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ABSTRACT 
        This thesis describes engineering of chimeric antibody-binding proteins possessing 
fluorescent or enzymatic activity as immunotaggers. The chimeric proteins were 
constructed by genetic in-frame fusion of genes encoding Fc-binding motif (Z-domain) to 
the green fluorescent protein (GFPuv) or Vitreoscilla hemoglobin (VHb). Five chimeric 
antibody-binding green fluorescent proteins were constructed by fusion of an Fc-binding 
motif to either N- or C- terminus of GFPuv. All chimeric proteins (ZZGFP, GFPZ, 
GFPZZ, H6GFPZ, and H6GFPZZ) were expressed in E. coli and were able to purified 
using IgG-Sepharose column.  Two of five carried a hexa-histidine tag at the N-terminus to 
assist not only protein purification using IMAC but also protein immobilization on the 
solid support via metal coordination. Chimeric proteins containing GFP at the N-terminus 
provided 10 times higher yield than chimeric protein containing GFP at the C-terminus. 
The binding affinity of chimeric proteins toward immobilized IgG was determined by 
surface plasmon resonance (SPR) analysis resulting in KA = 6.7, 81.1, 2.4, and 60.3 (x107 

M-1) for GFPZ, GFPZZ, H6GFPZ and H6GFPZZ, respectively. Chimeric antibody-binding 
green fluorescent proteins were applied in indirect immunofluorescent assay for detection 
of Leptospira antibodies and anti-nuclear antibodies. The results demonstrated a strong 
fluorescent signal of chimeric proteins comparable to that of the FITC-labeled antibody. 
Moreover, GFPZZ and H6GFPZZ provided more intense signals than GFPZ and H6GFPZ. 
In parallel, the chimeric Ab-binding VHbs providing peroxidase-like activity were 
constructed. The purified ZVHb and ZZVHb exhibited strong IgG-binding capacity up to 
KA = 9.7 and 49.1 (x 107 M-1) for ZVHb and ZZVHb, respectively. The peroxidase activity 
of ZVHb and ZZVHb was assayed to be 3.9 and 1.5 units/mg, respectively. More 
importantly, the detection limit obtained after maximization was at 250 ng, approximately 
5-times higher than that of the horse-radish peroxidase. 
        To gain further understanding of the role of chimeric GFPs in biological systems, the 
chimeric metal-binding GFP was used as an indicator to study the effect of a metal-binding 
motif on metal mobility in E. coli. Engineered cells co-expressing with a zinc-binding 
motif on the outer membrane and intracellular His6GFPuv were constucted. The 
engineered cells displayed 60 fold higher binding capability to zinc ions than those of the 
control cells. This high affinity was proven to influence the influx of metal ions into the 
cells in which a decline of fluorescent intensity of GFP could readily be detected. 
Meanwhile, balancing of metal homeostasis due to the presence of cytoplasmic His6GFP 
enhanced the fluorescent emission. This implies the significant role of an intracellular 
chelating effect by chimeric protein on metal intaking of bacterial cells.  
        All these findings support the high potential of using the chimeric proteins in various 
kinds of application such as immunodiagnosis and cell event study. 
 
KEY WORDS: CHIMERIC GREEN FLUORESCENT PROTEIN/ ANTIBODY-BINDING  
                        PROTEIN/ VITREOSCILLA HEMOGLOBIN/ METAL MOBILITY/ 
                        FLUORESCENT IMMUNOASSAY 
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บทคัดยอ 
        วิทยานิพนธฉบับนี้นําเสนอการผลิตโปรตีนลูกผสมซึ่งมีคุณสมบัติในการจับกับแอนติบอดี และมีความสามารถใน
การเรืองแสง หรือทําหนาที่ เปนเอนไซม โดยใชวิธีการทางพันธุวิศวกรรม ยีนควบคุมการสรางโปรตีนลูกผสม
ประกอบดวยโปรตีนซึ่งมีคุณสมบัติในการจับจําเพาะกับแอนติบอดี (z-domain) ทางปลายดาน N หรือ C ของโปรตีน
เรืองแสงสีเขียว (GFPuv)ไดถูกสรางขึ้น และแสดงออกในแบคทีเรีย Escherichia coli โปรตีนลูกผสมทั้งหมด 
(ZZGFP, GFPZ และ GFPZZ) สามารรถสกัดแยกใหบริสุทธิ์ โดยใชคอลัมนจับจําเพาะกับอิมมูโนกลอบูลิน จ ี
(IgG) นอกจากนี้ โปรตีนลูกผสมซึ่งมีคุณสมบัติดังกลาว พรอมทั้งมีสายเปปไทดประกอบดวยกรดอะมิโนฮิสทิดีน 
(H6GFPZ และ H6GFPZZ)ยังถูกสรางขึ้นดวย เพื่อชวยในการสกัดแยกโปรตีนใหบริสุทธิ์โดยใชคอลัมนจับจําเพาะ
ซึ่งมีโลหะเปนตัวกลาง และใชในการติดยึดโปรตีนเขากับพื้นผิวซึ่งมีโลหะเปนตัวกลาง  จากการศึกษาพบวา โปรตีน
ลูกผสมที่ประกอบดวย โปรตีนจับจําเพาะกับแอนติบอดีซึ่งตอเขาที่ปลายดาน N ของโปรตีนเรืองแสงสีเขียว ใหปริมาณ
โปรตีนที่ทําหนาที่อยางสมบูรณ มากกวาโปรตีนลูกผสมที่ประกอบดวยโปรตีนจับจําเพาะกับแอนติบอดีซึ่งตอเขาที่ปลาย
ดาน C ของโปรตีนเรืองแสงสีเขียวถึง 10 เทา การวิเคราะหความสามารถในการจับจําเพาะกับแอนติบอดีของโปรตีน
ลูกผสมที่สรางขึ้น โดยใชหลักการของ surface plasmon resonance พบวา โปรตีนลูกผสม GFPZ, GFPZZ, 
H6GFPZ และ H6GFPZZ มีคาคงที่ในการจับจําเพาะ (KA) กับ IgG = 6.7, 81.1, 2.4 และ 60.3 (x107 M-1) 
ตามลําดับ โปรตีนลูกผสมทั้งหมดไดถูกนําไปประยุกตใชในการทดสอบทางภูมิคุมกันวิทยา เพื่อตรวจหาแอนติบอดีตอ
เช้ือ Leptospira และ anti-nuclear antibody ผลที่ไดแสดงใหเห็นถึงความสามารถในการจับกับแอนติบอดี และการ
เรืองแสง เทียบเทากับการใชแอนติบอดีติดฉลากดวยสารฟลูออเรสเซนต โดยเฉพาะอยางยิ่งโปรตีนลูกผสมซึ่ง
ประกอบดวยโปรตีนที่ใชในการจับกับแอนติบอดีสองสวน (GFPZZ และ H6GFPZZ) ใหการเรืองแสงมากกวา 
โปรตีนซึ่งประกอบดวยโปรตีนที่ใชในการจับกับแอนติบอดีเพียงสวนเดียว (GFPZ และ H6GFPZ)  ในขณะเดียวกัน 
โปรตีนลูกผสมประกอบดวยโปรตีนซึ่งจับจําเพาะกับแอนติบอดี และฮีโมโกลบินจากแบคทีเรีย (VHb) ซึ่งสามารถทํา
หนาที่แทนเอนไซมเปอรออกซิเดสไดถูกสรางขึ้น โปรตีนลูกผสม ZVHb และ ZZVHb มีคาคงที่ในการจับจําเพาะ 
(KA) กับ IgG = 9.7 และ 49.1 (x 107 M-1) และทําการวัดคา peroxidase activity ได 3.9 และ 1.5 units/mg 
ตามลําดับ ซึ่งเมื่อไดทําการปรับสภาวะในการวัดใหเหมาะสมขึ้นแลว พบวา สามารถตรวจวัดโปรตีนลูกผสมดังกลาว ได
นอยที่สุดถึง 250 ng ซึ่งมากกวาเอนไซม horse-radish peroxidase เพียง 5 เทา 
        นอกจากนี้ บทบาทของโปรตีนลูกผสมเรืองแสงในทางชีววิทยายังไดถูกศึกษา โดยใชโปรตีนลูกผสมซึ่งมี
ความสามารถในการจับจําเพาะกับโลหะ และเรืองแสงสีเขียว ในการศึกษาผลของโปรตีนจับจําเพาะกับโลหะ ในการ
เคลื่อนที่ของโลหะภายในเซลลแบคทีเรีย เซลลซึ่งแสดงออกโปรตีนจับจําเพาะตอโลหะสังกะสีบนผิวเซลล รวมกับ
โปรตีนเรืองแสงสีเขียวภายในเซลลไดถูกสรางขึ้น เซลลดังกวามีความสามารถในการจับกับโลหะเพิ่มขึ้น 60 เทาเมื่อ
เทียบกับเซลลควบคุม ความสามารถในการจับกับโลหะนี้มีผลกระทบตอการนําโลหะเขาสูเซลล ดังจะเห็นไดจากการ
ลดลงของการเรืองแสงของซึ่งแสดงออกโปรตีนเรืองแสงสีเขียว ในขณะเดียวกัน การรักษาสมดุลของโลหะภายในเซลล
โดยการแสดงออกโปรตีนลูกผสมซึ่งมีความสามารถในการจับจําเพาะกับโลหะ และเรืองแสงสีเขียว ทําใหเซลลเรืองแสง
ฟลูออเรสเซนตเพิ่มมากขึ้น ผลการศึกษานี้ บงบอกถึงบทบาทของการจับกับโลหะของโปรตีนลูกผสม ตอการการนําเขา
โลหะของเซลลแบคทีเรีย 
        การศึกษาครั้งนี้แสดงใหเห็นถึงศักยภาพในนําโปรตีนลูกผสมไปประยุกตใชในดานตาง ๆ อาทิ การตรวจวินิจฉัยทาง
ภูมิคุมกันวิทยา และการศึกษาปรากฏการณในระดับเซลล เปนตน 
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CHAPTER 1 

INTRODUCTION 
 

 

        In the post-genomics era, a combination of classical and powerful new genetic 

techniques allows the designing and creation of proteins to be tailored for enormous 

benefit of specific properties.  This brings about the new arena of protein engineering 

technology and provides high impact on the solving of major global problems for the 

last decade.  Development of novel protein, however, is not frequently by de novo 

design but mostly basing on the modification and adaptation of pre-existing proteins.  

One of such strategy is tagging technology by which proteins of interest are fused with 

tagger of short peptide, enzyme, bioluminescent peptide or photoprotein.  This assists 

both in vitro and in vivo studies for monitoring of various cellular processes. Tagging 

of short peptides with specific binding activity, such as polyhistidine tag, has been 

frequently fused to a protein of interest for affinity purification purposes (1, 2).  

Meanwhile, combining enzymes or photoproteins with biospecific recognition 

elements at the genetic level has led to the development of sensitive and selective 

bioanalytical tools for sensors and immunoassay reagents (3-6).  Fusion proteins have 

been obtained by fusing gene encoding an enzyme or a photoprotein to a second gene 

encoding a binding avidity.  Examples include a thermostable firefly luciferase–biotin 

complex obtained by fusing the bioluminescent protein to a biotin acceptor peptide, 

immunoreagents prepared by streptoococcal protein G fused to alkaline phosphatase 

and single chain Fv antibody fused to GFP (7-10).  This approach provides 

homogeneity of conjugated fusion protein which is characterized by a constant 1:1 

ratio of ligand and labeled entity.  Such product is much more reliable and convenient 

for application since variation between batch to batch can be obviously neglected.   

        In recent decades, green fluorescent protein, a naturally fluorescent protein 

originally isolated from jellyfish, has been extensively used as tagger owing to its 

autofluorescent property along with slow photobleaching and its high stability.  

Tagging the protein of interest with GFP enables the tagged protein to be visualized 

http://homepages.strath.ac.uk/%7Edfs99109/BB310/GFP.html
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and tracing in living cells under fluorescent microscopy.  Cloning of GFP from 

Aquorea victoria and subsequent expression in heterologous systems have initiated a 

new approach of investigations in molecular biology (11).  The use of GFP as a 

fluorescent tag allows the location and trafficking of proteins to be visualized in vivo.  

Some important examples including the transportation of newly synthesized proteins 

from endoplasmic reticulum to Golgi apparatus, exploring the dynamicity of 

microfilament and cytoskeleton in living cells (12-15).  GFP-tagged protein has also 

been used for clinical application.  Recent examples are the genetic fusion chimeric 

protein of GFP and antibody fragment that provides specific binding to certain 

antigens (9, 16), fusion of GFP to derive a chimeric fusion protein providing avidity to 

universal antibody has also been performed as in the cases of protein A and protein G 

which can bind IgG from many families (17-19).  Moreover, alteration in fluorescent 

intensity of GFP can be served as a quantitative indicator for some biological 

mechanisms.  Previous works in our group have revealed a potential of using GFP as 

an indicator for metal quantification (20).  Concerning the GFP viewpoint, enormous 

facets of applications have been performed for the last decade.  However, on the 

tagger for immunodiagnostic reagent, GFP remains a first role of choice as an 

immunofluorescence tagger since its high stability and non-hazardous substrate is 

needed.  Genetic in-frame fusions of GFP and Fc-binding peptide are aimed in this 

study. 

                Peroxidase has long been used as immunotagger for the enzyme 

immunoassays for detection and quantitative analysis for many decades.  Although 

genetically engineered fusion protein of peroxidase has been reported on several 

occasion (21, 22).  However, with the high background interference on the 

immunoassay of this heme-containing hydrogen peroxide-utilizing enzyme, alternative 

enzyme is aimed for a genetic fusion with antibody binding peptide.  Therefore, 

Vitreoscilla hemoglobin (VHb), which has been demonstrated in our lab to provide the 

peroxidase activity, is then aimed for engineering fusion at the genomic level with the 

Fc-binding region. 
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The objectives of this study are: 

        1. To construct chimeric antibody-binding proteins composed of Fc-binding 

motif genetically fused to reporter proteins which are green fluorescent protein (GFP) 

and Vitreoscilla hemglobin (VHb).  

        2.  To characterize the chimeric proteins and study the effect of their fusion 

partners on some properties of the proteins such as fluorescent properties, enzyme 

catalysis activity and antibody-binding kinetics. 

        3. To investigate potential of applying the chimeric antibody-binding proteins in 

immunodiagnosis. 

        4.  To study the effects of metal-binding motif on metal ion mobility in E. coli 

cells by co-expression of membrane-integrated metal-binding peptide and cellular 

GFP or hexahistidine-tagged GFP. 
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CHAPTER 2 

LITERATURE REVIEW 
 

 

1.  Engineering of Chimeric Proteins  
        The biological revolution of recent years has derived its greatest impetus from the 

development and utilization of a handful of techniques and approaches for DNA 

manipulation.  These include, most prominently DNA cloning, DNA sequencing, the 

polymerase chain reaction, and gene fusion. 

        Since the regulatory approval of recombinant insulin for administration of 

diabetes patient in 1982, an increasing number of engineered proteins have entered the 

market and have been successful in clinical application.  A major goal of protein 

engineering is the generation of novel structures for usage in medicine and industry.  

Protein engineering also involves a directed approach to the study and improvement of 

protein structure and/or function.  

 

        1.1  Gene fusion strategies 

        Many orientations have been performed for gene fusion as outlined in figure 2.1.  

The simplest fusion involves splicing the recombinant gene X directly after a suitable 

signal sequence.  One potential advantage of this strategy is that if the signal peptide is 

correctly processed during transport, it is possible to produce recombinant protein with 

a native N-terminus.  

        Another conceptionally simple fusion strategy is to express a gene product fused 

to itself, yielding a doubled repeated protein (23, 24).  In both of these cases, the effect 

was probably caused by changes in the folding of the gene products, resulting in the 

formation of inclusion bodies.          

        The C-terminal or N-terminal fusion is common practice.  An advantage of C-

terminal fusion, where recombinant product X is positioned at the C-terminal side of 

the fusion partner A, is that the promoter and the translation initiation signals are all 

integrated in the 5’ end of the gene and are not affected.  The expression level is 
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therefore relatively predictable and several different promoters can rapidly be tested for 

each gene product.  While N-terminal fusion has the disadvantage that a product-

specific transcriptional and translational start must be engineered in the 5’ end of the 

gene X.  When chemical method is used to release X, a cleavage product is usually 

obtained part of the C-terminus, thus giving a nonnative protein.   

        Secretion-affinity fusion combines the advantages of secretion and affinity 

purification.  Secretion out into the culture medium provides opportunities in which the 

product is continuously recovered from the medium during fermentation.  Such 

approaches may have great impact on large-scale purification of recombinant proteins 

in the future. 

        A new concept recently described is the dual-affinity fusion in which the gene of 

interest, X, is fused between two heterologous domains (A and B, with specific affinity 

for two different ligands).  The advantage is that a full-length protein can be selectively 

recovered by two subsequent affinity purification steps.  This approach is attractive for 

proteins intended for structural and functional studies, where a heterogeneous 

population of products would lead to difficulties in the interpretation of the results.  In 

the development of dual-affinity fusion systems, factors such as solubility, size, 

stability, binding constants, and subunit structure must be considered for both affinity 

handles.  It is also important that the desired protein X is allowed to fold into a 

biologically active structure, without obstruction from the flanking heterologous 

domains. 

        Another fusion approach is to combine a secretion signal with a sequence that 

inserts the gene product into the cell wall or cell membranes.  This approach can be 

used to expose receptors or antigens on the outer surface of bacteria (25) or to 

assemble the fusion protein into virus-like particles (26).  Such system may of 

advantage to the development of vaccines and other systems to generate immunogenic 

complexes. 
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I.  Secretion 
 
 
 
 
II. Polymerization 
 
 
 
 
III. C-terminal fusion 
 
 
 
 
IV. N-terminal fusion 
 
 
 
 
V.  Secretion-affinity fusion 
 
 
 
 
VI. Dual affinity fusion 
 
 
 
 
VII. Secretion-insertion 
 
 
 
 
 
 
 

        Figure 2.1 Schematic of gene fusions for expression of a recombinant protein 

(X). Promoter is symbolized by arrows and transcription terminator sequence by 

rectangle. Box represents signal sequence (S), different affinity “handles” (A and B), 

and a domain for insertion into membranes or cell wall (I). 
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        1.2  Recombinant protein production in bacteria 

        Escherichia coli is organism that has been most extensively used to date for 

production of many recombinant proteins.  Reasons for this are that the organism is 

well defined both genetically and physiologically.  It is easy to manipulate and culture 

on big batch to generate large quantities of recombinant protein.  Alternative gram 

negative host, such as Salmonella typhimurium (27) and Vibrio cholerae (28) are also 

used to some extent.  The principle aim when using other Gram-negative is not always 

to obtain an overproduction of the recombinant protein for recovery, but in many cases 

rather to add a new function or phenotypic characteristics to the host organism (29, 

30).  Such strategies are employed on the developing of live vaccine vehicles as well as 

on the designing microorganisms for degradation of toxic substances in environment.  

Gram-negative bacteria possess both the inner cytoplasmic membrane and the outer 

periplasmic membrane.  Proteins that are normally secreted and/or contain disulfide 

bonds, often fail to fold correctly in the reducing intracellular environment.  Such 

proteins may active upon translocation to a more oxidative milieu, like the periplasm. 

        Several host-vector systems have been developed, and shuttle vectors allow the 

use of E. coli for genetic manipulations. B. subtilis, the best characterized species so 

far, secretes large amounts of several proteases, which can lead to degradation of the 

recombinant products.  Compared to production in E. coli, less degradation of a 

recombinant protein was observed when using Staphylococcus aureus as production 

host (31).  However, the pathogenicity of S. aureus makes it less suitable for large 

scale production of proteins. Instead non-pathogenic strains like S. xylosus and S. 

carnosus have been described as hosts for production of heterologous proteins (32-34).  

 
        1.3  Chimeric protein for biotechnology application 

        By genetic engineering, it is possible to generate chimeric gene expresses fusion 

protein having combined properties of both the original gene products.  Many different 

applications for fusion proteins in wide spread areas of biotechnology have been 

reported including a facilitated purification of the target protein, display of proteins on 

surfaces of cells, phages or viruses.  Construction of reporter molecules for monitoring 

of gene expression and protein localization has also been reported. Some of these 

applications will be described in following subsections. 
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                1.3.1  Fusions to facilitate protein purification 

        To date, a large number of different gene fusion systems, involving fusion 

partners that range in size from one amino acid to whole proteins capable of selective 

interaction with a ligand immobilized onto a chromatography matrix, have been 

described.  The interaction between the affinity tag and the ligand should preferably be 

strong and specific to allow a one-step purification, but still allow the use of a mild 

elution technique.  An ideal affinity tag should be proteolytically stable.  Numerous 

gene fusion systems for affinity purification have been described in the literatures, for 

example, polyhistidine (His-tag) (1), Escherichia coli maltose-binding protein (MBP) 

(35), Schistosoma glutathione S-transferase (GST) (36), Staphylococcal protein A (37), 

etc.  Some commonly used systems together with their respective elution conditions 

are listed in Table 2.1. 

        Using an affinity fusion strategy, degradation products of the target protein are 

sometimes purified together with the full-length fusion protein.  However, a dual 

affinity approach, as the production of the peptide hormone IGF-II (38), two different 

affinity fusion partners are fused at each end of the target protein.  Thus, after two 

successive affinity purification steps only proteins containing a full-length version of 

the target protein will be obtained.  In addition to the affinity property employed 

during purification, the fusion partner can sometimes also facilitate the production by 

increasing or decreasing the solubility of the target protein in vivo. 

        For industrial processes alternative chromatographic methods such as ion-

exchange chromatography (IEC) are often preferred. The resins used in IEC are much 

more adapted to large-scale processes since their performance is reproducible over 

many cycles; protocols for up scaling are available and most importantly; the resins 

can be sanitized without loss of capacity. IEC has become a frequently used method for 

protein purification, because it has the potential of giving high resolution separation of 

the loaded proteins and also high recovery of the target protein.  Several successful 

strategies to improve IEC purification based on fusions to charged tags have been 

developed (39). Also, an interesting strategy was developed by Niederauer et al. (40) 

who described the use of a genetically fused poly(Arg) and poly(Asp) tails to the C-

terminus of β-galactosidase to achieve an enhanced enrichment in polyelectrolyte 

precipitation. However, it was necessary to produce arginine tailed fusion proteins in 
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protease deficient (OmpT-) cells to avoid degradation of the charged polypeptide 

extension (41).  Recently, Gräslund et al. has described the utilization of a highly 

charged α-helical protein domain, Zbasic as a general purification handle to improve ion-

exchange chromatographic purification (42). 

 

        Table 2.1 Common affinity fusion systems 

Fusion partner Size Ligand Elution Ref. 

