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ABSTRACT

A novel dual functional green fluorescent protein (GFP) tag useful for monitoring

and purifying a recombinant protein fused to the tag has been developed. A poly-histidine

(6xHis) tag was inserted into a solvent exposed loop of the ll-stranded ~-barrel GFP

structure. Two variants (GFP172 and GFP157) were made depending on the site of

insertion of the 6xHis tag. We produced the variants in Escherischia coli and purified

them using immobilized metal affinity chromatography (IMAC). These purified GFP

variants retained 65-68% of the fluorescence compared to having the tag inserted at the

C-terminus. On comparison of recovery from a buffer by IMAC, it was found that greater

than 80% of the protein could be recovered. Effect of temperature on the expression of

these variants showed that GFP172 could be produced in soluble form at both 37°C and

28°C whereas negligible amounts of soluble GFP157 was obtained. GFP172 was fused to

the C-terminus of Maltose Binding Protein (MBP) and the fusion protein was purified

from E. coli lysate as well as from spiked tobacco leaf extracts. The primary advantage of

this new GFP molecule is that it allows maximum flexibility for protein fusion since both

N- and C-terminal ends are available for linking to a protein of interest. In conjunction

with appropriate targeting/retention signals, this GFP tag can improve fusion protein

accumulation and stability and at the same time perform the dual functions of protein

monitoring and affinity purification. Preliminary studies were done to study the effect of

a C-terminal HDEL sequence on the expression of granulocyte macrophage-colony

stimulating factor (GM-CSF) fusion with GFP in tobacco suspension cultures. It was

found that HDEL influences the stability of the fusion protein because in its absence,

majority of the protein was not fluorescent.
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CHAPTER 1

1. INTRODUCTION

1.1 The Green fluorescent protein

The green fluorescent protein (GFP) from the jellyfish Aequorea victoria is

one of the most widely used reporter proteins (Tsien, 1998). In the jellyfish when

exposed to physical stress or attack, the intracellular calcium ion levels increase and

aequorin generates an excited state (Niwa et al., 1996). The excited state energy of

aequorin is used to generate bright green GFP fluorescence through radiationless

transfer, presumably to blind the attacker (Boxer, 1996). The cDNA for GFP from

Aequorea was cloned and sequenced and encodes a 238-aa-residue polypeptide with a

calculated Mr of 26,888 Da (Prasher et al., 1992). GFP is an extremely stable protein,

remaining fluorescent at temperatures up to 65QC, pH >11, in the presence of various

detergents such as 1% sodium dodecyl sulfate (SDS) (Bokman and Ward, 1981). It is

even stable in 6 M guanidinium chloride and is resistant to most proteases for many

hours (Ormo et a/., 1996). GFP is widely used as a marker for gene expression, for

the study of protein localization and protein binding events. Using recombinant DNA

technology, the coding sequence of GFP can be spliced with that of other proteins to

create fluorescent fusion proteins. GFP tolerates Nand C terminal fusions to a broad

variety of proteins, many of which have shown to retain function (Cubbit et al., 1995).

1.1.1. Structural and spectral properties

In A. victoria light is produced as a result of energy transfer from the Ca2
+_

activation of the photoprotein aequorin to GFP (Inouye et al., 1994). It absorbs light

with an excitation maximum of 395nm (with a minor peak at 470nm) and emits light

at 5lOnm (Morise et al., 1974; Ward et al., 1980) and this can occur in the absence of

substrates, enzymes or cofactors, hence ideally suitable as a marker (Chalfie et al.,
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1994). The two absorption maxima are caused by a change in the ionization state of

the chromophore (Katjusa et aI., 1997)

Figure 1.1 Excitation and Emission spectra of wild-type GFP

The chromophore is a p-hydroxybenzylideneimidazoline (Prasher et. aI, 1992)

formed from residues 65-67, which are Ser-Tyr-Gly in the native protein. Current

accepted mechanism of chromophore formation first involves GFP folding into a

nearly native conformation, then the imidazoline is formed by nucleophilic attack of

the amide of Gly67 on the carbonyl of residue 65, followed by dehydration (Tsein,

1998). Finally molecular oxygen dehydrogenates the a-13 bond of residue 66 to put its

aromatic group into conjugation with imidazoline. At this stage the chromophore

acquires visible absorbance and fluorescence. Atmospheric oxygen is required for

fluorescence to develop (Heim et aI., 1994; Inouye et aI., 1994). Traditionally,

fluorescence from GFP-expressing cells is produced using ultraviolet-light (UV)

excitation and detected by fluorescence microscopy or by fluorescence-activated cell

sorting (FACS).
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1.1.2 GFP variants

Wild type GFPs are not optimal for some reporter gene applications. When

excited by blue light common to fluorescence microscopy and FACS, such as 488-nm

argon-ion laser, the fluorescence intensity from wild type GFPs is relatively low. In

addition, a significant lag in the development of fluorescence after protein synthesis

can occur and complex photoisomerization of the GFP chromophore may result in

the loss of fluorescence. Furthermore, wild-type GFPs are expressed at low levels in

many higher eukaryotes (Kain et al., 1995). The cDNA for GFP has been cloned and

sequenced (Prasher et al., 1992) permitting the creation of engineered GFP variants to

improve upon these limitations (Hiem et al., 1994).

Mutations in GFP, which shift the excitation maxima from 395nm to around

490nm, have been reported and these proteins do fluoresce more intensely when

excited at 488nm (Delagrave et al., 1995; Heim et al., 1995). Three GFP mutants were

isolated and expressed in E.coli, that fluoresced with approximately lOa-fold higher

intensity than bacteria expressing wild type protein (Cormack et al., 1996).

A new variant, mGFP4 was made by modifying wild type GFP by altering

codons at the site of prior mis-splicing and resulted in stable and high expression in

transgenic plants (Haseloff et al., 1997). It was found by the same group that it was

difficult to regenerate fertile plants from the brightest mgfp4 transformants, because

the mature protein is found throughout the cytoplasm and nucleoplasm of transformed

Arabidopsis cells and not any localized compartment within the plant cell. Several

targeting peptides were fused to GFP and these variants were expressed in transgenic

Arabidopsis plants. It was found that the GFP (mgfp4-ER) targeted to the endoplasmic

reticulum (ER) by a C- terminal amino acid sequence HDEL and an N-terminal signal

peptide derived from an Arabidopsis vacuolar basic chitinase showed a substantial

3



improvement in terms of being able to consistently regenerate intensely fluorescent

and fertile plantlets and an apparent decrease in phototoxicity. The V163A and S175G

substitutions improve GFP fluorescence by enhancing proper folding of apo-GFP,

particularly at higher incubation temperatures (Siemering et aI., 1996). The I167T

substitution alters the excitation spectrum of GFP (Heim et aI., 1994) and in

combination with V163A and S175G, it produces GFP5 with dual excitation peaks

(395nm and 473nm) of approximately equal amplitude which can be visualised well

with either long wavelength UV (eg. hand-held lamp) or blue light (eg. argon laser). E

coli cells expressing GFP5 at 37°C fluoresce 39-fold more intensely than cells

expressing GFP when excited at 395nm and ll1-fold more intensely when excited at

473nm (Siemering et aI., 1996). Cos-7 cells grown at 37°Cexpressing GFP5 showed

higher fluorescence than cells expressing wt-GFP when excited by UV light

(Siemering et aI., 1996). In this study, we used the mGFP5-ER variant because of its

versatile nature in terms of its ability to be used at different temperatures and the fact

that it can be used in a broad host range.

1.1.3. Insertions within GFP

Based on the three-dimensional structure of GFP, which shows a compact

molecule with solvent exposed loops (Ormo et aI., 1996; Yang et aI., 1996), it can be

predicted that apart from the protein termini, it might be possible to insert amino acids

in other sites. Out of 10 such possible sites, it was concluded that the sites Gln157

Lys158, Glul72-AspI73 and Leu194-Leu195 were most permissive for insertion of a

hexapeptide, Leu-Glu-Glu-Phe-Gly-Ser (Abedi et aI., 1998). Further analysis by

evaluation of peptide display libraries, to see if these 3 sites could accommodate a

variety of sequences resulted in the conclusion that GlnI57-LysI58, Glul72-AspI73
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were the most appropriate for insertion of peptides comprising 20 residues of diverse

sequence (Abedi et aI., 1998).

In order to design a generic biosensor, a protein binding domain TEMI beta

lactamase (Bla) was inserted into Glul72-AspI73 and the purified fusion protein was

shown to have fluorescence and Bla activity, but there was no change in the GFP

spectrum upon the addition of the beta-Iactamase-inhibitory protein (BLIP) (Doi &

Yanagawa, 1999). On random mutagenesis and couple of rounds of selection, a BLIP

sensitive sensor was obtained that showed an increase in GFP fluorescence upon the

binding of ligands (Doi and Yanagawa, 1999). In a preliminary proof-of-concept

study, a poly-histidine (6xHis) tag (see section 1.2.1) was inserted between amino

acids 172 and 173 of GFP in this work.

1.2. Immobilized Metal Affinity Chromatography (IMAC)

Recombinant proteins can be purified by affinity based purifications by

various systems, most of which rely on the interaction of an immobilized ligand with

an affinity tag on the protein of interest. For example appropriate choice of

immobilized antibodies have been used to selectively bind antigens in immunoaffintiy

chromatography. To use antibodies as ligands requires consideration of desorption

conditions and the need to recover the protein under non denaturing cond~tions

(Nachman- Clewner et aI., 1993; Sado and Katoh, 1993). Sometimes, large

proteinacious affinity tags such as glutathione-S-transferase (GST) are employed to

bind and recover a recombinant protein (Braun et aI., 2002). Immobilized protein A

derived from Staphylococcus aureus has been widely used for recovery of

immunoglobulins for purposes of both research and therapy, and the purification of

monoclonal antibodies from cell culture (Boyle et aI., 1993; Kenney and Chase,

1987). All these systems are limited by the proteinaceous nature of the affinity tag
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and/or the immobilized ligand. Most protein tags are only functional in their native

form and hence cannot be used under denaturing conditions. Many proteins form

insoluble bodies when overexpressed in E coli and 6M guanidinium or 8 M urea is

used to enhance protein solubility. Moreover, large protein-affinity tags tend to be

highly antigenic and usually interfere with the biological activity of the protein of

interest. Therefore, before functional studies can be conducted or the protein used for

antibody induction, the affinity tag must be removed and the protein of interest re

purified.

1.2.1 IMAC using 6xHis affinity tag

This method is based on the fact that a series of six histidine residues can

interact with electropositive transition metals, including Co2+, Ni2+, Cu 2+ and

Zn2+(Porath, 1992). An ideal affintiy system would be one that employs a small, non

antigenic protein affinty tag that does not interfere with the biological activity of the

attached protein. Moreover, the affinity resin should be durable and reusable,

compatible with an array of salts, detergents and alcohols and fully stable in the

presence of strong denaturants. 6xHis affinity tag IMAC meets this criteria. In this

technique, polydentate chelators are commonly used to fix the metal ions to the solid

chromatographic substrate. The most frequently used metal chelators contain three or

four electron-rich groups, leaving three or two metal coordination sites available to

interact with additional ligands. Tetradentate chelators are superior to tridentate

chelators like iminodiacetic acid (IDA) because they firmly bind and retain the metal

ion through repeated use and under harsh conditions (Hochuli et al., 1988). Histidine

binds to the metal by sharing the imidazole nitrogen electron density with the electron

deficient orbitals of transition metals under conditions of physiological pH. This

affinity for histidine toward imidazole follows the order Cu 2+ > Ni2+ > Zn2+> C02+
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(Sundberg and Martin, 1974). Six histidines have been found to bind proteins in a

reliable manner even in the presence of strong denaturants such as guanidium or urea

(Hochuli et aI., 1987). Very few naturally occuring proteins have multiple

neighboring histidines and therefore 6xHis affinity IMAC is commonly used to

achieve one-step purification. The extent of purification would depend on the metal

used and the background from which the target protein is being purified. C02+-IDA

was effectively used to purify beta-glucuronidase-6xHis (GUSH6) from canola

protein extract (Zhang et aI., 2000). Though Cu2+has the highest affinity for

Histidine, it may not be appropriate to use it in 6xHis affinity chromatography

because the binding of the target protein to the metal would be too strong. This

phenomenon was seen in the GUSH6 purification from canola protein extract where

the recovery of GUS in active form was significantly lower than purifying it with the

other metals (Zhang et. aI, 2000). The reasons attributed were that immobilized Cu2+

is not entirely redox-stable and could be involved in catalytic oxidation reactions of

GUSH6 deactivation (Winzerling et aI., 1992). Moreover, the binding of GUSH6

might have been too strong that the Cu2+-IDA bonds are broken during the imidazole

elution process reulting in elution of inactive GUSH6. C02+on the other hand did not

bind to native GUS (without His tag) or to any proteins from the canola extract and

therefore GUSH6 purification from C02+-IDA gave the best results (Zhang et aI.,

2000). Therefore, just binding to the immobilized metal is not sufficient. There needs

to be a preferential binding of the target protein with respect to the numerous other

proteins found in the host system. In this work, TALON cobalt metal afinity resin

(Clontech, Palo Alto, CA) was used for protein purification. This resin has enhanced

selectivity for poly-histidine tagged proteins and there is no metal loss during

purification.
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1.3. Protein production in Plants

Transgenic plant technologies have become a cornerstone in modern

biotechnology. In the past, most of these techniques aimed at improving disease

resistance and developing herbicide resistance. With advances in plant transformation

systems it is now feasible to produce biologically active proteins in plants. Plants are

a suitable alternative to microbial expression systems, as the production of plant

biomass is relatively inexpensive. The potential of transgenic plants as production

vehicles has been demonstrated by several examples (Goddijn and Pen 1995). Inspite

of the ability of mammalian cell cultures to produce authentic proteins, they often

failed to meet the need for a simple efficient, high yielding and low-cost method of

protein production. Sometimes, mammalian cell culture can have the risk of dealing

with human pathogens. Other drawbacks of using mammalian cells are long periods

of time required for high expression levels and the instability of expression

(Hippenmeyer and Pegg, 1995).

E coli cell cultures and fermentation alleviate some of the problems of

mammalian cultures in terms of production levels and costs but in many cases, the

proteins of interest are not truly authentic because of poor post-translational

modifications in E coli. Examples of industrial enzymes that have been produced in

transgenic plants include xylanase, heat-stable ~-glucanase and phytase among others

(Owen and Pen, 1996). One of the earlier examples of successful heterologous

expression of mammalian proteins in plants was the demonstration that leu

enkephalin, a pain-killing neuropeptide, could be produced to high levels when fused

to part of the Brassica napus 2S seed storage protein (Vandekerckhove et al., 1989).

