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ABSTRACT 

A 712 bp partial cDNA clone {czbp-1) of the citrus 

vascular zinc binding protein (CVZBP) was isolated using 

reverse transcriptase polymerase chain reaction (RT-PCR). 

The deduced amino acid sequence of czbp-1 was identical to 

the N-terminal amino acid sequence for the CVZBP. Czbp-1 had 

a 549 bp open reading frame and two putative polyadenylation 

sites, +20 bp and +103 bp relative to the poly-A tail. The 

deduced amino acid sequence had identity with members of the 

Kunitz soybean proteinase inhibitor (KSPI) family. Many 

members of this family cire present in high concentrations in 

storage organs such as seeds and tubers, increase in response 

to abiotic stress, and are considered defense or stress 

response proteins. The CVZBP did not appear to fit in this 

category. Unlike many members of the KSPI family CVZBP was 

not detected in citrus seeds and protein levels decreased in 

response to wounding. Transcript also decreased in response 

to osmotic stress; a similar result previously was reported 

for CVZBP protein levels. Accumulation of CVZBP and its 

transcript increased in Zn deficient citrus seedlings 

compeired to those receiving sufficient levels of Zn, 

indicating that Zn nutrition can modulate CVZBP expression. 

Recombinant CVZBP was produced and used to determine the 
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capacity of this protein to inhibit several types of 

proteinases. The CVZBP inhibited the cysteine proteinase, 

papain, but not the serine proteinases, trypsin and 

chymotrypsin. CVZBP protein was immunolocalized primarily to 

the xylem parenchyma in vascular tissue of citrus midribs. 

Based on these results it is possible that the CVZBP has a 

function in vasculeir differentiation. Cysteine proteinases 

were identified in developing tracheary elements in Zinnia 

cell cultures. Addition of inhibitors of cysteine proteinase 

to these cultures prior to secondary cell wall deposition 

prevents differentiation of the cells into tracheeiry 

elements. Perhaps cysteine proteinase inhibitors, such as 

the CVZBP, in the xylem, contribute to timing of tracheary 

element differentiation eind determination. 
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INTRODUCTION 

The overall goal of this research was to examine the 

function of a Zn-binding protein found in the vascular tissue 

of citrus. To meet this objective, the cDNA for a citrus 

vascular specific zinc binding protein (CVZBP) was cloned and 

expression of this gene cuid the protein was examined. The 

hypothesis that the CVZBP is a proteinase inhibitor expressed 

in vascular tissue was examined. 

Proteinase Inhibitors 

Overall, the physiological role of proteinase inhibitors 

(Pis) is to eliminate proteolysis when physiologically or 

developmentally appropriate (Bode and Huber, 1992; Laskowski 

and Kato, 1980). However, identification of specific 

interactions between proteinases and proteinase inhibitors in 

vivo has been very limited, especially in plant systems. 

Proteinase inhibitors can be divided into four major 

categories: inhibitors of serine, cysteine, metallo-, and 

carboxyl-proteinases (Laskowaski and Kato, 1980). The 

largest group of identified inhibitors are those that inhibit 

serine proteinases. 

A standard or 'canonical' mechanism has been proposed for 
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function of a large nxamber of serine Pis (Blow et al, 1974; 

Bode and Huber, 1992; Laskowski eind Kato, 1980). Each 

inhibitor molecule has a peptide bond, called the reactive 

site (Pj^-P'), which is contained in an exposed loop. This 

site interacts with the active site of the proteinase in a 

substrate-like manner, resulting in hydrolysis of the peptide 

bond in the reactive site (Bode cind Huber, 1992). The 

proteinase specificity of the PI is thought to be dependent 

on the amino acid residue (Pj^) present at the reactive site 

(Hill and Hastie, 1987; Hung et al, 1994; Laskowski et al, 

1987; Odani et al, 1980). Inhibitors with lysine or arginine 

at the P^ site generally inhibit trypsin cuid similar 

proteinases (Blow et al, 1974; Hung et al, 1994; Onesti et 

al, 1990). Those with tryptophan, tyrosine, phenylalanine, 

or leucine at the P^^ site generally inhibit chymotrypsin 

(Joubert et al, 1987). But variability among systems 

suggests other factors influence specificity of the 

inhibitor. Apostoluk and Otlewski (1998) examined the 

canonical loops of serine Pis smd concluded that hydrogen-

bonding within the loop, hydrogen-bonding between the loop 

and the scaffold region, and hydrophobic and/or polar 

interactions involving the P^^ residue contributed to the 
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physical structure of the loop. This may in turn influence 

specificity of the inhibitor. 

Kunitz Soybeem Proteinase Inhibitor Family 

The first member of the Kunitz soybecui proteinase 

inhibitor (KSPI) family, soybean trypsin inhibitor (STI), was 

identified by Kunitz in 1947. Currently, members of this 

family have been identified in a wide range of plant species 

(Gruden et al, 1997; Habu et al, 1997; Habu et al, 1992; 

Hansen and Hannapel, 1992; Hung et al, 1994; Ishikawa et al, 

1994; Kamimura et al, 1997; Lawrence et al, 1997; Lopez et 

al, 1994; Mares et al, 1989; Masuda et al, 1995; Milligan and 

Gasser, 1995; Odani et al, 1996; Ohtsubo and Richcurdson, 

1992; Peng et al, 1993; Spencer and Hodge, 1991; Souza et al, 

1995; Terada et al, 1994; Yeh et al, 1997). To date the 

largest number of inhibitors identified in this family are 

inhibitors of serine proteinases. However, the KSPI 

superfamily also includes inhibitors of cathepsin D, 

subtilisin/a-amylase, and cysteine proteinases (Gruden et al, 

1997; Mares et al, 1989; Ohtsubo eind Richardson, 1992); as 

well as wound induced proteins, osmotic stress induced 

proteins, a chlorophyll binding protein, a dehydroascorbate 

reductase, and the taste modifying protein, miraculin 



(Bradshaw et al, 1989; Gosti et al, 1995; Hansen and 

Hannapel, 1992; Hollick and Gordon, 1995; Kamlmura et al, 

1997; Lopez et al, 1994; Masuda et al, 1995; Nishio and 

Satoh, 1997; Reviron et al, 1992; Saarikoski et al, 1996; 

Trxamper et al, 1994). 

In all characterized Pis that follow the standard 

mechanism, the reactive site loop is delineated by at least 

one disulfide bridge (Laskowski cuid Kato, 1980). The 

disulfide bridges are usually highly conserved and are 

chciracteristic of PI families (Laskowski and Kato, 1980). 

Members of the KSPI family usually contain two disulfide 

bridges (Blow et al, 1974; McLachlan, 1979; Onesti et al, 

1991). However, there are exceptions, one member of the KSPI 

family, miraculin, has a third disulfide bridge in the C-

terminal region of the protein (Igeta et al, 1991). 

Meuiy members of the KSPI family have been identified in 

potato; they include inhibitors of cathepsin D, trypsin and 

cysteine proteinases (Gruden et al, 1997; Ishikawa et al, 

1994; Yamagishi et al, 1991). These genes are differentially 

regulated by timing and location. They are expressed at 

different stages in tuber development, and one subgroup is 

expressed in young leaves eind flowers (Ishikawa et al, 1994). 

Immunolocalization of one of the cysteine Pis in potato 

showed that it accumulates in the vacuole of stem peirenchyma 



cells and in the intercellulcur space (Gruden et al, 1997). 

Localization in the vacuole has been reported for other 

members of the KSPI family, as well (Neikamura et al, 1993). 

Differential expression of trypsin inhibitor genes also has 

been reported in soybean. Jofuku eind Goldberg (1989) found 

that two genes are responsible for the majority of the 

trypsin inhibitor in seeds, while other genes eire expressed 

in the vegetative tissues of soybean. 

The reactive site amino acid residues have been 

specifically identified in only a few cases in the KSPI 

family (Table 1). No reactive sites have been identified for 

the cysteine proteinase members of this family. Currently, 

it is impossible to determine potential inhibitory capacity 

of a putative PI in this family based on primary amino acid 

sequence alone. Determination of inhibitory capacity must be 

determined by in vitro or in vivo assays. 