Protien A 

Z 

Glutathione-S-    

  transferase 

Hexa-histidine 

Maltose-binding protein 

FLAG peptide 

Biotinylated protein 

Strep-tag 

 

31 kDa 

7 kDa 

25 kDa 

 

6 aa 

41 kDa 

8 aa 

13 kDa 

9 aa 

 

hIgG 

hIgG 

Glutathione 

 

metal/chelator 

Amylose 

mAb M1, mAb M2 

MonoAvidin 

Streptavidin/ 

Core streptavidin 

Low pH 

Low pH 

Reduced glutathione 

 

Imidazole/Low pH/EDTA 

Maltose/EDTA/Low pH 

Low pH/FLAG peptide 

Biotin 

Diaminobiotin 

 

(37) 

(43) 

(44) 

 

(45) 

(35) 

(46) 

(47) 

(48) 

 

 

                1.3.2  Fusions to improve protein solubility  

        Overproduction of recombinant proteins in E. coli often leads to formation of 

insoluble protein aggregation due to the improper folding of expressed heterogeneous 

protein, so called inclusion bodies (49).  There are two traditional strategies to obtain 

high quantities of the desired native proteins; one is to refold in vitro, and the other is 

to decrease the possibility of inclusion bodies formation.  For proteins with disulfide 

bonds, the refolding is usually more difficult due to the involvement of the reshuffling 

and rearrangement of disulfide bonds, which is the rate-limiting step in the protein 

folding process (50).  For proteins with unknown functions, the detection of the 

refolding process is often infeasible due to the lack of relevant conformation and 

activity information of the native proteins.  In addition, refolding in vitro often brings 

about an increase in cost and a reduction in yield.  To date, various effective 

approaches have been developed to reduce the production of unexpected aggregates.  

Aggregation in recombinant systems is minimized through the control of parameters 
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such as temperature, expression rate, and host metabolism. Target protein engineering 

to include a solubility tag or to co-expression episome encoding chaperones are also on 

the choices (51-54).  For example, the GST-fusion expression system has become 

widely accepted as a way to increase solubility of the desired proteins, owing to the 

highly soluble property of GST.  Other fusion partners that have been report to 

increase solubility of the target proteins are thioredoxin (55), maltose binding protein 

(56), calmodulin-binding protein (57), and DsbA (58).  Recently, new fusion or co-

expression systems with chaperones or foldase have been applied to acquire soluble 

expression of recombinant proteins, including mammalian, bacterium, yeast, and 

archaea proteins (59, 60).  The protein disulfide isomerase (PDI), a widespread protein 

with multiple functions, effectively assists the refolding of a variety of protein 

substrates in vitro and exhibits broad specificity (61, 62).  PDI has been shown to 

facilitate the folding process of nascent peptides to prevent the unintended 

intermolecular association of hydrophobic domains both in fusion and co-expression 

system (63, 64).  The essence of PDI as an isomerase also guaranteed the correct 

arrangement of disulfide bonds in the desired proteins and prevented the formation of 

false intermolecular or intramolecular cysteine linkage. 

 

                1.3.3  Fusions to enhance stability of recombinant proteins 

        A strategy to enhance the in vivo stability of a labile recombinant protein is to use 

a host that lacks the proteases, or the regulatory proteins, responsible for the 

degradation.  Fusions to homologous or heterologous genes have also been proven to 

provide stabilization of recombinant proteins.  Native proinsulin and IGF-1 showed 

very short in vivo half lives in the E. coli cytoplasm (24, 65).  In contrast, when the 

proinsulin and IGF-1 genes were fused to single copies of themselves, significant 

stabilization was achieved (23, 24).  Both proinsulin and IGF-I have also been 

produced in quite stable forms as fusions to the IgG-binding ZZ-tail (43, 66).  A 

eukaryotic protein, ubiquitin, has been used as a fusion partner for E. coli production 

of recombinant proteins.  In contrast to its function in eukaryotic systems where it 

targets certain proteins to degradation, ubiquitin stabilizes the recombinant proteins in 

E. coli (67).  It has also been shown that stabilization of recombinant proteins can be 

obtained by C-terminal fusion to a hydrophilic peptide (68).  The reasons for the 
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stabilization effect are that the affinity tail might shield the recombinant protein 

sterically from host proteases or its folding into functional domains might govern the 

folding of the fusion proteins into stable structures. 
 

2.  Labeling Antibody 

        Immunoassay is now widely used in clinical laboratories.  Modern immunoassay 

arises from the desire to detect and quantify biological molecules under conditions for 

which chemical or other analytical technique is unsuitable.  The continuing 

development is focused on the improvement of sensitivity, reliability and assay 

convenience.  

        The immunoassay exploits the extremely high specificity of an antibody for a 

certain antigen, in order to selectively determine in a certain mixture.  When antibody 

reacts with specific antigen, a stable antigen-antibody complex forms.  Then the 

reaction partner is usually coupling with a detectable marker to assuage the detection 

of the antigen-antibody reaction. Frequently, a secondary antibody is used.  This reacts 

specifically with an antigenic active region of the first antibody and a marker is usually 

attached or conjugated to the secondary antibody. 

        Different types of labeling are now applicable e.g. radioactive labeling, enzyme 

labeling, fluorescent dye conjugation, and coupling to bioluminescence of 

chemiluminescence, etc. 

        The original radioisotopic immunoassay labels, such as 125iodine, have been 

replaced by a variety of non-isotopic labels e.g. enzyme, fluorophore, and 

chemiluminescent labels.  However, there is no single labeling method that attributes 

to fulfill an ideal labeling.  Detection sensitivity has been an overriding consideration 

because detection limit for the label is the major determinant of overall immunoassay 

sensitivity in the sandwich system.  Many of the currently available non-isotopic labels 

can be detected in the level of attomole (10-18) amounts.  As little as one zeptomole 

(10-21) of alkaline phosphatase can be detected by a chemiluminescent assay procedure 

based on an adamantyl 1,2-dioxetane (69). 

        In the past, the preparation of conjugates of firefly luciferase and other luciferases 

were problematic because these enzymes were easily deactivated by the chemical 
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reactions during conjugation.  Many of the genes for bioluminescent proteins have 

been cloned.  Splicing of these genes with other immunologic proteins (e.g. protein A, 

IgG heavy chain) has provided a route to a reproducible supply of active fusion 

conjugates that retain the biological activity of the bioluminescent protein along with 

the specific binding properties.  This strategy has been applied to other enzymes.  

Table 2.2 lists some recent examples of fusion proteins used in immunoassay. 

 

        Table 2.2 Chimeric product of fusion conjugates 

Alkaline phosphatase-anti-phytochrome single chain antibody  (70) 

Alkaline phosphatase-basic fibroblast growth factor receptor (71) 

Apoaequorin-IgG heavy chain (72) 

Apoaequorin-protein A (4) 

Bacterial alkaline phosphatase-IgG Fc binding protein (73) 

Bacterial luciferase (beta subunit)-protein A (74) 

Firefly luciferase-single chain antibody (75) 

Firefly luciferase-protein A (76) 

Vargula  luciferase-protein G (77) 

Green fluorescent protein-single chain antibody (9) 

Green fluorescent protein-protein A (5) 

Green fluorescent protein-protein G (19) 

Streptavidin-single chain antibody (78) 
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3.  Bacterial Antibody-binding Proteins  
 

        3.1  Staphylocaccal protein A 

 

                3.1.1  History 

        Staphylococcal protein A (SpA) is the first identified bacterial protein interacting 

with immunoglobulins.  It is found on the cell wall of Staphylococcus aureus, a Gram-

positive, pathogenic bacterium.  SpA was firstly discovered by Verwey in 1940 by 

separating Staphylococci cellular constituents into five fractions.  The highly antigenic 

fraction was designated “fraction B” (79).  Later, by Jensen and colleagues, S. aureus 

was found to be effective in stimulating an immune response in rabbits to a component 

that he called “antigen A”.  In 1960s it was clearly demonstrated by many researchers 

that Jensen’s antigen A was a protein identical to the major component of Verwey’s 

fraction B.  The name protein A was adopted to clarify the ambiguous nomenclature.  

The interest in SpA was based on its unique reactivity with immunoglobulins as 

defined by Forsgren and Sjöquist (80).  They reported that SpA reactivity is directed to 

the Fc region of IgG and classified the binding as a nonspecific “pseudo-immune” 

reaction as opposed to the specific binding of antigen at antibody Fab site.  Generally, 

over 95% of the human strains of S. aureus produce SpA. Most strains contained the 

cell-bound product, but release significant amounts into the medium.  However, 

approximately 50% of methicillin-resistant strains of S. aureus are either non-

producers or produce only extracellular SpA (81, 82).  The wood 46, Cowan II and 

strain 28 were also introduced as SpA-free strains.  

         

                3.1.2  Physicochemical properties  

        Protein A is a single polypeptide chain of molecular weight 42,000 and contains 

little or no carbohydrate (83).  The molecule has a very extended shape and SDS-

polyacrylamide gel electrophoresis does not give the correct molecular weight (83).  

The molecule contains 4 tyrosine residues but no tryptophan (84). The 

physicochemical properties of SpA prepared by lysostaphin treatment of strain Cowan 

I are summarized in table 2.3.  Protein A is very stable to heat and denaturing agents.  
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It is partially but reversibly denatured in 6 M guanidine hydrochloride and is partly 

intact even after heating at 80C.  Based on the circular dichorism (CD) spectrum, the 

conformation is intact over a pH range of 0.99-11.8 (85). 

 
        Table 2.3  Physicochemical properties of protein Aa  

Properties Valueb

Molecular weight 

Absorption coefficient (A275
1%) 

Isoelectric point 

Sedimentation coefficient (s) 

Diffusion coefficient (cm2/s) 

Stokes’ radius (nm) 

Friction ratio (f/f min) 

Intrinsic viscosity; η (mL/g) 

Huggins constant, k 

Specific volume, υ (mL/g) 

pKa (4 equivalent tyrosines) 

42,000 

1.65c 

5.1d 

2.1 

4.3 x 10 -7

5.0 

2.1 

29 

0.66 

0.72 

10.25e

 

a Cell-bound protein A was isolated by lysostaphin treatment of Cowan I bacteria 
b From Björk et al. (1972) unless indicated otherwise. 
c From Sjöquist et al. (1972, 1973). 
d From Lindmark et al. (1977). 
e From Sjöholm (1975). 

 
3.1.3  Structure and activity of protein A 

        The prototype protein A from S. aureus strains cowan I contains five Ig-binding 

domains and another partially repetitive region, X, in the C-terminus.  The N-terminal 

part of region X, denoted Xr, consists of a large number of eight amino acid residues 

repeats while the C-terminal part, Xc, constitutes the cell wall anchor (86) (figure 2.2,).  

Each IgG-binding motif contains about 58 amino acid residues (87) and they are 

individually IgG-binding.  The most important interaction between protein A and 

immunoglobulins, the interaction with Fc portion of IgG, has been extensively studied 

and described (88).  The protein A domains interact with Fc of IgG between CH2 and 
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CH3.  The binding involves interactions between 11 residues of the protein A domain 

and 10 residues of the Fc molecule.  Protein A is multivalent towards IgG Fc and 

towards Fab. Theoretically, one protein A molecule can bind five Fc fragments, but in 

reality this might be sterically difficult.  Protein A was considered to be functionally 

bivalent.  The main Fab-binding affinity of protein A was located to the N-terminal 

domains, E and D, and not in the three C-terminal domains (89).  

 

 
 
 
 
 

 

 

 

 

 

        Figure 2.2 A schematic drawing of protein A from Staphylococcus aureus, and 

sequence alignments for six homologous IgG-binding domains (90).  

 

                3.1.4  Protein A usages 

        Protein A became an extremely important immunochemical reagent beyond its 

ability to selectively bind IgG or subclasses as discussed above.  The application of 

protein A could be generally classified into 2 categories.  The first involved the use of 

purified protein A labeled with a tracer group to detect and quantify antibodies and 

antigens on cells, free in circulation or, in circulating immune complexes.  The second 

group is use of immobilized protein A, either as a native constituent of the bacterial 

cell membrane or as the purified protein bound covalently to a solid support, to isolate 

whole IgG or individual subclasses, to separate cells, to selectively absorb IgG prior to 

analysis of other Ig classes, or to precipitate antigen-antibody complexes either in 

conventional immunoassays or for purposes of isolating antigens or immune 

complexes. 
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                3.1.4.1 Labeled-protein A 

        As a high affinity probe, protein A was labeled with several reporter molecules 

such as enzymes, radioisotopes, and fluorescein.  Several of radioisotopes such as 125I, 
131I, 3H, 14C, 32P were reported to label with protein A since 1974.  The functional 

amino acid on protein A molecule required for radiolabeling was tyrosine.  However, 

four tyrosine groups in protein A were necessary for binding activity.  Therefore over 

labeling of 125I might impair protein A ability to bind IgG (91).  Radioiodinated protein 

A was proven very useful in immunoassay to study cell surface antigen.  It was also 

possible to quantify antigen density on cell subpopulation or individual cells.  In 

addition, 125I-protein A was used to detect circulating IgG aggregates and complexes 

(92).  The method was capable of detecting as little as 1-2 μg/mL of soluble heat-

aggregated IgG. 

        Labeling with horse-radish peroxidase (HRP), alkaline phosphatase by variety of 

chemical procedures gave protein A derivatives for direct competitive enzyme 

immunoassay.  Falini et al. (93) used the periodate technique to conjugate HRP to 

protein A.  They found that more than 95% of HRP was coupled to more than 95% of 

protein A.  The molar ratio of HRP: protein A was 2:1 and the conjugate was probably 

a mixture of protein A-HRP tetramer consisting of one protein A complex with 3 HRP 

molecules and two protein A molecules with 2 HRP molecules.  Their studies indicated 

the similar sensitivity for indirect immunoassay to that of labeled antibody technique. 

(94).  The specificity of the staining obtained from protein A-HRP was enhanced, since 

the background activity was less than observed with peroxidase-labeled antibody.   

        Besides chemically conjugate, genetically fused protein to produce enzyme-

binding conjugate has been reported by several workers (10, 74, 76, 95).  Using protein 

engineering, Kobatake et al. construct a chimeric fusion protein consisting of protein A 

and firefly luciferase (76). The structural gene of luciferase was inserted into a protein 

A expression vector, and expressed in E. coli.  The chimeric fusion protein was found 

to retain both enzymatic activity and binding capability to the Fc-region of IgG.  This 

protein A-luciferase was found to be useful for the determination of trace amounts of 

antigen or antibody. The fusion protein of protein A and β-galactosidase was produced 

by Scheper et al. (96). They also successfully used the fusion protein as a detection 

marker in the flow injection analysis-based biosensor device. 
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        3.2  Z domain 

        An IgG-binding domain, designated “Z”, was designed based on region B of 

protein A (37).  Domain Z was resisted to be cleaved by some of the common chemical 

methods.  Since the glycine residue in the hydroxylamine sensitive Asn-Gly sequence 

was replaced by alanine.  This brought about the resistance to both hydroxylamine and 

CNBr.  A number of different vectors for E. coli production of Z or ZZ-fusions have 

been developed for expression both intracellularly and exporting extracellularly (43, 

97-99).  

                Different multiplicities of this Z domain have replaced the original SpA 

fusion partner. Analysis of different repeats of Z binding to IgG, showed that two Z 

domains gave maximal binding (100).  Furthermore, all five native SpA domains, E, D, 

A, B and C together with Z were produced as fusion proteins and their interactions 

with recombinant IgG Fc, F(ab’)2 and a single -chain Fv were determined by 

biospecific interaction (BIA), using surface plasmon resonance.  All six domains 

interacted with Fc but only the five native domains showed high affinity for Fab, both 

to polyclonal F(ab’)2 and to scFv, while domain Z showed much lower affinity.  Some 

of affinity constant for SpA to human IgG Fc and Fab is presented (table 2.4-2.5). It is 

interesting to note that in most of the cases, the affinity constant determined for one 

domain (Z) is 10-15 times lower than the constant for two domains (ZZ).  

 

 

 
 
 
 
 
 
 
 
 
 
 
        Figure 2.3.  Ribbon Diagram of the B-domain of protein A (black) in complex 

with the CH2, CH3 fragment of an IgG1 (gray) taken from x-ray coordinates. Helix 3 

appears disordered in the crystal structure, although NMR experiments indicate that it 

is in fact helical. In this figure, helix 3 has been modeled as a helix. (101) 



Yaneenart  Suwanwong                                                                                             Literature review / 18 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
        Figure 2.4 Ribbon diagram showing overall chain folds for : (a) the B domain of 

SpA and (b) the Z domain derived from SpA. (90) 
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        Table 2.4 Some affinity constants for SpA and SpA domain to human IgG (Fc) 

from the literature. 

 

Ligand Immunoglobulin 

/Fc 

Affinity constant 

(×10-7/M-1) 

Technique Ref. 

SpA 

SpA 

SpA 

SpA 

SpA 

ZZZZZ 

ZZ 

Z 

B 

B(8-58) truncated 

SpA 

EB 

ZZZZZ 

ZZ 

Z 

Z 

ZZ 

Z 

Z 

SpA 

D 

ZZ 

Z 

Polyclonal IgG 

Polyclonal IgG 

Polyclonal IgG1 

Polyclonal IgG2 

Polyclonal IgG4 

Fc, polyclonal 

Fc, polyclonal 

Fc, polyclonal 

Polyclonal IgG 

Polyclonal IgG 

Polyclonal IgG 

Polyclonal IgG 

Polyclonal IgG 

Polyclonal IgG 

Polyclonal IgG 

IgG1, 

monoclonal 

Polyclonal IgG 

Polyclonal IgG 

IgG1, polyclonal 

Fc γ 

Fc γ 

CD4-Fc1 

CD4-Fc1 

        4.8 

4410 

  130 

  210 

  340 

  400 

  100 

     5 

        2.5 

         0.25 

   250 

     22 

   200 

    43 

    28 

        1.6 

    33 

        2.0 

       6.2 

   22 

       1.5 

   69 

   59 

Solid phase RIA 

Solid phase RIA 

Solid phase RIA 

Solid phase RIA 

Solid phase RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

Competitive RIA 

SPR 

SPR 

SPR 

SPR 

SPR 

SPR 

SPR 

(102) 

(103) 

(103) 

(103) 

(103) 

(104) 

(104) 

(104) 

(105) 

(105) 

(106) 

(106) 

(106) 

(106) 

(106) 

(66) 

(37) 

(37) 

(107) 

(108) 

(108) 

(99) 

(99) 
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        Table 2.5  Some affinity constants for SpA and SpA domain to human IgG (Fab) 

from the literature. 

 

Ligand Immunoglobulin 

/Fab 

Affinity constant 

(×10-6/M-1) 

Technique Ref. 

SpA 

EB 

ZZZZZ 

ZZ 

Z 

SpA 

EB 

ZZZZZ 

ZZ 

Z 

SpA 

SpA 

SpA 

SpA 

SpA 

D 

SpA 

D 

SpA 

D 

E 

D 

A 

B 

C 

F(ab’)2, polyclonal 

F(ab’)2, polyclonal 

F(ab’)2, polyclonal 

F(ab’)2, polyclonal 

F(ab’)2, polyclonal 

IgM, polyclonal 

IgM, polyclonal 

IgM, polyclonal 

IgM, polyclonal 

IgM, polyclonal 

IgM, polyclonal 

Fab, polyclonal IgG 

Fab SpA3-18 

scFv (VH3 DP-47) 

IgM 18/2, monoclonal 

IgM 18/2, monoclonal 

IgM Hum14-3, Mab 

IgM Hum14-3, Mab 

IgM Fab JMSpA3-15 

IgM Fab JMSpA3-15 

scFv,α-p53 #30, DP53 

scFv,α-p53 #30, DP53 

scFv,α-p53 #30, DP53 

scFv,α-p53 #30, DP53 

scFv,α-p53 #30, DP53 

1000 

    50 

  630 

   70 

  10 

3100 

  280 

1200 

  360 

 190 

        2.2 

       3.8 

       5.6 

  770 

1100 

2000 

    32 

   10 

       4.8 

      2.3 

      9.6 

     2.6 

14 

12 

     8.6 

RIA (Saturation) 

RIA (Saturation) 

RIA (Saturation) 

RIA (Saturation) 

RIA (Saturation) 

RIA (Saturation) 

RIA (Saturation) 

RIA (Saturation) 

RIA (Saturation) 

RIA (Saturation) 

ELISA 

ELISA 

ELISA 

Solid-phase RIA 

SPR 

SPR 

SPR 

SPR 

SPR 

SPR 

SPR 

SPR 

SPR 

SPR 

SPR 

(106) 

(106) 

(106) 

(106) 

(106) 

(106) 

(106) 

(106) 

(106) 

(106) 

(109) 

(109) 

(109) 

(110) 

(108) 

(108) 

(108) 

(108) 

(108) 

(108) 

(99) 

(99) 

(99) 

(99) 

(99) 
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4.  Green Fluorescent Protein 
        Green fluorescent protein (GFP) is a fluorescent protein isolated from various 

coelenterate of the Pacific jellyfish, Aequorea victoria, or from the sea pansy, Renilla 

reniformis. (111).  These organisms emit green fluorescence from photocytes at the 

margin of their bodies.  The fluorescence is generated by sequential activation of two 

photoproteins, aequorin and green fluorescent protein (112).  Upon calcium binding, 

aequorin emits blue light which in turn excites GFP to generate green fluorescence.  

        GFP are relatively small monomeric proteins composed of 238 amino acids with a 

molecular weight of 27-30 kDa (113-115).  The crystal structure of GFP revealed that 

it is an eleven-stranded β-barrel threaded by an α-helix running up the axis of the 

cylinder.  The cylinder had a diameter of ~ 30 Å and a length of ~ 40 Å (figure 2.5).  

The chromophore is responsible for the fluorescence emission and it is attached to the 

α-helix that is perfectly protected within the center of the cylinder.  This structure is so 

called a β-can (116).  The tightly constructed β-barrel would appear to protect the 

chromophore from unfolding caused by heat and denaturants.  The mature GFP is, 

therefore, highly stable, remaining fluoresce up to 65C heating and at the  extreme pH 

(pH5.5-11).  It tolerates to 1% sodium dodecyl sulphate (SDS), 8 M urea and 6 M 

guanidine chloride (117).  Furthermore, GFP resist to most of the proteases for many 

hours (118).  

        The fluorescence of GFP arises from the internal p-hydroxybenzylidene-

imidazolinone chromophore, which is formed by the cyclization of Ser65, Tyr66 and 

Gly67 within a hexapeptide at positions 64-69 (119).  The mechanism of this 

modification is illustrated in figure 2.6.  First, GFP folds into a nearly native 

conformation, where the imidazolinone is formed by the nucleophilic attack of amino 

group of Gly67 on the carbonyl group of Ser65 to form a five-membered ring called 

imidazolinone.  Finally, molecular oxygen dehydrogenates the α-β bond of Tyr66 to 

put its aromatic group into conjugation with the imidazolinone.   The time requirement 

for the oxidative step in the fluorophore development was discovered to be about 2-4 

hours for wild type GFP (120, 121).  Once this chromophore is formed, it can absorb 

UV light at the maximum wavelength of 395 nm with a minor peak at 475 nm, and 

then in turn emit green fluorescent light at a wavelength of 508 nm. 
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         In the early 1990s, the gene of GFP was cloned, sequenced (111), and expressed 

in E. coli (11).  These breakthroughs allowed for GFP to be mutated in order to 

improve its fluorescent characteristics (120, 122, 123).  Among many variants of GFP, 

GFPuv is a triple mutant (F99S, M153T, V163A) with improved 37C-folding and 

reduced aggregation at high concentration, in turn increased the diffusibility of the 

protein inside the cells. GFPuv is reported to be 18 times brighter than wild type when 

expressed in E. coli and excited by standard UV light (124).  