Hepatitis B surface antigen (HbsAg) was expressed in transgenic tobacco by Mason et

al. (1992). Genes for several antibodies (Hiatt et al., 1989; Owen et al., 1992),
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interferon- a (Zhu et ai., 1994) and human serum albumin ( Sijmons et ai., 1990) have

been expressed in plants. Very high levels of a - trichosanthin, a root-derived

component of the chinese medicinal plant Trichosanthes kirilowii, were obtained

using a Tobacco Mossaic Virus (TMV) derived vector for overexpression (Kumagai

et ai., 1993). Other promising anti-cancer and/or anti-HIV plant derived compounds

sucessfully engineered into transgenic plants are ricin (Gadani et ai., 1995) and

pokeweed antiviral protein (Hemming, 1995). Several therapeutic proteins have also

been produced in plant systems. Erythropoetin has been produced in tobacco cells

(Matsumoto et ai., 1993, 1995). Other human proteins include epidermal growth

factor (Higo et ai., 1993), lactoferrin (Mitra and Zhang, 1994), Interleukin-2 and

Interleukin-4 (Magnuson et ai., 1998) and human granulocyte macrophage colony

stimulating factor (James et ai., 2000).

1.3.1. Plant cell culture

Plant cells can be culivated in vitro by various systems such as hairy roots

(Hilton and Rhodes, 1990), immobilized cells (Archambault, 1991) and free cell

suspensions (Kieran et ai., 1997). Among these systems, free cell suspensions are

considered to be the most suitable for large-scale applications in the biotechnology

industry (Su, 1995). Plant suspension cells are an in vitro system that can be used for

recombinant protein production under carefully controlled conditions. Since plant

cells can be grown on cheaper protein-free media, production and purification costs of

target proteins from plant cells is lower (Magnuson et ai., 1998). Plant cell culture for

production of secondary metabolites has been used in the past. This includes

production of shikonin (Tani et ai., 1993) and anthocyanins (Sato et ai., 1996). Even

in the case of enzymes, there are potential advantages of producing the enzymes in

plant cell cultures especially those enzymes that require specific post-translational
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modification for activity. In comparison to mammalian cells, plant cell culture is risk

free because of the absence of human pathogens in the product. A heat stable endo- ~

(1-4) glucanse of Trichoderma reesei has been produced in suspension cell cultures of

barley (Aspegren et al., 1995).

1.4. Signal Peptides and Retention Signals

Recombinant proteins expressed in plant cell suspension cultures are found in

the culture supernatant or retained within the cells. This localization depends on the

presence of targeting/signal peptides and the permeability of the cell wall for

macromolecules ( Carpita et al., 1979). Such signals have been used for secretion

(Magnuson et al., 1998) or for targetting to organelles like endoplasmic reticulum,

chloroplast, vacuoles and membranes (Moloney and Holbrook, 1997). Such targeting

to distinct compartments of the cells preserve integrity of the recombinant protein and

protects them from proteolytic degradation (Kusnadi et al., 1997). Moreover,

accumulation levels could be increased.

For example, fusion of the tetra-peptide KDEL to the C-terminus of vicilin, a

pea seed protein, resulted in an average lOa-fold increase in accumulation of protein

in tobacco leaves and an average 20-fold increase in lucerne leaves. Moreover, there

was an average 12-fold increase in the half-life of vicilin expressed in transgenic

lucerne leaves (Wandelt et al., 1992). A C-terminal peptide HDEF associated with the

tomato Rnase LX localized solely outside the vacuole was able to accumulate proteins

in the ER of Saccharomyces cerevesiae similar to known ER retention signals

(Kalleta et al., 1998). Without the HDEF, the protein was secreted into the medium. It

is also believed that this signal might be able to retain proteins in the ER of plants

(Kalleta et al., 1998). The carboxy terminal HDEL sequence functions as an ER

retention sequence in yeast (Pelham et al., 1988). Golgi specific modifications were
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seen in the proteins tagged with HDEL in the ER suggesting that proteins bearing the

signal are retrieved from the Golgi giving an insight into the accumulation of proteins

within the ER (Dean and Pelham, 1990). However, disruption of the cells is necessary

prior to protein purification in the case where proteins are targetted to organelles. This

disruption can cause the release of various phenolic substances or proteases that can

reduce protein yield. Therefore, secretion of the protein into the media would be more

practically viable.

In the present study, expression of granulocyte macrophage - colony

stimulating factor (GM-CSF) fused with mGFP5-ER(S65T) has been evaluated in

transgenic tobacco suspension cultures. GFP could be a useful tool to monitor the

retention or sorting of proteins in the secretory pathway. In this work, an N-terminal

signal peptide sequence from Arabidopsis thaliana basic chitinase and a C-terminal

ER retention signal (HDEL) was used to study accumulation and secretion of fusion

proteins in tobacco suspension cell culture.

1.5. Research objectives

As stated above, monitoring, expression and purification of recombinant

proteins is of great value in biotechnology. GFP has been used in the past as an

efficient tool for monitoring expression and protein localization. To use GFP as a

reporter, along with the use of signal peptides/retention signals and poly-histidine tags

to enable its accumulation, stabilization and purification, a unique protein tag is

required that could accommodate all these features. This is possible if the poly

histidine tag is inserted within the polypeptide chain of the GFP molecule. The main

objectives of this study are:

1) To study the effect of insertion of 6xHis tag into the loop region of mGFP5

ER
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2) To make a brighter variant of mGFP5-ER and identify the most suitable

solvent exposed loop of GFP for insertion of the 6xHis tag

3) To fuse this novel GFP tag to a model protein and analyze the performance of

the tag as a fusion protein in different host systems

4) To study the effect of the C-terminal retention signal HDEL on fusion protein

expression in tobacco cell suspensions
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CHAPTER 2

PRELIMINARY STUDY ON GFP WITH AN INTERNAL HISTIDINE TAG

2.1. INTRODUCTION

The green fluorescent protein (GFP) from the jellyfish Aequorea victoria is

one of the most widely used reporter proteins (Tsien, 1998). One of the advantages of

GFP is that it tolerates N- and C-terminal fusions to a variety of proteins and can be

expressed in a broad range of host organisms (Cubitt et aI., 1995). Over the years the

number of applications has expanded tremendously. The original GFP cloned from

the jellyfish had certain limitations such as low brightness and photoisomerization

(Cubitt et aI., 1995). This prompted development of improved variants of GFP.

One such improved variant is GFP5, which is thermostable and shows

improved spectral properties (Siemering et aI., 1996). GFP5 was developed by

random mutagenesis of a bright and thermostable GFP4 mutant having the V163A

and S175G mutations. Introducing the I167T (Heim et aI., 1994) substitution along

with these mutations resulted in GFP5, which has dual excitation peaks at 395nm and

473nm of nearly equal amplitude with no change in the thermostability. As a result,

the range of applications in which it can be used is broadened since long wavelength

UV or blue light could be used for excitation, unlike the wild-type (wt) GFP which

needs to be excited with UV light. GFP5 expressed in bacterial cells that were grown

at 37°C was shown to fluoresce ll1-fold more brightly than wt-GFP when excited at

473nm (Siemering et aI., 1996). The same group showed that GFP5 produced in COS

7 cells grown at 37°C showed higher fluorescence than wt-GFP when excited by UV

light. In order to express GFP5 inArabidopsis, its codon usage was modified to

eliminate plant intron recognition sequences and was designated as mGFP5. This
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modified GFP5 was targeted to the endoplasmic reticulum (ER) by an N-terminal

signal peptide and retained on the ER network via a C-terminal ER-retention signal

(HDEL), resulting in highly fluorescent transgenic plants (Haseloff et al., 1997).

These reports demonstrated that GFP5 is a highly versatile variant that can be

expressed in a variety of host organisms.

GFP has a ~-can structure formed by ll-antiparallel beta strands to form a

compact cylinder with some of the connecting loops exposed to solvent and the

chromophore buried inside the cylinder (Ormo et al., 1996; Yang et al., 1996). From

this structure, it can be predicted that apart from the protein termini, it might be

possible to insert amino acids at other sites such as the solvent exposed connecting

loops and retain GFP fluorescence. A GFP based biosensor was designed by inserting

a binding domain between Glu172 and Asp173 and an increase in fluorescence was

noted when ligand was bound (Doi and Yanagawa, 1999). To our knowledge, a hexa

histidine fragment inserted into the loop region of GFP has not yet been reported.

In this chapter, we have attempted a proof-of concept study to determine if the

insertion of a 6xHis tag in one of the solvent exposed loops of mGFP5-ER (between

amino acids 172 and 173) would result in a novel GFP with dual functions, that of

being able to monitor any recombinant protein fused to it and also have the ability to

purify it by immobilized metal afffinity chromatography. As a result of the tag being

within the GFP molecule, a lot of flexibilty in designing fusion proteins is provided

since appropriate signal peptides and retention signals could be attached to the N

and/or C-terminus which have advantages of better accumulation and stability of the

recombinant protein. Some of the prime factors considered were to check if the GFP

retained fluorescence inspite of the insertion of the tag and to determine if the 6xHis

tag could bind to immobilized metal and purify the protein.
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2.2. MATERIALS AND METHODS

2.2.1. Modification ofmGFPS-ER

The mgfp5-ER insert was obtained by digestion of pBIN-mgfp5-ER with

BamHI-SacI and ligated into the respective sites of Bluescript SK (Stratagene, La

Jolla, CA). The sequence was modified through a number of polymerase chain

reaction (PCR) amplifications using Platinum Pfx DNA Polymerase (Invitrogen,

Carlsbad, CA) and oligonucleotides for site-directed mutagenesis and insertion of a

poly-histidine sequence (Figure 2.1). For insertion of the poly-histidine sequence

between amino acids 172 and 173 of the mgfp5-ER, a two-step PCR strategy was

used. The N-terminal fragment (amino acids 1-172) was amplified by primer A (T7

primer) and Primer H (5'- TIC GAT GTI GTG GCG GGT CTI G -3'). Similarly, a

C-terminal fragment (amino acids 168-242 including the -HDEL terminal sequence)

was amplified by primer E (5'-CGC CAC AACATC GAA CAC CAT CAC CAT

CAC CAT GAC GGC GGC GTG CAA CTC GC -3') to incorporate a stretch of six

histidine residues (bold) and a region to overlap with the N-terminal fragment

(underlined region which encodes amino acids 168-172) and primer J (T3 primer).

The amplified fragments were purified by agarose gel electrophoresis and used

together to amplify the entire mgfp5-ER using primers A (T7 primer) and J (T3

primer). An internal NcoI restriction site was removed by a silent mutation (changing

a A to T) using the two-step PCR strategy. The N-terminal fragment was amplified

using primers A (TI primer) and F (5'- GTG TIG GCC AAG GAA CAG GTA -3')

whereas the C-terminal fragment was amplified using primers C (5'- TAC CTG TTC

CTT GGC CAA CAC -3') and J (T3 primer). The purified fragments were used

together to amplify the entire mgfp5-ER using primers A (T7 primer) and J (T3

primer). One final amplification of the mgfp5-ER(S65T) insert was done using
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primer B (5'- GGC AGG AGG AAC CAT GGC TAG CAA AGG AGA AGA ACT

TIT CAC TGG AG -3') to incorporate an N-terminal methionine (bold), an Ncol site

(underlined) and removal of the Arabidopsis thaliana chitinase signal peptide and

primer J (T3 primer). The amplified fragment was digested with Ncol-Sad and

ligated into the respective sites of pGEM-5Zf (Promega, Madison, WI). The product

from translation of this modified gene will be referred to as LoopGFP5. All

modifications to the sequence were verified by DNA sequencing.

The control, mGFP5-ER(S65T) with 6xHis in the C-terminus (GFP6xHis)

was made using the primer B as sense and 5'-CGG GCA GAG CTC TTA ATG GTG

ATG GTG ATG GTG AAG CTC ATC ATG TTT GTA TAG TTC- 3' as antisense

primers to to retain Sac! (underlined) and insert a 6xHis tag (bold). GFPHisER was

made using primer Band 5'-CGG GCA GAG AGC TCT TAA AGC TCA TCA TGA

TGG TGA TGG TGA TGG TGT TIG TAT AGT TCA TCC -3'

2.2.2. GFP expression in E coli

The modified mgfp5-ER(S65T) inserts were obtained by digestion with Ncol

Sad and ligated into the respective sites of pET-21d vector (Novagen, Madison, WI).

The resulting plasmids were transformed into E. coli BL21trxB(DE3) competent cells

(Novagen, Madison, WI). Transformants containing the GFP constructs produced

yellow-green colonies. The screened colonies were then used to grow up E coli in

Luria-Bertani (LB) media. Initially, a colony was picked up and grown in 3 ml of TB

media till the OD at 600 nm became around 0.6. This culture was then kept overnight

at 4QC. I ml of this culture was then used to inoculate 50 ml of LB media with 100

llg/ml Ampicillin. When the OD at 600nm was approximately equal to 0.6 , the

culture was induced with ImM isopropyl-beta-D-thiogalactopyranoside (IPTG) and

then grown for another 4 hrs.
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2.2.3. Preparation ofcrude E coli lysate

The cells were harvested by centrifugation for 15 min at 3000xg at 4°C and

resuspended in 50 mM NaH2P04 (pH 7.0),300 mM NaCl. Lysozyme was added to a

final concentration of 0.75 mg/ml and the resuspended cells were incubated at room

temperature for 30 min. The sample was sonicated 6 x 20 sec on ice at a minimum

power setting using an ultrasonic cell disruptor equipped with a microprobe (Branson

Model 250, Danbury, CT). The lysate was centrifuged for 20 min at 12,000xg at 4°C

and soluble GFP in the supernatant was purified by immobilized metal affinity

chromatography (IMAC) using TALON cobalt resin columns (Clontech, Palo Alto,

CA).

2.2.4. Purification by IMAC

The contents of the spin columns were mixed thoroughly and the resuspended

resin was transferred to a 15ml sterile tube. The tube was centrifuged at 700 x g for 2

min to pellet the resin. The 20% ethanol supernatant was removed and discarded. 5

volumes of sonication buffer (50mM NaH2P04 (pH 8.0) 10 mM Tris-HCI (pH 8.0)

was added to the tube and the contents mixed briefly to pre-equilibrate the resin. The

tube was centrifuged as before to pellet the resin, and the supernatant was discarded.