Function of Proteinase Inhibitors in Plants 

Often inhibitor function is determined on a few commonly 

used substrates such as trypsin, chymotrypsin emd papain. 

The interactions of Pis with endogenous proteinases are 

unknown. The inhibition of animal proteinases by plant Pi's 

is not necessarily an indication of their function in vivo, 
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Table 1. Compeurison of reactive site residues, inhibitor 
specificity eind location of members of the Kunitz soybeeui 
proteinase inhibitor family. 

Gene 
/protein 

OrganiBm Pl-P ' Activity 'Expression Reference 

STI3 Glycine max R-I, M TI SdL Ozawa and 
Laskowski, 1965; 
Jofuku and 
Goldberg, 1989 

STI1/STI2 Glycine max H-A, H U LRSSd ' Jofuku and 
i Goldberg, 1989 

CPI Solanam 
tuberosum 

K-S. H CPI • TSVIW Krizaj et al, 
1993; Gruden et 
al, 1997 

ETI Erythrina 
caffra 

R-I, C TI, TPA Sd Onesti et al, 
1991; Joubert et 
al, 1987 

SPOA Ipomoea 
batatas 

A-D, H TI TSVW Yeh et al, 1997 

DE-3 Erythrina 
latissima 

R-S, H TI Sd Joubert et al, 
1985 

Swin.1 Salix 
viminalis 

U TI : LW Saarikoski et 
al, 1996 

Win 3 Populus V-I, H U • W Bradshaw et al, 
1989 

ACRI : Acacia 
confusa 

K-I, M 
R-I 

TI Sd ; Hung et al, 1993 
Hung et al, 1994 

WCI-3 1 Psophocarpus 
tetrag-
onolobus 

U CI SdSP Habu et al, 1996 

PLPI Carica 
papaya 

K-I, H H
 

O
 

H
 

FE Odani et al, 
1996 

H=reactive site identified by homology with STI3; reactive site 
identified by crystal structure; M=reactive site identified by 
mutational analysis; T=tuber; S=stem; V=vacuole; W=wound induced; Sd= 
seed; L=Leaves; E=extracellular; F=fruit; TI=trypsin inhibitor; 
U=undetermined; Tpa=tis8ue plasminogen activator inhibitor; 
Cl=chymotrypsin inhibitor; CPl=cysteine proteinase inhibitor. 
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but merely a bioassay useful in classifying these proteins 

relative to others encoded by this gene family. 

Proteinase inhibitors in plants are often classed as 

stress or defense response proteins. This is because they 

have been found to increase in response to c±)iotic stress or 

pathogen attack in some cases and ar& often found in large 

quantities in seeds, tubers, eind corms (Green cind Ryan, 1972; 

Ishikawa et al, 1994; Lopez et al, 1994; Peng et al, 1993; 

Saarikoski et al, 1996). Some Pis were found to inhibit the 

growth of fungi in vitro (Mosolov amd Shulgin, 1986) and 

when over-expressed in transgenic plants they can increase 

resistance to insects (Boulter et al, 1989; Klopfenstein et 

al, 1997). Inhibitory effects have been demonstrated for 

some Pis when added to artificial insect diets (Christeller 

et al, 1992; Tran et al, 1997). The effectiveness of Pis on 

insects varies with inhibitor and insect species indicating 

that generally individual Pis are not wide range deterents to 

insect feeding. However, they may function as deterents in 

specific interactions. 

In addition, it has been suggested that some members of 

the KSPI family may function as storage proteins (Hattori et 

al, 1989; Kortt et al, 1989). Sporamins account for 60%-80% 

of total soluble protein in the tuberous root of sweet potato 

and have been localized to the vacuole in tuber cells 
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(Hattori et al, 1985; Maeshima et al, 1985). For these 

reasons, sporamins have been considered storage proteins. 

Recently, Yeh et al (1997) demonstrated that sporamin is a 

trypsin inhibitor and suggested it may have dual roles as a 

storage protein and a defensive protein. 

In storage organs, where high levels of proteinase 

inhibitors are present, the function of Pis in defense 

against predation seems likely. These tissues have a high 

nutrient value and are key in reproduction or survival of the 

plant. The investment of resources by the plcuit to 

proactively protect these structures is logical. In other 

plant tissues, where levels of Pis are lower, it seems less 

certain (Jongsma and Boulter, 1997). In cases where Pis are 

produced only after wounding or they increase dramatically 

and systemically after wounding, it seems logical to suggest 

a role in defense. However, because all Pis do not fit into 

these catagories (Jofuku euid Goldberg, 1989; Satoh, 1998), 

the participation of some Pis in normal developmental process 

must be considered. Although, there has been little research 

examining potential functions of Pis other them stress or 

defense response, it is apparent that proteinases act in a 

coordinated manner throughout the life of the plant. 

Examples have been docxamented for germination, pollen and 

tracheary element development, cUid apoptosis (Fukuda, 1997; 
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Pennell emd Lamb, 1997). Therefore, it seems likely that Pis 

also may be involved in coordinating normal developmental 

processes in the plant. 

Tracheary Element Development 

The development of an in vitro cell culture system of 

Zinnia elegans to produce tracheary elements (TEs) (Fukuda 

cind Komamine, 1980) has resulted in recent advances in 

isolating genes involved in TE differentiation, cuid provided 

a method to begin examining the differentiation process. To 

obtain TE formation in culture, both auxin and cytokinin were 

required (Fukuda and Komamine, 1980). Research demonstrated 

that both auxin and cytokinin are important in development of 

xylem in vivo, as well (Aloni, 1993; Soumelidou et al, 1994; 

Tuominen et al, 1997). 

Fukuda (1997) identified three stages in the process of 

TE development in Zinnia cell cultures: 1) dedifferentiation, 

2) restriction of developmental potential, cutid 3) TE specific 

development. During dedifferentiation (stage 1) mesophyll 

cells lose the capacity to conduct photosynthesis and acquire 

the capacity to differentiate. The restriction of 

development (stage II) occurs 12 to 24 hours prior to initial 

secondciry cell wall deposition (Demura and Fukuda, 1993; 



Fukuda, 1996; Fukuda, 1997). A number of vascular-specific 

genes eire expressed during this stage, cuid the author 

suggested that this stage corresponds to differentiation from 

procambial initials to precursors of TEs in vivo. TE 

specific development (stage III) includes secondary wall 

deposition and autolysis (Fukuda, 1996). 

Zinc Binding Proteins 

Zinc (Zn) is an essential element required by most 

organisms in trace amounts (Vallee and Galdes, 1984; Wu and 

Wu, 1987). The distribution of Zn in an organism is thought 

to be regulated/ in peurt, by Zn binding proteins (Robinson et 

al, 1996). Zn and other metals are coordinated by specific 

amino acids, histidine (His), cysteine (Cys), glutamic acid 

(Glu) and aspeirtic acid (Asp) which are metal binding ligands 

in proteins (Vallee emd Auld, 1990). Zn has been identified 

as a component of over 300 enzymes (Vallee and Galdes, 1984). 

It also has been identified as a component of non-enzymatic 

proteins such as some trsmscription factors (Zn fingers, Zn 

rings and Zn clusters), hormone receptors and metallothionein 

(Vallee and Auld, 1990). 
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Zinc in Enzymes 

Zinc has been identified as a component in over three 

hundred enzymes (Vallee emd Auld, 1990). In enzymes, Zn may 

be catalytic in that it is directly involved in the reaction 

eg. carbonic cuihydrase I and II isoenzymes from mammalicui 

erythrocytes and alcohol dehydrogenases (Vallee eind Auld, 

1990). In these enzymes a Zn-coordinated water molecule or 

hydroxide is the nucleophile (Coleman, 1998). Zn may have a 

structural function when it is necessary for correct protein 

folding for activity of the enzyme, but does not directly 

peirticipate in the reaction as is the case in a-amylase from 

Bacillus subtilis (Vallee et al, 1959) and aspartate 

transcarbamylase (Honzatko et al, 1982). 