         

         A.              B. 

 
 
 
 
 
 
 

 
 
 
 
 

        Figure 2.5 The cylinder structure (so-called β-can) of GFP: end-on-view (A) and 

side-on-view (B) (116). 

 

       The GFP has become a popular reporter system for use in both prokaryotes and 

eukaryotes due to its several advantages (126).  First, it could be simply detected using 

either standard long-wave UV lamps or fluorescein isothiocyante (FITC) filter sets 

available in fluorescent microscopy.  Second, the introduction of any substrate or 

cofactor would not be required.  Third, it is a stable monomeric protein which would 

facilitate protein fusion and manipulation.  Lastly, the compact and stable nature of the 

folded GFP molecule makes it insensitive to the attached protein.  It appears that GFP 

retains fluorescence when fused to tagger both on the N- and C-terminal ends.  

Therefore, these make GFP an attractive fluorescent tag to monitor subcellular 

activities such as gene expression, protein-interaction, trafficking and localization in 

vivo in real time (127-131).  Additionally, GFP fused to antibody, protein A  as well as 

protein G  for an immunodiagnostic purposes has been revealed (132) (5) (19). 
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         Figure 2.6  A. Cyclization mechanism of GFP chromophore (125). B. The 

structure of GFP chromophore. 
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 5.  Vitreoscilla Hemoglobin 
        Hemoglobin (Hb) is the best-characterized oxygen-binding protein both at the 

functional and the molecular level.  It reversibly bind oxygen via the heme molecule 

which is a protoporphyrin IX molecule with an iron ion (Fe2+) coordinately bound in 

the middle of its flat, planar structure (figure 2.7).  The presence of this oxygen-

binding protein had long been thought to be restricted to mammals, but recent findings 

indicate an almost ubiquitous existence of Hbs in mammals, non-vertebrates, plants, 

and bacteria. 

        Compared with the intensively studied vertebrate monomeric (17 kDa) myoblobin 

and tetrameric (64 kDa) hemoglobin, non-vertebrate Hbs exhibit a much broader 

variation in their primary and quaternary structures. In contrast to vertebrate 

hemoglobins, which are generally tetramers, the quaternary structure of non-vertebrate 

Hbs can be quite diverse.  Non-vertebrate hemoglobins can be single- or multi-domain 

proteins, which can exist as monomers or multimers.  Non-vertebrate Hbs or Hb-

related proteins can be classified in three groups based on their protein structure.  

These groups are one-domain hemoglobins, flavohemoglobins and truncated 

hemoglobins.  Moreover, some giant extracellular hemoglobins can be found in 

invertebrates; these display molecular masses up to several million Da (133).  

 

A.              B. 
 
 
 
 
 
 
 
 
 
 
 
 
 

  

       Figure 2.7   The protoporphyrin IX and heme prosthetic group in hemoglobin. 

 



Fac. of Grad. Studies, Mahidol Univ.                                                      Ph.D. (Medical Technology) / 25 

        Over the last decades, monomeric single domain globins have been found in 

symbiont-containing leguminous and non-leguminous plants, algae and a number of 

prokaryotes (134, 135).  Chimeric globins consisting of an N-terminal globin domain 

and an adjacent, C-terminal redox-active protein domain, collectively called 

flavohemoglobin (flavoHbs), have been discovered in bacteria, yeast and fungi (136-

138).  The first flavoHb to be sequenced was flavoHb from E. coli (139).  Another 

group of non-vertebrate hemoglobin has recently been identified and it constitutes of 

small hemoprotein, referred to as truncated hemoglobin (trHbs).  Truncated 

hemoglobins, which have previously been designated as “small Hbs” or myoglobin and 

first discovered in 1989 in Paramecium caudatum, have been suggested not to 

originate from the ancestral Hb, but to have evolved from a different protein (140).  

Truncated globins display a two-on-two helix architecture and are widely distributed in 

bacteria, unicellular eukaryotes and plants (141).  

        Only a small number of bacteria express hemoglobin proteins and the best studied 

of these is from Vitreoscilla sp.  Wakabayashi et al. reported in 1986 the first primary 

sequence of Vitreoscilla hemoglobin (VHb).  However, the knowledge of this protein 

dates back to the beginning of the sixties (142).  Webster wrote in a review in 1987 

that VHb was possibly the first in a series of bacterial Hbs (143). 

        Vitreoscilla is a gram-negative, gliding, filamentous obligate aerobic bacterium.  

Species of Vitreoscilla are generally forum growing in oxygen-poor environments such 

as stagnant ponds, decaying vegetable matter, and old cow dung (144).  The bacterium 

is unable to ferment sugars (144).  Instead, its metabolism is mainly limited to aerobic 

oxidation of amino acids (145).  Taxonomically, this bacterium is placed in a 

subdivision of the purple photosynthetic bacteria or proteobacteria and it is not a 

Beggiatoa as suggested earlier (146).  The Hb produced by Vitreoscilla sp. Strain C1, 

the so-called VHb, has been extensively studied during the last one and a half decade.  

        The hemoglobin synthesized by Vitreoscilla (VHb) is a homodimeric protein with 

a relative molecular mass of 15.8 kDa/subunit (147).  The initial research on VHb by 

Webster and colleagues implicated it to be a cytochrome o terminal oxidase based on 

CO-different spectra characteristics and assumed membrane-bound localization (148-

150).  However, subsequent researches discover that it was a soluble hemoglobin and 

that a true membrane-bound cytochrome o exists.  VHb consists of 146 amino acid 
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residues and shows remarkable amino-acid sequence identity (43-56%) to the heme 

domain of bacterial and yeast FlavoHbs.  Furthermore, the amino-acid sequence of 

VHb shows greater similarity to plant Hbs than invertebrate Hbs.  

 

        5.1  Structure of VHb 

        VHb conforms to the well-known globin fold and is composed of seven α-helices, 

lacking helix D (fig. 2.8) (151).  The heme molecule is embedded in a hydrophobic 

crevice formed by helices B, C, E, F, G and H.  Rigid binding between the polypeptide 

chain and the porphyrin ring is provided by hydrophobic side chains pointing towards 

the proximal site of the heme molecule.  Most hemoglobins contain a distal histidine 

(E7) which from a hydrogen bond with the bound oxygen stabilizing the oxy-form 

(152).  In all known bacterial and yeast globin amino-acid sequences, this position 

contains a glutamine residue instead, which binds to the oxygen (151).  VHb also 

contains a glutamine residue at this position, but this residue is oriented towards the 

solvent and away from the expected ligand-binding site.  The nine residues connecting 

helices C and E are disordered and residues E7-E10 do not adopt the usual α-helical 

conformation, but rather from a loop, thus locating GlnE7 out of the heme pocket.  

Instead, a tyrosine residue at position B10 has been suggested to form a hydrogen bond 

via a water molecule to the oxygen, thereby stabilizing the complex (151). 

 
N-terminus  

 
A  G 

 
E B 

 

 
F 

C 
 

H  
C-terminus  

        Figure 2.8  The three dimensional structure of homodimeric hemoglobin 

synthesized by Vitreoscilla sp.  
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        The quaternary assembly of homodimeric VHb, which has not been observed 

previously within the globin family, is based on a molecular interface defined by 

helices F and H of both subunits.  The C-terminal region of helix H contacts helix F 

through a series of juxtaposed side chains, which form a sort of hydrophobic zipper 

motif.  The intersubunit association is essentially based on van der Waals contacts and 

includes four water molecules.  The subunit interface of homodimeric VHb is based on 

a lesser contact area (434 Å2) as compared other quaternary assemblies within the 

globin family (about 2000 Å2) (153). 

  
        5.2  The proposed cellular  role of VHb 

        In Vitreoscilla the cellular concentration of VHb is increased when the bacterium 

is grown under oxygen-limited conditions.  The heme content also increases about 50-

fold when the oxygen concentration falls below 10% of atmosphere (147).  VHb was 

expressed in E. coli from its natural promoter as a major cellular protein.  The gene 

improved the aerobic growth properties of recombinant E. coli, as determined by fed-

batch fermentations and respirometer measurements on whole cells (154).  It was 

suggested that VHb trap O2 and facilitated its transfer to the respiratory membranes 

under conditions of limiting O2.   

        Interestingly, from recent studies, VHb was shown to exhibit peroxidase activity 

and thus has the potential to participate in the scavenging of free oxygen radicals.  

Furthermore, it was speculated that VHb delivers superoxide anions to cytochrome o 

and hence, functions in electron transfer in terminal oxidation, and thereby facilitates 

the scavenging of reactive oxygen compounds (155). 

 

        5.4  Oxygen affinity of VHb 

        VHb binds O2 reversibly and has a relatively low O2 affinity with association rate   

association rate (ka) of 78 × 106 M-1s-1, and a high dissociation rate (kd) of 5,600 s-1 

(156).  These oxygen-binding properties of VHb enable it to serve as an effective 

donor of oxygen, and are consistent with its putative role of sequestering oxygen from 

the environment and delivering to the respiratory terminal oxidases. 

        However, a new, more moderate, dissociation rate constant for VHb has recently 

been published (157).  In that study, a biphasic release of oxygen was observed with kd 
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equal to 4.2 s-1 and 0.15 s-1 for the fast and slow phase, respectively.  This biphasic 

behavior of oxygen release from VHb is thought to be associated with conformational 

changes occurring when hydrogen bonds between heme-bound oxygen and TyrB10 

break.   

         

        5.3  VHb in biotechnology 

        A minimum level of oxygen supply is critical for the survival of many bacteria as 

well as for higher organisms.  The ability of an organism to sense and adapt to 

changing of oxygen levels in the environment is essential.  The commercial production 

of a variety of desirable metabolites and important pharmaceuticals employs the over 

expression capacity of oxygen-requiring bacteria, fungi and mammalian cells.  Oxygen 

has very low solubility in water and various microorganisms and cultured cell types 

have high nutritional demand for oxygen, especially during large-scale and high-cell-

density production processes.  The high demand for oxygen can be partially satisfied 

by improving process parameters and bioreactor configurations, e.g. improved mixing 

rates, high efficiency dispersion systems and modifications of the medium.  

        Metabolic engineering approaches seek genetic strategies, for example, to 

alleviate adverse effects of oxygen limitation on microorganisms, higher cells and 

plants.  VHb has been shown, in a variety of organisms, to have numerous positive 

effects on diverse cellular processed which are affected by the availability of oxygen or 

subjected to oxygen-poor conditions (158-160).  The vhb gene was successfully 

transferred to E. coli and upon expression of VHb, growth and protein production of E. 

coli was enhanced under microaerobic conditions. For example, VHb has shown to 

improve chloramphenicol acetyltransferase (CAT) and β-galactosidase production in 

E. coli.  The increased production of α-amylase in both E. coli and Bacillus subtilis 

was achieved along with an enhanced growth by VHb expression.  In the former case, 

the improvement has been verified in different fermentor scales under various 

conditions (161).  VHb expression has also been shown to improve the production of 

secondary metabolites and alter intermediary metabolism, including by-product 

formation in some organisms (162-164).  Moreover, VHb technology could be adopted 

to bacterial bioremediation by Pseudomonadaceae, by either enhancing bacterial 

growth or supplying oxygen for the oxidative steps (165).  



Fac. of Grad. Studies, Mahidol Univ.                                                      Ph.D. (Medical Technology) / 29 

6.  Zinc ion as an essential element for prokaryon 
        Prokaryotic organisms are single cell entities that have immediate contact with 

their proximal environment via a set of cellular membrane.  Since prokaryote is devoid 

of sub-cellular compartments, the major mechanisms that maintain cellular Zn(II) 

concentrations (fig. 2.9) are limited to the highly regulated processes of Zn(II) import, 

metal ion sequestration by metallo-chaperones and Zn(II) export across the 

cytoplasmic membrane.  The regulation of most of these systems is controlled at the 

level of transcription and is mediated by metal-responsive regulators, which modulate 

expression of genes in response to respective substrate concentrations.  Hence, the 

cellular level of loosely bound, labile Zn(II) is sustained at close to required levels in 

conditions of metal ion limitation.  

         Membrane transport mechanisms can be categorized into primary and secondary 

system depending upon the energy source used for active transport.  Primary 

mechanisms utilize chemical energy to transfer metal ions across the cytoplasmic 

membrane, whereas secondary active transport mechanisms utilize energy stored in 

electrochemical gradients. 

 

        6.1  Mechanisms of zinc import 

        Uptake systems for Zn(II), as well as other essential metal ions, have to 

differentiate between ions that are structurally very similar.  Hence most cells have two 

types of import systems: those that have high substrate specificity, which are driven by 

energy, and those that are non-specific usually driven by diffusion gradient across the 

cytoplasmic membrane.   

 

                6.1.1  Primary mechanisms of Zn(II) import 

        A high-affinity Zn(II) uptake system, ZnuABC, is a member of ABC transporters 

(166).  ZnuA is located outside the cytoplasmic membrane and has the potential to 

bind metal ions.  ZnuB is a hydrophobic protein that has similarity to the membrane 

component of other ABC transport systems, while ZnuC has strong sequence 

similarities to the ATP-binding cassette of the ATP transporters (166).  The ATP-

binding region act to provide the energy for substrate transport for this import system 

by ATP hydrolysis.   
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        This transport system is regulated by Zur, which is a member of the Fur family of 

bacterial metal-responsive regulators (167) and can sense sub-femtomolar 

concentrations of cytosolic Zn(II) (168).  Zur proteins seem to be widespread among 

Gram-negative, Gram-positive and cynobacteria (169).  In addition, a number of 

homologous, ABC-type, Znu high-affinity Zn(II) permease systems have also been 

identified in other bacteria such as Listeria monocytogenes (170), Haemophilus sp. 

(171) and Neisseria gonorrhoeae (172). 

 

                6.1.2  Secondary mechanisms of Zn(II) import 

        These mechanisms of metal ion active transport catalyze the import or export of 

metal cations.  The natural resistance-associated macrophage protein (Nramp) super-

family (173) are ubiquitous group of membrane proteins those are found in archaea, 

bacteria and eukaryotes.  Evidence suggests that members of the Nramp super-family 

use the electrochemical proton gradient as the major driving force or the broad-

specificity import of divalent metal cations (174-176).  Comparative genomic analyses 

have identified several Nramp homologues in micro-organisms such as Mycobacterium 

sp. (known as Mramp), Salmonella typhimurium and E. coli (173, 177, 178).   

        In addition to the primary and secondary mechanisms of Zn(II) import in 

prokaryotes, there are proteins that have been identified to confer Zn(II) sensitivity 

when expressed at high levels.  These include a recently characterized bacterial 

member of the ZIP (ZRT, IRT-like protein) superfamily of metal ion transporters (179-

181). 

        Similar to the ZIP super-family members found in humans and yeast, ZupT from 

E. coli is involved in the uptake of Zn(II) (180).  ZupT appear to have a lower affinity 

for Zn(II) than the ZnuABC system and may also be a broad-range metal ion transport 

protein, potentially mediating the import of cations such as Cd(II) and possibly Cu(I) 

into E. coli cells (180). 

         The outer membranes of many bacteria, including E. coli, contain a group of 

proteins known as porins that allow selective hydrophilic solutes of up to 600 kDa, 

including divalent metal ions, to diffuse across into the periplasmic space (182).  Zn(II) 

may then be imported into the cytosol of cells as a neutral metal phosphate via the 

constitutively expressed inorganic phosphate uptake system (Pit) (183).  Zn(II) can 
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also be imported into cells as an alternatives substrate of many broad-spectrum Mg(II) 

uptake systems (184). 

 

        6.2  Metallo-chaperones 

       A family of soluble metal-binding proteins, known as metallo-chaperones (185), is 

thought to facilitate the intracellular trafficking of metal ions.  The best known 

biological molecule that sequesters metal ions and mediates metal-dependent gene 

expression is metallothionein (MT) which will be reviewed later in this chapter.   Most 

recently bacterial metallothioneins (BmtA) have been isolated and characterized from a 

range of strains including Anabaena PCC7120, Pseudomonas aeruginosa, P. putida 

and E. coli, all of which bind Zn(II).  It is of interest to note that some contain the 

GATA-type one zinc-finger structure similar to that seen in SmtA, the best studied 

prokaryotic MT that has been identified in a range of cyanobacterial strains (186). 

 

        6.3  Mechanisms of zinc export 

        Like the primary mechanisms of Zn(II) import, the proteins involved with the 

export of Zn(II) can also utilize the energy derived from ATP hydrolysis to translocate 

metal cations across the cytoplasmic membrane.  The best studied family involves in 

transition metal ion export is the ‘soft metal ion-translocating’ P-type ATPases (187), 

which can be further sub-divided into two classes: the Cu(I)/Ag(I)-translocating 

ATPases and the Zn(II)/Cd(II)/Pb(II)-translocating proteins (188).  One of the first 

Zn(II)/Cd(II)/Pb(II)-translocating members of this family of proteins, CadA, was 

identified in Cd(II) resistant strains of S. aureus.  CadA catalyses the ATP-dependent 

efflux of Cd(II) from the cell cytosol in an electro-neutral exchange that transfers one 

Cd(II) ion out of the cell whilst accumulating two protons (189).  The cadmium 

resistance operon is primarily induced by Cd(II) whereas Zn(II) appears to be a rather 

poor inducer of this system.   

        Other members of the soft metal ion-translocating P-type ATPases family, such as 

ZiaA from Synechocystis PCC6803 (190) and ZntA from E. coli (191), were primarily 

identified because of the ability to modulate Zn(II) concentrations in cells.   
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        Probably the best characterized system of Zn(II) transfer that employs a 

secondary mechanisms is encoded by the czc determinant from Ralstonia 

metallidurans strain CH34 (192).  The czc mediates resistance to Co(II), Zn(II) and 

Cd(II) (193, 194).  It has become the first member of a new bacterial family of 

resistance, nodulation and cell division (RND)-driven transporters (195) that channel 

cations across both inner and outer membranes and the periplasmic space.  Many ‘czc-

type’ systems have now been isolated; these include many from the Ralstonia spp. 

(196), possible determinants from S. aureus (197) and one involved in mammalian 

host cell cytopathicity by Legionella pneumophila (198).  In addition, similar systems 

have been identified in P. aeruginosa strains isolated from metal-polluted 

environmental sources and within the clinical isolate P. aeruginosa type (PAO1) 

(199). 

        Other protein that have been associated with variations in Zn(II) tolerance of E. 

coli cells include ZitB, a member of cation-diffusion facilitator (CDF) super-family 

(200), and ZntB from Salmonella enterica .  Moreover, a chromosomal Zn(II)/Co(II) 

resistance determinant was identified in staphylococcal strains that lack the plasmid-

encoded heavy metal resistance (201).  The region of DNA containing this 

determinant comprised two consecutive open reading frames, designated zntASaur and 

zntRSaur, which encoded proteins that show significant similarity to the CDF super-

family of proteins (202).  Since sequence analysis revealed the lack of any 

characteristic ATP-binding sites in the ZntASaur primary structure, this indicates that 

transport of metal ions is powered by and alternative enegy source or mechanism 

(197).            

 

7.  Zinc binding proteins 
        From the physiological standpoint, metal binding by proteins was probably 

fundamental to the evolution of life.  The involvement of many metals to cell 

functions must have been preceded by ability of cells to manipulate these metal ions.  

In fact, metal buffering and metal transport are vital requirements for living systems to 

counteract the toxic effects of excessive amounts of metal ions, and are satisfied by 

specific proteins, which build up ‘non-functional’ types of binding sites.  In such sites 

metals are stored in anticipation of demand and in a form that neutralizes toxicity.       
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      Figure 2.9  Protein families involved in prokaryotic Zn(II) trafficking (203). 
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        There are many different classes of proteins that contain structural zinc ions, each 

characterized by a different folding pattern and/or a different zinc-binding site.  Zinc 

binding proteins found in nature can be roughly classified into 2 categories. 

 

        7.1  Zinc-finger proteins 

        Recently, increasing emphasis has been placed on the role played by zinc in zinc-

finger proteins, which are mainly nuclear transcription factors which, together with 

other families of transcription factors, control cell proliferation, differentiation and 

apoptosis through regulation of gene expression.  In the zinc-finger proteins, the zinc-

fingers or DNA-binding motifs, are arranged in different combinations and can 

recognize a large range of DNA sequences, although some participate in protein-

protein interactions that provide signaling via kinase binding domains.  Eukaryotes 

have been found to contain a far greater number of zinc-finger proteins than do 

bacteria.  It is generally proposed that the tetrahedral coordination of the Zn2+ ion 

involves four cysteine and/or histidine residues in various arrangements.  However, 

while proteins that contributed four protein ligand to zinc (e.g. Cys2His2, Cys2HisCys, 

and Cys4) tend to play a structural maintenance, the catalytic zinc proteins (e.g. 

carbonic anhydrase) provided only three protein ligands to zinc and had and open 

fourth site that was typically occupied by a water or hydroxide ion (204). 

        Zinc-finger proteins with zinc binding motif CysxHisy (x = 2–4, y = 4 - x) have a 

high affinity towards zinc ion (up to 10-12 M) (205).  Therefore, a synthetic peptide 

with zinc-finger consensus sequence might be adopted as a highly affinitive and 

selective ionophore for zinc ion in metal sensors. 

 

        7.2  Metallothionein 

        Metallothionein (MT) are proteins consisting of a single polypeptide chain of 61–

62 amino acids containing 20 cysteine residues which contain several bivalent cations 

(zinc, copper, cadmium, mercury) bound through metal-thiolate linkages. MTs are 

known to occur in all animal phyla examined so far as well as in certain fungi, plants, 

and cyanobacteria.  Physiologically induction of MT appears to be principally 

involved in detoxification of heavy metals and metabolism of several essential trace 

elements.  
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        Bacterial metallothioneins bind, sequester and buffer excess intracellular zinc. At 

present, the vast majority of the available experimental data relate to cyanobacterial 

metallothionein, SmtA, from Synechococcus PCC7942.  SmtA is required for normal 

resistance to zinc and smtA-mediated zinc resistance has been used as a selectable 

marker.  The imidazole groups of histidine residues, in addition to the thiol groups of 

cysteine residues, co-ordinate zinc in bacterial metallothioneins.  The metallothionein 

was cloned and expressed in E. coli (206) for studying Cd-binding properties. 

However, in such case the efficient production of MTs in E. coli was often limited 

because of the low level of expression of these products as well as their toxicity to 

bacterial cells.   

       E. coli, as well, express proteins that have the potential to form Zn(II)-binding 

metallo-chaperones include and unidentified periplasmic spy protein that is only 

produced when cells are incubated with millimolar concentrations of Zn(II) (207), 

YdaE and Zrap.  YdaE has significant primary structural similarity with SmtA from 

Synechococcus and has recently been shown to interact with Zn(II) (155).  ZraP is 

membrane-associated protein that undergoes a specific Zn(II)-induced cleavage to 

release a C-terminal Zn(II)-binding region into the periplasm, which is involved in 

acquisition of tolerance to high Zn(II) concentrations (207). 