Once equilibrated, the crude E coli lysate was added to the resin. To bind the His

tagged protein, the suspension was gently agitated at room temperature for 45 min and

then centrifuges at 700 x g for 5min. The supernatant was removed without

disturbing the resin pellet. The resin was washed by adding 10 volumes of sonication

buffer (pH 8.0). The suspension was gently agitated at room temperature for 10 min

and centrifuged at 700 x g for 5 min. The supernatant was removed and discarded as

before. The wash step was repeated and then the resin was transferred back to the

column. Two column volumes of sonication buffer was added for a total of 3 times
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followed by 1 x 2 column volumes of wash buffer (20mM Tris-HCI (pH 8.0), 100mM

NaCl, 10 mM Imidazole. The 6xHis protein was eluted by adding elution buffer

(20mM Tris-HCI (pH 8.0), 100mM NaCl, 50 mM Imidazole and the fractions were

collected. The fluorescence of the fractions was measured as described below.

2.2.5. Protein Assay

Protein was determined using the Micro BCA Protein Assay Reagent (Pierce

Chemical Co., Rockford, IL) with bovine serum albumin or purified recombinant GFP

protein (Clontech, Palo Alto, CA) as the standard.

2.2.6. Analysis ofproteins

Protein samples were denatured in SDS sample buffer containing 2

mercaptoethanol for 3 min at 100D C and resolved on a 12% SDS-polyacrylamide gel

as described (Laemmli 1970). Gels were stained with Coomassie brilliant blue.

2.2.7. Fluorescence measurements

GFP fluorescence was measured using a fluorescence spectrophotometer

(Hitachi Model F-2500, Tokyo, Japan). Wavelength scans were performed on all GFP

variants to determine excitation and emission peaks. Unless otherwise stated, the

fluorescent intensity per unit protein was determined with the GFP samples diluted in

GFP buffer (50 mM NaHzP04 (pH 8.0), 10 mM Tris-HCI (pH8.0), 200 mM NaCl)

with excitation set at 468nm and emission set at 505 nm.

2.3. RESULTS AND DISCUSSION

Since the polyhistidine tag in the loop is exposed, the purity of the GFP

obtained was quite high as can be seen from the SDS PAGE gel (Lane 2, Figure 2.1).

An interesting thing to note is that having four amino acids (HDEL) after the His tag

(GFPHisHDEL) does not effect the accessibility of the tag to the immobilized metal

as can be seen from the purity of Lane 3 in Figure 2.1.
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Since GFP tolerates additions to its Nand C-terminus effect of having the

HDEL after the His tag is negligible. However, HDEL is a C-terminal ER retention

signal in eukaryotes like animals (Munro and Pelham, 1987) and yeast (Pelham, 1988)

and is also believed to work in plants (Gomord et al., 1997). Since this protein has

been expressed in E coli with no endoplasmic reticlum ( ER), the biological

function/effect of HDEL cannot be tested in this system. In yeast, two receptors

ERD1 (Hardwick et al., 1990) and ERD2 ( Semenza et al., 1990) have been identified

that recognizes the HDEL sequence. Furthermore, the efficiency of the ER signal

depends on the sequence to which it is fused in terms of presenting the signal to the

receptor as suggested by Herman et al., 1990. It is not clear whether the receptor that

recognizes these four amino acids will function in a normal manner with the highly

positive charge introduced by the His tag adjacent to it. The same applies to other

signals attached to the C-terminus of a protein. Therefore, inserting the tag in the

loop would be a more viable option because the C-terminus is then free to fuse an

appropriate signal.

A wavelength scan was done using HITACHI F-2500 fluorescence

spectrophotometer and the excitation and emission peaks were found to be 467nm

(Figure 2.2) and 505 nm respectively. Fluorescence intensities per unit protein were

compared for the different variants of GFP (Figure 2.3). The fluorescence intensity of

LoopGFP was about 47.8% of the intensity of GFPHDELHis. This is consistent with

the excitation spectra that is obtained for the GFPs (Figure 2.2) where it was found

that the 467nm excitation peak for LoopGFP was lower than the peak for

GFPHDELHis by approximately the same amount. The microenvironment around the

chromophore would have changed as a result of the insertion resulting in less molar

absorbance and hence decrease in emission by similar amounts. Addition of four
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amino acids (HDEL) after the His tag has negligible changes in the fluorescence as is

seen for the 467nm peak in Figure 2.2 where the peak height is 92.7% of

GFPHDELHis.

It can be seen from the above results that inserting the polyhistidine tag

(6xHis) between amino acids 172 and 173, does cause a decrease in the fluorescence

intensity. However, the possible advantages by the insertion could far outweigh the

problem of this reduction in intensity. Inserting the tag in a brighter variant of GFP

could alleviate this problem. We expect a higher fluorescence intensity by inserting

the polyhistidine tag in GFP with a S65T mutation (Heim et al., 1994).

2.4. CONCLUSIONS

From this preliminary study, it can be concluded that inserting a 6xHis tag in

one of the solvent exposed loops of GFP does effect the fluorescence of the new

variant. In this study, we have chosen the mGFP5-ER variant for the insertion. It

would be better to insert the tag in a brighter variant such as the GFP with the S65T

mutation (Heim et al., 1994). This can result in a novel GFp with dual functions, that

of being able to monitor expression of any recombinant protein fused to it and the also

have the ability to purify it in a single step. The significance of this GFP is more

prominent with appropriate choice of signal peptides and retention signals. This is

because of the fact that recombinant proteins can be targeted to different

compartments by N- terminal signal peptides and sometimes C- terminal ER retention

signals are used for better accumulation and increasing the half life of the target

protein. Therefore, by having the tag in the loop, flexibility is provided to incorporate

these signals at the N- or C-terminus. Moreover, it would be worthwhile to consider

other positions in the GFP molecule for the insertion because of the number of solvent

exposed loops in the GFP molecule. Therefore, it is possible that there might be other
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positions that would tolerate the insertions. Once the ideal site for insertion of the tag

is determined, the novel GFP molecule can be then fused to a model protein and

tested for its dual functional role as a fusion protein.
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Figure 2.2 GFP with internal 6xHis tag can be purified from E coli lysate. Lanes
show the purified fractions after eluting from the lMAC column. Lane 1: 2J.lg of GFP
standard ( Clontech, Palo Alto, CA); Lane2: LoopGFP; Lane3: GFPHisHDEL; Lane4
GFPHDELHis.
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extraction buffer and a wavelength scan was done using a fluorescence
spectrophotometer (HITACHI F-2500),
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CHAPTER 3

DEVELOPMENT AND CHARACTERIZATION OF GFP VARIANTS AS A

DUAL FUNCTIONAL TAG

3.1. INTRODUCTION

The green fluorescent protein (GFP) from the bioluminescent jellyfish

Aequorea victoria is one of the most widely used reporter proteins (Tsien, 1998).

Over the years the number of applications of GFP has expanded tremendously. The

original GFP cloned from the jellyfish had certain limitations such as low brightness,

photoisomerization (Cubitt et aI., 1995) and improper folding at 37° C (Siemering et

aI., 1996). This prompted development of improved variants of GFP such as GFP5,

which is thermostable and had improved spectral properties (Siemering et aI., 1996).

In order to further improve the functions of GFP, preliminary experiments were

conducted to determine the consequences of inserting a 6xHis tag in the loop region

of mGFP5. The rationale being that if there is enough fluorescence retained inspite of

the insertion, then this GFP would have the dual functions of being able to monitor

any protein fused to it and also purify it. It was found that the fluorescence of this

LoopGFP was about 47% of the fluorescence of having the tag in the C-terminus (see

Results in Chapter 2). It was found that GFP needs to be highly expressed in order to

mask the autofluorescence of chlorophyll in plants and mGFP4 was suitable for this

purpose (Haseloff et aI., 1997). GFP5 was developed by altering codon usage to

disrupt a cryptic plant intron and by incorporating the mutations V163A, I167T,and

S175G to increase thermotolerance and improved spectral properties (Siemering et

aI., 1996). Since there was a decrease in fluorescence as a result of the insertion, it

would be worthwile to insert the 6xHis tag in a brighter variant of GFP.
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It was established that mutation such as S65T (replacement of serine in

position 65 with threonine) made GFP fluoresce 6-fold more intensely at 490nm and

the post-translational oxidation of the chromophore was 4-fold faster than wt-GFP

(Heim et aI., 1995). Moreover, Cos-7 cells expressing GFP5(S65T) fluoresced 1.65

times higher than cells expressing GFP5 grown at 37°C (Siemering et aI., 1996).

Moreover, S65T-type GFP can be excited by blue light making it suitable for on-line

monitoring applications that require long exposures to strong light. S65T-type GFP

was highly expressed in transgenicArabidopsis plants and non-disruptive

fluorescence measurements were made in whole plants with blue light excitation

(Niwa et aI., 1999). In other studies involving plant cells, an engineered codon

optimised sGFP(S65T) showed 100-fold brighter fluorescence than the original

jellyfish GFP sequence (Chiu et aI., 1996).

By analysis of the solvent exposed loops of GFP it was concluded that the

sites Gln157-Lys158, Glu172-Asp173 and Leu194-Leu195 were most permissive for

insertion of a hexapeptide, Leu-Glu-Glu-Phe-Gly-Ser (Abedi et aI., 1998). Further

analysis by evaluation of peptide display libraries to determine if these 3 sites could

accommodate a variety of sequences resulted in the conclusion that Gln157-Lys158

and Glu172-Asp173 were the most appropriate for insertion of peptides comprising

20 residues of diverse sequence (Abedi et aI., 1998). In another report, a GFP based

biosensor was designed by inserting a binding domain between Glu172 and Asp173

and an increase in fluorescence was noted when ligand was bound (Doi and

Yanagawa, 1999). An epitope for haemagglutinin was inserted at positions 172-173

and 157-158 of GFP in order to make affinity fluorescent proteins by Matsudaira et al.

(2001).
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In this work we describe two novel variants of GFP. The GFPs were

developed based on the mGFP5 variant (Siemering et aI., 1996) with an additional

S65T mutation. Into this GFP backbone, a poly-,histidine tag (6xHis) was inserted

between Glnl72 and Asp173 (GFPl72) in one variant and between GIn157 and

Lys158 (GFP157) in the other variant. Both GFPl72 and GFP157 were found to have

high fluorescence despite insertion of the 6xHis-tag and were purified by immobilized

metal affinity chromatography. Since the 6xHis tag is inserted within the GFP

molecule, it allows protein/peptide fusion to both N- and C-terminals of the GFP tag.

On further characterization of GFPl72 and GFP157, we conclude that GFPl72 will

serve well as a dual functional tag and have demonstrated its dual-functional ability

by fusing this tag to the C-terminus of Maltose Binding Protein (MBP).

3.2. MATERIALS AND METHODS

3.2.1. Modification ofmgfpS-ER

The mgfp5-ER insert was obtained by digestion of pBIN-mgfp5-ER with

BamHI-SacI and ligated into the respective sites of Bluescript SK (Stratagene, La

Jolla, CA). The sequence was modified through a number of polymerase chain

reaction (PCR) amplifications using Platinum Pfx DNA Polymerase (Invitrogen,

Carlsbad, CA) and oligonucleotides for site-directed mutagenesis and insertion of a

poly-histidine sequence. For insertion of the poly-histidine sequence between amino

acids 172 and 173 of the mgfp5-ER, a two-step PCR strategy was used. The N

terminal fragment (amino acids 1-172) was amplified by primer A (T7 primer) and

Primer H (5'_ TIC GAT GTT GTG GCG GGT CTT G -3') (Figure 3.1). Similarly, a

C-terminal fragment (amino acids 168-242 including the -HDEL terminal sequence)

was amplified by primer E (5'-CGC CAC AAC ATC GAA CAC CAT CAC CAT

CAC CAT GAC GGC GGC GTG CAA CTC GC -3') to incorporate a stretch of six
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histidine residues (bold) and a region to overlap with the N-terminal fragment

(underlined region which encodes amino acids 168-172) and primer J (T3 primer).

The amplified fragments were purified by agarose gel electrophoresis and used

together to amplify the entire mgfp5-ER using primers A (T7 primer) and J (T3

primer). An internal Neol restriction site was removed by a silent mutation (changing

a A to T) using the two-step PCR strategy. The N-terminal fragment was amplified

using primers A (T7 primer) and F (5'- GTG TTG GCC AAG GAA CAG GTA -3')

whereas the C-terminal fragment was amplified using primers C (5'- TAC CTG TTC

CTT GGC CAA CAC -3') and J (T3 primer). The purified fragments were used

together to amplify the entire mgfp5-ER using primers A (T7 primer) and J (T3

primer). Using the same two-step PCR strategy, serine in position 65 was changed to

threonine (S65T). The N-terminal fragment was amplified using primers A (T7

primer) and G (5'- GAA CAC CAT AAG TGA AAG TAG TG -3' ) whereas the C

terminal fragment was amplified using primers D (5'- CAC TAC TIT CAC TTA

TGG TGT TC -3') and J (T3 primer). The purified fragments were used together to

amplify the entire mgfp5-ER using primers A (T7 primer) and J (T3 primer). One

final amplification of the mgfp5-ER(S65T) insert was done using primer B (5'- GGC

AGG AGG AAC CAT GGC TAG CAA AGG AGA AGA ACT TIT CAC TGG AG

-3') to incorporate an N-terminal methionine (bold), an Neol site (underlined) and

removal of the Arabidopsis thaliana chitinase signal peptide and primer J (T3 primer).

The amplified fragment was digested with Neol-Sacl and ligated into the respective

sites of pGEM-5Zf (Promega, Madison, WI). The product from translation of this

modified gene will be referred to as GFPl72. All modifications to the sequence were

verified by DNA sequencing. A similar strategy was used to generate GFP157 by

inserting a stretch of six histidine residues between Gln157 and Lys158.
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The control, mGFP5-ER(S65T) with 6xHis in the C-terminus (GFPHis) was

made using the primer B as sense and 5'-CGG GCA GAG CTC TTAATG GTG

ATG GTG ATG GTG AAG CTC ATC ATG TIT GTA TAG TTC- 3' as antisense

primers to to retain Sac! (underlined) and insert a 6xHis tag (bold).

3.2.2. MBP-GFPl72 fusion protein

The gene coding for GFPl72 was modified by PCR in order to fuse it to the

C-terminus of Maltose Binding Protein. The Nco I site in the N-terminal of GFPl72

was modified to to an EcoR I site (underlined) using 5'- CGG CCG AAT TCA GTA

AAG GAG AAG AAC TIT TCA CTG GAG- 3' as sense and Sac I site was modified

to aXba 1 (underlined) using 5'-CGG GCA GAT CTA GAT TAA AGC TCA TCA

TGT TTG TAT AG -3' as an antisense primer. The amplified PCR product was

purified using GENECLEAN (BlOlOi Systems, Carlsbad, CA) gene clean kit. The

cleaned product was digested with EcoR I andXba I and purified by agarose gel

electrophoresis and ligated into the respective sites of pMAL-c2x vector (New

England Biolabs, Beverly, MA). The product from translation of this modified gene

will be referred to as MBP-GFPl72.