Metallothioneins 

In non-plant systems, metallothioneins (MTs) cure small 

(6 kDa to 7 kDa) cysteine-rich proteins (Vallee and Auld, 

1990). They have been found to bind cadmium (Cd) and Zn at a 

ratio of 7 moles of metal per mole of protein in mammalicin 

and bacterial systems (Vallee and Auld, 1990). Production of 

MTs is induced by high levels of treinsitional metals such as 

Zn and Cd (Saint-Jacques et al, 1995). The activation of MT 
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transcription in response to metals was attributed to small 

cis-acting metal regulatory elements in the 5' untremslated 

region of the MT gene (Imbert et al, 1990; Saint-Jacques et 

al, 1995; Samson and Gedamu, 1995). While the exact function 

of MTs is unknown, it has been suggested that they cure 

involved in metal ion homeostasis and sequestration of 

potentially toxic levels of heavy metals. 

Progress has been made recently in isolating proteins 

and genes from plant systems that are similar to mammalian 

and bacterial MTs. A Zn-binding MT was isolated from wheat 

(Kawashimi et al, 1992; Lane et al, 1987). However, this 

protein is primarily present during embryogenesis eind is not 

metal regulated. Perhaps this protein functions in metal 

storage in the embryo. A number of genes have been isolated 

from various plaoits that encode "metallothionein-like" 

proteins (MTLPs), however their proteins have not been 

purified (De Freunond, 1991; De Miranda et al, 1990; Evans et 

al, 1990; Kawashima et al, 1991). In some cases the 

treinscripts encoded by MTLP genes were demonstrated to 

increase in response to copper (Cu) or Zn (Chatthai et al, 

1997; Zhou and Goldsbrough, 1994). The Arabidopsis thaliana 

MT2 gene was able to partially complement Zn hypersensitivity 

in a Synechococcus mutant which lacked its endogenous Zn-MT 

(Robinson et al, 1996). This indicates potential function of 
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MTs or MTLPs in plants in metal ion homeostasis perhaps 

similar to MTs in animal systems. 

Zinc in DNA Binding Proteins 

DNA-binding proteins which include Zn as an essential 

structural component have been isolated from a wide range of 

organisms (Heirrison, 1991; Suzuki euid Yagi, 1994). Several 

regulatory proteins have been isolated that use the common 

mechanism of coordination of Zn molecules by cysteine and 

histidine amino acids. This coordination of Zn results in 

protein secondciry structure required for DNA binding (Pein and 

Coleman, 1990; Vallee et al, 1991). These proteins may have 

only one metal binding motif or multiple ones. Binding of Zn 

by these proteins results in the indirect involvement of Zn 

in regulation of gene expression. Modulation of gene 

expression also can occur in response to deficient or excess 

levels of metals in the environment. 

Metal Regulation of Gene Expression 

Changes in metal levels in the environment of em 

organism, can lead to changes in gene expression. This can 

be seen in increased tremscription of metallothionein genes 



25 

in both euiimal and bacterial systems in response to high 

levels of certain metals in the environment as previously 

discussed (Dumam euid Palmiter, 1981; Saint-Jacques et al, 

1995). The activation of MT transcription in animal systems 

was attributed to multiple small cis-acting metal regulatory 

elements in the 5' untranslated region of the MT gene (Hamer, 

1986; Imbert et al, 1990; Karin et al, 1987; Saint-Jacques et 

al, 1995; Samson and Gedamu, 1995). 

Genes that encode proteins involved in metal uptake and 

transport are einother example of gene regulation at the 

treinscriptional level in response to metal concentration. 

Often these genes are up-regulated in response to low metal 

levels and down-regulated in response to high metal levels. 

There are examples of these in bacterial, yeast, and plant 

systems with regard to genes involved in uptake or transport 

of iron (Fe), Cu, and Zn (Eide et al, 1996; Georgatsou et al, 

1997; Hunt et al, 1994; Labbe et al, 1997; Zhou and Eide, 

1996). 

Regulation of gene expression by a metal ion also can 

occur at the level of mRNA stcibility. An example of this is 

the ferredoxin I gene from Synechococcus sp. The presence of 

Fe increases the stability of the transcript for this 

protein. The binding of an Fe-responsive factor to the 5' 
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end of the mRNA inhibits degradation by nucleases and 

increases transcript stability (Bovy et al, 1993). 

Introduction to Citrus Vasculeur Zinc Binding Protein 

Previously, a citrus vasculcur Zn binding protein (CVZBP) 

was isolated from citrus xylem evacuate, purified, and its N-

terminal sequence was determined. The N-terminal sequence of 

the CVZBP had identity with members of the KSPI family 

(Taylor et al, submitted). Members of this family include 

inhibitors of serine, cysteine euid aspartic proteinases, 

storage proteins, cathepsin D inhibitor, stress responsive 

proteins, and chlorophyll binding proteins (Gruden et al, 

1997; Hattori et al, 1988; Jofuku and Goldberg, 1989; 

Kamimura et al, 1997; Leah euid Mundy, 1989; Lopez et al, 

1994; Mcires et al, 1989; Odani et al, 1996; Ohtsubo and 

Richardson, 1992; Spencer and Hodge, 1991; Theerasilp et al, 

1989; Trumper et al, 1994). The CVZBP had a molecular weight 

of 22.8 kD, bound Zn tenaciously, had a pi of 5.5, and was 

anionic requiring 0.45 M NaCl for elution from an anion 

exchange column (Taylor et al, submitted). Initial research 

indicated that this protein was present primarily, if not 

exclusively, in the vascular tissue of citrus. 
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The aim of this research was to clone the cDNA that 

encoded the CVZBP, determine if the deduced amino acid 

sequence also had identity with the KSPI family, smd if 

recombinant protein produced using the clone can function as 

a proteinase inhibitor. Because msmy characterized Pis are 

up-regulated in response to environmental stress the effect 

of Zn concentration, wounding and osmotic stress on protein 

accumulation cuid gene expression was determined. 

Immunolocalization of the CVZBP in citrus vascular tissue was 

undertaken, as well. 
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MATERIALS AND METHODS 

General Protocols 

Protein Extraction 

Tissue was frozen in liquid nitrogen and ground finely 

using a mortar and pestle. Then a 3X volume of 10 mM Tris, 

pH 7.5, 10 mM p-mereaptoethanol (BME), smd 5 % 

polyvinylpolypyrrolidone (PVPP) was added to the tissue. The 

extract was shaken on ice for 20 min. euid centrifuged at 

15,000 X g to remove debris. The supernatant was then 

filtered through a 0.45 paa. filter. Protein determination was 

performed using Bradford protein assay kit (BioRad, Hercules, 

CA) (Bradford, 1976). 

Preparation of Nucleic Acids 

Citrus tissue was frozen in liquid nitrogen and ground 

finely using a mortcir and pestle. RNA was isolated using the 

method of Ostrem et al, (1987). Then the RNA was extracted 

two times with phenol: chloroform (1:1) and the RNA was 

precipitated with LiCl. Genomic DNA from plant material was 

prepared using DTAB buffer (100 mM Tris—HCl, pH 8.6, 8% 



29 

dcxiecyl trimethyl ammonium bromide, 1.5 M NaCl, 50 mM EDTA). 

Then extracted two times with phenol:chloroformrisoamyl-

alcohol (24:24:1) cuid the DNA was precipitated by the 

addition of 2.5 voliimes of etheinol. 

Plasmid was prepeured by alkaline lysis and precipitated 

with polyethylene glycol (PEG) using the procedure from the 

PRISM™ ready reaction DyeDeoxy™ terminator cycle sequencing 

kit (Applied Biosystems, Inc.). 

DNA and RNA Blot Analysis 

Genomic DNA was digested to completion using appropriate 

restriction enzymes (Amersham Pharmacia Biotech, Arlington 

Heights, IL ) and separated in an 0.8% agarose gel. The DNA 

was denatured with a solution of 0.5 M NaOH containing 1.5 M 

NaCl for 45 minutes, the gel was then trainsferred to a 

solution of 0.5 M Tris-HCl pH 7.0 containing 1.5 M NaCl for 

30 minutes, and blotted overnight in 20X SSC (3 M NaCl, 0.3 M 

sodium citrate, pH 7.0) onto positively chSLrged nylon 

membrane (Hybond-N, Amersham Pharmacia Biotech, Arlington 

Heights, IL). DNA was UV cross-linked to the membrane. 