                 

        7.3  Bacterial surface display of zinc-binding peptide 

        A rapidly emerging research field involves bacterial surface expression of metal-

binding peptides.  Bacterial sequestration of toxic metals has previously been 

investigated using non-engineered bacteria, but recombinant DNA technology offers 

the possibility of improving the metal binding capacity of the bacteria.  The adsorption 

of aqueous metal cations onto bacterial surfaces can dominate the metal speciation and 

control the mobility of some cations in low-temperature geologic systems 

        Recombinant Staphylococcus xylosus and S. carnosus strains were generated 

with surface-exposed chimeric proteins containing polyhistidyl peptides designed for 

binding to divalent metal ions.  The recombinant staphylococcal cells were shown to 

have gained Ni2+- and Cd2+-binding capacity (208).  Other metal-binding peptides 

have been expressed at the cell surface of E. coli (209-212) yielding bacteria with 

enhanced capacity to bind to divalent metal ions.  Over-expression of MT in bacterial 
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cells also results in enhanced metal accumulation (213).  These studies offer a 

promising strategy to develop microbial-based biosorbents to remediate metal 

pollution.  
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CHAPTER 3 

CONSTRUCTION OF CHIMERIC ANTIBODY BINDING 

GREEN FLUORESCENT PROTEIN FOR 

CLINICAL APPLICATION 
 

 

1.  Abstract 
        A chimeric antibody-binding green fluorescent protein (ZZGFPuv) was 

successfully constructed and applied as a powerful tool for immunological diagnosis.  

A gene encoding two repetitive sequences of Z-domain, derivative of IgG-binding B 

domain of Staphylococcal protein A, was fused in-frame to the N-terminus of gfpuv 

gene.  The chimeric gene was subsequently transformed and expressed in various 

strains of E. coli.  Expression of chimeric protein in E. coli strain HB101 resulted in a 

protein translocation from cytoplasm to periplasmic space and cultivation medium.  

The chimeric ZZGFPuv could be purified using either IgG Sepharose column or 

immobilized metal (Cu2+) affinity chromatography.  The purified protein migrated in 

non-denaturing SDS-PAGE as two major bands.  A fluorescent band was located at 36 

kDa while another band at 48 kDa exhibited non-fluorescence.  The fluorescent band 

was isolated and assessed for IgG-binding via fluorescent emission.  The lowest 

amount of IgG that could be detected by dot immunoblotting assay was approximately 

630 ng.  Indirect immunofluorescent assay for a serological detection of leptospirosis 

was performed by using the chimeric ZZGFPuv as IgG detector.  A strong fluorescent 

intensity as comparable to that of the fluorescein isothiocyanate (FITC) conjugated 

system was significantly detected.  All these findings supported a high feasibility to 

apply the chimeric Ab-binding GFP for clinical applications in the future. 
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2.  Introduction 
        In a variety of immunoassays, secondary antibody is considerably accounted for 

the sensitivity of the testing system.  It can provide a high specific binding and a 

magnification of detection signal.  Tracing of signal can be done by chemical labeling 

of a secondary antibody with reporter molecules such as radioisotope, enzyme, 

fluorescein and chemiluminescent compounds (129).  In such cases, enzyme is the 

most frequently used due to its stability and ease to handle.  However, in many 

circumstances disadvantages arise by the multiple assay steps, the use of carcinogenic 

or toxic substrates and the interference of endogenous enzymes and substrate of the 

system.  Alternatively, antibody can be labeled with the fluorescent compounds and 

extensively be applied in the immunofluorescent assay.  Tagging of fluorescence may 

simply be performed by chemical conjugation with fluorescent compounds while 

intensity variation between batches is generally occurred.  Photobleaching during 

assay observation is also another problematic factor.  Therefore, development of a 

versatile stable reagent that can be utilized as universal secondary antibodies is utmost 

necessary to maximize the immunoassay testing.  Construction of a chimeric protein 

providing a stable fluorescence emission activity along with a specific binding to 

immunoglobulin becomes a particular aim of our study. 

        Green fluorescent protein (GFP) is an autofluorescent protein isolated from the 

Pacific Northwest jellyfish, Aequorea victoria (126).  It is a monomeric protein 

composed of 238 amino acids with molecular mass of 29 kDa.  It can generate a green 

light emission (λmax = 509 nm) upon illumination with long-wave UV light source 

(113).  Neither additional substrates nor cofactors except molecular oxygen is required 

(120).  GFP is a very stable molecule in which the fluorescence remains at high 

temperature (Tm at 78C), extreme pH (2-11), high molar denaturant (6 M 

guanidinium hydrochloride; GdnHCl), and prolonged incubation with many kinds of 

protease (214).  The fluorescence is formed by autocatalytic cyclization of 

hexapeptide (residue 64-69) within the chromophore.  This fluorescence can readily be 

measured using common modes of detection.  Therefore, the GFP is widely used as a 

reporter molecule for gene expression (159), protein localization (130, 131), protein 

transportation (215), protein binding events (191), and protein fusions (216).  In this 
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study, GFPuv is aimed to use as a reporter molecule owing to the special 

characteristics as follows: i) high efficiency of protein folding at 37C; ii) high 

solubility; iii) high intracellular protein diffusibility; iv) strong fluorescent intensity 

(18 times brighter than wild type GFP) (124). 

        For the antibody-binding motif, much attention has been focused on the 

Staphylococcal protein A (SpA).  It consists of five highly homologous 

immunoglobulin (Ig) binding domains in tandem (designated as domain E, D, A, B 

and C) proceeding from N to C termini.  Each domain rearranges as a three-helix 

bundle consisting of 57-60 residues that can independently bind Fc portion of Ig.  It 

has been well established that the SpA is relatively stable.  It is partially but reversibly 

denatured upon exposure to 6M GdnHCl.  Furthermore, it is partly intact even after 

heating at 80C.  Supportive evidence from the circular dichroism (CD) shows that the 

secondary structure conformation remains intact over a pH range of 0.99-11.8 (85).  

Coupling of the SpA to certain enzyme has been applied as an enzyme-conjugated 

secondary antibody (93, 217).  Conjugation of the SpA with other fluorescent and 

bioluminescent proteins at the genetic level further expands its application in 

immunoassay and immunological diagnosis (5, 18, 76).  Furthermore, it has also been 

reported that secretion of protein A throughout the cell membrane effectively occurs 

due to the presence of SpA signal sequence.  This opens up a feasibility to use such a 

vector containing the SpA signal sequence as a tool for secretion of target protein. 

        To miniaturize the antibody-binding motif, a Fc-specific binding motif derived 

from the SpA B-domain (Z-domain) has been created and applied for protein 

conjugation (37).  It has been stated that the Z domain shows a number of binding 

sites on IgG similar to SpA while providing significantly fewer sites on IgA, IgM and 

Fab (106).  This indicates a high specificity of the Z-domain to Fc portion of IgG.  

Owing to the small size and high stability, the Z-domain has successfully been fused 

to the proinsulin and insulin-like growth factor to facilitate protein purification (66, 

218).  Therefore, this study has conducted to engineer a chimeric gene encoding 

chimeric GFPuv carrying two repetitive sequences of Z-domain.  Expression, 

purification and characterization of the fusion protein have been performed.  

Feasibility of applying the chimeric antibody-binding GFP as a powerful tool for 

clinical application is as well evaluated. 
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3.  Materials and Methods 
 

       3.1  Plasmids and bacterial strains  

        Plasmid pEZZ18 (Amersham Biosciences, Stockholm, Sweden) harbouring gene 

coded for double motifs of Z-domain (37) and plasmid pHis6GFPuv (219) were used 

for chimeric gene construction. E. coli strain HB101 (F-, thi-1, hsdS20(rB-, mB-), 

supE44, recA13, ara-14, leuB6, proA2, lacY1, galK2, rpsL20(strr), syl-5, mtl-1), 

strain BL21(DE3)  F–, ompT, hsdSB (rB–, mB–), dcm, gal, λ(DE3), pLysS, Cmr, and 

strain TG1 (supE, hsdΔ5, thiΔ(lac-proAB), F’[traD36 proAB+ lacIq lacZΔM15] were 

used as hosts for transformation and gene expression. 

 
        3.2  Enzymes and chemicals 

Restriction endonucleases and calf intestinal alkaline phosphatase were 

purchased from New England Biolabs (USA). T4 DNA ligase was obtained from 

Sibenzyme (Russia). All other chemicals were of commercially available. 

 
        3.3  Gene constructions 

To construct a chimeric gene encoding two consecutive Fc-binding domains and 

GFP, a fragment of GFP encoding gene was cleaved out from the pHis6-GFPuv using 

SacI and subsequently inserted into the SacI site of pEZZ18, yielding a plasmid of 

pSZZGFP. The standard protocols for ligation and CaCl2 transformation (220) were 

used. The in-frame fusing of chimeric gene was verified by restriction endonuclease 

analysis. 

 
        3.4  Protein expression and purification 

 
                3.4.1  Crude extract preparation  

        E. coli carrying plasmid pSZZGFP were grown in LB medium (Tryptone 10 g/L, 

yeast extract 5 g/L and NaCl 5 g/L) supplemented with ampicillin 100 mg/L. The 

culture was incubated at 30C with shaking (150 rpm) for 24 hrs.  Cells were harvested 

by spinning at 6,000 rpm for 5 min.  Cells were resuspended in working buffer (TST 

buffer for IgG sepharose purification or phosphate buffer for IMAC purification, 

ingredients below) and further disrupted by sonic disintegration at output 5 for 10 
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cycles of 60 sec pulse-on and pulse-off.  Cell debris was removed by centrifugation at 

10,000 rpm for 15 min. 

 
                3.4.2  Protein purification via IgG-sepharose  

The crude extract was applied directly to an equilibrated IgG-sepharose column 

(Amersham Biosciences, Stockholm, Sweden).  Unbound protein was washed out with 

10 column volumes of TST buffer (50 mM Tris, 150 mM NaCl, 0.05 % Tween 20, pH 

7.6) followed by 2 column volumes of 5 mM ammonium acetate, pH 5.0.  Bound 

protein was then eluted with 0.5 M acetic acid, pH 3.4. Fractions were immediately 

neutralized by addition of 0.5 M Tris, pH 10.0. 

 
                3.4.3 Protein purification via Immobilized Metal Affinity Chromatography 

(IMAC)  

Bulk protein was partially eliminated by heating of crude extract at 65C for 5 

min.  The denatured proteins were then precipitated by centrifugation at 10,000 rpm 

for 20 min. The clear supernatant was loaded onto the Metal Chelating Sepharose 6B 

column charged with CuSO4. After washing with phosphate buffer (50 mM Na2HPO4, 

0.3 M NaCl, pH 7.4), bound protein was eluted upon addition of elution buffer (50 

mM Na2HPO4, 0.3 M NaCl, 20 mM EDTA, pH 7.0). Green fluorescent fractions were 

then collected for further analysis. 

 
         3.5  Cell fractionation 

After separating cells from extracellular medium, the osmotic shock was 

performed according to Brewer and Sassenfeld (Brewer et al., 1990) to release 

periplasmic protein.  One milliliter of packed cells was resuspended in 8.0 mL 

periplasting buffer (20% w/v sucrose, 30 mM Tris-HCl pH 8.0, 1 mM EDTA, 0.15 % 

Triton X-100).  After leaving at room temperature for 5 min, cells were collected by 

spinning at 10,000 rpm. Pellet was resuspended in 4.0 mL cold water and swirled 

gently in ice bath for 10 min. Supernatant containing solubilized protein was collected 

by centrifugation at 6,000 rpm for 3 min at 4C. The spheroplasts were further 

sonicated and centrifuged at 10,000 rpm for 10 min at 4C to separate the cytoplasmic 

and debris fraction. 
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        3.6  Protein characterization 

 

         3.6.1  SDS-PAGE and immunoblotting  

Proteins separation was performed on 0.1% SDS-12% polyacrylamide gel 

without heat denaturation.  Discontinuous buffer system was used as described 

(Laemmli, 1970).  For immunoblotting, separated proteins were electrotransfered to 

nitrocellulose membrane using Mini Trans-Blot Electrophoretic Transfer Cell 

(Biorad).  The membrane was subsequently blocked with 3% BSA and then probed 

with human immunoglobulin (50 μg/mL).  TBS (50 mM Tris, 200 mM NaCl, pH 7.2) 

was used as washing and diluting solution.  After 3 times wash, the membrane was 

incubated with 1:2000 HRP-rabbit anti-human immunoglobulin (DakoCytomation, 

Glostrup, Denmark).  Specific bound antibody was then visualized by incubating with 

0.05% 3, 3’-diaminobenzidine tetrahydrochloride or DAB (Zymed, USA) and 0.01% 

hydrogen peroxide in TBS. 

 
        3.6.2  Dot-immunobinding assay  

Proteins were spotted onto nitrocellulose membrane and dried at room 

temperature. The immunodetection was performed as described earlier. 

 
        3.6.3  Fluorescence measurement  

Fluorescence was assayed by using FLx 800 microplate fluorescence reader 

(BIO-TEK, USA).  Fluorescent emission of GFPuv at 508 nm was measured upon 

excitation at 395 nm. 

 

        3.7  Application of chimeric protein in indirect fluorescent assay  

Glass slides coated with 0.5 McFarland cell suspension of Leptospira enterogans 

were probed with 1:10 serum from leptospirosis patient.  Two times washing with 

PBS were done and the slides were incubated with various amounts of ZZGFPuv or 

FITC-conjugated rabbit anti-human immunoglobulin (DakoCytomation, Glostrup, 

Denmark).  After wash off excess protein or antibodies, fluorescent signal was 

detected under fluorescent microscope using FITC filter. 
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4.  Results  
 

        4.1  Construction of chimeric ZZGFPuv gene  

        A plasmid pSZZGFP encoding a chimeric GFP carrying IgG-binding domain (Z-

domain) was successfully constructed.  Verification of the in-frame fusing was 

performed by restriction endonuclease analysis.  An increase in size of the pSZZGFP 

up to 5.3 kb was observed upon digestion with EcoRI.  Addition of SacI resulted in 

the presence of two corresponding bands of 4.6 and 0.7 kb for the pEZZ18 and gfp 

gene, respectively (data not shown).  A plausible conformation of the chimeric 

ZZGFPuv was illustrated in figure. 3.1. 

 
        4.2  Protein purification and characterization 

E. coli strain HB101 was selected as a host of choice for chimeric protein 

purification.  Since the chimeric protein carried the Fc-binding domain, therefore, it 

could easily be purified using IgG immobilized affinity chromatography.  However, it 

is worth to note that the protein migrated as 2 major bands at approximately 48 and 36 

kDa on the non-denaturating SDS-PAGE.  These two bands possessed IgG binding 

capability determined by immunoblotting.  The upper band was supposed to be the 

unfolding state of complete fusion protein with the calculated size of 48 kDa.  While 

the lower band rearranged as the compact form in which a strong fluorescent emission 

could be detected (figure. 3.2). 

In an attempt to isolate the fluorescent-active form, the chimeric protein was 

further purified by means of immobilized metal ion affinity chromatography charged 

with copper ions.  However, the result remained the same as obtained from IgG 

sepharose column (figure. 3.2; lane 2).  Finally, separation of the active form was 

carried out by cutting of the fluorescent band from the polyacrylamide gel. The gel 

fragment was then placed in a dialysis bag filled with Tris-HCl, pH 8.0 and the 

electrical current was applied to elute protein out of the gel.  The result of the 

purification of ZZGFPuv was summarized in table 1.  The purified protein showed a 

great purity (figure. 3.2; lane 1) with the purification fold of approximately 20 times.  

The purified ZZGFPuv possessed a specific fluorescent intensity of 4.8 x 105 

RFU/mg.  This fluorescence was approximately 2 times less than the native GFPuv. 
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        4.3  IgG-binding activity of the chimeric protein  

To evaluate the IgG-binding activity, the ZZGFPuv was applied as a fluorescent-

labeled antibodies-specific ligand for fluoroimmunoassay.  The detection limit of 

fluorescent signal on nitrocellulose membrane was approximately 250 ng protein/spot 

(figure. 3.3A).  The sensitivity of immunoglobulin-binding assay was at 630 ng 

Ig/spot observed under UV transluminator (figure. 3.3B).  

 
        4.4  Detection of Leptospira antibodies 

A feasibility of using the chimeric ZZGFPuv as a secondary labeling antibody 

was evaluated.  Detection of Ab against Leptospira in patient serum was performed.  

The slides coated with L. enterogans were incubated with 3 different concentrations of 

ZZGFPuv (figure. 3.4A-C).  The fluorescent signal of the chimeric GFP was observed 

under fluorescent microscope as compared to the FITC-system.  Non-specific binding 

was applied as a control by incubating the slides with normal serum.  Our findings 

indicated that increasing of fluorescent intensity corresponded to the protein 

concentration.  From this experiment, the minimum amount of 300 ng of the 

ZZGFPuv provided a great discrimination over the background interference for 

detection of leptospira antibody using indirect immunofluorescent assay. 

 
        4.5  Strain-specific for chimeric protein expression 

To further investigate whether expression of the chimeric ZZGFPuv relied on 

specific host, two more strains of E. coli including TG1 and BL21 were selected for 

comparison.  Expression of the chimeric protein in different hosts was monitored by 

measuring the fluorescent intensity of engineered cells.  As shown in figure 3.5, the 

fluorescent emission was in the order of HB101>TG1>BL21.  This indicated that 

expression of the chimeric ZZGFPuv was in a strain-dependent fashion. 

 
        4.6  Translocation of chimeric ZZGFPuv in E. coli 

        Further question arose whether the presence of SpA signal sequence facilitated 

protein transportation across the bacterial membrane.  A chimeric ZZGFPuv was 

expressed and secretion of the protein to the medium was investigated.  Each of 

cultured medium and crude extract was individually loaded onto the IgG Sepharose 

column.  Eluate fractions were collected and subjected to dot-immunobinding assay.  
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As represented in figure 3.6, the majority of chimeric protein was found in the crude 

extract.  This indicated the ineffectiveness of protein transportation to the medium. 

        To enhance the efficiency of transportation, cultivation of the engineered cells 

was controlled by the heat induction process.  E. coli HB101 carrying pSZZGFP was 

grown in the medium at 30C for 24 hrs.  After that, one portion was kept constant at 

30C while the temperature of another portion was raised up to 42C to induce protein 

secretion and continued incubating for 3 hrs (37, 221).  Protein obtained from each 

compartment (extracellular, periplasm, cytoplasm and cell debris) was analyzed by 

both of SDS-PAGE and immunoblotting.  As shown in fig. 3.7 and Table 2, 

approximately 60 % of ZZGFPuv was secreted into the medium upon induction with 

the temperature shift while less than 8 % was secreted under the normal growth 

condition. 

 

5.  Discussion 
 

        5.1 Feasibility of using chimeric antibody binding GFP for clinical 

application 

A potential approach of using a chimeric antibody-binding green fluorescent 

protein (ZZGFP) as a tool for immunological diagnosis has been explored.  The Fc-

binding portion (Z-domain) has successfully been fused to the N-terminus of the green 

fluorescent protein at the genetic level (fig. 3.1).  The chimeric protein possessed dual 

characteristics of both antibody binding and autofluorescent emission has been 

effectively applied for detection of antibodies against Leptospira in patient serum.  A 

strong fluorescent signal as comparable to that of the FITC system has been visualized 

under fluorescent microscope (fig. 3.4).  Advantages of using the same set of 

excitation/emission filter and the minimized photobleaching of the GFP compared to 

the FITC enlarge the scope of utilization (9).  Furthermore, detection of fluorescence 

in real-time expands its applicability for single-step immunoblotting.  The complete 

reaction can be finished within an hour, which is approximately 3 times faster than 

that of the conventional HRP/DAB detection system (5).  These findings open up a 

high feasibility to apply the chimeric antibody-binding GFP for clinical applications in 

the future. 
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        5.2  Characteristics of chimeric Ab-binding GFP 

Based on the previous studies, it is well established that the IgG binding 

capability of the staphylococcal protein A has not been changed dramatically upon 

fusion to the bioluminescent or fluorescent molecule (18, 76).  Meanwhile, little is 

known on the other Ig-binding protein derivatives.  In this study, we report for the first 

time the binding affinity to IgG of the Fc-binding monodomain (Z-domain) derived 

from the B-domain of staphylococcal protein A.  Two consecutive sequences of Z-

domain possess a strong binding interaction to immobilized IgG while maintaining a 

strong fluorescent emission (fig. 3.3B).  This high binding affinity and specificity to 

IgG as comparable to the SpA native domain has been reported (99).  However, the 

relative smaller size and high protein solubility are also being counted as its 

advantages.  Furthermore, the stability against hydroxylamine and cyanogen bromide 

due to the substitution of Ala1  Val and Gly29  Ala makes it more reliable than 

the B-domain. 

The presence of active form (fluorescent band; migrated at 36 kDa) and inactive 

form (non-fluorescent band; migrated at 48 kDa) of chimeric ZZGFP have been 

observed on the non-denaturation SDS-PAGE (fig. 3.2).  While, a complete 

denaturation upon heat treatment (95C, 5 min) reveals a single band at 48 kDa.  These 

findings indicate that the 36 kDa band exhibits a compact conformation of folded state 

while the 48 kDa band represents an unfolded state of ZZGFPuv.  Similar evidences 

have also been reported demonstrating that some portions of chimeric protein A-GFP 

and protein G-EGFP expressed in E. coli remain in inactive state (18, 19).  It is worth 

to mention that active form of antibody-binding GFPs (ZZGFPuv, protein A-GFP and 

protein G-EGFP) moves faster than the inactive form in non-denaturing gel.  

Contrarily, the opposite mobility pattern has been found in the wild-type GFP (11).  A 

plausible explanation is that incorporation of a certain amount of sodium dodecyl 

sulphate (SDS) to the antibody-binding portion facilitates a larger extent on protein 

mobility than the GFP molecule.  However, effects of isoelectric point and 

hydrophilicity between these two molecules have to be taken into consideration (17, 

222). 
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        5.3  Expression and localization of chimeric Ab-binding GFP in E. coli 

Based on our findings, bacterial host strain as well as the presence of signal 

peptide is a major factor affecting the expression and localization of chimeric ZZGFP.  

E. coli strain HB101 has experimentally been proven to be a suitable host for high 

level expression and secretion of chimeric ZZGFP throughout the cellular membrane 

(fig. 3.5 and 3.7).  A gene encoding ZZGFPuv has been placed downstream of the 

SpA signal sequence and the gene expression has been regulated by the SpA 

promoter, in which the secretion of heterologous protein can successfully be 

potentiated in E. coli.  The presence of SpA signal sequence facilitates protein 

translocation from cytoplasm to extracellular via the Sec pathway.  For circumstances, 

the insulin-like growth factor I (IGF-I) and proinsulin with complete function have 

successfully been secreted by this system (218, 223).  Since the GFP has a unique 

structure and relatively larger than the IGF-I and proinsulin, we doubt whether a 

mature GFP can be secreted throughout the cell membrane by the same system.  From 

our findings, the ZZGFPuv has successfully been secreted to the periplasm and the 

medium.  However, notification has to be made that induction of temperature up to 

42C in the cultivation process facilitates the protein transportation up to 60%.  