3.2.3. Expression in E. coli

The modified mgfp5-ER(S65T) inserts were obtained by digestion with Ncol

Sac! and ligated into the respective sites of pET-2id vector (Novagen, Madison, WI).

The resulting plasmids were transformed into E. coli BL2itrxB(DE3) competent cells

(Novagen, Madison, WI) following the manufacturer's instructions. Transformants

containing the GFP constructs produced yellow-green colonies. Cultures were grown

at the appropriate temperature (3rC or 28°C) in Luria-Bertani (LB) media containing

100,ug/ml ampicillin to an OD600 of approximately 0.6 and induced with 1 mM

isopropyl-beta-D-thiogalactopyranoside (IPTG) for 4 hours. The cells were harvested
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by centrifugation for 15 min at 3000xg at 4°C and resuspended in 50 mM NaHzP04

(pH 7.0), 300 mM NaCl. Lysozyme was added to a final concentration of 0.75 mg/ml

and the resuspended cells were incubated at room temperature for 30 min. The

sample was sonicated 6 x 20 sec on ice at a minimum power setting using an

ultrasonic cell disruptor equipped with a microprobe (Branson Model 250, Danbury,

CT). The lysate was centrifuged for 20 min at 12,000xg at 4°C and soluble GFP in

the supernatant was purified by immobilized metal affinity chromatography (IMAC)

using TALON cobalt resin columns (Clontech, Palo Alto, CA) according to the

manufacturer's instructions.

3.2.4. Protein assay

Protein was determined using the Micro BCA Protein Assay Reagent (Pierce

Chemical Co., Rockford, IL) with bovine serum albumin or purified recombinant GFP

protein (Clontech, Palo Alto, CA) as the standard.

3.2.5. Analysis ofproteins

Protein samples were denatured in SDS sample buffer containing 2

mercaptoethanol for 3 min at 100°C and resolved on a 12% SDS-polyacrylamide gel

and a 10% gel in the case of the fusion protein as described (Laemmli 1970). Gels

were stained with Coomassie brilliant blue.

For comparison of soluble and insoluble protein following lysis of E. coli, a

sample from the supernatant (cytosolic) was mixed with SDS loading sample buffer

whereas a sample of the pellet (insoluble fraction) was dissolved in SDS loading

sample buffer with volumes adjusted such that each lane in the gel represented 100 fil

of original E. coli cell culture.

To observe fluorescence of the fusion protein, samples were made up in SDS

sample buffer without mercaptoethanol and directly loaded on the gel without boiling.
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3.2.6. Fluorescence measurements

GFP fluorescence was measured using a fluorescence spectrophotometer

(Hitachi Model F-2500, Tokyo, Japan). Wavelength scans were performed on all

GFP variants to determine excitation and emission peaks. Unless otherwise stated,

the fluorescent intensity per unit protein was determined with the GFP samples

diluted in GFP buffer (50 mM NaHzP04 (pH 8.0), 10 mM Tris-HCI (pH8.0), 200 mM

NaCl) with excitation set at 490 nm and emission set at 512 nm.

3.2.7. Percentage recovery ofGFP by IMAC

The recovery of GFP by having polyhistidine in the loop was compared to

having the His tag on the C-terminus. The E coli derived protein was quantified by

BCA Protein Assay (Pierce, Rockford, IL). A total of 20 I-tg of protein was made up

to 1 ml by the addition of Extraction buffer (50mM NaHzP04, 300mM NaCI at pH

7.0) and fluorescence measured with excitation set at 490nm and emission at 512nm.

The protein solution was allowed to pass through equilibrated TALON cobalt resin

columns (Clontech, Palo Alto, CA) by gravity. The flow through was collected and its

fluorescence was measured in the fluorescence spectrophotometer. Mter washing the

column according to the manufacturer's instructions, the protein was eluted with 3 ml

of elution buffer (50mM NaHzP04, 300mM NaCl, 150 mM Imidazole at pH 7.0) and

collected in Iml fractions. Intensity measurements were made for the eluted samples

as described earlier. The intensity measurements were used to estimate the amount of

GFP present in the eluted fractions by standard curves of Fluorescence vs Amount of

protein (l-tg/ml) made for the purified protein (data not shown).

3.2.8. pH Titration

Fluorescence intensities of GFP (20l-tg/ml) in a buffer (Kneen et aI., 1998)

containing 120mM KCI, 5mM NaCI, 0.5mM CaCh, 0.5mM MgS04, lOmM MES,
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lOmM MOPS and 10mM Citrate (Kneen et aI., 1998) at pH values ranging from 8.0

to 5.0 differing by 0.5 pH units, was measured in a quartz cuvette. The pH was

adjusted using 1 N HCI. Emission intensities were plotted as a function of pH and

curve fitted as was done in the past (Kneen et aI., 1998).

3.2.9. Tobacco extract and spiking studies

Tobacco leaves from wild-type potted plants was ground in liquid nitrogen

with a mortar and pestle till a fine powder was obtained. The powder was resuspended

in extraction buffer (50mM NaHzP04, 300mM NaCl pH 7.0) and centrifuged at

10,000rpm for 10 minutes. The supernatant was collected and filtered using a

Whatman 70mm filter paper to remove floating solid particles that remained after

centrifugation. The total protein in the extract was quantified by the Biorad protein

assay using Bovine Serum Albumin (BSA) as standard. 1mM Phenylmethyl sulfonyl

fluoride (PMSF) was added to the extract to inhibit protease activity. The MBP

GFPl72 fusion protein was spiked into this extract at a concentration representing

0.5% total soluble protein. The fusion protein was then purified using TALON

(Clontech, Palo Alto, CA) cobalt resin columns and percentage recovery was

calculated for the fusion protein as described earlier from a standard series of MBP

GFPl72 purfied from E coli lysate.

3.2.10. Factor Xa Cleavage

Factor Xa (New England Biolabs, Beverly, MA) at concentrations of 200ng

and 500ng was used to cut 20 f.!g of a 1f.!g/f.!l solution of MBP-GFPl72 in elution

buffer (50mM NaHzP04, 300mM NaCl, 150mM Imidazole pH 7.0) at room

temperature. 5 f.!l samples from this reaction mixture were collected at different time

intervals to monitor cleavage by SDS-PAGE analysis.
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3.3. RESULTS AND DISCUSSION

In this work, a 6xHis tag was inserted at positions 172-173 and 157-158 of

mGFP5-ER(S65T) and the properties of these new GFPs were evaluated.

3.3.1 Effect ofS65T

For the GFPs with the internal His tag, an increase in fluorescence intensities

of about 1.4 times was seen, as a result of the S65T mutation, as shown in Figure 3.2.

These GFPs were produced at 37°C. Cos-7 cells expressing GFP5(S65T) fluoresced

1.65 times higher than cells expressing GFP5 (Siemering et ai., 1996).

3.3.2 Effect of temperature on GFP expression

Effect of temperature on GFP expression showed a significant difference in

the amount of soluble GFP produced at 28°C and 37°C for the two loop GFPs.

Expression of soluble GFPl72 was lower at 37°C (Figure 3.3A, Lane 3) than at 28°C

(Figure 3.3B, Lane 3). In the case of GFP157, most of the protein is insoluble at the

two temperatures with almost no soluble protein at 37°C (Figure 3.3A, Lane 5).

However, the GFP with the C-terminal His tag, expressed significant amounts of

soluble protein at both temperatures. It has been shown in the past that proteins

expressed at 28°C were much brighter than that expressed at 37°C in the case of wt

GFP and S65T and this was attributed to a permanent chromophore deformation at

37°C (Patterson et ai.,1997). When expressed at 28°C, it was shown that the

chromophores formed efficiently in many variants of GFP (Patterson et ai., 1997).

Contrary to this, it was shown that the post-translational oxidation to form the mature

GFP chromophore in not the step responsible for the temperature sensitivity instead

it's primarily due to mis-folding of GFP at elevated temperatures (Siemring et ai.,

1996). The group also found that His tag at the C-terminus has minimal effects on this

folding property at higher temperatures. GFP5 was designed to be a thermostable
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folding mutant with enhanced spectral characteristics (Siemering et al., 1996). In the

case of GFP172 and GFP157, the lower temperature is favored for expression of

soluble protein and this could be because of mis-folding at the elevated temperature.

In the case of GFP157, the effect of the internal His tag in misfolding at the higher

temperature is more prominent than for GFP172. GFP expressed in Saccharomyces

cerevisiae were less fluorescent at high culture temperatures (Lim et al., 1995).

Probably, by adding the Ser147 to Pro (S147P) mutation, this folding problem at

higher temperature could be overcome. It was shown that when S147P was combined

with S65T, the resulting double mutant emitted higher fluorescence than GFP with a

single S65T mutation and could be used over a wide range of culturing temperatures

(Kimata et al., 1997).

3.3.3. Fluorescence intensity

The fluorescence intensities of GFPl72 produced at 28°C was 65% of

GFPHis, shown in Figure 3.4, but was brighter than the GFPl72 produced at 37°C.

The intensity of GFP157 produced at 28°C was approximately the same as that of

GFP172 at the same temperature. The intensities have been normalized with respect

to GFPHis. It can be seen that irrespective of the position of His tag, the GFPs

produced at 28°C were brighter. This is consistent with the explanation given earlier

that chromophore formation was more efficient at 28°C and the fact that the fraction

of completely folded GFP may be higher at the lower temperature. Moreover, the

amount of light absorbed by GFPl72 produced at 37°C as seen from the excitation

peak in Figure 3.5 was 59% of GFPHis. Similarly, the excitation peak for GFP172 at

28°C is 63% of that absorbed by GFPHis (Figure 3.6). This reduction in the excitation

peak could be because of a change in the microenvironment around the chromophore

resulting in less molar absorbance and hence decrease 'in emission by similar amounts.
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Mfinity fluorescent proteins were made by Matsudaira et al (2001) by inserting an

epitope for haemagglutinin at positions 172-173 and 157-158 of GFP. It was seen that

the 395nm peaks were 40% and 33.3% respectively for the two positions, compared

to wt-GFP. When excited at 395nm, the emission peaks at 550nm were 40% and

32.8% for 172-173 and 157-158 residues compared to wt-GFP. An interesting thing to

note is that the 395nm peak, characteristic of a GFP5 variant is not seen in the

excitation scan. This implies that the S65T mutation dominates and therefore, only a

single 490nm peak is seen consistent with what was obtained earlier for S65T (Heim

et aI., 1995).

3.3.4. Purity and Recovery

Since the poly-histidine tag in the loop is accessible to the immobilized metal

highly pure samples of GFP172 and GFP157 were obtained by IMAC as observed by

SDS-PAGE (Figure 3.7). For the same reason, even the recovery obtained for

GFP172 (87%) was comparable to that of having the tag in the C-terminus (81 %)

(Figure 3.8). No fluorescence was seen in the flow through and the washes indicating

binding of the protein to the column and the minor loss of protein as seen in the

recovery could be because of irreversible binding to the column.

3.3.5. Effect ofpH

pH plays a significant role on GFP fluorescence as can be seen from the

titration curve in Figure 3.9. The titration data were fitted to the following equation:

F= 1/ [1+ lO"nH(pKa-pH)] (1)

with parameters pKa (pH at 50% maximum) and Hill coefficient nH (proportional to

the slope of fluorescence versus pH at pKa) (Kneen et aI1998). Fitted pKa's were

found to be 5.6, 5.45 and 5.39 for GFP172, GFP157 and mGFP5ER-6xHis. Past

reports have shown that the pKa for S65T was - 6.0 (Elsiger et aI., 1999, Kneen et al
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1998). The difference in the pKa that we obtained can be attributed to the mGFP5-ER

that we used as a template to insert the His tag which has the I167T, V163A and

S175G mutations (Heim et aI., 1994; Siemering et aI., 1996). Single point mutations

have known to change pKa values drastically. For example, mutagenesis was used to

increase the pKa of S65T from 6.0 to 7.8 (S65T/H148D) presumably due to the

proximity of the negatively charged aspartate (Elsiger et aI., 1999). EGFP

(F64L/S65T) is 50% quenched at approximately pH 5.5 (Patterson et aI., 1998).

It can be clearly seen from the pKa values that we obtained that the position of

the His tag in the GFP has minimal effects on the GFP pKa. Kneen and coworkers

(1998) have shown by spectroscopic and kinetic studies that the fluorescence of GFP

decreased because of a change in the molar absorbance as a result of simple

protonation-deprotonation of residues for pH> 5.0 whereas below pH 5.0 the GFP

unfolds. We obtained similar results where the shape of the spectra did not change

with pH but there was a decrease in molar absorbance (data not shown).

Crystallographic studies have shown that the phenolic hydroxyl of the chromophore

is the titrating group responsible for the pH sensitive mechanism of S65T (Elsiger et

aI., 1999; Kneen et aI., 1998) and protonation state of the imidazolinone ring nitrogen

unchanged (Elsiger et aI., 1999). Use of GFP as an intracellular pH indicator has been

demonstrated (Llopis et aI., 1998; Kneen et aI., 1998). Our pH titration experiments

will be useful to make appropriate corrections and calibrations in fluorescence values

depending on the organelle/cytosol where the dual-functional tag fused to a target

protein is produced which in turn will depend on the N- and/or C-terminal targeting

and retention signals. Moreover, depending on the pH environment of where the

fusion protein is expressed, appropriate GFP mutants with desirable pKa values can

be used as template for the insertion of His tag at the positions we have chosen with
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the assumption that the tag will not have drastic effects on the titrating group of the

chromophore.