Total RNA was separated in 1.5% ag6urose/formaldehyde gel 

(Sambrook et al, 1989). RNA was transferred overnight in lOX 

SSC to positively charged nylon membrane (Hybond-N, 
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Amersham Pharmacia Biotech, Arlington Heights, IL). RNA was 

UV cross-linked to the membrane following mcinufacturers 

recommendations. Digoxigenin-lcdDeled probe was generated 

using the PGR Labeling Kit from Boehringer Mauinheim 

(Indiemapolis, IN) auid gene specific primers. 

Prehybridization and hybridization were performed following 

the instructions provided with the PGR Leibeling Kit 

(Boehringer Mannheim, Indianapolis, IN). The blot was 

visualized using the chemiluminescent substrate CDP-Stcur 

(Boehringer Mannheim, Indieinapolis, IN). 

SDS-PAGE Electrophoresis and Immunoblotting 

Protein samples were applied to 12% polyacrylamide gels 

in a final volume of 20 iil containing 10% scunple buffer [50mM 

Tris-Cl (pH 6.8), 10% glycerol, 2% sodium dodecyl sulfate 

(SDS), 5% BME, 0.1% bromophenol blue]. Electrophoresis was 

carried out in a pH 8.3 Laemmli buffer system (Laemmli, 

1970). When gels were stained, it was with Goomassie 

Brillant Blue R in water:acetic acid:methanol (5:1:5). 

For ixnmunoblot analysis the proteins were transferred to 

poly-vinyl-difloro membrane (Hybond-P, Amersham Pharmacia 

Biotech, Arlington Heights, IL) in the buffer of Towbin et al 

(1979). Electrotransfer was accomplished with the Bio-Rad 
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Mini Trans-Blot apparatus after 1 hour. Blots were blocked 

overnight in 1% bovine serum albumin (BSA) in TBST (10 mM 

Tris-Cl, pH 8.0, 150 mM NaCl, 0.05 % Tween-20). Detection was 

performed by incubating blots in a 1:1000 dilution of cuiti-

CVZBP rabbit serum in TBST followed by incubation in a 1:200 

dilution of alkaline phosphatase labeled goat einti-rabbit 

serum in TBST (Sigma, St. Louis, MO). Blots were developed 

by the method of King et al (1985). 

Cloning and Sequencing of cDNA 

Based on the N-terminal sequence of the CVZBP, a 

degenerate 5' PCR primer (5-TCTGGATCCCAYGGNAAYAARGTNGARGC-3') 

was designed (Fig. 1). A BamHI restriction site was 

introduced into the 5' end of the 5' primer to facilitate 

cloning. An oligo-dT primer with an EcoRI restriction site 

was the 3' PCR primer. RNA was treated with DNase I (1 jjg/pil) 

for 30 minutes at 37®C, incubated for 10 minutes at 70°C to 

inactivate the DNase, and extracted two times with 

phenol:chloroform: isoamyl-alchohol (24:24:1). RNA was 

precipitated with 2.5 volumes of ethanol, washed with 70% 

ethanol, and resuspended in diethylpyrocarbonate (DEPC) 

treated water. RT-PCR was performed using 5 ^ig citrus leaf 

total RNA, 100 iM of the oligo-dT primer, 1.6 mM dNTPs, 1.5 
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CATGGCAACAAGGTTGAGGCATCCCGAGACTACTATTTG 3 9 
H g N K V E A S R D  X.. Y  L  

d p 1 V d V li g n Is e a s c d X X L_ 
GTCTCAGCAATTCGAGGAGCAGGCGGTGGCGGCCTCACCCTCTTCAGGGGCAGAAAC 9 6 
V  S  A  I  R  G  A G G G G L T L F R G R N  

s a i c a 
GAACTCTGCCCACTTGATGTTGTCCAACTAAGTTCCGACTCAGAAAGAGGAACCCGT 153 
E L C P L D V V Q L S S D S E R G T R  
TTAAGATCCTCAATGCATGATAAAACTAGTATTATCAATGAAGATGTGGATCTGAAC 210 
L R S  S M H D K T S I I N E D V D L N  
GTGAGATTCTCCACAGAGACTCGCTGCAACGAACCAACAGTATGGAGAGTCGACAGC 267 
V R F S T E T R C N E P T V W R V D S  

TATGATCCATCGAGAGGAAAATGGTTTATAACAACTGGTGGTGGTGAAGGAAACCCT 324 
Y D P  S R G K W F I T T G G G E G N P  

GGAGCTCAAACTTTGAAAAACTGGTTTAAGTTTGAGAGAATTGGAAGAGATCGAGCT 381 
G A Q T L K N W F K F E R I G R D R A  
ATGTACAAGATTGTTCACTGTCCTTCCGTTTGCGAATCCTGTGTATCTTTATGCAAT 438 
M Y K I V H C P S V C E S C V S L C N  

GATGTTGGGGTTTCTAACGATCATGCTCGACGTTTGGCTCTCACTAATGGGCGCGCG 495 
D V G V S N D H A R R L A L T N G R A  

CTTGCTGTTGTTCTACTCCCTGGTAACATCAGTTCAGCCTCATGTGCGTCTTGAATG 552 
L A V V L L P G N I S S A S C A S  •  
CCCTTGTATCATTACTCTAAATAATGGATCGGGCTAGCTCCTTGACGCTTATAACAT 609 

AAArAAAAATGTCATTGCTAGCTAGCCTGTGTACCTTTGAACGAAATAAAGTGGCGA 666 

ATTTTGACTGTTTAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA 712 

Figure 1. The nucleotide sequence of the partial CVZBP cDNA 
clone {czbp-1) and its predicted amino acid sequence. The 
single underlined lower case letters eu:e the N-tenuinal amino 
acid sequence of the CVZBP (Taylor et al, submitted) and the 
upper case single underlined letters cire the deduced amino 
acid sequence corresponding to the N-terminal sequence of the 
protein. The upper case letters underlined with the thick 
line were the amino acid residues from which the degenerate 
PGR primer, used in cloning, was derived. The double 
underlined nucleotides are putative polyadenylation sites. 
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mM MgClj, and 200 U of Superscript II (Gibco-BRL, 

Gaithersburg, MD). Subsequently, 2 ^1 of the RT-PCR reaction 

was used as template in a PGR reaction containing 5 nM CVZBP 

primer and 10 fjM oligo dT primer. The reaction was overlaid 

with 20 ^1 of mineral oil and initially heated to 95®C for 4 

minutes. Then thirty cycles of 2 minutes at 95®C, 1 minute 

at 42®C and 2 minutes at 72®C were followed by a final 

incubation at 72®C for 10 minutes. The RT-PCR protocol was 

performed in the water cooled Easy Cycler ™ thermocycler 

(Ericomp, Inc.). The PGR reaction was electrophoresed in a 

1.5% agarose gel and visualized with 0.5 ^1 ethidium bromide 

(10 mg/ml). The PGR product was excised from the gel and the 

DNA eluted using a Qiaquick™ gel extraction kit (QIAGEN). 

The eluted DNA was restricted with EcoRI and BamHI and 

ligated into Blueskript™ SK+ (Stratagene, La Jolla, GA) 

plasmid that had been digested with the same enzymes. The 

subsequent ligation reaction was transformed into XLl-Blue 

MRF' (Stratagene, La Jolla, GA) competent cells following 

manufacturers instructions. Sequencing was performed at the 

University of Arizona Macromoleculeir Structural facility 

using the Biosystems DyePrimer cycle sequencing protocol and 

automated sequencing on aui Applied Biosystems Model 373A 

automated sequencer. 
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Wounding Experiment 

Twenty fully expanded leaves of 2 year-old Citrus 

macrophylla seedlings, maintained in a greenhouse on the 

University of Arizona campus, were wounded by puncturing with 

a needle. Each leaf was on a separate brcinch with five 

leaves treated per seedling. Five punctures were made on 

each side of the midrib taking care to avoid any major veins. 

