptu 55576 43.49

41 16.45 W c 89 0.04

42 16.76 dpu 1452 1.48

43 17.15 F c 1031 0.62

44 17.61 I c 1203 0.88

45 17.86 K c 811 0.35

46 18.13 L c 2127 1.26

Farhana Syed,

Eco CIT 35k #3
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[ 7/30/07 4:41 PM 3570, 07/30/2007
3570, 07/30/2007 Residue 8-7

6.00
4.00
2.00

dptu

DN SQTG E HA S' Ry P MV Wip'F IKL
o.oo“‘—’ﬁ /V\/
-2.00
-4.00
3.0 6.0 9. 12.0 15.0 18.0
Residue 8, Interpolated baseline

Peak No RT Peak ID Type Height Pmol Ht

2 3.78" D c 7012 1.93

4 4.25 N c 4635 1.52

6 4.93 S c 1486 1.12

7 5.19 Q c 1723 0.90

8 5.50 T c 858 0.85

9 5.82 G c 2751 1.58

11 6.27 E c 1744 0.94

15 7.96 H c 368 0.31

16 8.30 A c 2953 1.83

22 9.73 s c 236 1.23

23 10.36 R c 954 1.33

24 10.70 Y c 1465 0.92

32 13.16 P c 975 0.63

35 13.88 M s} 382 0.25

36 14.20 v c 1753 1.04

41 15.42 dptu 63156 49.43

43 16.48 w o] 58 0.03

44 16.76 dpu 1723 1.76

45 17.14 F c 1169 0.70

46 17.61 I c 1383 1.01

47 17.85 X c 972 0.42

48 18.13 L c 2176 1.29

Farhana Syed,

Eco CIT 35k #3
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7/30/07 4:41 PM ) 3570, 07/30/2007

3570, 07/30/2007 Residue 9-8

6.00

dptu
DN SQTGE Ha 8" RY P MV Wpw IKL

-2.00

-4.00

Residue 9, Interpolated baseline

Peak No RT Peak ID Type Height Pmol Ht
2 3.79 D c 10495 2.90
4 4.26 N c 10770 3.52
6 4.94 S c 7324 5.52
7 5.19 o] c 6346 3.30
8 5.51 T c 3620 3.58
9 5.82 G c 3838 2.20

10 6.28 E c 1718 0.93
15 8.00 H c 192 0.16
16 8.30 A c 2606 1.62
19 9.72 s’ c 365 1.90
21 10.37 R c 934 1.31
22 10.71 Y c 1301 0.82
30 13.16 P c 986 0.64
32 13.88 M c 393 0.25
33 14.21 v c 1736 1.03
37 15.43 dptu : 66548 52.08
39 16.49 W c 73 0.04
490 16.77 dpu 1709 1.75
41 17.16 F c 1099 0.66
42 17.63 I c 1258 0.92
43 17.87 K c 945 0.41
44 18.15 L c 2180 1.29

Farhana Syed, ©Eco CIT 35k #3

185



7/30/07 4:41 PM 3570, 07/30/2007

3570, 07/30/2007 Residue 10-9

6.00

1=
0.0 M DN SQTGE HA s'RY P MV P dpF IKL
.00

-2.00

-4.00

3.0 6.0 2.0 12.0 15.0 18.0

Residue 10, Interpolated baseline

Peak No RT Peak ID Type Height Pmol Ht
2 3.78 D < 2669 0.74
4 4.25 N c 2557 0.84
6 4.93 s c 1464 1.10
7 5.18 Q c 1564 0.81
8 5.51 T c 788 0.78
9 5.81 G c 2589 1.49

10 6.27 E c 1598 0.86
15 7.96 H c 147 0.12
17 8.29 A c 2478 1.54
21 9.73 s c 525 2.73
22 10.38 R c 771 1.08
23 10.70 Y c 995 0.63
28 13.15 P c 989 0.64
30 13.87 M c 200 0.13
31 14.20 v c 1567 0.93
34 15.42 dptu 60859 47.63
37 16.75 dpu 1649 1.69
38 17.14 F c 1102 0.66
39 17.61 I c 1338 0.98
40 17.85 R o] 922 0.40
41 18.12 L c 2092 1.24

Farhana Syed, Eco CIT 35k #3
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7/30/07 4:41 PM