3.3.6. MBP-GFP172fusion protein

Based on these preliminary experiments, we fused GFPl72 to Maltose

Binding Protein (MBP) and expressed it in E coli BL21(DE3) trxB cells (Novagen,

Madison, WI). Though GFPl72 is slightly lower in intensity than GFP157 (Figure

3.4), the fact that GFPl72 is soluble at both temperatures (Figure 3.3) unlike GFP157,

resulted in our choosing GFPl72 as the fusion tag. The ability to remain soluble at

both 28QC and 37QC enables the usage of the tag in a broad host range including

mammalian cells, plant cell cells, yeast and E coli. Lots of applications of fusion

proteins have been reported in the past. In essence, fusion proteins have been made,

either for providing affinity purification tags or for enhancing the solubility of the

fusion partner and for suppressing degradation. The solubilizing ability of commonly

used fusion partners like maltose-binding protein (MBP), glutathione S-transferase

(GST) and thioredoxin (TRX) were compared by fusing six diverse proteins that

normally accumulate in insoluble form and it was found that MBP was the most

effective fusion partner (Kapust and Waugh, 1999). MBP can also be used to purify

the fusion partner by immobilized amylose resin affinity chromatography (Riggs,

1990). An MBP-GFPuv fusion protein was made to study protein localization with

and without the MBP signal sequence using GFPuv as a reporter (Feilmeier et al.,

2000). It was found that the fusion protein localized to the cytoplasm fluoresced but

that localized to the periplasmic space did not. Solubility and folding of the fusion

partner is also influenced by the position of MBP in the fusion as was demonstrated

with Procathepsin D and pepsinogen, both being proteins that normally form inclusion

bodies. However, MBP in the N-terminus resulted in the fusion protein being soluble
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in the bacterial cytosol and was able to bind to amylose resin, but formed inclusion

bodies if fused to the C-terminus (Sachdev and Chirgwin, 1998).

We fused the GFPl72 tag to the C-terminus of Maltose Binding Protein and

expressed it in E coli BL21(DE3) trxB cells (Novagen, Madison, WI) in soluble form

to test the ability of the GFP tag to serve its dual functions as a fusion protein. Figure

3.10 (Lane 2) shows that the GFPl72 with the internal6xHis tag can be used to purify

the fusion protein to near homogenous purity in a single step from a crude E coli

lysate. This implies that the 42.5 kDa Maltose Binding Protein attached to GFPl72,

does not interfere with the accessibility of the internal 6xHis tag to the immobilized

metal. As mentioned earlier, this accessibility is because of the presence of the 6xHis

tag in the solvent accessible loop of GFP. The purified fusion protein was soluble and

fluoresced which was determined by running a SDS-PAGE gel (Figure 3.11) where

the samples were loaded without boiling so that the fusion protein maintains its

native state. It has been established that GFP fluoresces even in the presence of 1%

SDS (Bokman and Ward, 1981) and GFP-S65T does not get quenched in the presence

of acrylamide (Kneen et aI., 1998). Since the GFP fluoresces even as a fusion, it can

be concluded that the MBP is also active because full length protein is produced as

can be seen from the size of 72.5 Kda on the gel (Figure 3.10) and the fact MBP is

fused to the N-terminus of GFPl72. As mentioned earlier, position of MBP in the

fusion influences the solubilty of the fusion partner. Moreover, MBP-GFP (Kapust

and Waugh, 1999) and MBP-GFPuv (Feilmeier BJ et aI., 2000) fusion proteins were

reported to be soluble.

3.3.7. Spiking studies

In order to test, if the GFP tag would be able to purify the fusion protein from

plant extracts, we spiked MBP-GFPl72 into tobacco leaf extract and analyzed the
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ability of the tag to recover the fusion protein. We spiked at a concentration of 0.5%

total soluble protein which is representative of the level of expression achieved for

GFP in plants from past work. Expression of mGFP5-ER driven by Cauliflower

Mosaic Virus (CaMV) 35S promoter ranged upto 7.05 I-lg GFP per mg of extractable

protein (0.7%) (Remans et aI., 1999). GFP expression levels in tobacco ranging from

0.0-0.5% of total extractable protein has been reported and a minimal amount of

approximately 0.1 % GFP was required for unambiguous macroscopic detection

(Leffel et aI., 1997). Tobacco plants grown under artificial light driven by CaMV 35S

promoter was analyzed for GFP expression patterns and it was found that GFP

synthesis levels varied between 0.12% to 0.15% in leaves (Harper and Stewart, 2000).

In our spiking and recovery experiments we found that the average recovery

was about 75% and purity as judged by SDS-PAGE was greater than 75%,

determined by scanning the Coomassie stained gel (Figure 3.12, Lane 2) and

densitometry analysis using SigmaScan Pro 5.0 image-analysis software (SPSS Inc.,

Chicago, IL). The recovery was calculated as described in Materials and Methods

from a standard series of the fusion protein purified from E coli lysate (Figure 3.13).

Such a methodology has been used in the past wherein a GFP-standard series was

prepared for purified GFP in untransformed plant extract to determine GFP

concentration in transgenic plant extracts (Remans T et aI., 1999). Lactate

dehydrogenase (LDH) was purified from tobacco extract using a 6xHis tail at the N

terminus by IMAC with a Zn2
+ chelated gel (Mejare M et aI., 1998). Enzmye

recovery of 55% was obtained for LDHHis6compared to 7% for native LDH having

no His tail. It was also reported that native LDH did not bind to Co2
+ similar to results

obtained in another work where native ~-glucuronidase (GUS) did not bind to Co2
+

chelated to imnodiacetate (IDA) (Zhang et aI., 2000). However, ~-glucuronidase-his6
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(GUSH6) was purified from canola protein extract with almost homogenous purity in

a single chromatographic step using C02+with iminodiacetate (IDA) as the chelating

ligand. It was found that C02+-IDAhad the least amount of non-specific binding of

canola proteins than metals like Cu2+, Ni2+and Zn2+and therefore higher purity of the

target protein (Zhang et al., 2000). This highlights the importance of the 6xHis tag in

the performance of IMAC compared to the native protein. Just binding to the

immobilized metal is not sufficient. There needs to be a preferential binding of the

target protein with respect to the numerous other proteins found in the host system.

For the same reasons, using Cu(n) to purify GFPuv as was reported by Li et al.,

(2001) without a His tail may not be feasible in most cases for reasons of non-specific

binding of host proteins because Cu(n) has the ability to recognize surface histidines.

Moreover, the Cu(n) system requires high amounts of NaCI to work effectively (Li et

al., 2001) and that in turn would result in hydrophobic interactions causing more non

specific binding. The Cu(n) system would also be ineffective if there was a His tail on

the target protein because the binding of the target protein would be too strong

requiring harsh conditions for elution which may disrupt the target protein and

therefore lower recoveries as was seen in GUSH6 recovery on Cu2+-IDA (Zhang et

al.,2000).

From the gel in Figure 3.12, we can see that the purity of the fusion protein

(-71kda) is quite high. However, a lower band having the size of approximately 32

Kda is seen in the lane and this is seen inspite of adding a protease inhibitor as

mentioned in the Materials and Methods. Since no other significant band apart from

that of the fusion protein and the lower band is seen, leads us to believe that the lower

band is either a product of protease activity on the fusion protein or is a protein from

the tobacco extract. The PMSF may not have been effective enough to inactivate
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protease activity to completion. A western blot using anti-GFP antibody on this

fraction (Figure 3.14) does show this lower band and therefore rules out the second

possibility of the band being a protein from the extract. Since the size of this lower

band is approximately the size of GFP, it was necessary to determine if this band is

responsible for any fluorescence. Since our recovery data is obtained from a standard

series of the fusion protein, fluorescence if any contributed by the lower band will

distort the values obtained for recovery. We ran samples on SDS-PAGE without

boiling the samples so that the protein retains its fluorescence. Lane 3 in Figure 3.15

represents protein recovered from an extract with no PMSF added and Lanes 4 & 5

show protein recovered from extract with 1mM PMSF. No fluorescent band is seen

around the size of the GFPl72 standard in Lanes 3,4 or 5 which implies that, there is

no contribution to the fluorescence of the eluted fraction by the lower band. Based on

densitometry analysis using SigmaScan Pro 5.0 image-analysis software (SPSS Inc.,

Chicago, IL) and comparing with intensity of fusion protein standards on the

Coomassie stained gel (Figure 3.12), the lower bands in Lanes 4 and 5 is estimated to

have atleast 520ng and 780ng respectively. However, none or negligible amounts of

this protein fluoresces by comparing to the bands in Lanes 7,8 and 9 which have

different concentrations of purified GFPl72 with the lowest being lOOng in Lane 7.

Since no band in Lane 3, 4 or 5 is seen around the size of GFP172, we can conclude

that majority of the protein in the lower band is non-fluorescent. The amount of

fluorescent protein if any would be far less than 100ng and since Lanes 3 and 4 have

2flg of total protein and Lane 5 has 3 flg total protein, the error would be far less than

5%. Therefore, the fluorescence of the recovered fractions is a good estimate of the

amount of fusion protein recovered. The cleavage of the fusion protein would depend

on the recombinant protein of interest fused to the tag, the linker and the host system
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used for expression. Therefore, the use of protease inhibitors needs to be optimized on

a case-by-case basis.

3.3.8. Factor Xa cleavage

In a test run to determine Factor Xa (New England Biolabs, Beverly, MA)

cleavage, the enzyme was added in a ratio of 1:100 of Factor Xa to fusion protein. As

can be seen from the gel in Figure 3.16, even after 40 hrs, the cleavage of the fusion

protein into two distinct bands is not complete. This is probably because the cleavage

site is not completely exposed to cleave the fusion protein to completion at the

recommended test concentration of Factor Xa. On raising the Factor Xa concentration

by 2.5 times, complete cleavage was achieved. Factor Xa concentration cannot be

increased to a great extent because secondary cleavage products would be produced.

Therefore, an optimum concentration of Factor Xa needs needs to be arrived at, for

each fusion protein with Ile-Glu/Asp-Gly-Arg Factor Xa recognition site in between

the two proteins. Factor Xa cleaves after Arg and sometimes at other basic residues,

depending on the conformation of the protein substrate (Nagai et. aI, 1984; Eaton et

aI1986). Factor Xa can be removed from the reaction mixture by passing through

benzamidine sepharose resin, a product of Amersham pharmacia biotech.

3.4. CONCLUSIONS

A novel dual functional GFP tag was developed which can be effective in

different host systems. This multifunctional GFP tag can be used to monitor

expression of any target protein fused to it and can also monitor purification and

recovery by IMAC, by measuring fluorescence of the fractions. Once the fusion

protein is purified, the dual functional tag could be removed from the protein of

interest by appropriate choice of linkers.
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It has been demonstrated that by simply measuring GFP fluorescence in E coli

cultures, amounts of active Organophosphorous hydrolase (OPH) in the culture could

be estimated because GFP was fused to the N-terminus of OPH (Wu et aI., 2000). The

GFP fluorescence was also used to track OPH purification by a 6xHis tag on the N

terminus of GFP. In a more recent finding, GFP fused to the N-terminus of ",,-opioid

receptor (HuMOR) was used to quantify HuMOR expression levels and the fusion did

not effect the expression levels and ligand binding properties of the functional

receptor (Sarramegna et aI, 2002). However, by having an internal 6xHis tag in the

GFP as demonstrated in this work, more flexibility is provided in terms of attaching

signal peptides and retention signals which has the advantage of better accumulation

and stability of the recombinant protein. Commercial vectors can be developed to

incorporate these features and recombinant proteins could be expressed and monitored

in different host organisms and also purified by IMAC.
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Figure 3.1: Primers used for vector construction
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Figure 3.2: The mutation S65T increases fluorescence intensity of GFP. Fluorescence
intensity readings were measured for 5f.!glml of GFP in GFP extraction buffer.
Intensities were measured with excitation set at 467 nm and emission set at 505 nm
for GFP172 and 490 nm excitation and 505 nm emission for GFPS65T172. Error bars
denote standard deviations for measurements made in duplicate.
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Figure 3.3: Improved solubility of GFP at lower temperature. Figures A-B are SDS
PAGE gels comparing the solubilities of the GFP variants (with the S65T mutation)
during expression in bacterial cells at 3rC, shown in Figure 3.3A, and 28QC, shown
in Figure 3.3B. Samples equivalent to 100 ,"",1 of cell culture were loaded on a 12%
polyacrylamide gel. I =Insoluble fraction; S =Soluble fraction.
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Figure 3.4 : GFP intensity is higher when produced at 28°C. Fluorescence intensity
readings were taken for 5f1g/ml of GFP in GFP extraction buffer. Readings were
taken by setting the excitation at 490 nm and emission at 512 nm. Each intensity
reading is an average of 4 replicates with each replicate reading an average intensity
measured at time intervals of 10 seconds, 30 seconds, and 60 seconds after placing the
cuvette in the F-2500 fluorescent spectrophotometer. Error bars denote standard
deviations for measurements that were repeated for a total of 4 times.
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Excitation and Emission at 37°C
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Figure 3.5: Excitation and Emission spectra at 37°C. Protein concentrations were 5
(!g/ml in GFP extraction buffer (pH 8.0) and samples were allowed to stabilize for 1
minute after mixing before the scan was performed. All data points of the spectra
have been normalized based on the peak height of the GFPHis variant.
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Excitation and Emission at 28°C
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Figure 3.6: Excitation and Emission spectra at 28°C. Protein concentrations were 5
!-tg/ml in GFP extraction buffer (pH 8.0) and samples were allowed to stabilize for 1
minute after mixing before the scan was performed. All data points of the spectra
have been normalized based on the peak height of the GFPHis variant
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Figure 3.7: GFP with internal His tags can be purified from E coli lysate. The figure
depicts an SDS-PAGE gel showing protein samples expressed in E. coli and purified
by immobilized metal affinity chromatography (IMAC). Proteins were quantified by
BCA assay using recombinant GFP (Clontech, Palo Alto, CA) as standard. A total of
2 f,.tg protein was loaded on a 12% polyacrylamide gel and stained with Coomassie
Brilliant Blue. M and Std denotes the protein ladder (Invitrogen, Carlsbad, CA) and a
GFP standard without 6xHis tag (Clontech, Palo alto, CA), respectively.
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Figure 3.8: The GFP variants can be recovered from immobilized metal affinity
columns. A total of 20 ""g of GFP172, GFP157, or GFPHis was spiked into extraction
buffer and protein was recovered using IMAC. Protein was eluted in 1 ml fractions to
a total of 3 ml. Fluorescence of each eluted fraction was measured by setting
excitation at 490 nm and emission at 512 nm. GFP fluorescence was highly linear in
the 0.5- 20 ""g/ml range in extraction buffer and there was hardly any change in
linearity when fluorescence was measured in elution buffer. The fluorescence of
eluted sample gives a measure of GFP recovered by 6xHis tag metal affinity
chromatography. Error bars denote standard deviations for measurements made in
duplicate.
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Figure 3.9: Fluorescence of GFP decreases with pH. Intensity readings were made for
51lglml of GFP variants, as noted, (produced at 28°C) at 10 seconds, 30 seconds, and
60 seconds and averaged. The averaged values were normalized based on the
fluorescence of GFPHis at pH 8.0. The data was curve fitted as described before.
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Figure 3.10: MBP-GFPl72 purified from E coli lysate. M: Benchmark Protein
Ladder (Invitrogen, Carlsbad, CA); Lane 1: E. coli lysate equivalent to lO0lt} cell
culture; Lane 2: fusion protein purified by IMAC (3.5f!g).
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Figure 3.11: MBP-GFPl72 fusion protein fluoresces. Samples were loaded without
boiling on 10% SDS-PAGE gels. Lane 1: 10 I-lg of MBP-GFPl72; Lane 2: 4 I-lg of
GFP172.
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Figure 3.12: MBP-GFP172 purified from tobacco leaf extract. The figure shows a
Coomassie stained gel showing the purification of the MBP-GFPl72 fusion protein
from tobacco extract using IMAC. Lane 1: 100!!g of soluble proteins from tobacco
extract; Lane 2: 3!!g of eluted fraction having the highest fluorescence; Lane 3: 2!!g of
fusion protein purified from E. coli; Lane 4:3.0 !!g of fusion protein purified from E.
coli.
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MBP-GFP172 fusion in Elution buffer
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Figure 3.13: Fluorescence of fusion protein is linear with amount of protein. A
standard curve of MBP-GFPI72 in elution buffer (50mM NaH2P04, 300mM NaC!,
150 mM imidazole pH 7.0) was made. Fusion protein purified from E. coli was made
up in elution buffer at different concentrations and fluorescence measured with
excitation set at 490 nm and emission set at 512 nm.
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Figure 3.14: Cleavage of fusion protein inspite of adding PMSF. Fusion protein was
spiked into tobacco leaf extract and purified by IMAC. A western blot was done using
anti-GFP rabbit polyclonal antibody (1:2000) as the primary antibody and alkaline
phosphatase conjugated goat anti-rabbit IgG was used as the secondary antibody on
the most concentrated fraction that was eluted after IMAC. Lane 1: sOng of GFP
standard (Clontech, Palo Alto, CA); Lane 2: SOOng total protein without PMSF in the
extraction buffer; Lane 3: SOOng total protein with 1mM PMSF in the extraction
buffer
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Figure 3.15: GFP detection on SDS-PAGE by fluorescence. Lane 1: 2~g fusion
protein purified from E. coli; Lane 2: 2f..lg GFPl72; Lane 3: 2f..lg of MBP-GFP172
purified from tobacco extract (with no phenylmethyl sulfonyl fluoride (PMSF); Lane
4: 2f..lg of MBP-GFPl72 purified from tobacco extract (with 1mM PMSF); Lane 5:
3~g of MBP-GFPl72 purified from tobacco extract (with 1mM PMSF); Lane 6:
100ng of MBP-GFPl72; Lane 7: lOOng of GFPl72; Lane 8: 500ng of GFPl72; Lane
9: l~g of GFPl72.
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Figure 3.16: The GFP tag can be separated from the protein of interest by Factor Xa
cleavage. Figure depicts Factor Xa cleavage of MBP-GFP172 fusion protein at
different concentrations of Factor Xa. In each, 5"",1 (having a concentration of l~lll)
samples were taken at different time intervals. Figure 15A shows results using 200ng
Factor Xa per 20,ug fusion protein; M=Benchmark protein ladder; Lane 1: uncut
fusion (0 hours); Lane 2: 6 hours; Lane 3: 24 hours; Lane 4: 40 hours. Figure 15B
shows results using 500ng Factor Xa per 20,ug fusion protein; Lane 5: complete
cleavage at 6 hrs.
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CHAPTER 4