After 4 hours, the wounded leaves were collected along with 

the leaf immediately eibove them and the leaf immediately 

below. At the same time unwounded leaves from separate 

bremches on the same trees were sampled as controls. Protein 

and RNA were extracted and immunoblot and RNA blot analyses 

were performed with 20 fjg total protein and 20 fug total RNA, 

respectively. 

Zinc Deficiency Experiment 

Seeds of Citrus macrophylla were germinated on MS media 

(Murashige smd Skoog, 1962) with either no Zn or normal 

levels of Zn. The seedlings were allowed to grow for 6 weeks 

and then harvested. The plants were carefully washed to 
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remove all media. The seedlings were divided into root, stem 

and leaf pools. Protein and RNA were extracted aind RNA blot 

and immunoblot analyses performed using 5 jug protein euid 20 

/jg of total RNA, respectively. 

Samples were also teJcen to determine total Zn 

concentration. Samples were washed in distilled water 

containing 1% Tween-20 and 10% HCl, and rinsed three times in 

double-distilled deionized water, eind dried in a forced air 

oven at 30®C for 24 hr. Samples were then ground with a 

Wiley Mill through a 40-mesh screen. Tissue was dry-ashed at 

550°C overnight. The ash was allowed to sit in 5 ml of 25 % 

HCl and filtered through Whatman™ filter #1. The filtered 

solution was brought to 10 ml with double-distilled deionized 

water. Total Zn concentration was determined at A_,, „ _ 
^1j.9 nm 

using atomic absorption spectrometry (Perkin Elmer 3100). 

Osmotic Stress Experiment 

Seedlings of C. macrophylla were grown in the greenhouse 

in one gallon pots containing perlite. Control seedlings 

were watered with 1/2 strength Hoaglands (Hoagland and Amon, 

1950) two times per week. Each week the treated trees were 

watered once with 1/2 strength Hoagleuids containing 144 g/L 

of PEG and once with 1/2 strength Hoaglands containing PEG at 



36 

55 g/L. The use of two levels of PEG was employed to reduce 

accumulation of PEG in the medium. After three months, 

leaves were collected from both the treated and control 

trees. Water potential was determined on young shoots using 

a pressure bomb cUid the technique of Scholander et al (1965). 

The water potential of the control trees ranged between -4 

cind -8 bcurs and the PEG-treated trees remged between -13 and 

-18 bars. RNA was extracted and 20 pig was separated on a 

1.5% agarose-formaldehyde gel and RNA blot analysis 

performed. 

Expression of CVZBP in Citrus Organs and Species 

Seedlings of three commercially used citrus rootstocks 

['Troyer' (Ponclms trifoliata x C. sinensis), Sour Orange 

(C. sinensis), and Macrophylla (C. macrophylla) ] and one 

lemon cultivar (C. limon, cv. Eureka) were grown in the 

greenhouse until they were two months of age. The plants 

were harvested and divided into leaves, roots and stems. The 

root tissue was Ceirefully washed with distilled water 

containing 1% Tween-20 (Sigma, St. Louis, Mo) and then rinsed 

three times with distilled water. Proteins were extracted 

from each sample and 5 fig of total protein was sepeorated on a 

polyacrylamide gel and immunoblotted. 
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Expression of CVZBP in Seeds 

Citrus seeds were extracted from fruit of five citrus 

rootstocks; Rough Lemon (C. jambhiri ), Volkameriana (C. 

volkameriana), Sour Orange (C. sinensis), Macrophylla (C. 

macrophylla), and 'Troyer' {Poncirus trifoliata x C. 

sinensis) and one lemon cultivar, 'Eureka' (C. limon). Pulp 

was removed from the seeds emd they were air dried. Seeds 

were frozen in liquid nitrogen, and ground in a coffee 

grinder and protein extracted. Then 20 ^g of total protein 

was separated on a 12% polyacrylamide gel and immunoblot 

analysis performed. 

CVZBP Expression During Germination 

Seeds of C. macrophylla were imbibed in water, with 

aeration for 24 hrs. A sample was teiken and frozen, the 

remaining seeds were placed in petri dishes containing wet 

filter paper. Seeds were collected at two stages: (1) when 

cotyledons had turned green but no germination had occurred 

and (2) after radicle emergence. Protein was extracted from 

dry seeds, imbibed seeds and seeds at stage 1 and 2. Then 

2.5 pg of protein from each sample was sepeirated on a 12% 

polyacrylamide gel and immunoblot analysis performed. 



Expression and Purification of Recombinant CVZBP 

A fusion protein was produced which consisted of a 5' 

histidine leader and the open reading frame of czbp-1 in the 

pRSETA vector (Invitrogen, Carlesbad CA). The resulting 

construct was transformed into Escherichia coli JM109. The 

selected recombinant plasmid was sequenced to ensure no 

mutations had occurred. Recombinant protein was produced 

based on the instructions from the pRSET expression system 

(Invitrogen, Carlesbad CA). An overnight culture of the 

transformed E. coli was grown in LB medium +50 pig/ml 

ampicillin (Sambrook et al, 1989). Then 3 ml of this culture 

was added to 500 ml of LB + 50 pig/ml ampicillin + 10 mM MgSO^ 

and grown at 37 "C until ODggQ=0.3. At this time isopropyl-13-

D-thiogalactopyranoside was added to a final concentration of 

1 mM and the culture was grown for another hour and the ODgg^ 

was determined. The cells were then infected with M13/T7 

phage at a rate of 5 plaque forming units per cell (ODgQQ=1.0 

is equivalent to 10® cells/ml) and allowed to grow for 4 

hours. The cells were then pelleted and lysed following the 

protocol of Sambrook et al, (1989). The recombinant protein 

was present in the bacterial pellet after lysis and was 

solubilized and purified using the Xpress protein 
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purification system, denaturing purification protocol eind 

Probond Ni column (Invitrogen, Carlesbad CA). 

Low concentrations of protein were solubilized with cui 

efficiency of 15% as determined by Bradford protein assay 

(Bradford, 1976). By diluting the protein to 0.5 in 8M 

urea and slowly adding it to lOOX volume of PBS (120 mM NaCl, 

2.7 mM KCL, NaPO^, pH 7.4) + 10 mM ZnCl^ + 50 mM BME it was 

solubilized to a small degree. The protein was then 

concentrated using ultrafree-15 (Millipore) centrifugation 

spin membrane according to manufacturers instructions, 

diluted and reconcentrated two times to remove excess urea 

and Zn. 

Proteinase Inhibitor Assays 

Cysteine Proteinase Inhibitor Assay 

The capacity of recombinant CVZBP to inhibit cysteine 

proteinase was determined by the method of Abe et al (1994) 

with modifications. Reactions contained 67 fil of 0.25 M 

sodium phosphate buffer (pH 6.0), with 2.5 mM EDTA, 25 mM 

BME, 33.3 ^1 of 1 mM papain, and either 1 /il of 1 i^g/pil 

cystatin or the indicated amount of recombinant CVZBP in PBS, 

pH 7.0. The reactions were incubated for 5 minutes at 37''C 



40 

then, 67 ful of the substrate (1 mM N-benzoyl-L-arginine-2-

naphthylamide, BANA) was added and the reaction was incubated 

at 37 "C for 10 minutes. The reaction was stopped by adding 

333 of 2 % HCl in ethanol, then the color was developed by 

addition of 333 pil of 0.06 % p-dimethylaminocinnamaldehyde in 

ethanol. Absorbeince by the solution was measured 

spectrophotometrically at 540 nM. Inhibitory capacity was 

determined by a decrease in capacity of papain to hydrolyze 

BANA as indicated by a decrease in the absorbance at 540 nm. 

Trypsin Proteinase Inhibitor Assay 

The capacity of recombinant CVZBP to inhibit trypsin was 

determined by the procedure of (Christeller et al, 1992). 