Supportive evidences on the production of protein content (up to 20 folds) and the 

enhancement of secreted product upon temperature shift after stationary phase have 

also been reported (223).  Our studies lend support the notion that expression and 

secretion of the GFP can be obtained via the Sec-dependent protein translocation.  

Feilmeier et al have previously demonstrated that the GFP can be exported to the 

periplasmic space by fusing with the maltose-binding protein carrying a typical Sec-

dependent signal peptide (131).  However, the GFP hybrid protein in periplasm 

exhibits a complete non-fluorescent indicating the improper folding.  In contrast, 

Casey et al have demonstrated the successfulness of periplasmic expression of 

fluorescent GFP upon fusion with the scFv and PelB signal sequence (8).  In our case, 

some portion of the ZZGFPuv (approximately 40 %) remains located inside the cells 

(Table 2).  The presence of protein residual in cell debris may be attributable to the 

binding interaction between the hydrophobic region of the signal sequence and lipid 

membrane.  This phenomenon has been evidenced by the incorporation of chimeric 

cadmium-binding GFP to the inner membrane of E. coli (224). 
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        5.4  Future perspectives 

Future perspectives for the development of a versatile reagent for clinical application 

are now taken as the ongoing research in our lab.  For instances, genetic re-

manipulations of the chimeric Ab-binding GFP are needed to be performed in order to 

attain a high level protein expression.  These include construction of the chimeric gene 

encoding chimeric GFP carrying the repetitive sequences of Z-domain on the C-

terminus in which the high level fluorescent emission can be obtained.  Expression of 

cytoplasmic chimeric Ab-binding GFP without the signal peptide is performed.  Since 

the presence of signal peptide e.g. CAT and PelB has been reported to reduce the gene 

expression while production of the protein A and protein G fused to GFP 

intracellularly yield the protein content up to 30 mg/L (8, 9, 17, 19). 
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Table 3.1  Purification of ZZGFPuv from crude extract of E. coli  HB101/pSZZGFP 
 
 

Protein 
Purification step Vol. 

(mL) Total 
(mg) 

Conc. 
(mg/mL) 

Total 
Fluorescence
(RFU x 105) 

Specific 
Fluorescence 

(RFU x 105/mg)

Purification 
fold 

Recovery 
(%) 

Crude extract 200 1240 6.2 291.0 0.2 1.0 100 

Heating at 65C 180 378 2.1 180.8 0.5 2.5 62.1 

IMAC-Cu 70 147 2.1 149.1 1.0 5.0 51.2 

SDS-PAGE 25 10.5 0.42 50.5 4.8 24.0 17.3 

 
 
 
 

Table 3.2  Protein and fluorescent determination of each compartment of E. coli strain 

HB101/pSZZGFP cultured in normal and heat-induction condition 

 
 

Protein 
Fraction Volume 

(mL) 
Total (mg) Conc. 

(mg/mL)

Total fluorescence
(RFU x 105) 

Specific 
fluorescence 

(RFU x 105/mg) 
% yield 

Heat shock culture (42C)       
Medium 4.2 14.1 3.36 3.46 0.25 59.1 

Periplasm 3.8 2.2 0.57 0.30 0.14 5.1 
Cytoplasm 8 19 2.38 0.75 0.04 12.8 
Cell debris 1 2.8 2.76 1.35 0.48 23 

Normal culture (30C)       
Medium 4.3 4.4 1.03 1.37 0.31 9.1 

Periplasm 4.5 6.4 1.42 3.26 0.51 21.6 
Cytoplasm 11 28.5 2.59 3.71 0.13 24.5 
Cell debris 2 3.5 1.75 6.78 1.94 44.8 
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        Figure 3.1 Schematic representation of the chimeric green fluorescent protein 

carrying two consecutive regions of Fc-binding domain (ZZGFPuv). 
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        Figure 3.2  SDS-PAGE analysis of purified ZZGFPuv. Two identical gels were 

demonstrated. Gel on the left side was Coomassie brilliant blue stained and on the 

right side was observed under UV illumination. Lane 1 represents purified protein 

isolated from SDS-PAGE gel, lane 2 represents purified protein obtained from IMAC-

Cu(II) and M indicates molecular weight marker. 
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10.0         5.0         2.5        1.25        0.63  μg IgG

(A)

(B)

 

 

        Figure 3.3 (A) Various amounts of ZZGFPuv (0.25-2.0 μg) were spotted on 

nitrocellulose membrane and (B) a series of human IgG (0.63-10 μg) spotted on 

nitrocellulose membrane were probed with ZZGFPuv. The fluorescent signals excited 

by UV light were observed and captured (BIO-RAD Digi Doc). 
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        Figure 3.4  Detection of antibodies against leptospira in patient serum by IFA 

using ZZGFPuv as a detection probe. Various amounts of ZZGFPuv were used; (A) 

1200 ng, (B) 300 ng and (C) 75 ng. FITC system was also used for comparison (D). 

Non-specific binding was monitored by incubating leptospira-coated slide with 

normal serum before probing with chimeric protein (E) 
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        Figure 3.5  (A) Suspension of cells expressing ZZGFPuv was observed under 

UV irradiation. Fluorescent emissions of chimeric ZZGFPuv expressed in 3 strains of 

E. coli (TG1, BL21, and HB101) were compared.  (B) The fluorescent intensities of 

cells expressing ZZGFPuv were quantified by measuring fluorescent emission light 

(508 nm) upon excitation with UV light (395 nm) using microplate fluorescence 

reader. The values are mean values of triplicate measurements and error bars indicate 

standard deviation. 
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        Figure 3.6  Dot-immunobinding assay of cultured medium (lane 1), eluate 

fraction from IgG-sepharose column of cultured medium (lane 2), crude extract (lane 

3), and eluate fraction from IgG-sepharose column of crude extract (lane 4). Panel A 

represents fractions from cell not expressing ZZGFPuv whereas panel B represents 

fraction from ZZGFPuv expressing cells. SpA 100 ng was blotted as a control (5A). 
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        Figure 3.7  Immunoblotting of proteins from each fraction of HB101/pSZZGFP. 

Panel A and B represent fractions from HB101/pSZZGFP cultured in heat-induced 

and normal condition, respectively. Lane 1 extracellular medium, lane 2 periplasm, 

lane 3 cytoplasm and lane 4 cell debris. M indicates molecular weight marker shown 

in kDa. 
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CHAPTER 4 

INSIGHTS INTO THE GENETIC-REMANIPULATION 

OF CHIMERIC ANTIBODY-BINDING 

GREEN FLUORESCENT PROTEINS 

FOR USING AS IMMUNOTAGGERS 
 
 
1.  Abstract 
        Genetic re-manipulation of chimeric antibody-binding green fluorescent proteins 

was successfully conducted to create a versatile tool for immunological diagnosis. Four 

chimeric Gaps carrying one or two-consecutive sequences of the Fc-binding motif (Z-

domain), derivative of IgG-binding B domain of Staphylococcal protein A (SpA), at C-

terminus were constructed. The chimeric Ab-binding Gaps possessed dual 

characteristics of both IgG-binding and fluorescent emission. Therefore, they could 

readily be purified to homogeneity using IgG-Sepharose column. Additionally, a hex-

histidine was fused to the N-terminal of the GFPZ or GFPZZ not only to allow a high 

protein recovery obtained from immobilized metal (Ni2+) affinity chromatography (Ni-

NTA) but also to assist protein immobilization on the sensor surface. Results obtained 

from the Surface Plasmon Resonance (SPR) revealed a high binding affinity (KA) to 

immobilized human immunoglobulin up to 6.7 and 81.1 (107/M) for the GFPZ and 

GFPZZ, respectively. By contrarily, this affinity constant was raised up to 2-5 times 

higher when the chimeric Gaps harboring hex-histidine residues was captured on the 

sensor chip via metal coordination. The strong binding affinity to IgG expanded the 

applicability of chimeric Ab-binding Gaps in the fluorescent antinuclear antibody 

(FANA) analysis. A strong fluorescent intensity higher than that of the fluorescein 

isothiocyanate (FITC) conjugated system was significantly detected. Moreover, the 

proteins with double repeats of Fc-binding motif (GFPZZ and H6GFPZZ) demonstrated 

obviously more intense and clearer signal than those harboring from a single Z domain. 

All these findings support a high potential approach of applying such the chimeric Ab-

binding Gaps for clinical applications in the future. 
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2.  Introduction 
        Green fluorescent protein (GFP) is an autofluorescent protein originally isolated 

from the Pacific Northwest jellyfish, Aequorea victoria (225).  It is a 27 kDa protein 

that emits fluorescent light (λmax = 508 nm) by excitation at 395 nm.  Neither substrate 

nor cofactor except molecular oxygen is required for the fluorescent emission.  This 

emission is attributed to the presence of an internal chromophore, formed by cyclization 

and oxidation of residues Ser65, Tyr66, and Gly67 (119). Fusion of the GFP to various 

kinds of cellular protein can be applied as a reporter for gene expression (128, 226), as 

a marker to study cell lineage during development (227, 228), and as a tag to localize 

proteins in living cells (130, 131). 

        Although GFP is a relatively small monomeric protein but it possesses a unique 

conformation.  Result from the crystal structure shows that GFP has a β-barrel 

structure, with the chromophore residing within the interior of the β-barrel (229).  This 

compact structure makes GFP highly stable to various hazardous conditions (e.g. high 

temperature, pH 5-11, high concentration of denaturing agent such as urea and 

guanidine hydrochloride) (230).  However, improper folding of the β-barrel structure 

leads to diminishing of fluorescent capability. 

        While many researchers have claimed that the fluorescence of full-length GFP is 

not significantly affected by most protein fused to either its N- or C-terminus (231, 

232), there are many studies showing that fusion of some proteins to GFP resulting in a 

decrease in its fluorescence especially when the protein was fused to the N-terminus of 

GFP.  Aoki et al. and Arai et al. have found that purified protein A-GFP and protein G-

EGFP contain some portion of protein with no fluorescence (18, 19).  The fluorescent 

and non-fluorescent forms of such proteins have been migrated to different position in 

SDS-PAGE analysis.  In 1999, Sacchetti et al. have reported that fusion of Myc-tag to 

the N-terminus of GFP diminishes folding efficiency of GFP whereas fusion of Sb-tag 

to the C-terminus of GFP results in 3-fold enhanced folding (233).  This phenomenon 

can be explained by the fact that the folding of protein is generally started immediately 

after their N-terminus is translated.  Therefore, fusion of the other proteins to N-

terminus of GFP may cause GFP irregularly folding. 
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        In addition, another factor affecting the fluorescent property of GFP is the 

localization of native GFP or fusion protein out of the cytoplasmic compartment.  It has 

been found that the fluorescence of GFP is decreased when it has been expressed under 

pelB signal sequence (8, 234).  Similar evidence has also been found in the chimeric 

protein composed of GFP fused to the C-terminus of maltose-binding protein (MBP) 

(131).  Fluorescence has not been detected when the chimeric protein is synthesized in 

conjunction with the MBP signal sequence.  In contrast, when the signal sequence has 

been deleted, the recovery of fluorescence is observed.  It is also worth noting that 

fusion of some protein such as single-chain antibody to the N-terminus of GFP although 

not possesses direct effect on fluorescent properties but results in very low protein 

expression (9, 132). 

        In our previous study (235), we have constructed the chimeric Fc-binding GFP, 

where the double repeat of Z-domain, a synthetic binding domain derived from protein 

A (37), has genetically been fused to the N-terminus of GFPuv (124).  However, it has 

been found that the fusion affects the properties of GFPuv, resulting in a decrease of 

fluorescence intensity as well as low yielding of the active protein.  The presence of 

signal peptide for protein secretion and the fusion of the Z-domains to the N-terminus 

of GFPuv are plausible reasons for the problems encountered.  Therefore, in this study, 

the signal peptide is omitted and we have constructed the Ab-binding GFPs by 

genetically fusing one or two consecutive repeats of the Z-domain to the C-terminal.  

Furthermore, a hexa-histidine tag has been added not only to allow an alternative 

purification method using immobilized metal affinity chromatography (IMAC) but also 

to assist protein immobilization on the sensor surface of Surface Plasmon Resonance 

(SPR).  The feasibility of using these chimeric proteins as a powerful tool for 

immunological diagnosis has also been explored. 

 

3.  Materials and Methods 
 
        3.1  Plasmids and Bacterial Strains  

        Plasmids pEZZ18 and pTrc99A, both obtained from GE Healthcare (Uppsala, 

Sweden), were used for the chimeric genes construction. The plasmid pTGFPuv 

previously described elsewhere (236) was used as a source of the gene encoding green 
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fluorescent protein. E. coli strain TG1 (supE, hsdΔ5, thiΔ(lac-proAB), F’[traD36 

proAB+ lacIq lacZΔM15] was used for cloning and protein expression. 
 

        3.2  Enzymes and Chemicals 

        Restriction endonucleases were purchased from MBI Fermentas (Vilnius, 

Lithuania). T4 DNA ligase and the “Expand High Fidelity PCR system” were obtained 

from New England Biolabs (Beverly, MA, USA) and Roche (Mannheim, Germany), 

respectively. All other chemicals were of analytical grade and commercially available. 
 

        3.3  Construction of chimeric genes encoding chimeric Ab-binding GFPs 

        A series of plasmids harboring chimeric genes encoding Fc-binding green 

fluorescent proteins was constructed. All cloning procedures were performed according 

to the standard protocol described by Sambrook et al. (220). Experiment was initiated 

by construction of a chimeric gene encoding the green fluorescent protein carrying a 

hexa-histidine at the N-terminal. Briefly, a complementary mixture of 0.1 µM of  

H6_1 (5′-CATGGGTCATCACCATCACCATCACGGTACCATCGATG-3′) and H6_2 

(5′-GATCCATCGATGGTACCGTGATGGTGATGGTGATGACC-3′) synthetic oligo-

nucleotides obtained from MWG Biotech (Ebersburg, FRG) was hybridized at 90C for 

15 min and slowly cooled down to room temperature. The hybridized DNA fragment 

containing an NcoI site at the 5′-end and a BamHI site at the 3′-end was further inserted 

in between the NcoI and BamHI sites of pTrc99A. Since there was an additional KpnI 

site following the hexa-histidine sequence, therefore, the gfpuv gene obtained from 

pTGFPuv was subsequently inserted in between the KpnI and Pits sites, resulting in 

plasmid pTH6GFPuv. 

        The fragments of gene encoding Fc-binding domain (Z or ZZ) were obtained by 

PCR amplification using the plasmid pEZZ18 as template together with the following 

sense and antisense primers:  

prim5ZZ_for 5′-AAAAGAGCTCGTAGACAACAAATTCAACAAAGAAC-3′  

prim3ZZ_rev: 5′AAAACTGCAGTCATTTCGGCGCCTGAGCATC-3′ 

(MWG Biotech). Parts of both primers are identical to the Z encoded gene, prim5ZZ 

includes a 5′ overhang containing SacI restriction site (underlined) and prim3ZZ 

includes a 5′ overhang containing PstI site (underlined) as well as a TCA stop codon 
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(reverse complementary sequence of TGA). Fragments obtained from amplification 

were then separated by agarose gel electrophoresis and purified using the QIAquick gel 

extraction kit (Qiagen, Basels, Switzerland). The DNA fragments of Z and ZZ encoded 

genes were digested with SacI and PstI and individually cloned into the 3′-end of 

hexahistidine-tagged GFP encoded gene in the plasmid pTH6GFPuv, resulting in 

plasmids pTH6GFPZ and pTH6GFPZZ, respectively. The genes encoding GFPZ and 

GFPZZ were then cleaved from pTH6GFPZ and pTH6GFPZZ by KpnI and PstI 

digestion and inserted into a new pTrc99A plasmid vector, resulting in plasmids 

pTGFPZ and pTGFPZZ, respectively. The cloning strategy of the different GFP 

constructs is presented in figure 4.1. The newly constructed plasmids were checked for 

the in-frame fusion by DNA sequencing using BigDye terminators v3.0 from Applied 

Biosystems (Warrington, UK), according to the supplier’s recommendations. 

 

        3.4  Expression and purification of chimeric Ab-binding GFPs 

 

                3.4.1  Crude protein extracts preparation 

        E. coli cells carrying various kinds of chimeric gene were grown in 400 mL of LB 

medium (Tryptone 10 g/L, yeast extract 5 g/L and NaCl 10 g/L) supplemented with 

ampicillin (100 mg/L). The culture was incubated at 37C under shaking (150 rpm) for 2 

hrs. Protein expression was then induced upon addition of IPTG to a final concentration 

of 1 mM and the cells were further grown at 30C until late exponential phase (16-18 

hrs). Cells were harvested by spinning at 7,000 g for 5 min, re-suspended in an 

appropriate working buffer (TST; 50 mM Tris-HOAc, 150 mM NaCl and 0.05 % 

Tween 20, pH 7.6 or IMAC buffer; 0.05 M Na-Phosphate, 0.5 M NaCl, pH 7.6), and 

disrupted by sonic disintegration. Cell debris was removed by centrifugation at 17,000 

g for 15 min. Bulk proteins were partially eliminated by heating of the crude extracts at 

70C for 15 min and the denatured proteins were subsequently removed by 

centrifugation at 17,000 g for 15 min. The clear supernatants were collected for further 

purification. 
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                3.4.2 Purification of chimeric protein via IgG-Sepharose affinity 

chromatography 

        The supernatant dissolved in TST buffer was applied onto 2 mL of IgG-Sepharose 

6 Fast Flow gel (GE Healthcare) pre-packed in a glass Econo-column (1 cm × 10 cm) 

from Bio-Rad Laboratories (Sundbyberg, Sweden). Unbound protein was washed out 

with 20 mL TST buffer followed by 4 mL of 5 mM ammonium acetate, pH 5.0. The 

chimeric Ab-binding GFPs were then eluted using 0.3 M acetic acid, pH 3.4 and the 

collected fractions were immediately neutralized with an equal volume of 0.5 M Tris-

HOAc, pH 10.0. The green fluorescent fractions were pooled and stored at 4C until 

further analysis. 

 

                3.4.3  Purification of chimeric protein via Immobilized Metal Affinity 

Chromatography (IMAC) 

        The supernatants of H6GFPZ and H6GFPZZ dissolved in IMAC buffer obtained 

after heat treating step were further applied onto 2 mL of NTA-agarose gel (Qiagen) 

immobilized with nickel ions (Ni2+-NTA) pre-packed in a C10 column (1 cm ×10 cm) 

using an AC10 adaptor (GE Healthcare). The column was washed using IMAC buffer 

containing 12 mM imidazole. Elution of chimeric GFPs was performed upon addition 

of 80 mM imidazole dissolved in the same buffer. Monitoring of protein elution profile 

was done using an UV detector at 280 nm and the different fractions were collected in 

accordance with the absorbance. 

        The recovered samples from both purification methods were finally dialyzed using 

Spectra/Por tubings (Spectrum Laboratories Inc., Rancho Dominguez, CA, USA) 

soaked into 0.01 M HEPES, 0.15 M NaCl, pH 7.6. Protein concentrations were 

measured according to the Bradford’s method (237) using “Bio-Rad Protein Assay”. 

 

        3.5  Characterization of chimeric Ab-binding GFPs 

 

                3.5.1  Molecular size estimation and fluorescent determination using SDS-

PAGE 

        Protein separation was performed on 12% polyacrylamide gels in a discontinuous 

buffer system, as described by Laemmli (238). Samples were mixed with loading buffer 
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and applied directly to the gel with or without heat denaturation. Molecular size 

estimation and fluorescent determination of the chimeric Ab-binding GFPs was 

performed on the SDS-PAGE with and without heat denaturation, respectively. 

 

                3.5.2  Investigation of native state of chimeric Ab-binding GFPs by gel 

Filtration 

        The gel filtration column was prepared using Sephacryl S-200 superfine (GE 

Healthcare). Gel was resuspended in running buffer composing of 10 mM Tris-HCl, 

0.15 M NaCl, pH 8.0 and packed at 1 ml/min into a C16 glass column (1.6 cm × 70 cm) 

with adaptors, generating a bed height of 48.5 cm. All samples were run at a flow rate 

of 0.1 ml/min, monitored with an UV detector (280 nm) and collected into 2 ml 

fractions. Blue-dextran was used to determine the void volume. Lactate dehydrogenase 

(LDH), bovine serum albumin (BSA) (Sigma), luciferase and GFPuv were used to 

calibrate the column. Each protein construct was individually applied to the gel 

filtration column to determine the molecular mass in the native state and to detect the 

feasibility of dimer formation.  

 

                3.5 3  Analysis of fluorescent property of chimeric Ab-binding GFPs 

        To investigate the fluorescence properties of cells expressing GFPuv and of the 

purified proteins, the fluorescence intensities of cell suspension and purified protein 

extracts were measured. E. coli harboring plasmids pTGFPZ, pTGFPZZ, pTH6GFPZ 

and pTH6GFPZZ were grown in 100 mL flask containing 50 mL of LB broth 

supplemented with 100 µg/mL ampicillin and IPTG was then added to a final 

concentration of 1 mM at 2 hrs after inoculation. The cultures were further incubated at 

30C for 18 hrs. Cells were harvested and resuspended in Tris-HCl, pH 8.0 to the same 

density (OD600 = 1). The measurements were performed in 4.0 mL cuvettes containing 

3.0 mL of cell suspensions. Fluorescence intensities at 508 nm were measured upon 

excitation at 400 nm using a Fluorimeter system from Photon Technology International 

(West Sussex, UK).  

        Fluorescent intensity of the purified chimeric Ab-binding GFPs was also measured 

in a similar manner. Specific fluorescent activity was further calculated as the 

fluorescent intensity per milligram protein. 
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        3.6  Biospecific interaction analysis of chimeric Ab-binding GFPs 

 

                3.6.1  Binding affinity to immobilized IgG molecules on sensor surface 

        To characterize the IgG binding affinity of all four constructs, the interaction 

between the chimeric Ab-binding GFPs and human IgG was investigated in real time 

using the BIACORE 3000 system (Biacore AB, Uppsala, Sweden). Human purified 

IgG (DakoCytomation, Glostrup, Denmark) was utilized as an immobilized ligand. 

Immobilization was performed using the amine-coupling procedure as described 

elsewhere (239). Briefly, a carboxylated dextran layer of the Biacore CM5 sensor chip 

was activated by N-hydroxysuccinimide (NHS) and N-ethyl-N′-(3-

diethylaminopropyl)-carbodiimide (EDC). The IgG solution used for immobilization 

was prepared in 0.1 M sodium acetate, pH 5.6 to a concentration of 100 nM. 