EFFECT OF RETENTION SIGNALS ON FUSION PROTEIN EXPRESSION IN

TOBACCO CELL SUSPENSIONS

4.1 INTRODUCTION

Transgenic plant technologies have become a cornerstone in modern

biotechnology. In the past, most of these techniques aimed at improving disease

resistance and developing herbicide resisitance. With advances in plant transformation

systems it is now feasible to produce biologically active proteins in plants, sometimes

referred to as "molecular farming". Plants are a suitable alternative to microbial

expression systems, as the production of plant biomass is relatively inexpensive. The

potential of transgenic plants as production vehicles has been demonstrated by several

examples (Goddijn and Pen 1995). Inspite of the ability of mammalian cell cultures to

produce authentic proteins, they often failed to meet the need for a simple efficient, high

yielding and low-cost method of protein production. Other drawbacks of using

mammalian cells are the ample amounts of time required to reach high expression levels

and the instability of expression (Hippenmeyer and Pegg 1995). E. coli cell cultures and

fermentations alleviate some of the problems of mammalian cultures in terms of

production levels and costs but in many cases, the proteins of interest are not truly

authentic because of poor post-translational modifications in E coli.

Transgenic plants, with its post translational abilities alongwith the advantage of

low cost of producing plant biomass, infinite capacity and existing infrastructure in

harvesting, storing and processing of crop plants provide a viable source of producing

enzymes and therapeutic proteins. Examples of industrial enzymes that have been
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produced in transgenic plants include xylanase, heat-stable ~-glucanase and phytase

among others (Owen and Pen 1996). One of the earlier examples of successful

heterologous expression of mammalian proteins in plants was the demonstration that leu

enkephalin, a pain-killing neuropeptide, could be produced to high levels when fused to

part of the Brassica napus 2S seed storage protein (Vandekerckhove et al., 1989). Genes

for several antibodies (Hiatt et al., 1989; Owen et al., 1992), interferon- a ( Zhu et al.,

1994) and human serum albumin (Sijmons et al., 1990) have been expressed in plants.

Very high levels of a - trichosanthin, a root-derived component of the chinese medicinal

plant Trichosanthes kirilowii, were obtained using a Tobacco Mossaic Virus (TMV)

derived vector for overexpression (Kumagai et al., 1993). Other promising anti-cancer

and/or anti-HIV plant derived compounds sucessfully engineered into transgenic plants

are ricin (Gadani et al., 1995) and pokeweed antiviral protein (Hemming, 1995). Ricin is

a potent ribosome-inactivating lectin originally derived from the castor bean, Ricinus

communis, whose toxic properties have been known for many years. Transgenic potato

tubers having hepatitis B surface antigen (HbsAg) has been tested as an oral vaccine in

pre-clinical animal trials (Richter et al., 2000).

In any protein production system, the raw material is of primary consideration.

Usually, therapeutic proteins have stringent purity requirements and therefore the less

complex the raw material the simpler the the downstream processing. Using plant tissues

as a raw material for protein recovery have problems like protein interactions with other

protoplasmic constituents like lipids and nucleic acids. Moreover, the protein may be

unstable and sensitive to proteases. Disruption of the plant cells is made difficult because

of the cellulose fibers in the cell wall. In most cases, large amounts of phenolic
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compounds are present in the vacuole and once plant tissue is broken to get the target

protein out of the protoplasm, the compartmentalization ceases to exist and the proteins

get exposed to the phenolic compounds. These compounds form complexes with the

protein. Therefore, most purification techniques for isolating proteins from plants should

specifically separate the phenols from proteins. One way to overcome problems in

production in plants is to get the protein produced in the extra-cellular fluids since these

fluids are less complex than the intracellular products. Moreover, instead of using whole

plants, plant cell culture could be a viable alternative. Since plant cells can be grown on

cheaper protein-free media, production and purification costs of target proteins from plant

cells are lower (Magnuson et aI., 1998). Plant cell culture for production of secondary

metabolites has been used in the past. Even in the case of enzymes, there are potential

advantages of producing the enzymes in plant cell cultures especially those enzymes that

require specific post-translational modification for activity. In comparison to mammalian

cells, plant cell culture is risk free because of the absence of human pathogens in the

product. A heat stable endo- ~-(1-4) glucanse of Trichoderma reesei has been produced

in suspension cell cultures of barley (Aspegren et aI., 1995). Chloramphenicol

acetyltransferase (CAT) was produced in genetically modified tobacco cells (Hogue et

aI., 1990). Several therapeutic proteins have also been produced in plant systems.

Erythropoetin has been produced in tobacco cells (Matsumoto et aI., 1993, 1995). Other

human proteins include epidermal growth factor (Higo et aI., 1993) and lactoferrin (Mitra

and Zhang, 1994). The human cytokines, IL-2 and IL-4 were produced in suspension

cells of tobacco and it was found to be secreted into the media which was facilitated by

mammalian leader sequences (Magnuson et aI., 1998). Biologically active human
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granulocyte-macrophage colony stimulating factor (hGM-CSF) was produced for the first

time in plant cell culture (James et aI., 2000).

GM-CSF is a blood protein and is of immense therapeutic value since it has been

found to stimulate the proliferatation, maturation and function of variety of

haematopoetic cells (Sieff , 1987; Nicola 1989; Gasson , 19891). It is produced by many

cell types including T cells, B cells, macrophages, endothelial cells and fibroblasts in

response to cytokine or immune and inflammatory stimuli. GM-CSF is a growth factor

for erythroid, megakaryocyte and eosinophil progenitors. GM-CSF can also stimulate the

proliferation of a number of tumor cell lines, including osteogenic sarcoma, carcinoma

and adenocarcinoma cell line. GM-CSF is species specific and and human GM-CSF has

no biological effects on mouse cells. GM-CSF exerts its biological effects through

binding to specific cell surface receptors. GM-CSF has many beneficial uses in

chemotherapy, bone marrow transplantation, cancer and AIDS treatments (Metcalf,

1991). The mature GM-CSF is a glycoprotein consisting of 127 amino acid residues.

GM-CSF is produced in very low levels in human tissues. Therefore, alternative methods

need to be evaluated. Successful expression of GM-CSF has been achieved in transgenic

tobacco seeds (Sardana et aI., 1998) and in tobacco cell culture (James et aI., 2000).

Signal peptides and retention signals have been used in the past to improve

accumulation and stability of proteins. Different signal sequences were tested on a

modified beta-glucuronidase (GUS) protein to direct GUS into the secretory pathway of

transgenic tobacco. It was found that the protein was not secreted to the extra-cellular

space but was associated with the ER and the plasma membranes whereas without the

signal sequence, the occurrence of GUS was cytosolic (Yan et aI., 1997). Molecular
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signals that can target proteins to the endoplasmic reticulum (ER) or to other

compartments have been identified. Proteins have been retained in the ER of yeast

(Pelham, 1988) and animals (Munro and Pelham, 1987) by HDEL and KDEL C-terminal

end signals and it is believed that they could be used in plants. Fusion of the tetra-peptide

KDEL to the C-terminus of vicilin, a pea seed protein, resulted in an average 100-fold

increase in accumulation of protein in tobacco leaves and an average 20-fold increase in

lucerne leaves. Moreover, there was an average 12-fold increase in the half-life of

transgenic lucerne leaves (Wandelt et aI., 1992). In another report, single-chain antibody

ScFv (32 kDa) was produced and secreted in soluble form in tobacco cell suspension

culture (Xu et aI., 2002). The presence of the plant leader sequence, the tobacco etch

virus (TEV) sequence, and the KDEL peptide in the expression construct resulted in the

highest expression of total scFv (Xu et aI., 2002). When HDEL was fused to the C

terminus of vacuolar or extracellular forms of sporamin, it was found by subcellular

fractionation studies that the resultant proteins accumulated in the ER (Gomord et aI.,

1997). It was also proposed that HDEL may have quality control functions by targeting

chaperones or chaperone-bound protiens that escape the ER to lysosomal compartments

of plants for degradation (Gomord et aI., 1997).

Use of green fluorescent protein as a secretory reporter in transgenic plant cell

cultures has been established (Uu et aI., 2001). In order to test the utility of GFP and the

effect of the C-terminal retention signal HDEL, we used GM-CSF as our model protein.

In this preliminary study, expression constructs were made with the Arabidopsis basic

chitinase signal peptide to target the GMCSF-GFP fusion protein and to determine the

effect of having HDEL on the C-terminus, on fusion protein accumulation/secretion.
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4.2 MATERIALS AND METHODS

4.2.1 Fusion protein construct

The mgfp5-ER insert was obtained by digestion of pBIN-mgfp5-ER with BamHI

Sad and ligated into the respective sites of Bluescript SK (Stratagene, La Jolla, CA).

The sequence was modified through a number of polymerase chain reaction (PCR)

amplifications using Platinum Pfx DNA Polymerase (Invitrogen, Carlsbad, CA) and

oligonucleotides for site-directed mutagenesis as described in Chapter 2 to remove an

internal Neol restriction site and to change the serine in position 65 to a threonine (S65T).

The sequence was further modified by amplification with the oligonucleotide 5'-GGA

GAT ATAACC ATG GCG ACT AAT CTT-3' (sense primer) to incorporate an Neol

restriction site at the N-terminal methionine of the Arabidopsis thaliana chitinase signal

peptide (underlined) and to change the second amino acid from a lysine to an alanine

(K2A, bold), and the T3 primer (antisense primer). In addition, another amplification

was performed using the same sense primer and the oligonucleotide

5'-GCTGGAGCTCTTAAAGCTCATCTTATTTGTATAG-3' (antisense primer) to

incorporate a termination codon (bold) to remove the C-terminal (-HDEL) ER retention

signal. The amplified products were digested with Neol-Sad and ligated into the

respective sites of pGEM-5Zf (Promega, Madison, WI). All modifications to the

sequence were verified by DNA sequencing.

The human granulocyte-macrophage colony-stimulating factor (GM-CSF) was

amplified by PCR from plasmid pGA748 (James et aI., 2000). The sequence was

modified using the oligonucleotides 5'-GATCGAATTCGCACCCGCCCGCTCGCCC

3' (sense primer) and 5'-CTACGAATTCCTCCTGGACTGGCTCCCA-3' (antisense
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primer) to incorporate EcoRI restriction sites (bold) on both ends of the cDNA that are

in-frame with the GM-CSF coding sequence. The sense primer was designed to remove

the N-terminal human signal peptide of GM-CSF and the antisense primer removed the

termination codon. The amplified fragment was digested with EcoRI and ligated into

EcoRI-digested Bluescript SK (Stratagene, La Jolla, CA). The modifications to the

sequence were verified by DNA sequencing.

The GMCSF-GFP fusion proteins were generated by ligating the EcoRI-digested

GM-CSF into the EcoRI-digested GFP constructs described above. Ligation into the

EcoRI restriction site of the GFP constructs would position the GM-CSF between the

Arabidopsis thaliana chitinase signal peptide and the modified GFP, and would integrate

the GM-CSF in the same reading frame to produce a fusion protein. Fusion proteins with

and without a C-terminal (-HDEL) ER retention signal were developed. The correct

orientation of the GM-CSF in the fusion construct was verified by PCR.