Reactions contained 473 ^1 of 0.1 M Tris-HCl, pH 8.0, 1 A^l 

trypsin (1 mg/ml), 25 ^1 of N-benzoyl-L-arginine-p-

nitroanilide (8.7 mg/ml) eind the indicated amount of 

recombinant CVZBP or an equal amount of buffer. Then cheuige 

in A.._ was determined every minute for 8 minutes. 
405 nm 

Proteinase activity was indicated by the increase in 

absorbeince. Data were expressed as percent proteinase 

activity, at the 5 minute time point, as compared to the 

control, which contained no CVZBP. 
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Chymotrypsin Proteinase Inhibitor Assay 

The capacity of recombinant CVZBP to inhibit chymotrypsin 

was determined by the protocol provided by Sigma (St. Louis, 

MO) based on the assay of Wimt (1974). The reactions 

contained 473 pi of 80 mM Tris-HCl (pH 7.0), 467 ^1 of 1.18 

mM N-benzoyl-l-tyrosine ethyl ester (BTEE) eund 26.7 of 2 M 

CaClj. Then 23 ^1 of 1.5 mM HCl, 10 ^1 of chymotrypsin (1 

mg/ml) and either the designated amount of recombinant CVZBP 

or buffer was added to the reaction. The change in 

cibsorbance at A^gg ̂  of the reaction was recorded every minute 

for 8 minutes. Proteinase activity above the negative 

control was indicated by an increase in absorbeuice. Data 

were expressed as percent proteinase activity as compared to 

the control, which contained no CVZBP, at the 5 minute time 

point. 

Immunolocalization 

Leaves were collected from Rough lemon (C. jambhlri 

Lush.) seedlings and the midrib was dissected out of the 

leaf. Sections were removed from the midrib eind fixed at 

room temperature for 2 hr with 2% glutaraldehyde in 0.1 M 
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sodium phosphate buffer, pH 7.0, dehydrated in ethemol series 

(10%, 30%, 50%, 75%, 80%, 95% and 100% in sodium phosphate 

buffer) followed by tertietry butyl alcohol. Alcohol 

infiltrated tissues were embedded in psuraffin. The embedded 

tissue was sectioned at 7-10 ijm. Sections were dewaxed in 

three washes of xylene and rehydrated in ethanol series (95%, 

80%, 75%, 50%, 30%, 10% ethanol in water) for 

immunolocalization. They were blocked in TEST (10 mM Tris-

Cl, pH 8.0, 150 mM NaCl, 0.05 % Tween-20) containing 1 % BSA, 

0.3 % Tween 20, and 10 % normal goat serxjm for 1 hour at room 

temperature. The sections were washed three times in TEST 

over a 30 minute period and incubated in either primary 

antibody or preimmune serum diluted 1:200 in carrier solution 

(TEST containing 1 % ESA, 0.3 % Tween 20 eind 1 % normal goat 

serxim). The sections were washed three times with TEST and 

incubated with the secondary antibody [ Goat-anti-reibbit 

alkaline phosphatase conjugate (Sigma, St. Louis, MO)] 

diluted 1:250 in carrier solution. After one hour the 

secondary antibody was removed and the sections were washed 

three times with TEST. The protein was visualized using the 

alkaline phosphatase substrate set. Fast Red TR/Napthol AS-MX 

(Sigma, St. Louis, Mo). 
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RESULTS 

Isolation of Partial cDNA Clone and Sequence Analysis 

A 712 bp band was obtained from PGR using the degenerate 

primers based on the CVZBP protein sequence. The nucleotide 

sequence eind deduced protein sequence of the cDNA is shown in 

Figure 1. The cDNA has an open reading frame of 549 bp. The 

first 19 deduced amino acid residues were 100% identical with 

the N-terminal amino acid sequence of CVZBP. There were two 

putative polyadenylation signals, one 20 bases upstream and 

one 103 bases upstream of the poly-A tail (Joshi, 1987). A 

BLAST sequence homology search (Altschul et al, 1990) 

demonstrated that the deduced amino acid sequence of czbp-1 

had homology with members of the KSPI family (Fig. 2). CVZBP 

had the highest identity (34%) and similarity (45%) with a 

trypsin inhibitor isolated from the latex of papaya fruit 

(Odani et al, 1996). The four cysteine residues that eire 

absolutely conserved in this group were present in the CVZBP. 

The DNA blot analysis of restricted Macrophylla DNA indicated 

that the CVZBP was a member of a small multigene family in 

citrus (Fig. 3). The presence of small multigene families 

for members of the KSPI family has been demonstrated for 

soybean trypsin inhibitors emd potato proteinase inhibitors 
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Figure 2. Alignment of deduced amino acid sequence of CVZBP 
and papaya latex proteinase inhibitor (papaya LPI), cocoa 
seed specific protein (Cocoa SP), miraculin and soybean 
trypsin inhibitor 3 (STI3). The first six amino acid 
residues of CVZBP were derived from direct sequencing of the 
protein. Gaps introduced to optimize alignment comparisons 
are designated by dashes. The dark shading indicates 
positions of amino acid identity and the light shading 
indicates conservative substitutions. The active site 
residue, arginine, of STI3 is underlined with a double line. 
The four conserved cysteines present in the KSPI family are 
indicated by the symbol ,*, above them. The two cysteines 
present in some KSPI family members are indicated by the 
symbol ,A. above them. 





46 

(Ishikawa et al, 1994; Jofuku and Goldberg, 1989; Umemoto et 

al, 1992). 

Protein and Transcript Expression 

Immunoblot analysis of leaf, stem, eind root tissue from 

seedlings of one lemon cultivar, 'Eureka' {Citrus limon), and 

three citrus rootstocks, 'Troyer' {Poncirus trifoliata x C. 

sinensis), Macrophylla (C. macrophylla Wester), cind Sour 

Orange (C. aurantium L.) demonstrated that CVZBP was present 

in all tissues examined regcirdless of seedling type. 

However, CVZBP content varied among seedlings (Fig. 4). This 

variation was probably a result of differential accumulation 

of CVZBP among species In addition a second, slightly larger 

size band also was recognized by the eintibody. 

No CVZBP was detectable by immunoblot einalysis in protein 

from seeds of any citrus species examined (Fig. 5). This 

directly contrasts with the high levels of some other members 

of the KSPI family in seeds (Jofuku and Goldberg, 1989; LeeJi 

and Mundy, 1989; Odani et al, 1980). However, analysis of 

germinating seeds indicated that CVZBP was present after the 

cotyledons had turned green in the germinating seeds ajid 

during emergence of the radicle (Fig. 6). The protein levels 

of the CVZBP decreased in response to wounding and trcinscript 

levels decreased in seedlings grown under osmotic stress 
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(Fig. 7; Fig. 8). Osmotic stress was produced by the 

addition of PEG to the nutrient solutions applied to the 

seedlings. The addition of PEG in the solution increases the 

osmotic potential of the solution by increasing solute 

concentration. 

Immunoblot analysis of protein from Citrus macrophylla 

seedlings that were germinated on MS media (Murashige and 

Skoog, 1962) either with Zn or without Zn demonstrated that 

the CVZBP levels were increased in Zn deficient citrus 

compcured to Zn sufficient citrus (Fig. 9). The same pattern 

was present for transcript levels of the CVZBP in Zn 

deficient seedlings compared to Zn sufficient seedlings (Fig. 

10). Analysis of seedlings demonstrated that the Zn 

sufficient seedlings had a mean Zn concentration of 18 ppm 

while, the Zn deficient seedlings had a meeui Zn concentration 

of 4 ppm. 

Recombinant CVZBP Production 

A fusion protein was produced which consisted of a 5' 

histidine leader and the open reading frame of czbp-1. The 

fusion protein was purified using Ni affinity chromatography 

(Fig. 11). The CVZBP fusion protein was present primeirily in 

the pellet after bacterial lysis (Fig. 12). However, it did 
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i 

Figure 10. RNA blot analysis of CVZBP transcript in tissues 
of Zn deficient and Zn sufficient Citrus macrophylla 
seedlings. Twenty of total RNA was probed with digoxygenin 
labeled czbp-1. Lane 1: Zn deficient roots, lane 2: Zn 
sufficient roots, lane 3: Zn deficient stems, lane 4: Zn 
sufficient stems, lane 5: Zn deficient leaves, and lane 6: Zn 
sufficient leaves. 
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1 2 3 4 5 6 7 

30 kD 

21.~ kD 

Figure 11. Coomassie-stained polyacrylamide gel of 
recombinant CVZBP eluted from Ni affinity column. Lane 1: 
marker. lane 2: crude protein from\ bacterial pellet 
solubilized in BM urea, 20 mM sodium phosphate, pH 6.0, 500 
mM MaCl, lane 3 - lane 7: 10 pl of each 1 mL fraction eluted 
from Ni affinity column in BM urea, 20 mM sodium phosphate, 
pH 4.0, 500 mM NaCl. 