Background response of approximately 1800 response units (RU) caused by the 

immobilized molecule was reached before the surface was deactivated using 1 M 

ethanolamine-hydrochloride solution. A flow cell activated and deactivated in the same 

way, but without IgG immobilization, was used as reference. The chimeric Ab-binding 

GFPs were diluted in HBS-P buffer (0.01 M HEPES, 0.15 M NaCl, 0.005% Surfactant 

P20, pH 7.4) to final concentrations of 200, 100, 50, 25, and 12.5 nM. One hundred and 

fifty microlitres of each diluted sample was injected (30 µL/min) over the immobilized 

IgG surface. The association and dissociation rates of GFPZ, GFPZZ, H6GFPZ and 

H6GFPZZ to the IgG ligand were monitored and the results were displayed as 

sensograms. The data were subsequently evaluated using the BIAevaluation 3.2 

software (Biacore). The association rate constant (ka), dissociation rate constant (kd) and 

affinity constant (KA) were calculated using a 1:1 Langmuir adsorption model. 

 

                3.6.2  Binding affinity to free IgG molecules in solution 

        To further determine the binding affinity of the chimeric Ab-binding GFPs to free 

IgG molecules, the chimeric H6GFPZ and H6GFPZZ were immobilized onto the NTA 

sensor chip via the metal-binding interaction. In detail, nickel ions (500 µM in running 

buffer; 0.01 M HEPES, 50 μM EDTA, 0.15 M NaCl, pH 7.4) were firstly immobilized 

onto the chip by 1 minute injection at a flow rate of 10 μl/min. The H6GFPZ or 

H6GFPZZ obtained from IgG-Sepharose purification was further immobilized to a level 
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of approximately 400 RU. Samples of human IgG prepared at 5 different concentrations 

(275, 137.5, 69, 34.5 and 17 nM) were prepared in running buffer and injected at a flow 

rate of 30 µl/min. Between each sample injection, the chip was regenerated by a 30 µL 

of regeneration buffer (0.01 M HEPES, 0.15 M NaCl, 0.35 M EDTA, 0.005% 

surfactant P20, pH 8.3) at a flow rate of 10 μl/min. The BIAevaluation 3.2 software was 

used to evaluate the data and the kinetics constants were calculated using a 1:1 

Langmuir model. 

 

       3.7  Evaluation of potential usage of chimeric Ab-binding GFPs on fluorescent 

antinuclear antibody (FANA) analysis 

        To evaluate the potential usage of applying chimeric Ab-binding GFPs for 

immunological diagnosis, the fluorescent antinuclear antibody (FANA) assay was 

chosen. The cryosections of rat liver were prepared onto the microscope glass slides 

and kept at -20C until used. Immediately prior to the FANA test, the slides were 

removed from the freezer, allowed to warm up to room temperature, and air-dried. 

Thirty microlitres of serum from patient were applied onto the slides. After 30 min 

incubation at room temperature in a moist chamber, the slides were washed three times 

with PBS and let to dry at room temperature. Subsequently, 20 μL of the chimeric 

proteins (1 μM in PBS) was applied to the liver section and incubated at room 

temperature in a moist chamber for an additional 30 min. After being washed three 

times with PBS and air dried at room temperature, the slides were covered with 

glycerin and a cover slip. The results were observed under fluorescence microscope 

using FITC-filter set. The negative control was included by performing the test in the 

same manner using the normal serum. The test was also performed using an FITC-

conjugated antibody (DakoCytomation, Glostrup, Denmark) for comparison. 

 

4.  Results and Discussion 
        In our previous work (235), the chimeric Fc-binding green fluorescent protein 

(ZZGFPuv) has been constructed and proven to be a useful tool for immunofluorescent 

assay.  However, the low level protein expression and the disappearance of 

fluorescence in some portion due to the improper protein folding upon peptide 

extension at N-terminus is still being a major obstacle.  Moreover, the presence of SpA 
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signal sequence has been found to reduce gene expression and in some circumstances 

the chimeric protein was ineffectively secreted by sec pathway during translocation 

process (131).  Meanwhile, it has been reported by Sacchetti et al. that fusion at the C-

terminus provides a better folding of GFP, especially when the tag protein possesses a 

stable helix conformation (233).  These have motivated us to re-engineer the chimeric 

Fc-binding GFPs in order to obtain a higher amount of fully function chimeric proteins. 

 

        4.1 Genetic re-manipulation of chimeric Ab-binding green fluorescent 

proteins  

        In the present study, a series of chimeric genes encoding chimeric green 

fluorescent proteins carrying one (GFPZ) or two-consecutive repeat of Fc-binding motif 

(GFPZZ) at the C-terminus has successfully been constructed.  In addition, the H6GFPZ 

and H6GFPZZ, which are identical to those of GFPZ and GFPZZ while containing an 

additional hexa-histidine tag at the N-terminus of GFP, have also been constructed to 

assist protein purification as well as to apply for immobilization strategy via metal-

chelation.  Strong cellular fluorescence could be detected upon exposure of E. coli 

expressing chimeric Ab-binding GFPs to UV illumination as represented in figure 4.2.  

This finding infers that extension of the peptide on the C-termini does not play any 

significant disturbance on the GFP’s fluorescence. 

        Levels of protein expression on different variants of chimeric Ab-binding GFPs in 

E. coli were also determined.  Both of the fluorescence activities at the cellular level and 

specific fluorescence of purified protein obtained from IgG-Sepharose purification were 

measured (figure. 4.3).  Total cellular fluorescence of the H6GFPZ and H6GFPZZ was 

approximately 2.5 times lower than those of the others.  Meanwhile, non-significant 

difference in specific fluorescent activity among the purified proteins was observed.  

Our findings lend support the notion that the disparity of fluorescent emission of cell 

suspensions might be attributable to the variation in protein expression level.  This 

hypothesis was supported by the fact that the amounts of purified protein obtained from 

1 liter culture were at 14.1, 18.2, 4.7 and 4.9 mg for GFPZ, GFPZZ, H6GFPZ and 

H6GFPZZ, respectively.  Thus, it seems that the presence of the hexa-histidine tag 

appears to be detrimental in terms of protein production.  However, this limitation can 

be overcome by supplementation of free histidine residue to the growth medium (240). 
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        To investigate whether the non-fluorescent portion previously observed on the 

chimeric ZZGFP caused by the incomplete folding upon N-terminal extension, the 

specific fluorescent activity of the ZZGFP was compared to those of the chimeric GFPs 

providing the Z-domain at C-termini.  Our findings revealed that the specific 

fluorescence of purified GFPZ, GFPZZ, H6GFPZ and H6GFPZZ were approximately 

1.13, 1.91, 0.85 and 0.82 times as compared to that of the native GFPuv.  More 

importantly, the chimeric GFPZZ exhibited 3.8 times higher specific fluorescence than 

that of the fluorescent form of ZZGFP (36 kDa).   

        To further examine the molecular weight of chimeric Ab-binding GFPs and the 

tendency to form dimer (229), all the four constructs were individually subjected to gel 

filtration.  LDH, BSA, luciferase and GFPuv were used to create a standard curve for 

protein calibration.  Estimation of the molecular masses of the chimeric proteins was 

calculated from their elution volumes as represented in table 4.1.  The molecular masses 

of protein in the native state were of 30.9, 41.7, 33.9 and 40.7 for the GFPZ, GFPZZ, 

H6GFPZ and H6GFPZZ, respectively.  These values were in a good agreement with the 

theoretical values, proving that all constructs were obtained as monomeric proteins. 

 

        4.2  Purification efficiency of chimeric proteins using IgG Sepharose column 

vs. immobilized metal ion affinity chromatography (IMAC) 

        All chimeric Ab-binding GFPs possessed dual characteristics of both IgG-binding 

and fluorescence properties.  They could all be purified to homogeneity via IgG-

Sepharose column while retaining a high fluorescent intensity after purification, as seen 

in figure 4.4.  However, notification has to be made that elution of the chimeric protein 

from the IgG column requires very low pH, which may lead to the disturbance on 

protein function.  Therefore, the IMAC was chosen as an alternative method since it 

provided more advantages e.g. elution in mild condition, low cost, and multiple reuses 

of resin without significant loss of capacity. 

        Therefore, next experiment has been conducted to explore the efficiency of protein 

purification via IgG Sepharose and IMAC column charged with nickel ions.  Results 

obtained from the purification of H6GFPZ and H6GFPZZ using both methods were 

illustrated in figure 4.5 and table 4.2.  As seen in figure 4.5, the proteins were 

successfully purified to homogeneity via these two approaches in which the majority of 
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protein bands were represented at 34.3 and 40.9 kDa for the chimeric H6GFPZ (top 

panel) and H6GFPZZ (low panel), respectively.  Although, it seemed that the purity of 

the chimeric GFPs purified from Ni-NTA to be of slightly lower.  However, the IMAC 

purification has been proven to be beneficial, as the amounts of recovered proteins 

(~69%) were higher than that of IgG sepharose purification (~56%) (Table 4.2).  

Furthermore, the impurity presented after IMAC purification is very unlikely to 

interfere in the following immunoassays, as the type of interaction is very specific.  The 

lower prices as well as the higher capacity and stability of IMAC gels make the 

purification method even more attractive. 

        It is noteworthy that various kinds of buffer become one of the most serious threats 

to stability of chimeric GFPs especially during heat treatment.  A markedly decrease of 

fluorescence was found when the protein was solubilized in TST buffer.  This is most 

probably due to the presence of Tween, which can induce the exposure of hydrophobic 

residues buried inside the protein molecule and destabilize thereby GFP by favoring 

aggregation of proteins.  In a separate work, we have compared the influencing effect 

occurred during the cell lysis processes either via sonication or detergent-containing 

lysing buffer.  When the extracts were further heat-treated a greater loss of GFP was 

observed in the presence of detergent (data not shown).  One more important thing is 

the difference in thermal stability of GFP in phosphate and Tris buffer as stated by 

Penna et al.  It has been suggested that the thermostability of GFPuv at pH 7-8 was 

slightly greater in phosphate buffer than in the Tris-HCl (241). 

 

        4.3  Binding analysis of chimeric Ab-binding GFPs towards IgG 

        In order to determine the kinetic parameters of the binding interaction between the 

chimeric Ab-binding GFPs and IgG, a binding analysis using surface plasmon 

resonance was performed.  Experiments were carried out in two different ways: analysis 

of binding affinity to immobilized IgG molecules on sensor surface and affinity to free 

IgG molecules in solution.  For the former, human IgG (hIgG) was successfully 

immobilized onto the sensor surface by amino coupling.  The chimeric GFPs were then 

individually injected as the analyte and their association and dissociation constants were 

analyzed.  For the latter, the H6GFPZ and H6GFPZZ were applied as ligand and were 

non-covalently captured on the Ni-NTA sensor chip.  Binding interaction was analyzed 
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upon injection of the free IgG molecules into the system.  For the control experiment, 

both GFPuv and the histidine tagged GFPuv variant (His6GFP) were tested against 

hIgG.  None of the two proteins exhibited any affinity towards hIgG (data not shown), 

indicating the necessity of Z domain for high specificity achievements. 

        As shown in table 4.3, the affinity constants (KA) obtained from amino coupling of 

the chimeric GFPZ, GFPZZ, H6GFPZ and H6GFPZZ were at 6.7, 81.1, 2.4 and 60.3    

(× 107/M) respectively.  Our findings revealed that the chimeric GFP harbouring two-

repetitive Z-domains exhibited ten times higher affinity towards IgG than a single Z-

domain chimera.  These values are in consistency with those reported in the literatures 

for the Z and ZZ-domains [KA = 1.0-10.0 and 10-100 (× 107/M) respectively] (90, 107, 

242).  One main reason for the higher affinity constant of ZZ is owing to the lower 

dissociation rate presumably caused by a weak interaction between different molecules 

of Z domain or by the second site cooperation on the Fc molecule (99).  In addition, it 

should be noted herein that the hexa-histidine tagged constructs exhibited a bit decrease 

in affinity constant.  However, this affinity is still proven to be satisfactory for further 

applying in immunoassays. 

        Results obtained from the NTA chip designated a much higher affinity than those 

obtained from amine coupling experiment.  This high affinity resulted from 

approximately 13 and 8 times lower in dissociation rate (kd) in conjunction with 2.5 and 

3.5 times lower in association rate (ka) for the H6GFPZ and H6GFPZZ, respectively.  

The difference inkKa could be explained by the discrepancy in binding orientation.  

Plausible explanations can be drawn on i) the decrease of ka might be due in part to the 

high accessibility of small molecule (H6GFPZ or H6GFPZZ; ~30-40 kDa) to bind to 

IgG molecule (~150 kDa); ii) the difficulty of IgG to bind to the chimeric H6GFPZ or 

H6GFPZZ pointed toward the chip surface since the N- and C-terminal of GFP are 

located on the same side of β-can (229), therefore, the occupancy upon binding to 

immobilized metal ions is needed to be taken into an account.  For the lower kd obtained 

from the IgG-immobilized experiment, one plausible reason could be the fact that IgG 

might loose part of its binding ability during the amino coupling (243).  The differences 

might also be due to experimental set-up, but non-specific binding to the immobilized 

metal surface was negligible, by testing directly hIgG without pre-capturing of GFP 

molecule and no binding was observed (data not shown). 
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        4.4  Application of chimeric Ab-binding GFPs on fluorescent antinuclear 

antibody analysis (FANA) 

        To suit an ultimate goal of this study, the feasibility of applying the chimeric Ab-

binding GFPs as a powerful tool for detection of antinuclear antibodies (ANAs) was 

evaluated.  In this study, the chimeric GFPZ, GFPZZ, H6GFPZ and H6GFPZZ, were 

individually applied in FANA instead of FITC-conjugated anti-human antibodies.  The 

results indicated that all chimeric Ab-binding GFPs could be used as efficient as the 

FITC-conjugate to detect antinuclear antibodies (figure 4.6).  However, a divergence in 

fluorescence intensity could be observed among different kinds of chimeric GFPs.  The 

proteins with double repeats of Fc-binding motif (GFPZZ and H6GFPZZ) demonstrated 

obviously more intense and clearer signal than those harboring from a single Z domain.  

More importantly, it should be noted that the chimeric Ab-binding GFPs provided a 

stronger fluorescent intensity than the FITC-conjugated antibodies.  For the control 

experiment, when the negative serum was applied to the system no detectable signal 

could be observed. 

        In conclusion, our findings strongly support the high potential of using such the 

chimeric Ab-binding GFPs as a versatile reagent for immunological diagnosis.  Since 

many advantages are needed to be taken into consideration as follows: i) the fluorescent 

signal is relative resistant to photobleaching as compared with the FITC-conjugation 

system, ii) no special chemical or reagent is required for the reaction, iii) the sensitivity 

is sufficient to analyze a low level of antibody, iv) the fluorescence intensity and IgG-

binding capability are extremely stable for long period of storage at least 2 yrs at -20C 

or even exposure to repetitive freezing and thawing and v) the process is simple and can 

further be developed as a rapid assay in the future. 
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        Table 4.1. The molecular mass of chimeric Fc-binding GFP determined by gel 

filtration and the theoretical molecular mass calculated from amino acid sequences.  

 

Construct 

 

molecular mass (kDa) 

determined by gel filtration 

Theoretical molecular mass 

(kDa) 

GFPZ 30.9 33.1 

GFPZZ 41.7 39.8 

H6GFPZ 33.9 34.3 

H6GFPZZ 40.7 40.9 

 



Yaneenart  Suwanwong                          Insights into the genetic re-manipulation of Ab-binding GFP / 72 

 

        Table 4.2. Purification of chimeric GFPZ, GFPZZ, H6GFPZ and H6GFPZZ. 

Protein Purification step Total  Total  Specific %recovery Purification
    protein fluorescence  fluorescence   fold 
    (mg.) (count/sec)x106 (count/sec/mg)x106     

GFPZ Crude extract  193 697 3.6 100 1 
  Heat treatment 38.4 607 15.8 86 4.4 
  IgG sepharose 2.8 488 174.2 70 48.3 

GFPZZ Crude extract  226 859 3.8 100 1 
  Heat treatment 45 765 17 89 4.5 
  IgG sepharose 3.5 638 182.3 74 47.9 

  crude extract 82.6 244 3 100 1 
  heat treatment 18.3 218 11.9 89 4 

H6GFPZ IMAC (Ni-NTA) 0.92 167 181.2 68 60.4 

  crude extract 83.4 248 3 100 1 
  heat treatment 16.6 200 12 81 4 
  IgG sepharose 0.75 138 182.6 56 60.9 

  crude extract 84.3 273 3.2 100 1 
  heat treatment 17.6 230 13.1 84 4.1 

H6GFPZZ IMAC (Ni-NTA) 1.15 188 163.6 69 51.1 

  crude extract 84.7 294 3.5 100 1 
  heat treatment 16.4 225 13.7 77 3.9 
  IgG sepharose 1.00 164 163.6 56 46.7 
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        Table 4.3 Kinetics binding constants of chimeric Fc-binding GFPs for human IgG 

 ka
* 

(105/Ms) 
kd

* 

(10-3/s) 
KA

* 

(107/M) 
IgG-immobilization    
Z** 0.5-2.0 2.0-10.0 1.0-10.0 
ZZ** 1.0-5.0 0.2-1.0 10-100 
GFPZ  1.1 1.64 6.7 
GFPZZ 1.9 0.23 81.1 
H6GFPZ 0.5 2.00 2.4 
H6GFPZZ  1.4 0.23 60.3 
Metal-immobilization    
H6GFPZ 0.2 0.16 11.4 
H6GFPZZ 0.4 0.03 125.0 

* ka is the association rate constant. kd is the dissociation rate constant. KA is the affinity 

constant described as the ratio between ka and kd. 
** The kinetic parameters of Z and ZZ were obtained from previous studies (90, 107, 

242)  
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        Figure 4.1. Diagrammatic representation of gene encoding antibody-binding GFP 

constructs: GFPZ, GFPZZ, H6GFPZ and H6GFPZZ. 



Fac. of Grad. Studies, Mahidol Univ.                                                       Ph.D. (Medical Technology) / 75 
 

 

 

 

 

 

        Figure 4.2. Colony of E. coli TG1 carrying plasmid pTrc99A (A), pTGFPZ (B), 

pTGFPZZ (C), pTH6GFPZ (D) and pTH6GFPZZ (E), observed upon UV illumination. 
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        Figure 4.3. Specific fluorescence activity of each chimeric protein (A) and 

fluorescence level of E. coli cells expressing chimeric proteins (B), GFPZ, GFPZZ, 

H6GFPZ and H6GFPZZ, were determined. The results were normalized by dividing by 

the highest value of each category.  The values represent means of three measurements. 
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        Figure 4.4. SDS-PAGE of chimeric proteins purified using IgG immobilized 

affinity chromatography. Approximately 3 μg of protein were applied to electrophoresis 

with (left) or without (right) heat denaturation. The gel on the left side was stained with 

Coomassie brilliant blue whereas on the right the gel was exposed to UV irradiation. 

Lane 1, 2, 3, and 4 represent chimeric proteins GFPZZ, GFPZ, H6GFPZZ and H6GFPZ, 

respectively, M indicate a protein molecular weight marker (MBI fermentas) presented 

in kDa. 
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        Figure 4.5. SDS-PAGE demonstrating purification of H6GFPZ (upper gel) and 

H6GFPZZ (lower gel). Lane 2-5 are samples from IMAC and lane 6-9 are from IgG 

sepharose purification. lane 1: molecular weight marker, lanes 2 and 6: heat treated 

crude extract, lanes 3 and 7: unbound protein, lane 4: 12 mM imidazole wash, lane 8: 

NH4Ac (pH 5.0) wash, lanes 5 and 9: eluted fraction. 
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       Figure 4.6 Microscopic pictures showing result of anti-nuclear antibody test by 

IFA. (1A) negative serum was used, (2A) GFPZ, (3A) GFPZZ, (1B) FITC-labeled anti-

human antibody, (2B) H6GFPZ and (3B) H6GFPZZ were used as detection probed. 
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CHAPTER 5 

CHIMERIC ANTIBODY-BINDING VITREOSCILLA  

HEMOGLOBIN (VHb) MEDIATES REDOX-CATALYSIS 

REACTION: NEW INSIGHT INTO THE  

FUNCTIONAL ROLE OF VHb 
 

 

1.  Abstract 
        Experimentation was initiated to explore insight into the redox-catalysis reaction 

derived from the heme prosthetic group of chimeric Vitreoscilla hemoglobin (VHb).  

Genetic construction of two chimeric genes encoding chimeric VHbs harboring one and 

two consecutive sequences of Fc-binding motif (Z-domain) was successfully performed 

and expressed in E. coli strain TG1.  The chimeric ZVHb and ZZVHb were purified to a 

high purity of more than 95% using IgG-Sepharose affinity chromatography.  Binding 

affinity constants of the chimeric ZVHb and ZZVHb to human IgG were obtained from 

the surface plasmon resonance to be 9.7 x 107 and 49.1 x 107 per molar, respectively.  

More importantly, the chimeric VHbs exhibited a peroxidase-like activity determined by 

activity staining on native PAGE and dot blotting.  Effects of pH, salt, buffer system, 

level of peroxidase substrate and chromogen substrate were determined in order to 

maximize the catalytic reaction.  From our findings, the chimeric VHbs displayed their 

maximum peroxidase-like activity at the neutral pH (~7.0) in the presence of high 

concentration (20-40 mM) of hydrogen peroxide.  Under such conditions, the detection 

limit derived from the calibration curve was at 250 ng for the chimeric VHbs, which was 

approximately 5-fold higher than that of the horse-radish peroxidase.  All these findings 

on the novel functional role of the Vitreoscilla hemoglobin opens up a high trend of 

feasibility to further apply the chimeric VHbs in biotechnological and medical 

applications. 
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2.  Introduction 

        Hemoglobins are oxygen-carrying metalloprotein, which have been found in all 

vertebrates and some invertebrates including bacteria, fungi, and higher plants (244).  

These heme proteins involve various functional vitality of cells e.g. electron transfer, 

storage and transfer of molecular oxygen, and major metabolism of cell.  Hemoglobins 

are considered to be superlative molecules for studying reactions of electron transfer of 

heme protein owing to the well-defined structure and commercial availability (245).  

Enzyme mechanisms among electron transporting system have been explored to provide 

a platform for fabricating biosensors.  Construction and application of amperometric 

biosensors basing on molecular hemoglobins for determination of H2O2 and nitrite have 

extensively been reported (246-248). 

        Vitreoscilla hemoglobin (VHb) is an oxygen binding protein produced by the 

obligate aerobic bacterium Vitreoscilla sp.(142).  It represents the most versatile tool for 

metabolic engineering of cell biotechnological processes.  For circumstances, expression 

of VHb within various heterologous hosts (e.g. bacteria, yeasts, fungi, and plant cells), 

particularly under hypoxic conditions, results in enhancement of cell propagation, 

oxidative metabolism, antibiotic and enzyme production, and the detoxification of nitric 

oxide (for recent review see(249)).  It may also give rise to an increase yield of total 

proteins or intermediate metabolites and induction of bioremediation activity (250-252). 

The proposed function of VHb is to serve as oxygen storage trap or to facilitate oxygen 

diffusion to the membrane terminal oxidases (253, 254).  Discovery on the consequences 

of VHb expression will provide a greater understanding on the functional role of VHb 

under oxygen-limiting conditions.  Moreover, this will expand valuable information and 

pave the way for future applications of VHb. 