The GMCSF-GFP fusion constructs were digested with NcoI-Sad to remove the

entire fusion protein construct and were ligated into the respective sites of a modified

plant promoter cassette derived from pBI-525 (Dattla et aI., 1993). The pBI-525 vector

was previously modified to incorporate a Sad restriction site just before the NOS

terminator and the cassette was digested with HindIII-EcoRI and ligated into the

respective sites of Bluescript SK (Stratagene, La Jolla, CA). The entire fusion protein

plant promoter cassette was excised with HindIII-BamHI (BamHI is in the multiple

cloning site of Bluescript SK at the 3' end of the cassette) and ligated into the respective

sites of the plant transformation vector pBINPLUS (van Engelen et aI., 1995).
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4.2.2 Tobacco Transformation

The plant expression construct both with and without the C-terminal HDEL was

transferred into Agrobacterium tumefaciens LBA4404 by electroporation. Tobacco

(Nicotiana tabacum cv Xanthi) transformation was carried out as described previously

(Horsch et ai., 1985) with modifications as suggested (Fisher and Guiltinan, 1995).

Transformants were selected on Murashige and Skoog medium (Murashige and Skoog,

1962) containing Gamborg's vitamins and 3% sucrose, and supplemented with 300 mg/l

kanamycin and 500 mg/l carbenicillin. Individual shoots were excised and rooted on the

same medium supplemented with 200mg/1 kanamycin and 250 mg/l carbenicillin.

4.2.3 Screening oftobacco plants

A single leaf from the middle of the plant that was grown for approximately a

month in magenta jars was cut out and ground with liquid nitrogen using a mortar and

pestle for a total of 3 times so as to obtain a fine powder. The powder was collected in

eppendorf tubes and resuspended in 1.1 ml of GFP extraction buffer (50 mM NaHzP04

(pH 8.0), 10 mM Tris-HCI (pH 8.0), 200 mM NaCl). The samples were thoroughly

mixed by vortexing and then fluorescence of 1 ml of sample was measured at an

excitation wavelength of 490nm and an emission wavelength of 512nm using a

fluorescence spectrophotometer (Hitachi Model F-2500, Tokyo, Japan).

The protein content in the samples was determined using a protein assay reagent (Bio

Rad, Hercules, CA) with bovine serum albumin as the standard (Bradford, 1976). Out of

29 plants, the top 3 plants were selected based on fluorescence per milligram of protein

for callus initiation.
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4.2.4 Callus Initiation

Sections of stem tissue from young primary transformants was cut into small

pieces and placed on solid Murashige and Skoog medium containing Gamborg's vitamins

and 2% sucrose, and supplemented with 1.0 mgll 2,4-D, 0.1 mgll kinetin, 300 mg/l

kanamycin and 500 mg/l carbenicillin for callus initiation and growth.

4.2.5. Suspension Cell Culture

Suspension cell cultures were established by introducing transgenic calli into

Murashige and Skoog medium containing Gamborg's vitamins with 2% sucrose, and

supplemented with 1.0 mgll of 2,4-D. Cultures were initially grown for 2-3 weeks in the

liquid medium and thereafter routinely transferred to new medium with a 15-20% (v/v)

inoculum every 7-10 days. The suspension cell cultures were maintained at 25°C in the

dark with shaking at 100 rpm on a gyratory shaker.

4.2.6. GFP Extraction and Fluorescence Determination

A three ml sample of cell suspension was centrifuged at 10,000 rpm for 5 mins

and the supernatant removed using a 0.2 fim syringe needle connected to the lab vacuum.

The cells were resuspended in 3 ml of buffer (50 mM NaHzP04 (pH 8.0), 10 mM Tris

HCI (pH 8.0), 200 mM NaCl) and lysed using an ultrasonic cell disrupter equipped with a

microprobe for 5 min at its lowest output setting (Branson Model 250, Danbury, CT).

The supernatant was collected after centrifugation at 10,000 rpm 5 min, and used for

determining intracellular GFP. For extracellular GFP determination, a sample of cell

suspension was centrifuged at 10,000 rpm for 5 min and filtered through a 0.2,um filter.

GFP fluorescence intensity was measured using a fluorescence spectrophotometer

(Hitachi Model F-2500, Tokyo, Japan) at an excitation wavelength of 490 nm and an
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emission wavelength of 512 nm. Culture samples were diluted to levels at which the

fluorescence is linearly correlated with cell density to alleviate the interference of the

inner filter effect (Srinivas and Mutharasan, 1987). Subsequently, a linear regression was

made and the culture fluorescence of the undiluted sample was extrapolated. Protein was

determined using a protein assay reagent (Bio-Rad, Hercules, CA) with bovine serum

albumin as the standard (Bradford, 1976).

4.2.7. Western Blot Analysis

Samples (20 fll) were mixed with a third of the sample volume with 4X reducing

sample buffer and resolved on a 12% SDS-polyacrylamide gel as described by Laemmli

(1970) and electrophoretically transferred to a PVDF membrane (Millipore, Bedford,

MA). Purified recombinant GFP (Clontech, Palo Alto, CA) was used to show the

difference in migration of the fusion protein w.r.t GFP by itself. Western analysis was

performed as previously described (Bugos et aI., 1999). The blot was incubated for one

hour with an anti-GFP rabbit polyclonal antibody (Molecular Probes, Inc., Eugene, OR)

diluted 1:2000 in TBST (10 mM Tris-HCI, pH 8.0,150 mM NaCl, 0.05% Tween 20)

containing 5% (w/v) nonfat dry milk. Mter washing the blot with TBST, it was then

incubated for 45 min with an alkaline phosphatase conjugated goat anti-rabbit IgG

(Southern Biotechnology Associates, Birmingham, AL) diluted 1:2000 in TBST with

milk. GFP protein was detected by exposing the membrane to NBT/BCIP.
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4.3. RESULTS AND DISCUSSION

Expression constructs with and without a C-terminal HDEL were used to

transform tobacco (Nicotiana tabaccum cv Xanthi). The protein expression was driven by

the cauliflower mosaic virus (CaMV) 35S promoter. A total of 29 independent

kanamycin resistant transformants were selected and leaf tissue was extracted to analyze

protein expression. As can be seen from Figure 4.1 different plants express the fusion

protein at different levels. This can be attributed to reasons like the position effect ie.,

position where the transgene gets inserted on the plant genome (Dean et aI., 1988) or

methylation of the transgene (ProIs and Meyer, 1992). Similarly 22 plants expressing

constructs with no HDEL were screened. The best lines were selected based on

fluorescence per unit protein. GFP fluorescence can provide good estimates of transgene

expression as was reported by (Remans et aI., 1999). The best transgenic lines (those

with a star in Figure 4.1) were selected for initiating callus. Similarly, the best lines

without a C-terminal HDEL were selected (transgenic lines with the star in Figure 4.2)

for initiating callus. The callus was maintained on media containing kanamycin and

carbenicillin. In Figure 4.2 the level of florescence was lower than most lines in Figure

4.1

Suspension cells were developed from the kanamycin resistant callus and

maintained for evaluation of fusion protein expression. Samples were taken from an 8

day culture which is approximately the time period for maximum GFP production in

suspension cells (Liu et aI., 2001; Guan et aI., unpublished results). Fluorescence of the

suspension cells was measured in a quantitative manner in the fluorescent

spectrophotometer. Measurements were made both for intracellularly expressed protein

84



and for the media to see if there was any secretion. Fluorescence intensity values were

obtained by extrapolating the readings obtained by diluting the samples (Liu et aI., 2001)

to alleviate the interference of the inner filter effect (Srinivas and Mutharasan, 1987).

From Figure 4.3, it can be seen that HDEL seems to have an effect on fluorescence

intensity since all the lines with the HDEL are brighter than those without HDEL. This is

consistent with results obtained in the past where C-terminal signals improved

accumulation. For example, fusion of the tetra-peptide KDEL to the C-terminus of

vicilin, a pea seed protein, resulted in an average 100-fold increase in accumulation of

protein in tobacco leaves and an average 20-fold increase in lucerne leaves. However,

there is hardly any fluorescence in the media (Figure 4.4) for lines with the HDEL,

consistent with the reports that no secretion occurred in the media because of the

presence of the HDEL which is an ER retention signal (Gomord et aI., 1997; Munro and

Pelham, 1987). Without the HDEL, there seemed to be a marginal increase in

fluorescence of the media with the exception of one transgenic line which had

approximately a 5-fold increase (Figure 4.4).

To make sure that fluorescence was exhibited by the fusion protein and not any

cleaved GFP bands, western blots were done (Figures 4.5 and 4.6) with an anti-GFP

polyclonal antibody (Molecular Probes, Inc., Eugene, OR). No bands were seen for

samples from the media (data not shown) for the lines with the HDEL. As can be seen

from the anti-GFP blot, majority of the protein is intact as a fusion protein (theoretical

weight 44 kDa) and no cleavage products are seen. There probably is a minor amount of

glycosylation but cannot be accurately determined from this blot because of excess

amounts of protein in the lane (Figure 4.5). GM-CSF by itself has a projected weight of
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14 kDa (Lee et aI., 1985). It could be higher depending on the glycosylation of GM-CSF

which has five O-linked sites and two N-linked sites (Voet and Voet, 1995). In the blot,

no distinct bands heavier than the fusion protein is seen. In the case of GM-CSF,

glycosylation does not affect its conformational stability (Wingfield et aI., 1988).

Western blot analysis samples without the HDEL (Figure 4.6) shows that there is

significant amount fusion protein that is being expressed intracellularly with the best line

(Lane 1, Figure 4.6) representing about 2.6% total soluble protein, which was obtained by

densitometry. However, there is almost a lO-fold increase in fluorescence intensity

between lines having HDEL and those without HDEL (Figure 4.3). This seems to

indicate that a portion of the fusion protein is not fluorescent. It has been shown that

absence of HDEL causes the protein to go into the default protein secretion pathway

(Denecke et aI., 1990) . Secretion of the protein to the cell wall is facilitated by this

default pathway. Transient expression of GFP in onion epidermal cells localized to

different organelles showed distinct patterns of fluorescence (Scott et aI., 1999). It was

found that the GFP localized to the cell wall was not fluorescent at the normal cell wall

pH but starts fluorescing when bathed in a pH 7.0 buffer. Since our cell cell culture

samples were sonicated, the protein is most likely not associated with the cell wall.

Moreover, the samples were made up in GFP extraction buffer (50mM NaHzP04, lOmM

Tris-HCI, 200 mM NaCl pH 8.0) and therefore pH may not be the reason for the lack of

fluorescence. GFP fluorescence is pH dependent ( Kneen et aI., 1998) and fluorescence

decreases with pH. However, the effect of pH is also reversible above pH 5.0, wherein

the fluorescence is restored when the pH is raised to the original value (Kneen et aI.,

1998).
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Another possibility is that the protein may bind to other proteins that have a

retention signal which may provide a mechanism for complete assembly in the ER before

being secreted (Pelham, 1988). Gethering et ai. 1986 have shown that a number of

unfolded proteins bind to Binding Protein (BiP). This indirectly would mean that the

GMCSF-GFP fusion protein is not completely folded which is consistent with the results

obtained wherein enough protein is detected in the western blot but with much lower

fluorescence. This implies that the absence of the HDEL causes the fusion protein either

to be unstable or is not properly folded, which needs to be determined. This is consistent

with the results of Wandelt et ai. 1992. They reported an increase in half-life from 4.5 hrs

to over 48 hrs by adding the KDEL on to the C-terminus of Vicilin, a pea seed protein.

Therefore, this role played by HDEL seems to depend on the nature of the protein.

Typically, absence of HDELlKDEL results in secretion of the protein (Yan et aI., 1997;

Gomord et aI., 1997), contrary to the results that we obtained. This would mean that the

protein would be expressed intracellularly and therefore appropriate purification

strategies need to be considered especially if the process needs to be scaled up. Ideally, if

the protein is secreted into the surrounding media, then purification is much easier

because cell material can be removed by vacuum filtration followed by clarification of

the filtrate before initial purification steps (Fischer et aI., 1999). However, for proteins

like GM-CSF, which has very high therapeutic value, stability of the protein is of utmost

priority. If the stability, can be improved by HDEL, it would be more viable to chose an

appropriate strategy to recover the intracellular protein, rather than have unstable protein

secreted into the media.
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Figure 4.1: Screening of tobacco plants expressing fusion protein with a C-terminal
HDEL. 29 plants were screened based on fluorescence of soluble protein extracted from
leaf tissue by grinding in liquid nitrogen. The ground tissue was resuspended in 1.1 mlof
GFP extraction buffer (50 mM NaHzP04 (pH 8.0), 10 mM Tris-HCI (pH 8.0), 200 mM
NaCl). Fluorescence of 1 ml of sample was measured at an excitation wavelength of
490nm and an emission wavelength of 512 nm using a fluorescence spectrophotometer
(Hitachi Model F-2500, Tokyo, Japan)
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Figure 4.2: Screening of tobacco plants expressing fusion protein without a C-terminal
HDEL. 23 plants were screened based on fluorescence of soluble protein extracted from
leaf tissue by grinding in liquid nitrogen. The ground tissue was resuspended in 1.1 ml of
GFP extraction buffer (50 mM NaH2P04 (pH 8.0), 10 mM Tris-HCI (pH 8.0), 200 mM
NaCl). Fluorescence of 1 ml of sample was measured at an excitation wavelength of
490nm and an emission wavelength of 512 nm using a fluorescence spectrophotometer
(Himchi Model F-2500; Tokyo, Japan)
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Figure 4.3 Fluorescence of intracellular fusion protein expressed in suspension cells is
higher with HDEL. 3 ml of an 8-day cell suspension culture was taken and centrifuged at
10,000 rpm for 5min. 1 ml of supernatant was collected and fluorescence measured at
490nm excitation and 512nm emission to give an estimate of fusion protein in the media
(M). The pelleted cells were resuspended in GFP extraction buffer to make up the volume
to 3ml and sonicated at the lowest output for 5min. The sonicated sample was centrifuged
as before and fluorescence of the supernatant gave an estimate of Intracellular (Ie)
expression. Data was normalized based on the highest intensity with the HDEL on the
fusion protein.