1 2 3 4 

30 kD 

21.~ kD 

Figure 12. Immunoblot analysis of crude protein fractions 
from E. coli producing recombinant CVZBP. Lane 1: marker, 
lane 2: bacterial lysate, lane 3: wash of bacterial pellet, 
and lane 4: protein from bacterial ~·pellet solubilized in 8M 
urea. 
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not appecLT to be present in protein bodies as is often the 

case in bacterial expression systems. No protein bodies were 

visible in the bacterial pellet. The fusion protein could 

only be maintained in soluble form in 8 M urea. Exposure to 

non-denaturing conditions resulted in cross-linkage of the 

protein which was visible as immediate aggregation of the 

protein. With lOOX dilution in non-denaturing buffer (PBS) 

containing Zn and BME, low concentrations of protein were 

solubilized with ein efficiency of 15% and used for the 

proteinase inhibitor assays. The inability to solubilize 

large quantities of protein in the non-denaturing buffer 

prevented us from cleaving the polyhistidine leader from the 

fusion protein. This should be kept in mind when considering 

the results of the inhibition assays. It is possible that 

the presence of the leader sequence could result in changes 

in affinity or inhibitory capacity in the recombinant CVZBP 

as compared to CVZBP purified from plant tissues. 

Proteinase Inhibition Specificity 

The recombinant CVZBP inhibited neither trypsin nor 

chymotrypsin (Tedjle 2). However it did have the capacity to 

inhibit the cysteine proteinase, papain (Fig. 13). Addition 
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Table 2. Inhibition of the activity of trypsin and 

chymotrypsin by recombinant CVZBP. 

% Proteinase Activity 

Proteinase 1 ng CVZBP 2 ^g CVZBP 

Trypsin 104 % 103 % 

Chymotrypsin 101 % 100 % 
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Figure 13. Inhibition of the activity of the cysteine 
proteinase, papain, by recombinant CVZBP. 
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of 2 /jg of recombinant CVZBP to the proteinase assay reduced 

proteinase activity to 25% of total activity. 

Immunolocalization of CVZBP 

It was apparent after immunolocalization of CVZBP that 

nearly all CVZBP present in the midrib of citrus leaves was 

in the xylem parenchyma cells (Fig. 14 and Fig. 15). CVZBP 

was present in columns of parenchyma cells in the xylem 

tissue, as indicated by the red color in the micrograph. It 

was not detectable in xylem fibers, tracheeiry elements or 

phloem tissue. The results displayed in micrographs of 

sections treated with preimmune and immune CVZBP serxam 

suggest that any red color associated with TEs is 

artifactual. 
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Figure 14. Preimmune control for immunolocalization 
of CVZBP in longitudinal section of citrus (C. jambhiri) leaf 
midrib. T= tracheary element, F=fiber, and P=parenchyma. Bar 
is equal to 100 microns. 



Figure 15. Immunolocalization of CVZBP in longitudinal 
section of citrus (C. jambhiri) leaf midrib. Presence of 
CVZBP is indicated by the red color. T=tracheary element, 
F=fiber, and P=parenchyma cell. Bar is equal to 100 microns. 

62 
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DISCUSSION 

A pcurtial cDNA clone was isolated for a Zn binding 

protein present in citrus vascular tissue. The deduced amino 

acid sequence of the clone had identity with members of the 

KSPI family. The fact that CVZBP does not have a high degree 

of homology with this group is not unusual. Unlike most 

enzymes where reactive sites are highly conserved the 

functional domains of proteinase inhibitors are actually 

highly varieible (Hill and Hastie, 1987). However, the 

structure of these molecules and stability of the exposed 

loop containing the reactive sites is conserved among those 

members of the KSPI family, where structural information 

exists (Bode and Huber, 1992; Tlomak and Nowak, 1981). The 

N-terminal amino acid residue of the CVZBP, as determined by 

micro-sequencing, was aspartic acid. The lack of an N-

terminal methionine residues suggests that CVZBP has a 

propeptide that is removed after processing. The presence of 

propeptides has been demonstrated for several members of the 

KSPI family, including cysteine Pis from potato (Gotor et al, 

1995; Gruden et al, 1997; Ishikawa et al, 1994; Koide et al, 

199; Masuda et al, 1995; Souza et al, 1995; Spencer and 

Hodge, 1991; Yeh et al, 1997). 

A key characteristic of members of the KSPI family is the 

presence of two disulfide bonds, one in the N-terminal region 
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cind one at the C-tenninus. The cysteine residues that form 

these bonds are highly conserved and are present in CVZBP 

(Fig. 1). The CVZBP contains two additional cysteine residues 

proximal to the C-terminus conserved cysteines. These 

additional cysteines are present in some members of this 

family such as miraculin and the cocao seed specific protein 

(Cocao SP) but not all (Fig. 2). The four cysteines at the 

C-terminus of CVZBP eure in the arreingement C-X^-C-X^-C-X^-C 

which has similarity to the metal binding domain from 

ferredoxin I (Berg, 1986). This is the first report of 

metal-binding by a protein of this type. However, metal-

binding capacity in other KSPI family members ccuinot be 

eliminated. No such studies appear to have been conducted. 

Miraculin has the two conserved disulfide bridges 

characteristic of the KSPI family; it also contains a third 

disulfide bridge formed by the two additional cysteine 

residues (Igeta et al, 1991). Within this family, several 

members contain the additional cysteines but miraculin is the 

only one where the presence of a third disulfide bond has 

been proven. This suggests that in at least one member of 

this family the additional cysteines are crosslinked and this 

motif is not availcU3le to bind metal. However in the CVZBP, 

Zn could be bound by these cysteines replacing the disulfide 

bonds, with a metal ion cross-linked between them. 
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The capacity of STI to inhibit proteinases is eliminated 

when STI is reduced (Steiner, 1965; DiBella and Liener, 

1969). Loss of proteinase inhibition through reduction 

implicates the disulfide bonds as a structural necessity for 

inhibitory capacity. However, the trypsin inhibitor from 

seeds of Erythrina caffra (ETI3) remains fully functional in 

a reduced state (Lehle et al, 1994). Based on the work of 

Omesti (1991) the authors suggest that the capacity of ETI3 

to retain its inhibitory function results from maintenance of 

its structure by hydrogen bonding. The disulfide bonds 

increase stability of the molecule when exposed to extreme 

environmental conditions but cure not required for maintenance 

of its structure. It is possible that the C-terminal 

cysteine residues of the CVZBP could be involved in metal 

binding and the CVZBP retain its PI function. 

The reactive site of STI3 is indicated by underlining of 

the Pj^ residue, arginine, in the aligned sequence (Fig. 2). 

However, it is impossible to identify a putative reactive 

site in the CVZBP by homology because reactive sites of 

proteinase inhibitors can tolerate a relatively wide range of 

amino acids at the Pj^ site (Hill and Hastie, 1987; Laskowski 

and Kato, 1980; Hung et al, 1994). The residue appears to 

determine specificity with regeurd to the proteinase class 
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that is inhibited. Often two or more residues Ccui be at the 

site with little change in specificity of the inhibitor 

(Hill and Hastie, 1987; Hung et al, 1994). Inhibitors with 

lysine or arginine at the site generally inhibit trypsin 

and similcir proteinases (Blow et al, 1974; Hung et al, 1994; 

Onesti et al, 1990). Those with tryptophan, tyrosine, 

phenylalanine, or leucine at the Pj^ site generally inhibit 

chymotrypsin (Joubert et al, 1987). Identification of 

cysteine proteinases as members of the KSPI family has been 

fairly recent and no definitive reactive site residues have 

been identified in them (Gruden et al, 1997). The P^^ residue 

(arginine) of STI corresponds to a histidine residue in CVZBP 

by alignment (Fig. 2). Histidine is a conservative 

substitution for arginine but there are no reports in the 

literature on the function of Pis, including cysteine Pis, 

containing histidine in the P^^ position. 