        Many attempts have been geared towards the evolutionary and functional 

significance of VHb in cellular metabolism.  However, little is known on the 

biochemical reactivity towards the heme ligands of VHb as well as other related 

functions.  The VHb consists of two identical subunits of Mr 15.8 kDa along with two 

protoheme IX per molecule.  Protoporphyrin IX is common to P450-type cytochromes, 

peroxidases, catalases, and other related enzymes.  Therefore, VHb is anticipated to 

exhibit some of the activities assigned to these enzymes (255).  Supportive evidences 

have been drawn on the discovery of peroxidase-like activity of hemoglobins (256-258).  
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This motivates the use of hemoglobins in place of peroxidase in many purposes e.g. 

water purification (259), H2O2 determination (260) and oxygen sensors (261). 

        To prove whether the heme prosthetic group of VHb can provide such a catalytic 

reaction as those obtained from the mammalian hemoglobins, the peroxidase-like 

activities of the purified VHbs have been tested in vitro.  Herein, two chimeric VHbs 

carrying one and two consecutive regions of Fc-binding motif (Z-domain) have been 

constructed.  The “Z” domain has been derived from a synthetic DNA fragment based on 

the sequence of the B-domain, a well-known motif of native staphylococcal protein A 

(SpA) that can bind specifically to the Fc portion of IgG (37).  This domain has been 

fused to the VHb in order to i) assist one-step protein purification via IgG-Sepharose 

affinity chromatography, ii) create a chimeric protein possessing dual characteristics of 

both IgG-binding and catalytic reaction, and iii) apply as an immobilization tool to allow 

the correct orientation of chimeric protein on the sensor surface.  The purified forms of 

chimeric proteins designated as ZVHb and ZZVHb have then been characterized for 

their IgG-binding affinities via the surface plasmon resonance as well as their 

peroxidase-like activities.  Maximization of the peroxidase-like activities of the chimeric 

VHbs has been performed in comparison with those obtained from the horse-radish 

peroxidase and bovine hemoglobin. 

 
3.  Materials and Methods 
 

        3.1  Bacterial strains and culture 

        E. coli strain TG1 (supE, hsdΔ5, thiΔ(lac-proAB), F’[traD36 proAB+ lacIq 

lacZΔM15]) was used as host for gene cloning and protein expression.  Luria-Bertani 

(LB) broth supplemented with ampicillin (100 mg/L) was used as a growth medium and 

protein expression was induced by addition of isopropyl-β-D-thiogalactopyranoside 

(IPTG). 

 

        3.2  Enzymes and chemicals 

        High Fidelity Taq DNA polymerase, restriction endonucleases and T4 DNA ligase 

were purchased from Roche (Mannheim, Germany).  All other chemicals and reagents 

were of analytical grade. 
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        3.3  Construction of chimeric genes encoding chimeric VHbs harbouring one 

and two-consecutive Fc-binding motifs 

        DNA fragments coding for the Z and ZZ binding motifs were obtained by PCR 

amplification using plasmid pEZZ18 (Amersham Biosciences, Stockholm, Sweden) as 

template and the two primers (MWG-Biotech AG):  

 
sense: 5′-AAAAGAATTCATGGTAGACAACAAATTCAACAAAGAAC-3′, 

antisense: 5′-AAAATCTAGATTCGGCGCCTGAGCATC-3′.   

 
Since the primers contain 5′ overhang of EcoRI site in the sense and XbaI site in the 

antisense, therefore, the PCR products were digested with these enzymes and 

subsequently inserted into the VHb expression plasmid, pQVD (262).  These resulted in 

the in-frame fusion of the Z and ZZ encoding genes at the 5′-end of the vhb gene.  All 

cloning procedures were performed according to the standard protocol as described by 

Sambrook et al.(220).  The newly constructed plasmids, designated pZV and pZZV, 

were verified for correct insertion by digestion of restriction endonucleases and further 

confirmed by DNA sequencing. 

 

        3.4  Purification of chimeric ZVHb and ZZVHb using IgG-Sepharose affinity 

chromatography 

        E. coli cells carrying plasmids pZV and pZZV were grown for 8 hrs at 37°C in 500 

mL baffled flasks containing 200 mL of LB medium supplemented with 100 mg/L 

ampicillin.  IPTG was then added to a final concentration of 1 mM and the culture was 

further cultivated at 25C for 4 hrs.  After harvesting by centrifugation, cells were washed 

and resuspended in IgG-Sepharose running buffer composed of 50 mM Tris, 150 mM 

NaCl, 0.05% Tween 20, pH 7.6 (Tris-saline Tween; TST).  Cell lysis was performed by 

ultrasonication (W380 Heat System Ultrasonic).  Cell debris was removed by 

centrifugation at 15,000 rpm for 15 min and the crude supernatant containing solubilized 

fusion protein was collected.  The crude extract was filtered through the millipore filter 

(0.45 µm) then subsequently applied to an IgG-Sepharose (Amersham Biosceinces) 

column (∅ 1.0 cm, 3 mL drained gel) by gravity flow.  Removal of unbound proteins 

was performed by washing with 10 column volumes of TST buffer followed by 2 

column volumes of 5 mM NH4Ac, pH 5.0.  The chimeric proteins were eluted from the 
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column using 0.3 M acetic acid, pH 3.4.  The eluted protein fraction was immediately 

neutralized with 0.5 M Tris, pH 10.0 and then dialysed against 0.1 M Tris-HCl, pH 8.0.  

Proteins were quantified using the Bio-Rad protein assay, based on the Bradford 

Coomassie blue dye-binding procedure (237). 

 

        3.5  Characterization of chimeric VHbs harbouring one and two-consecutive 

Fc-binding motifs 

 

                3.5.1  Molecular size estimation by SDS-PAGE  

        Protein electrophoresis was carried out in a discontinuous buffer system as 

described by Laemmli (238).  A stacking gel (4%) and a separating gel (14%) were cast 

using the Mini Protean III apparatus (Bio-Rad Laboratories).  Samples mixed with SDS-

loading buffer were boiled at 100C for 10 min before applying to the gel. After complete 

electrophoresis was reached the gel was stained with Coomassie brilliant blue. 

 

                3.5.2  Native PAGE and activity staining 

        Native PAGE and activity staining were performed under non-reducing conditions.  

The stacking (4%) and separating gel (10%) used for electrophoresis and activity 

staining were prepared without addition of sodium dodecyl sulfate.  Samples were mixed 

with loading buffer containing no reducing agent and loaded directly to the gel without 

heat denaturation.  Immediately after electrophoresis, the gel was rinsed with deionized 

water and incubated for approximately 30 min in 0.1 mM Tris-HCl, pH 8.0 containing 

1% dimethyl sulfoxide (DMSO) and 2 mM 1, 8-diaminonaphthalene (DAN).  Hydrogen 

peroxide was added to a final concentration of 10 mM prior to immersion of the gel.  In 

order to darken the DAN oxidation products, the gel was immersed in 20% 

trichloroacetic acid.  Additionally, the color of activity stained proteins was further 

enhanced by counterstaining the gel with Coomassie brilliant blue dye (263). 

 

                3.5.3  Absorbance spectra of chimeric VHbs 

        UV-Vis absorption spectra of chimeric VHbs were collected using a Shimadzu 

spectrophotometer model 1650 (Shimadzu, Japan).  Scanning of the spectra was started 

from 300-700 nm. 
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        3.6  Analysis of IgG-binding affinity of chimeric VHbs harbouring one and 

two-consecutive Fc-binding motif 

        To characterize the IgG binding capability of chimeric ZVHb and ZZVHb, the 

interaction between the fusion proteins and human IgG was investigated in real time 

using the BIACORE ® 3000 instrument (Biacore AB, Uppsala, Sweden).  Human 

purified IgG (DAKO) was utilized as an immobilized ligand and the amine-coupling 

procedure was performed (264).  In brief, the carboxylated dextran layer of a Biacore 

CM5 sensor chip was activated by N-hydroxysuccinimide (NHS) and N-ethyl-N’-(3-

diethylaminopropyl)-carbodiimide (EDC).  The IgG solution used for immobilization 

was prepared in 0.1 M sodium acetate, pH 5.6 to a concentration of 100 nM.  The 

immobilized response of approximately 1,800 resonance units (RU) was reached before 

surface deactivation using ethanolamine hydrochloride solution.  Activated and 

deactivated of blank flow cells (without IgG immobilization) were used as reference.  

The chimeric proteins were diluted in HBS-P buffer (0.01 M HEPES, 0.15 M NaCl, 

0.005% Surfactant P20, pH 7.4) to final concentrations of 100, 50, 25, 12.5 and 6.25 nM.  

One hundred fifty microlitres of each diluted sample was injected at the flow rate of 30 

µL/min over the immobilized IgG surface.  The association and dissociation rates of 

ZVHb and ZZVHb to the IgG ligand were monitored and the results were displayed as 

sensograms.  The data obtained were subsequently evaluated using the BIAevalution 3.2 

software (Biacore AB).  The association rate constant (ka), dissociation rate constant (kd) 

and affinity constant (KA) were calculated. 

 

        3.7  Analysis of peroxidase-like activity of chimeric VHbs 

        Peroxidase-like activity of chimeric VHbs was determined by measuring the rate of 

ABTS oxidation in the presence of H2O2 at ambient temperature.  Formation of the 

oxidised product, ABTS•+, was followed spectrophotometrically at 415 nm (ε415 = 3.6 x 

104 M-1cm-1).  The assay mixture contained 100 µL of 50 mM ABTS, 200 µL of 0.5 M 

Tris-HCl, pH 8.0 in a total volume of 0.9 mL.  The reaction was initiated by addition of 

100 μL of 50 mM H2O2.  The peroxidase activity of bovine hemoglobin (BHb; Sigma) 

was also measured for comparison. 
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        3.8  Maximization of peroxidase-like activity of chimeric VHbs 

        Maximization of peroxidase-like activity of the chimeric VHbs was performed as 

follows: 
 
                3.8.1  Optimum pH for peroxidase-like activity 

        The peroxidase-like activity of the chimeric VHbs was measured at various pHs 

ranging from 3.0-8.0 using phosphate citrate buffer. 
 

                3.8.2  Effect of salts and buffer systems 

        The peroxidase-like activity of the chimeric VHbs was measured in various kinds of 

buffer system including Na-phosphate buffer, K-phosphate buffer, phosphate-buffered 

saline, HEPES buffer and phosphate citrate buffer.  The pH of all the buffer systems was 

maintained at 7.0. 
 

3.8.3  Optimum concentration of hydrogen peroxide (H2O2) 

        Various concentrations of freshly prepared H2O2 (1.25 – 80 mM) were tested in the 

assays of peroxidase-like activity of chimeric VHbs.  Phosphate citrate buffer at pH 7.0 

was used in the assay. 
 

                3.8.4  Optimum concentration of ABTS substrate 

        Various concentrations of ABTS ranging from 0.5 – 8 mM were tested.  The 

reaction composed of 20 mM of H2O2 in phosphate citrate buffer at pH 7.0. 

        For further experiments, the peroxidase-like activity of the chimeric VHbs at 

various amounts was analyzed in phosphate citrate buffer, pH 7.0 containing 2 mM 

ABTS and 20 mM H2O2.  The catalytic reaction was recorded at OD 405 nm at 1 minute 

time interval for 3 min. 
 

4. Results and Discussion 

 

        4.1  Chimeric gene construction, protein expression and purification 

        In this study, two chimeric genes encoding chimeric Vitreoscilla hemoglobin 

harbouring one and two-consecutive Fc-binding motifs (Z-domain) were successfully 

constructed and expressed in E. coli.  As shown in Fig. 5.1, a markedly increase of 
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chimeric protein expression up to approximately 20% of total protein was found upon 

induction by IPTG.  The chimeric proteins could be conveniently purified by IgG-

Sepharose affinity chromatography yielding protein with more than 95% purity as 

judged by SDS-PAGE (Fig. 5.2) using AlphaImagerTM 2200 Documentation and 

Analysis system (Alpha Innotech Corp, USA).  The molecular weights of the purified 

ZVHb and ZZVHb were at 22.6 and 29.3 kDa, respectively. 

        Although both of the chimeric ZVHb and ZZVHb were expressed in high levels in 

E. coli, however, less than 10% was successfully purified.  Only 1.0 mg of the chimeric 

protein could be obtained from a 200 mL culture.  This is correspondingly due to the 

tendency of the VHb to form inclusion bodies as those reported previously.  Results from 

the immunogold labeling of VHb clearly indicated a cytoplasmic localization and VHb 

was concentrated near the periphery of the cytosolic face of the E. coli inner membrane 

(265).  From the absorption spectra measurements supportively demonstrated an 

additional peak at 620 nm beside the major peak ranged at 408-410 nm (Fig. 5.3).  The 

presence of major peak at 410 nm is denoted as the oxyhemoglobin state of the chimeric 

VHbs.  Meanwhile, it is conceivable that the minor peak ranged around 620 – 625 nm 

might be attributed to the spectra of phospholipids containing cyclopropanated fatty 

acids co-aggregated with VHb during the stationary phase of E. coli (266).  In order to 

recover the VHb from insoluble fraction, attempts have been geared towards the use of 

denaturation agents e.g. urea and guanidine hydrochloride or detergent solubilzation 

(267).  However, it should be noted herein that adjusting of growth condition or addition 

of Triton X-100 increased the amount of protein in the soluble form, but after 

purification the protein showed no peroxidase-like activity (data not shown).  Hart and 

coworkers (268) have identified that the VHb expressed in E. coli in insoluble form lacks 

the heme prosthetic group (apoVHb) whereas the soluble form (holoVHb) contains heme 

in the molecule.  Since the peroxidase-like activity of VHb depends on the heme group, 

this may explain the inactive form of ZVHb and ZZVHb in some protein portion. 
 

        4.2  Evaluation of the kinetic parameters of ZVHb and ZZVHb binding 

activities to human IgG 

        Binding affinity to human IgG of the two chimeric proteins were investigated using 

the SPR biosensor.  Our findings clearly showed that after being fused to VHb, the Z-
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domain possessed a strong binding affinity to human IgG.  The kinetic parameters 

including the association rate constant (ka), dissociation rate constant (kd) and affinity 

constant (KA) were calculated as summarized in Table 5.1.  The affinity constants to IgG 

of the chimeric ZVHb and ZZVHb were at 9.7 x 107 and 49.1 x 107/M, respectively.  

These values were in the same range as those of the native Z or ZZ reported.  This 

indicates that the Z-domain retains its native structure in the chimeric proteins. 

 

        4.3  Analysis of peroxidase-like activity of chimeric VHbs harbouring one and 

two-consecutive Fc-binding motifs 

        Verification of the peroxidase-like activity of the chimeric ZVHb and ZZVHb were 

performed using H2O2 and the reducing substrate ABTS as indicator.  Specific activities 

for bovine hemoglobin (BHb), VHb6H (native VHb carrying an additional 

hexahistidine), ZVHb and ZZVHb were 0.3, 1.7, 3.9 and 1.5 unit/mg, respectively.  

Moreover, the peroxidase activities of the chimeric proteins could be visualized by 

activity staining (Fig. 5.4) as well as by dot blotting (Fig. 5.5), where the proteins were 

applied on the polyacrylamide gel and nitrocellulose membrane and directly detected 

with DAN substrate. 

        To maximize the peroxidase-like activity of the chimeric VHbs, various parameters 

including the effect of pH, effect of salts and buffer systems, concentrations of H2O2 and 

ABTS were applied into the assay reaction.  Fig. 5.6 illustrates that the pH optimum for 

the peroxidase-like activity of all the chimeric VHbs was approximately 7.0 while the 

HRP was shown to exhibit the highest activity at pH around 4.0.  The phosphate citrate 

buffer at pH 7.0 was proven to provide a greater extent for the peroxidase-like activity of 

the chimeric VHbs.  A gradual increase of activity correspondingly to the concentrations 

of hydrogen peroxide (up to 20 and 40 mM) was found in the case of chimeric VHbs 

(ZVHb and ZZVHb, Fig. 5.7).  Contrarily, for HRP, our results advocate the former 

finding that increase concentration of H2O2 substrate markedly suppressed the peroxidase 

activity (269).  Among these parameters, the optimum concentration of ABTS was found 

to be at 2 mM to generate the highest activity.  Therefore, varied amounts of chimeric 

VHbs were conducted for peroxidase activity under the optimum condition to generate 

the enzyme response curve as represented in Fig. 5.8.  The peroxidase-like activities for 
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the chimeric VHbs were in the order of ZVHb > ZZVHb > VHb6H.  The detection limits 

were down to 250 and 50 ng for the chimeric ZVHb or ZZVHb and HRP, respectively.  

Notification has to be made that the HRP provides 5-fold higher sensitivity than those of 

the chimeric VHbs. 

        To investigate the physical stability of the chimeric VHbs, effects of heat treatment 

on the peroxidase-like activity were tested.  The ZVHb, ZZVHb, VHb6H and bovine Hb 

were diluted to a concentration of 10 µM in Tris-HCl, pH 8.0, and the protein solutions 

were then subjected to heat treatment at various temperatures ranging from 30 to 90C for 

10 min and immediately cooled down on ice.  The percentage of remaining peroxidase 

activities of these proteins were then determined (Fig. 5.9).  Our results revealed that the 

activity of VHb6H could be enhanced up to 135% when the protein was treated at 50C 

for 10 min and the protein retained more than 70% activity after heating to 80C.  In the 

case of bovine hemoglobin, the activity was mostly enhanced at 40C and it retained more 

than 60% activity after heated up to 80C.  For the chimeric proteins, the peroxidase-like 

activities were slightly increased in the case of ZVHb but not in ZZVHb, after heating 

the proteins, and totally disappeared when the proteins were heated up to 70C.  However, 

the ZVHb and ZZVHb retained nearly 100% activity after heating at 50C. 

        According to the previous studies, the structure of heme proteins has been found to 

be affected by heat treatment or denaturing agents.  Diederex et al (270) have recently 

reported on the increase of peroxidase activity of cytochrome c upon addition of 

guanidine hydrochloride.  Chattopadhyay (271) and his colleagues have demonstrated 

the conformational changes of horse-raddish peroxidase (HRP) by the effects of 

temperature and pH.  By circular dichroism and fluorescence studies, they have 

concluded that at neutral pH, changes of the tertiary structure around the heme pocket 

occurred at the temperature range of 40-50C while the overall secondary structure of the 

enzyme remained non-significant change.  However, at higher temperature (Tm = 74C), 

the heme was completely removed from the enzyme active site.  Moreover, acidity 

caused the splitting of the hemes from the apoproteins as indicated by the drop of their 

soret bands in methemoglobin (256).  Interestingly, the VHb6H and BHb give rise to 

more pronounced activity to heat enhancement than those of the ZVHb and ZZVHb.  
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Since peroxidase activity of hemoglobin is also based on the prosthetic heme group, the 

enhancement of specific activity upon heat treatment is probably due to the 

rearrangement of tertiary structure nearby the heme pocket resulting in unmasking of the 

heme pocket to the environment. 
 

5.  Conclusion and Future Perspectives 

        New insight into the catalytic reaction based on heme-prosthetic group of the 

Vitreoscilla hemoglobin (VHb) has been firsly revealed in this study.  The peroxidase-

like activity of the chimeric VHbs carrying the Fc-binding motif has been attained.  This 

novel function opens up a high feasibility to further apply the chimeric VHb in 

biotechnological and medical approaches.  The chimeric ZVHb and ZZVHb can further 

be accessed as a secondary antibody-peroxidase conjugate in various types of 

immunoassay.  Since the peroxidase is widely used to tag the secondary antibody in 

enzyme immunoassays.  Detection signal can be generated from a wide variety of 

chromogenic substrates.  The development of HRP-labeled SpA based on chemical 

conjugation has earlier been reported by Zhou et al (272).  However, the chemical 

reaction is complicated and degree of conjugation is hardly controlled.  Titration or 

validation is required due to batch to batch variation.  In addition, expression of native 

HRP in bacteria is intrinsically difficult on the account of the high tendency to form 

inclusion bodies (22).  Meanwhile, conjugation via gene fusion generates exact chimeric 

protein of the fusion partners.  The chimeric VHbs possess both the peroxidase-like 

activity and the IgG-binding affinity precisely as gene-engineered design.  Although the 

activity of the chimeric VHbs after maximization is 5-fold lower than that of the HRP.  

This in turn provides more advantages on the lowering background interference as 

compared to the HRP while augmenting an appropriate sensitivity for the detection.  

Interestingly, an optimum activity of the VHb is catalyzed on the high level of peroxide 

substrate which either of endogenous peroxidase or the HRP can be negligible (269).  

Our findings lend support the high feasibility of using the chimeric VHbs in 

immunohistochemistry purposes.  To further expand their applicability in other types of 

immunoassay, site-directed mutagenesis can then be applied to create mutation on the 

heme-neighbouring residues in order to achieve a higher catalytic mutant (273, 274).  
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Furthermore, the chimeric VHbs can be incorporated on to the sensor surface via the 

IgG-binding interaction and applied as an electrochemical-redox sensor for 

biotechnological applications in the future (260). 
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        Table 5.1. Kinetic parameters of binding between fusion protein and human IgG*

 

Protein  ka(s-1M-1 105)     kd(s-1 10-3)  KA(M-1 107)     References 
 
ZVHb   2.62 (±0.01)                  2.69 (±0.03)                          9.7    this study 

ZZVHb              4.33 (±0.01)                  0.88 (±0.01)                   49.1    this study  

Z   0.54   2.7          2.0        (107) 

Z   1.9    3.2           5.9         (90) 

Z   0.78   6.9          1.1        (242) 

ZZ   1.1   0.33         33.0            (107) 
ZZ   3.5   0.51         68.0                    (90) 
*ka is an association rate constant and kd is a dissociation rate constant. 
 KA is an affinity constant (KA = ka/kd). 
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        Figure 5.1 SDS-PAGE represents protein profiles of cell lysate of E. coli carrying 

chimeric genes of ZVHb and ZZVHb before (lane 1 and 3) and after induction by IPTG 

(lane 2 and 4).  Two major bands at molecular masses of approx. 22 and 29 kDa are 

shown after induction of cells expressing chimeric ZVHb and ZZVHb, respectively. M 

indicates molecular weight marker. 



Fac. of Grad. Studies, MahidolUniv.                                                          Ph.D.(Medical Technology) / 94 
 

 

        

 

 

  

ZVHb    M    ZZVHb

29.3
22.6

kDa
- 55.4

- 36.5
- 31.0

- 21.5

- 14.4

ZVHb    M    ZZVHb

29.3
22.6

kDa
- 55.4

- 36.5
- 31.0

- 21.5

- 14.4

 

        Figure 5.2 SDS-PAGE of the purified fraction of chimeric ZVHb (lane 1) and 

ZZVHb (lane 2) from IgG sepharose column   M indicates molecular weight marker.
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        Figure 5.3 UV-Vis absorption spectra (300-700 nm) of the chimeric ZVHb (solid 

line), ZZVHb (dash-dot line) and VHb6H (VHb with hexahistidine; dot line)   Inset 

represents the spectra with high magnification. 
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        Figure 5.4 Activity stain of eletrophoresis gel   The gel was loaded with 1.0 nmol 

of HRP, BHb, VHb6H, ZVHb and ZZVHb (lane 1, 2, 3, 4 and 5, respectively).  