Uncorr

iy

=

=

CWW-IAUIxWN -

SOOI UT D WD

SOOI UT WM

R R R e e S W

CO0COO0ODODOOOD

COOODOOOOO

.64
.45
.39
.40
.34
.31
.84
.83
.62
.54

.53
.10
.16
.63
.29

.21
.25
.25
.13

.18
.00
.00
.00
.00
.04
.04

.04
.00

OWHRRORORN

COORFPOOOOO

ONHOWOOO RN

D

.32
.45
.64
.55
.38
.57
.56
.93
.90

74

.86
.03
.72
.15
.58
.84
.24
.52
.52
.84

.64
.48 .
.48
.51
.48
.18
.17
.92
.82
.63

COOROMEROOM

OO0 O0DOOOO

.49
.88
.89
.12
.01
.99
.10
.94
.93
.86

.71
.74
.82
.79
.66
.67
.64
.63
.64
.64

Farhana Syed,

3570,

OO0 OOrRrNOO

COWOoOROOROON

.44
.58
.25

.71
.63
.62
.70

.66

.54
.53
.56
.25
.99
.87
.41

.30
.81

07/30/2007

G
.84
.98
.88
.20
.10
.80
.92
.58
.20
.49

PNRRRPNDNRP SN

.52
.91
.85
.89
.82
.97
.90
.33
.31
.08

RPRROoOOOCOOOR

Eco CIT 35k #3

H
0.65
0.67

0.57

1.11
0.70
0.39
0.16
0.31
0.16
0.12

5.25
1.25
1.18
2.16
1.12
1.09
2.24
1.12
5.52
1.10

cCoOorFrQOoOoPRrOooO

NERPNOMNORFON

I

.56
.83
.89
.08
.86
.95
.88
.01
.92
.98

COO0OO0OQQOOO0O

OWORrRrOoOORPOOW

K

.58

.46
.52
.44
.48
.35
.42
.41
.40

MR R RERDEO

ORPRPRPPOOQON

.91
.09
.00

.23
.39
.26
.29
.29
.24

187

13




7/30/07 4:41 PM

[2e]
Eal
Q
ful
feR}

[y

[

[y

WO I U LD SWVE~TAUVikWwE

OWO~0Ud Wk =

OO0 OOLOGN

COOO0OO0O0OOOO

COOOOOO0OOC

.19
.00

.33
.00

.00
.00
.02
.00

.12
.00
.00
.00

.01
.02
.01
.03
.00

OMOOOOOOON

oo oNocoool

CODODOOOOOD

.39
.41
.00
.21
.00
.58
.00
.00
.80
.00

.21
.00
.00
.00

.51
.46
.16
.00
.00

COCOoOOOOoOOOO

jeNoloNoleNoRoNe ool

.00
.02
L11

.10

.00

.00
.00
.00
.01

Farhana Syed,

3570,

SOO0OOOOOROO

ONOOSCODOOOO

.81
.00
.00
.33

.00
.32
.00
.10
.00

07/30/2007

G
.91
.05
.00
.27
.18
.00
.00
.00
.29
.00

oo o

.67
.02
.00
.05
.00
.00
.00
.28
.23
.00

COoOOoOCQCLOOOO

Eco CIT 38k #3

COO0O0OOO0OQO

oo OOoCOoOOOW

H

.00
.03
.00
.59
.26
.00
.00
.05
.00
.00

.76

.00
.67
.00
.00
.76
.00
.04
.00

QOO0 OOOQ

COCOOLOOOO

I

.00
.01
.05
.22
.00
.04

.06
.00
.00

g

.82
.00
.06
.00
.00

.28
.00

.26

ONOCOOODOOON

COOLOoOOoOOOOO

K

.00
.00
.04
.00
.03
.00
.00
.00
.00

.22
.00
.00
.59
.00
.00
.54
.00
.43
.00

COOOOOOOOQ

[elaleloleleloleNe)

.00
.00
.78
.26
.00
.14
.00
.01
.01
.00

.98
.00

.00
.00
.23
.03
.02
.00
.00
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7/30/07 4:41 FM

Lag
1 2
2 0
3 0
4 0
5 0
6 0
7 0
8 0
9 0
10 0
1
2
3
4
5
6
7
8
9
10
i 0
2 0
3 0
4 o}
5 0
6 [0}
7 0
8 o}
9 0
10 0
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OO0 Q

cCoocoNCOOON
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.00
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.00
.59
.00
.00

.00

.21
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