Jofuku and Goldberg (1989) examined the expression of 

three of the ten identified soybecin trypsin inhibitor genes. 

One gene KTI3 (Kunitz trypsin inhibitor gene 3) was 

identified as the primary inhibitor in soybean seeds. Two 

other genes KTIl and KTI2 were also expressed in seeds but at 

lower levels. These genes were expressed during early embryo 

development but were undetectable in mature seeds. KTIl and 
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KTI2 were also expressed in roots, stems eind leaves, while 

KTI3 was expressed at low levels in leaves. Because KTIl and 

KTI2 do not contain arginine at the reactive site but contain 

histidine, the authors thought that these genes prob£d3ly did 

not encode functional proteinase inhibitors. They did not 

extend their investigation to answer the question of KTIl and 

KTI2 function. 

It is interesting to note that KTIl and KTI2 have 

expression patterns similar to the CVZBP in that they cure 

present in roots, leaves, cind stems but not in mature seeds, 

and they all have a histidine residue that corresponds to the 

reactive residue of KTI3 by alignment (Table 1). While there 

are little data to suggest that CVZBP and KTIl and KTI2 are 

similar, it is worth investigating. Perhaps KTIl and KTI2 

have a function in soybean similar to the function of CVZBP 

in citrus. 

Levels of protein and mRNA for CVZBP increase in response 

to Zn deficiency. These data implicate Zn nutrition in 

modulation of CVZBP expression. Increases like this often 

occur in proteins involved in metal acquisition emd transport 

in response to a deficiency of the metal (Eide et al, 1996; 

Georgatsou et al, 1997; Hunt et al, 1994; Lcibbe et al, 1997; 

Zhao eind Eide, 1996). However, these changes are usually 

leirger. It does not seem likely that the CVZBP would be 
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included in this category based on location of expression and 

lack of similcirity with other proteins in these categories 

but the possibility cannot be discounted. It is more likely 

that Zn has a structural function in the CVZBP. 

The CVZBP decreased in response to wounding and was 

undetectcible in mature seeds. These data directly contrast 

with other members of this protein family implicated in 

stress response or defense which accumulate increased levels 

of Pis in response to wounding and are present in seeds at 

high levels (Hollick and Gordon, 1995; Jofuku and Goldberg, 

1989; Leah and Mundy, 1989). These differences in expression 

would be expected if the hypothesis that the CVZBP functions 

in normal plant growth euid development is correct. 

If the CVZBP does not function in defense or stress 

response what else might it do? Localization of the CVZBP to 

the vascular tissue (Taylor et al, submitted) eind the 

immunolocalization of CVZBP to xylem parenchyma in this 

research indicated that CVZBP might function in the xylem. 

Habu et al, (1996) reported on the localization of a 

chymotrypsin inhibitor in winged bean (WCI-3) to the phloem 

of stems. This inhibitor is a member of the KSPI family and 

is the only one previously reported to be present in vasculeir 

tissue. The author suggested that one function of WCI might 

be the regulation of proteolytic activity during sieve tube 
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element differentiation. CVZBP could function in 

differentiation of tracheary elements, which are water 

conducting elements in the xylem. At maturity TEs have 

thickened cell walls and their cellulcur contents have been 

degraded. Secondary wall deposition and cell death occur 

during the late stages of development (Fukuda, 1996). The 

first step in autolysis in Zinnia TEs is rupture of the 

tonoplast which occurs several hours after secondary cell 

wall thickening becomes visible (Fukuda, 1997). This is 

followed by visible degeneration of the nucleus eind other 

organelles. Prior to autolysis a cysteine proteinase is 

expressed specifically in the differentiating TE (Minami and 

Fukuda, 1995). Ye and Vamer (1996) isolated a cDNA with 

homology to the cysteine proteinase, papain. The transcript 

for this putative proteinase increases just before autolysis 

in differentiating TEs of Zinnia. Inhibition of 

intercellular cysteine proteinase activity in differentiating 

TEs suppresses degeneration of the nucleus (Fukuda, 1997). 

The author suggests that cysteine proteinase (s) play a key 

role in nuclear degradation. Further, addition of an 

inhibitor of cysteine proteinase prior to secondary cell wall 

formation prevents differentiation of the TEs. If cysteine 

proteinase functions in TE differentiation it is possible 

that inhibitors of cysteine proteinases, such as the CVZBP, 
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also may be important in this process. Pis might control 

timing of cysteine proteinase activity or location. In the 

xylem, differentiating TEs can be adjacent to other cell 

types such as fibers and peurenchyma cells. Pis might prevent 

undesired proteinase activity in these cells. This would be 

consistent with the immunolocalization of CVZBP to the 

parenchyma cells of the xylem in citrus midribs (Fig. 15). 

Alternatively, cysteine Pis may be involved in controlling 

timing of differentiation of TEs. 

Comparisons have been made between apoptosis in animals 

and programmed cell death in plants, including TE 

development, by Pennell and Lamb (1997). In animal systems, 

proteinases such as members of the interleukin-lJ3-converting 

enzyme (ICE) family and cysteine proteinase are peirticipants 

in the process of apoptosis (Martin and Green, 1995). 

Pennell and Lamb (1997) suggested that the cysteine 

proteinases identified in developing TEs might have a 

homologous role to proteinases in animal apoptosis. Further, 

addition of cysteine Pis to carp cell cultures has been 

demonstrated to inhibit virus induced apoptosis (Bjoerklund 

et al, 1997). Finally, a group of serine Pis which modulate 

proteolytic pathways involved in regulation of apoptosis has 

been recently identified in mainmalian systems (Dickinson et 

al, 1998; Jenson, 1997). The pairticipation of Pis in 
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regulation of apoptosis in cinimal systems offers further 

support for the potential involvement of Pis in regulation of 

programmed cell death processes in plemts, such as that 

associated with TE devlopment in the xylem. 

Further research will be required to test the hypothesis 

that CVZBP is involved in controlling timing or location of 

differentiation of TEs. Altering expression of this protein, 

determination of time and location of expression in 

conjunction with identification of in vivo substrates are 

necessary to elucidate any function that CVZBP may have in 

xylem development. 

The CVZBP was first identified in citrus trees with a 

decline disorder, citrus blight (Taylor et al, submitted). 

Citrus blight is characterized by Zn deficiency symptoms in 

the tree canopy and accumulation of Zn in the vascular tissue 

above the graft union (Albrigo et al, 1986; Childs, 1953; 

Young et al, 1980). One to three years after the appearance 

of Zn redistribution, reduced water conductivity resulting 

from plugging of xylem vessels (Brlcinsky et al, 1984) and 

decreased xylem vessel element diameter occurs (Vasconcellos 

eind Castle, 1994) . How might this be related to CVZBP and 

the proposed hypothesis that it has a function in xylem 

development? While it has been demonstrated that vessel 

element density increases and vessel element diameter 
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decreases with citrus blight a clear relationship between 

blight symptoms and CVZBP accumulation is difficult to 

identify. However, in citrus blight there are chemges in Zn 

nutrition cind the data from this research has shown that 

CVZBP expression is modulated by Zn nutrition. IF the CVZBP 

is involved in xylem development and changes in Zn nutrition 

ecurly in citrus blight result in changes in CVZBP expression, 

perhaps these changes contribute to the abnormalities in the 

xylem which lead to reduced water conductivity. To support 

this connection research demonstrating that CVZBP is involved 

in xylem development will be required. In addition 

immunlocalization of CVZBP in xylem of trees at progressive 

stages of citrus blight will be necesscucy. 

Previous research on proteinase inhibitors in plants has 

focused primarily on the hypothesis that they function in 

plant defense. There has been little research examining 

alternative hypotheses. Plant defense may be the primary 

function of some Pis. Yet, the possibility of participation 

of Pis in plant growth, development and cell function cannot 

be excluded. This research provides data consistent with the 

hypothesis that the CVZBP is a vascular specific proteinase 

inhibitor. Further, I propose a new hypothesis that CVZBP 

has a function in xylem growth euid development. Although 

additional reseeirch is needed to further support this 



hypothesis my data suggest that other functions for Pis 

besides defense should be considered. 
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