96



1.2

1.0

c
'G)- 0.80...c.
(ij-0 0.6-C'l
E...
Q)
c. 0.4
u:::
a::

0.2

0.0

with HDEL without HDEL

Figure 4.4 Fluorescence of fusion protein secreted in the media. 3 ml of an 8-day cell
suspension culture was taken and centrifuged at 10,000 rpm for 5min. 1 ml of supernatant
was collected and fluorescence measured at 490nm excitation and 512nm emission to
give an estimate of fusion protein in the media (M). Data was normalized based on the
highest intensity which was seen for a line without the HDEL.
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Figure 4.5. Western Blot depicting intracellular expression of GMCSF
GFP5(S65T)-HDEL in suspension cells. Anti-GFP rabbit polyclonal antibody (1:2000)
was used as the primary antibody and alkaline phosphatase conjugated goat anti-rabbit
IgG was used as the secondary antibody. Lanes 1,2 & 3 represent I011g total protein
expressed of the best transgenic lines having the HDEL. Densitometry analysis was done
using SigmaScan Pro 5.0 image-analysis software (SPSS Inc., Chicago, IL) and lanes 1
and 3 were estimated to have about 4.5% total soluble protein. Lanes 4 & Shave 10 and
SOng of GFP standard (Clontech, Palo alto, CA)
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Figure 4.6. Western Blot depicting expression of GMCSF-GFP5(S651) (without
HDEL). Anti-GFP rabbit polyclonal antibody (1:2000) was used as the primary antibody
and alkaline phosphatase conjugated goat anti-rabbit IgG was used as the secondary .
antibody. 20J.lI samples were loaded in each lane. 10 and 50ng ofGFP standard
(Clontech, Palo alto, CA) was used. Lanes 1,2 & 3 show intracellular expression with
about 2.6% total soluble protein in Lane 1 obtained by densitometry. Lanes 4, 5 and 6
shows protein secreted into the media.
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS

Preliminary studies to see the effect of inserting a 6xHis tag into one of the

solvent exposed loops (position 172-173) of mGFP5-ER resulted in the conclusion that

there is a decrease in fluorescence (about 50%) in the GFP as a result of the insertion (see

Chapter 2). However, the 6xHis tag in the loop was exposed and accessible to

immobilized metal as was judged by the purity of the protein obtained. It was decided

that the problem of loss of fluorescence could be alleviated to a great extent by inserting

the 6xHis tag in a brighter variant of GFP which could be obtained by mutating the serine

at position 65 to a threonine (S65T) (Heim et aI., 1995).

The mutation did indeed increase the fluorescence of GFP. It was also decided to

test the insertion of the 6xHis tag in another loop (position 157-158) of this brighter

GFP5(S65T) variant (see Chapter 3). Based on the effect of temperature on the

expression of soluble GFP variants, GFP172 was used as a fusion tag because soluble

protein was obtained both at 28° and 37°C thereby enabling its use in a broad host range.

GFP172 was fused to the C-terminus of Maltose Binding Protein (MBP), and it was

found that the 6xHis tag within this fusion protein could purify it to homogenous purity

in a single step. This fusion protein was spiked into tobacco leaf extract and it was found

that the 75% of the protein could be recovered with some loss of fusion protein due to

protease activity. This cleavage took place inspite of adding phenylmethanesulphonyl

fluoride (PMSF) in the extraction buffer that was used to resuspend the ground leaf

tissue. Western blot results (with anti-GFP antibody) on the eluted fractions from the
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tobacco extract, showed that the cleaved product was approximately the size of GFP.

However, on further analysis it was found that this product didn't fluoresce and therefore

the recovery results obtained by using GFP-fusion protein standard series (fluorescence

vs amount of protein) was a good estimate of the recovery of protein by IMAC.

In this study it was found that the C-terminal retention signal HDEL played a role

in protein stability (Chapter 4). When GMCSF-GFP fusion protein was expressed in

tobacco suspension cell culture, absence of HDEL resulted in far less amounts of

fluorescent protein inspite of seeing sufficient protein on the western blot. This implies

that the protein that was produced was mis-folded and hence the decrease in fluorescence

compared to the fusion proteins expressed with the C-terminal HDEL.

This novel GFP molecule has potential advantages in recombinant protein

production in different host systems like plants, yeast and animals where N-terminal

signal peptides and C-terminal retention signals are used in order to accumulate protein

and to increase its stability. By inserting the 6xHis tag within the GFP molecule, great

amount of flexibility is provided in terms of attaching these signals or any other peptides

since the N- and C-terminals of the fusion protein are free. Therefore, this novel GFP

molecule can now monitor expression and also purify any protein attached to it with the

added advantage of increased accumulation and better stability.

5.2 RECOMMENDATIONS

5.2.1. GFP detection

Though we see a decrease in the fluorescence, having the internal His tag has

advantages that far outweigh the problem of decrease in fluorescence. The decrease could

be because of mis-folding of the protein to a certain extent. The micro-environment
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around the chromophore of GFP might have changed as a result of the insertion which is

reflected by the excitation spectra of GFP172 (Figures 3.5 and 3.6). Probably, by adding

the Ser147 to Pro (S147P), this folding problem could be overcome. It was shown that

when S147P was combined with S65T, the resulting double mutant emitted higher

fluorescence than GFP with a single S65T mutation and could be used over a wide range

of culturing temperatures (Kimata et aI., 1997). Ultimately what matters is whether the

GFP fluorescence can be detected with respect to the background. It was found by Harper

et aI. (1999) that mGFP5-ER (the gene used in this study) could monitor expression of

Bacillus thuringiensus crylAc gene when co-introduced in tobacco and oilseed rape. An

excellent review on possible ways to tackle autofluorescence has been done (Billinton

and Knight, 2001). Alternatively, advanced instrumentation and techniques for auto

fluorescence discrimination like optimized filter sets, dual wavelength differential

fluorescence correction, fluorescence polarization, confocal laser scanning microscopy

and advanced image analysis software could be used (Billinton and Knight, 2001). Of

course, the strategy needs to be identified and optimized for each application. A

quantitative fluorescent imaging system with blue laser excitation was developed (Niwa

et aI., 1999) to detect a codon optimized sGFP(S65T) that provided up to 100-fold

brighter signals in eukaryotes (Chiu et aI., 1996).

5.2.2. Fusion protein solubility

A temperature effect on GFP solubility was found. The other factor to be

considered is the position of the GFP in the fusion protein. GFP tolerates N- and C

terminal fusions (Cubbitt et aI., 1995). However, it has been found that in expressing

fusion proteins, the solubility of the upstream protein has an influence on the solubility of
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the entire fusion. MBP, the model protein chosen in this study, is known to be a soluble

protein and it has been shown that if MBP is used at the N-terminus of the fusion partner,

then the resultant fusion protein is usually soluble. This was demonstrated with MBP on

the N-terminus of Procathepsin D and pepsinogen, both being proteins that normally

form inclusion bodies by itself (Sachdev and Chirgwin, 1998). It was demonstrated in

another report that the GFP fluorescence was influenced by the folding pattern of the

upstream protein expressed alone and therefore could be used as a folding reporter

(Waldo et aI., 1999). This possibly brings out another advantage of the novel GFP

reported in this work where it could not only monitor and purify any recombinant protein

attached to its N-terminus but also give information about the folding properties of the

upstream protein.

5.2.3. Spiking studies

In order to test the purification abilities of the GFP tag from tobacco leaf extract,

spiking studies were done (Chapter 3). A problem encountered here was that of protease

activity, in spite of the presence of PMSF in the extraction buffer. Different types of

proteases like serine proteases usually present in all cells and cysteine proteases that

dominate in plant cells, exist. PMSF is commonly used protease inhibitor (Hiat et aI.,

1989; Sijmons et aI., 1990; Mason et aI., 1992). The table below (Table 1.0) adapted

from the website of Uptima (www.interchim.com) can be used as reference in selecting

protease inhibitors depending on the system that is being used and the kind of proteases

that are expected to be present. Protease inhibitor cocktail tablets (Roche Applied

Science, Indianapolis, IN) that can target more than one protease at a time are also

available.
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· Table 1.0 Protease inhibitors
Proteases Inhibitors
Serine proteases General inhibitor: AEBSF
(Chymotrypsin, Chymostatin, Soybean trypsin inhibitor
Plasmin,
Subtilisin, PMSF
Thrombin,
Trypsin) Soybean trypsin inhibitor

Cysteine proteases General inhibitor: Antipain & E64
(Cathepsin, CA-074
Papain) Chymostatin, PMSF
Metalloproteases General inhibitor: EDTA
(Ca+ metalloproteases, EGTA
Metalloendoproteinases) Phosphoramidon
Aspartic acid proteases General inhibitor: Pepstatin
(Cathepsin D,
Pepsin,
Renin)
Other proteases
Apopain Bestatin
Elastase Phosphoramidon
HIV protease Elastase, Soybean trypsin inhibitor

If the problem of proteolytic activity still persists, then the recovery based on

fluorescence is not straightforward. This is because the cleaved GFP fragment might be

fluorescent and could distort the results obtained for recovery from the standard curve of

the fluorescence of the fusion protein. GFP has been used as an in vivo reporter of

organophosphorous hydrolase (OPH) expression and cellular location in E coli (WU et al.,

2000). It was reported that the GFP got cleaved from the fusion protein and that the

cleaved product was fluorescent. A correlation between GFP fluorescence and the sum of

the intensity of the two bands on the western blot (bands of fusion and GFP by itself) was
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developed. This correlation gave a better estimate of OPH quantity by fluorescence

measurements. Therefore, if cleaved products that fluoresce are seen, then correlations

could be made to get better estimates of recovery of the target protein. Alternatively, a

second purification step (gel filtration) could be used to separate the cleaved product

from the fusion protein, provided there is enough difference in the size between the two.

Another option would be to use other linkers between the two proteins being fused.

In this work spiking studies were done, but spiking just gives a general idea about

purification from the tobacco extract, but information about what happens to the protein

as it goes through the secretory pathway cannot be established. Therefore, expression

constructs need to be made to express GFP-fusion proteins and then actually determine if

the protein can be recovered and if the recovered protein is stable.

5.2.4. Retention vs Secretion

From the results obtained in Chapter 4, it was found that the C-terminal HDEL

retention signal plays a role in protein stability apart from its role in accumulation. This is

consistent with other results. A 12-fold increase in the half-life of vicilin, a pea seed

protein was seen in when expressed in transgenic lucerne leaves with a C-terminal KDEL

signal (Wandelt et aI., 1992). This would mean that the protein would be expressed

intracellularly and therefore appropriate purification strategies need to be considered

especially if the process needs to be scaled up. Ideally, if the protein is secreted into the

surrounding media, then purification is much easier because cell material can be removed

by vacuum filtration followed by clarification of the filtrate before initial purification

steps (Fischer et aI., 1999). However, for proteins like GM-CSF, which has very high

therapeutic value, stability of the protein is of utmost priority. If the stability, can be
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improved by HDEL, it would be more viable to chose an appropriate strategy to recover

the intracellular protein, rather than have unstable protein secreted into the media. Cell

disruption devices like bead mills could be used but problems due to heat generation,

disruption of sub-cellular organelles accompanied by liberation of noxious chemicals

(alkaloids, phenolics) arise (Fischer et aI., 1999). When cells are disrupted, additives like

polyvinlypolypyrolidone (PVPP), dithiothreitol (DIT), ascorbic acid, EDTA and others

are added to reduce proteolytic activity and oxidation. In the case of IMAC, DTT and

EDTA cannot be used because they are not compatible. A viable option would be to use

enzymatic digestion to disrupt the cell wall like technical-grade pectinase (Fischer et aI.,

1999).

5.2.5. Chromatography

All the IMAC work in this study was done either in batch mode or by gravity. A

continuous flow system like that in FPLC needs to be tested to see if the binding and

elution of the fusion protein does take place from the column as the kinetics of binding

may be different when the carrier solvent (both binding and elution buffers) is pumped

through the column.
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APPENDIXl

SEQUENCE OF GFP172

CCATGGCTAGCAAAGGAGAAGAACTTTTCACTGGAGTTGTCCCAATTCTTGTTGAATTAG
1 MAS K GEE L F T G V V P I L VEL D

ATGGTGATGTTAATGGGCACAAATTTTCTGTCAGTGGAGAGGGTGAAGGTGATGCAACAT
21 G D V N G H K F S V S G E G E G D A T Y

ACGGAAAACTTACCCTTAAATTTATTTGCACTACTGGAAAACTACCTGTTFCTTGGFCAA
41 G K L T L K F I C T T G K L P V P W P T

CACTTGTCACTACTTTCACTTATGGTGTTCAATGCTTTTCAAGATACCCAGATCATATGA
61 L V T T F T Y G V Q C F S R Y P D H M K

AGCGGCACGACTTCTTCAAGAGCGCCATGCCTGAGGGATACGTGCAGGAGAGGACCATCT
81 R H D F F K SAM PEG Y V Q E R T I F

TCTTCAAGGACGACGGGAACTACAAGACACGTGCTGAAGTCAAGTTTGAGGGAGACACCC
101 F K D D G N Y K T RAE V K F E G D T L

TCGTCAACAGGATCGAGCTTAAGGGAATCGATTTCAAGGAGGACGGAAACATCCTCGGCC
121 V N R I ELK G I D F KED G NIL G H

ACAAGTTGGAATACAACTACAACTCCCACAACGTATACATCATGGCCGACAAGCAAAAGA
141 K LEY N Y N S H N V Y I MAD K Q K N

ACGGCATCAAAGCCAACTTCAAGACCCGCCACAACATCGAACACCATCACCATCACCATG
161 G I K A N F K T R H N I E H H H H H H D

ACGGCGGCGTGCAACTCGCTGATCATTATCAACAAAATACTCCAATTGGCGATGGCCCTG
181 G G V Q LAD H Y Q Q N T PIG D G P V

TCCTTTTACCAGACAACCATTACCTGTCCACACAATCTGCCCTTTCGAAAGATCCCAACG
201 L L P D N H Y L S T Q SAL S K D P N E

AAAAGAGAGACCACATGGTCCTTCTTGAGTTTGTAACAGCTGCTGGGATTACACATGGCA
221 K R D H M V L L E F V T A A G I T H G M

TGGATGAACTATACAAACATGATGAGCTTTAAGAGCTC
241 DEL Y K H DEL *

Notes: Sequence of GFPl72 (with His tag). The 6 Histidines are shown in bold. Nco1 and Sac1 sites at the
N- and C-terminus are underlined. The S65T mutation in the chromophore (TYG) is shown. Since an Nco1
site was introduced at the N-terminus, an internal Nco1 site was removed by a single base change without
changing the codon (boxed). Based on deletion analysis, the minimal domain required for GFP
fluorescence is amino-acids 7-229 (Li et al., 1997). Therefore, any changes at the N- or C-terminus will not
effect fluorescence. All mutations shown above have been named w.r.t to the original mGFP5 (Hasellof et
al., 1997).
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