Peroxidase-like activity was detected by trichloroacetic acid enhanced DAN staining (A) 

without and (B) with CBB counterstained. 
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        Figure 5.5 Dot blot peroxidase-like activity   Five microgram of each protein (HRP, 

bovine Hb, VHb6H, ZVHb and ZZVHb) was dotted on nitrocellulose membrane and 

allowed to dry at 4°C.  The membrane was then soaked in 0.1 mM Tris, pH 8.0 

containing 1% dimethyl sulfoxide and 2 mM 1,8-diaminonaphthalene (DAN).  A 

chimeric H6GFPZ was applied as a negative control (data not shown).  H2O2 was added 

to a final concentration of 10 mM. 
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        Figure 5.6 Peroxidase-like activity of chimeric ZVHb (triangle), ZZVHb (circle), 

VHb6H (square) and HRP (diamond) at different pHs 
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         Figure 5.7 Analysis of peroxidase-like activity of the chimeric ZVHb, ZZVHb, 

VHb6H and HRP in the presence of various concentrations of hydrogen peroxide 
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        Figure 5.8 Enzyme-response curve of the peroxidase-like activity of ZVHb 

(triangle), ZZVHb (circle), VHb6H (square), HRP (diamond) and H6GFPZ (cross; 

applied as a negative control) 
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        Figure 5.9 Percentage of residual peroxidase-like activity of ZVHb, ZZVHb, 

VHb6H, and BHb after heat treatment at various temperatures for 10 min   The values 

are mean values of triplicate measurements and the error bars indicate standard 

deviations. 
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CHAPTER 6 

CO-EXPRESSION OF ZINC-BINDING MOTIF AND GFP AS  

A CELLULAR INDICATOR OF METAL IONS MOBILITY 
 

 

1.  Abstract 
        A significant role of zinc-binding motifs on metal mobility in E. coli was explored 

using a chimeric metal-binding green fluorescent protein (GFP) as an intracellular zinc 

indicator.  Investigation was initiated by co-transformation and co-expression of two 

chimeric genes encoding the chimeric GFP carrying hexahistidine (His6GFP) and the 

zinc-binding motif fused to outer membrane protein A (OmpA) in E. coli strain TG1.  

The presence of these two genes was confirmed by restriction endonucleases analysis.  

Co-expression of the two recombinant proteins exhibited cellular fluorescence activity 

and enhanced metal-binding capability of the engineered cells.  Incorporation of the zinc-

binding motif onto the membrane resulted in 60 folds more binding capability to zinc 

ions than those of the control cells.  The high affinity to metal ions of the bacterial 

surface influenced influx of metal ions to the cells, which could readily be detected via a 

declining of fluorescent intensity of GFP.  Meanwhile, balancing of metal homeostasis 

due to the presence of cytoplasmic chimeric His6GFP enhanced the fluorescent emission.  

This infers the role of intracellular chelating effect to the metal in taking of cell.  These 

findings provide the first evidence of real-time monitoring of intracellular mobility of 

zinc by autofluorescent proteins.   

 



Fac. of Grad. Studies, Mahidol Univ.                                                      Ph.D. (Medical Technology) /103 
 

2.  Introduction 

        Zinc is an essential trace element required for the normal growth and viability of  

organisms (275, 276).  This metal ion plays critical roles in many cellular processes 

including cofactor of enzymes, nuclear factor and hormone.  A large number of enzymes 

and proteins contain zinc as a structural or catalytic cofactor such as alkaline 

phosphatase, RNA polymerase, superoxide dismutase and zinc finger proteins.  In some 

eukaryotes, level of intracellular zinc triggers various important cell events.  Depleting of 

zinc ions from the cell leads to cell death and apoptosis meanwhile deficiency of zinc 

ions in human can cause anemia, loss of appetite, defective of immune function, loss of 

epithelium integrity and growth retardation (277, 278).  Although zinc is not redox active 

under physiological conditions, excess of zinc ions can cause toxic to cells.  Zinc toxicity 

may mediate via binding to other cation binding sites which subsequently alter the 

appropriate function of proteins and cofactors.  The intracellular level of zinc ions is 

needed to be regulated to maintain viability and cell function. Precise regulatory systems 

have been evolved in many organisms to control the uptake, distribution, storage, and 

detoxification of zinc ions [for recent review see (279).  Several families of integral 

membrane proteins play role to transport zinc ions across the membranes into and out of 

the cells.  In Escherichia coli, zinc homeostasis is accomplished largely through the 

transcriptional control of zinc uptake (Zur) and efflux (ZntR) transporters (166, 280).  In 

mammalian cells, the transmembrane transporters (e.g. ZIP and ZnT families) are 

involved in the regulatory processes.  However, little is known on the molecular 

mechanism and location of intracellular zinc storage.  Recent studies revealed that no 

persistent cytoplasmic pool (zinc quota) of free zinc exists in E. coli under steady-state 

growth conditions (281).  In eukaryotic cells, labile zinc level has been stimulated at the 

low-nanomolar range (282).  Monitoring of intracellular zinc level usually requires the 

fluorescent zinc-specific probes e.g. zinquin, zinpyr-1 and TSQ (283-285).  Increasing of 

the intracellular labile zinc upon up taking from the extracellular medium can be 

visualized by the fluorescent intensity of cells.  Depletion of intracellular pools by metal 

chelators e.g. TPEN (membrane-permeable) and CaEDTA (membrane-impermeable) 

reveals a rapid decrease of fluorescence.  However, limitation has been on the high 

background of fluorescence, photobleaching and cell toxicity. 
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        Herein, we therefore explore a feasibility of using metal-binding green fluorescent 

proteins together with the expression of the zinc-binding motif as tools to study the metal 

mobility of the cells.  The co-expression of the chimeric genes encoding the zinc-binding 

motif fused to outer membrane protein (OmpA) (210) and the chimeric GFPs  (219) was 

performed in E. coli strain TG1.  With an advantage of autofluoresce of the GFP, 

depletion of zinc ions and metal homeostasis has been monitored in real time.    

 
3.  Materials and Methods 

        3.1  Bacterial strains and plasmids 

        Escherichia coli (E. coli) strain TG1 [(lac-pro), Sup E, thi1, hsd D5/F’ tra D36, pro 

A+ B+, lacI, lacZ, M15; (ung+, dut+)] was used as host.  Plasmids pGFPuv (Clontech 

Laboratories, USA), pHis6GFPuv (221) and pEVZn (210) were used for co-

transformation and co-expression. 

 
        3.2  Enzymes and chemical 

        Restriction endonucleases and molecular weight marker (λ/HindIII) were obtained 

from New England Biolabs.  Chelating Sepharose Fast Flow gel was purchased from 

Pharmacia Biotech, Sweden.  All other chemicals were of analytical grade and 

commercially available. 

 

        3.3  Co-transformation of chimeric genes 

        Transformation of chimeric genes into E. coli was performed according to the 

standard procedure. A plasmid pEVZn, which has previously been proven to express 

polyhistidine on the cell surface, was firstly transformed into E. coli strain TG1.  These 

cells were grown and treated with 50 mM CaCl2 to become the competent cells.  The 

plasmid of either pGFPuv or pHis6GFPuv was then co-transformed into the cells.  Cells 

were subsequently spread onto LB agar containing 100 mg ampicillin/l.  Transformants 

those possessed greenish fluorescence (observed under UV transiluminator) were picked 

and subcultured onto the LB media for isolation.  Plasmids were extracted from the cells 

by Miniprep standard protocol as described by Maniatis.  Successfulness of co-

transformation was verified via restriction endonucleases analysis. 
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        3.4  Verification of co-expression of two recombinant proteins 

        Cells carrying these two plasmids were grown in liquid LB medium containing 100 

mg ampicillin/l at 35C with shaking for overnight.  Cultures were pelleted by 

centrifugation then washed twice and resuspended in phosphate buffered saline (PBS; 50 

mM Na2HPO4, 0.3 M NaCl, pH 7.4).  Cell suspension was loaded onto the Immobilized 

Metal Affinity Chromatography (IMAC) charged with zinc ions.  Unbound cells were 

removed by washing with phosphate buffer.  Binding of cells to the gel was detected by 

determination of fluorescence emission under UV translumination and fluorescence 

microscope.  Bound cells were eluted with 500 μl phosphate buffer containing 20 mM 

EDTA.  Eluate was collected and subjected to microplate fluorescence reader for 

fluorescence measurement (excitation at 395 nm and emission at 508 nm). 

 

        3.5  Effect of zinc ions on fluorescence emission of engineered cells 

        Cells carrying pEVZn co-transformed with either pGFPuv or pHis6GFPuv were 

cultivated to allow co-expression between zinc-binding motif on the cell surface and 

native GFP or His6GFP in the cytoplasm.  Cultures were harvested, washed, and 

resuspended in 5 mM HEPES buffer, 0.85 % (w/v) NaCl, pH 7.1.  Cell suspensions were 

adjusted to 0.5 OD measured at 600 nm.  Aliquots of 50 μl cell suspension were further 

incubated with various concentrations (50 nM-50 mM) of ZnSO4 in 96-well microtiter 

plates.  Effect of zinc ions on fluorescent emission of engineered cells was investigated.  

The fluorescence intensity was measured at 5, 15, 30, 45, 60, 120, 180, and 240 min 

using the microplate fluorescence reader. 

 

4.  Results and Discussion 
        On this, we report the first evidence using of the chimeric GFP as an intracellular 

zinc indicator in E. coli.  Expression of the zinc-binding motif on the surface membrane 

clearly indicated that limitation of zinc uptake into the cell decreased the fluorescent 

intensity of the GFP.  Meanwhile, the presence of cytoplasmic metal-binding region 

(His6GFP) plays an active role for metal homeostasis. 
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        4.1  Co-expression of chimeric GFP and zinc binding motif 

        Co-transformation of the two chimeric genes encoding zinc-binding motif fused to 

outer membrane protein A (OmpA) (210) and chimeric green fluorescent protein carrying 

hexapolyhistidine (His6GFP) (219) in E. coli strain TG1 was performed.  The presence of 

these two chimeric genes was verified via restriction endonucleases analysis.  With 

respect to the presence of a unique EcoRI site on each plasmid (pEVZn and 

pHis6GFPuv), the extracted plasmid was cleaved by EcoRI and subsequently analyzed on 

an agarose gel electrophoresis.  As shown in figure 1, two corresponding bands (3.9 and 

3.3 Kb) were observed as compared to the pEVZn and the pHis6GFPuv, respectively 

(lane 2, 4 and 7). 

        To further confirm the co-expression of these two recombinant proteins, cells those 

exhibited green fluorescence were grown and expression of the zinc-binding motif on the 

cell surface was investigated via binding to the immobilized metal affinity 

chromatography (IMAC) charged with zinc ions.  Binding of engineered cells 

(TG1/pEVZn + pHis6GFPuv) on the IMAC gel was determined by using UV 

transiluminator as compared to cells expressing His6GFP intracellularly.  As shown in 

figure 2, the engineered cells exhibited not only a strong fluorescence as comparable to 

the control cell (upper panel) but these cells also provided the metal-binding capability 

(lower panel).  Immobilized cells were further visualized via a fluorescence microscope 

as represented in figure 3.  All these findings inferred not only the success of co-

expression but also exploring a feasibility of applying this approach as a tool for 

verification of metal-binding avidity of the engineered cells.  Similar investigations have 

also been reported by using phase contrast microscopy, electron transmission and 

fluorescence micrograph or confocal laser scanning microscope (209, 286, 287). 

        To further calculate the metal-binding capability of the engineered cells, a linear 

correlation between fluorescence intensity and amount of by-standing cells on the IMAC 

gel was determined.  Figure 4 showed such the correlation of cells expressing His6GFP 

intracellularly (figure 4A) or co-expression of His6GFP and zinc-binding motif (figure 

4B).  Both cases demonstrated the linear correspondence with a correlation coefficient 

very close to 1.  In addition, the engineered cells exhibited a bit higher fluorescence 

emission per se than the cell expressing His6GFP.  From these data, calculation could 
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easily be taken by dividing of the fluorescence intensity of cells eluted from the gel by 

the amount of gel.  The amounts of engineered cells and cells expressing intracellular 

His6GFP immobilized onto the gel were 0.98 × 108 cfu/ml and 0.0173 × 108 cfu/ml, 

respectively.  This finding suggested that the metal-binding capability of engineered cell 

was approximately 60-folds higher than that of the control cell.  The strong binding 

affinity is mainly attributable to the presence of zinc-binding motif consisting of several 

histidine residues throughout the bacterial surface membrane.  These basidic amino acids 

provide more affinity to zinc ions than the polar head group of the membranous material 

or the peptidoglycan layer of control cells (288) 

 

        4.2  Location of metal-binding regions on fluorescence responses 

        To investigate whether location of zinc-binding motif affected intracellular metal 

mobility, the alteration in fluorescent intensity of engineered cells was monitored.  For 

this purpose, co-transformation between pEVZn and pGFPuv was performed in a similar 

manner and applied for comparison.  All the cells were incubated with various 

concentrations (50 nM-50 mM) of ZnSO4 and the fluorescence responses were measured.  

As shown in figure 5A, a gradually reduction of fluorescent emission of cells expressing 

zinc-binding motif on the cell surface and native GFP (TG1/pEVZn + pGFPuv) 

according to time was observed in the absence of zinc ions.  Low concentration of zinc 

ions (50 nM) had no significant effect on the fluorescent intensity while contrarily metal 

at higher concentrations (50 μM – 50 mM) enhanced the fluorescence of the cells.  In 

case of cells expressing zinc-binding motif on the cell surface together with intracellular 

His6GFP, the declining of fluorescent emission in the absence of metal ions was not 

observed (Figure 5B).  More importantly, when various concentrations of zinc ions (50 

nM – 50 mM) were applied the enhancement effect on the fluorescent intensity was 

revealed as concentration dependent.  A plausible explanation to the discrepancy 

observation was the competitive binding to metal ions between the zinc-binding motif on 

the cell surface and intracellular metal-binding region.  In case of the native GFP, 

availability of zinc ions passing through the cellular membrane is limited by binding of 

the zinc-binding motif on the cell surface.  Since we have previously reported that zinc 

ions enhanced the fluorescent emission of GFP in vivo (20).  Therefore, depletion of zinc 
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resulted in a reduction of the fluorescent intensity of native GFP.  Supportive evidence is 

that fluorescence emission of native GFP expressed in the TG1 host without expression 

of the zinc-binding motif on the cell surface is up to 8-10 folds higher than that of the cell 

carrying pEVZn and pGFPuv (data not shown).  Furthermore, an alteration on colony 

morphology of the engineered cells is detected upon metal deprivation.  This is in a good 

agreement with the reduction of cell viability in the presence of zinc chelator (TPEN) 

(282).     

        It is worth to state that there was no significant difference in fluorescent emission 

between cells expressing His6GFP and cells co-expressing zinc-binding motif in the 

absence of metal ions (figure 4).  The enhancement effect of zinc ions on the fluorescence 

emission has readily been observed even at very low amount of metal applied to the cells 

(figure 5B).  Explanation is that the presence of intracellular polyhistidine may act as a 

high affinity-binding domain capable of efficiently capturing metals from the 

environment, which may increase the uptake and in turn modulate the function of metal 

ions for the cells.  Supportive evidences can be taken into accounts i) E. coli strain TG1 

expressing His6GFP intracellularly provided more metal accumulation than the others 

(289), ii) the hexahistidine provided a high affinity toward divalent cations as has been 

demonstrated by the association to chelating membrane lipid (290, 291) and IMAC-Zn2+ 

binding (219),  iii) the relative mobility of zinc ions across the cell membrane in a similar 

fashion was observed upon addition of a membrane-impermeable chelator e.g. CaEDTA  

(285) and iv) the histidine residue plays a major role in many zinc-transport systems (175, 

292).   

        All these findings suggest not only the significant role of zinc-binding motif on the 

metal regulation at the cellular level but also supporting a high feasibility to apply the 

chimeric GFPs as an intracellular metal indicator in the future (294).  For circumstances, 

linear response between zinc concentrations and fluorescent intensity of the engineered 

cells was investigated (figure 6).  Cells co-expressing the zinc-binding motif and 

His6GFP provided a linear response ranging from 0.5 μM - 5 mM with the correlation 

coefficient greater than 0.9 (figure 6B).  However, little is known on the enhancement of 

the fluorescent emission upon addition of zinc or cadmium ions to the cells expressing 

chimeric GFPs.  Further work is required to understand whether the hexapolyhistidine 
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exert their action by mediating direct transfer of the metal ions into the chromophore 

region as in case of the intra or intermolecular mechanism of copper transfer from the N-

terminal histidine rich region to the active site of Cu/Zn SOD (296) or by increasing the 

local concentration of the metal around the chromophore of the GFP. 
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        Figure 6.1  Restriction endonucleases analysis.  Lane 1 pEVZn uncut, lane 2 

pEVZn/EcoRI, lane 3 pHis6GFPuv uncut, lane 4 pHis6GFPuv/EcoRI, lane 5 λ/HindIII, 

lane 6 Co-transformation (pEVZn + pHis6GFPuv) uncut, lane7 Co-transformation 

(pEVZn + pHis6GFPuv)/EcoRI. 
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        Figure 6.2  Determination of metal-binding capability of engineered cells via 

fluorescent analysis.  Upper panel suspension of cells expressing His6GFP intracellularly 

(TG1/pHis6GFPuv) and cells co-expressing zinc-binding motif on the cell surface and 

His6GFP in the cytoplasm (TG1/pEVZn + pHis6GFPuv).  Lower panel metal-binding 

capability of engineered cells immobilized onto the IMAC gel charged with zinc ions. 
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        Figure 6.3  Metal-binding capability of engineered cells co-expressing zinc-binding 

motif on the cell surface and His6GFP intracellularly to the immobilized zinc ions on the 

IMAC gel determined by fluorescence microscope (400 X magnification). 
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Figure 6.5  Effect of various concentrations of zinc ions on fluorescence level of E. coli 

co-expressing zinc-binding motif on the cell surface and native GFP (A) or His6GFP (B) 
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Figure 6.6  Linear correlation between zinc concentration and fluorescence level of E. 

coli co-expressing zinc-binding motif on the cell surface and native GFP (A) or His6GFP 

(B) in the cytoplasm.   
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CHAPTER 7 

CONCLUSION AND FUTURE PERSPECTIVES 
 

 

        Gene fusion technology is a valuable mean for creation of novel chimeric 

proteins possessing multi-functional properties.  The genetically constructed chimeric 

proteins can readily be utilized in various applications.  However, genetic fusions may 

affect directly the property of the protein due to a structural alteration or their 

expression in host cells cause by metabolic constraint.   Therefore, the genetic re-

engineering is sometimes considered to circumvent those problems.   

        In this thesis, the construction and re-manipulation of antibody-binding green 

fluorescent proteins has been demonstrated.  Owing to their bi-functional properties of 

Fc-binding and autofluorescence, these chimeric proteins have been proven to be 

useful in various immunoassay formats.  This study demonstrates the application of 

chimeric antibody-binding GFPs in the detection of antibodies against Leptospira spp. 

as well as anti-nuclear antibodies in the patient serum based on indirect 

immunofluroescent assay.  This study show that, by using these chimeric protein 

instead of conventional FITC-conjugated secondary antibody, a strong fluorescent 

signal comparable to that of FITC-conjugated system could be obtained.  However, the 

GFP as a fluorescent generator provide advantages over FITC.  The GFP could be 

easily detected using FITC filter in standard fluorescent microscope but it exhibits 

slower photobleaching rate than FITC.  The chimeric proteins exhibit long shelf-life of 

at least 2 years when stored at -20C.  Besides the indirect immunofluorescent assay 

described above, these chimeric antibody-binding GFPs can also be use for detection 

of antibody in dot blot, western blot as demonstrated in this study and others (1, 2).  

These results infer a potential of applying these chimeric antibody-binding green 

fluorescent proteins as an immunoreagent for clinical diagnosis and plausibility for 

development of commercial kit in the future.  

        Alternatively, for the detection of antibodies without fluorescent detection 

instrument, antibody-binding Vitreoscilla hemoglobins have been successfully 
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constructed.  The chimeric proteins possess bi-functional properties of Fc-binding 

capacity and peroxidase activity.  The lower catalytic activity of the chimeric 

antibody-binding VHb as compared to native peroxidase might be taken as beneficial 

since it possesses low background interference which ususally be problematic in 

analysis of cytochemistry using densitometer.  However, the low activity still be the 

main limitation of applying these proteins in some immunoassay format.  Therefore, 

further studies are required to maximize the peroxidase activity of VHb. 

        The binding analysis demonstrates that fusion of GFP to the N-terminus of Z-

domain and fusion of VHb to the C-terminus of Z-domain exert no effect on Fc-

binding capacity of the chimeric proteins, which in turn indicate no disturbation of 

protein structure in proximity of the binding site.  This result clearly suggests that Z-

domain can tolerate both N- and C-terminus fusion to other proteins.  On the contrary, 

a conformational sensitivity of GFP to the attached protein at its N-terminus was 

revealed by its fluorescent loss in some portion of the chimeric ZZGFPuv.  The re-

engineering of the chimeric antibody-binding protein by fusion of Z-domain to the C-

terminus of GFP resulted in fluorescence regain and the improve yield of the chimeric 

protein.  This result demonstrates the effect of chimeric protein arrangement on their 

specific property.  This evidence issues a warning to those who considers fusing any 

protein to the N-terminus of the GFP. 

        Furthermore, herein, the investigation of many cellular mechanisms was 

described.  First of all, expression of the antibody-binding green fluorescent protein, 

ZZGFPuv, in secreted form was attempted to facilitate protein purification.  This study 

demonstrates that more than 50 % of the chimeric protein was translocated out of the 

cytoplasm.  However, the protein transport across a bacterial outer membrane was 

infavorable unless with heat induction.  The presence of signal peptide might also 

exert an adverse effect on fluorescent intensity of GFP and decrease yield of the 

chimeric protein.  This phenomenon has also been reported previously by many 

researchers (3-5).  Additionally, the study of the chimeric protein expression in various 

E. coli strains indicated strain-dependent expression pattern.   

        Those findings susggest that the chimeric proteins, by some how, might exert 

some effect in cellular level, thus the studies of cellular event using tagging proteins 

was highly motivated.  One of the prominent cellular events is the mobility of metal in 
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bacterial cells.  Since the alteration in cellular fluorescence level corresponse to metal 

concentration of the cell expressing GFP has been reported previously (6).  The 

present study reveals that the limitation of zinc uptake due to an insertion of zinc-

binding motif into the outer membrane protein of E. coli cells expressing GFP could 

be monitored by the declining of cellular fluorescent intensities.  Meanwhile, 

intracellular expression of hexahistidine-tagged GFP provided a competitive zinc-

binding capacity and resulted in the enhanced fluorescent emission.  This suggests the 

significant role of zinc-binding motif on cellular zinc homeostasis.  Also, this study 

demonstrates, for the first time, the feasibility of applying the chimeric GFPs as a 

intracellulr metal indicator.   
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