
ABSTRACT 
 
NIELSEN, KIRSTEN.  Antifungal activity of maize (Zea mays L.) 
ribosome-inactivating protein 1 against Aspergillus species.  (Under 
the direction of Rebecca S. Boston and Gary A. Payne) 
 
 Maize ribosome-inactivating protein 1 (RIP1) is an abundant 32-kDa 

protein that can depurinate a specific adenine residue on large 28S ribosomal 

RNA.  This irreversible modification of the ribosomal RNA inhibits translation.  

We have tested both the inactive precursor, proRIP1, and active RIP1 for 

antifungal activity against Aspergillus nidulans and Aspergillus flavus.  A 

decrease in hyphal proliferation was observed when conidia of A. nidulans, a 

genetically well characterized non-pathogenic species, were treated with RIP1.  

RIP1 treatment of conidia from the maize pathogen A. flavus resulted in 

increased hyphal branching.  Examination of the branched hyphae after Congo 

red staining revealed that there was only one growing hyphal tip per conidium.  In 

a developmental time-course both fungal species were affected by RIP1 at the 

transition from pre- to post-divisional growth. 

 We made two site-directed mutants of RIP1 and used them to determine if 

the ribosome-inactivating activity of RIP1 plays a role in its antifungal activity. 

The mutants had reduced ribosome-inactivating activity in translational inhibition 

assays in vitro and showed no antifungal activity against A. nidulans.  When A. 

nidulans conidia were treated with active and mutant RIP1 depurination was 

observed in the ribosomal RNA isolated from germlings.   

RIP1 is larger than compounds known to be taken up by fungal cells, so 

we examined whether RIP1 varients were taken up by A. nidulans cells by 



tagging the proteins with the fluorophore Texas Red.  The germlings 

accumulated equivalent amounts of active and mutant RIP1 inside the cell and at 

the cell periphery.  An A. nidulans genetic mutant, fadAG203R, was found to be 

resistant to maize RIP1 antifungal activity and had two-fold less RIP1 localization 

than normal germlings. 

To test whether amount of proRIP1 in the maize kernel was correlated 

with resistance to A. flavus, kernels with high and low levels of proRIP1 were 

inoculated in the field with an A. flavus strain expressing GFP.  We observed a 

positive correlation between the amount of proRIP1 in the kernel and resistance 

to fungal infection. 

This work supports the hypothesis that maize RIP1 has antifungal activity 

against Aspergillus species. 
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Chapter 1: Introduction 
 
Ribosome-Inactivating Proteins 
 
 Proteins with selective toxicity have been investigated for varied uses 

including increased plant defense against pathogens (Lodge et al., 1993; 

Logemann et al., 1992; Madin et al., 2000), cancer therapies (Frankel et al., 

1996; Kreitman, 1999; Olsnes and Pihl, 1982; Paston and Fitzgerald, 1991; 

Spooner and Lord, 1990; Thorpe et al., 1982), and even biological weapons 

(Christopher et al., 1997; Weiner, 1996).  One class of proteins with selective 

toxicity, called ribosome-inactivating proteins (RIPs), is found in fungi, bacteria, 

and throughout the plant kingdom.  RIPs are N-glucosidases that inhibit 

translation through their activity against ribosomal RNA.  Due to the selective 

toxicity of RIPs, a primary focus of research has been RIP use as the toxic agent 

in immunotherapies (Olsnes and Pihl, 1982).  As a result, much of the RIP 

literature involves isolation and characterization of RIPs from new plant species 

and the use of RIPs as anticancer agents (Barbieri et al., 1993; Gasperi-Campani 

et al., 1985; Stirpe et al., 1992).  Numerous other studies have focused on the 

enzymology and uptake of RIPs by mammalian cells (Lord and Roberts, 1998a; 

Lord and Roberts, 1998b; Onaderra et al., 1993; Sandvig and van Deurs, 1999).  

While these studies have increased knowledge of the biochemical and medicinal 

properties of RIPs, an understanding of RIP function in planta is still imprecise.  

This chapter will briefly cover the enzymatic activity of RIPs and focus instead on 

possible roles of RIPs in plant defense and interaction of RIPs with the target 

organism. 
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Mechanism of Ribosome-Inactivating Activity 
 
 The N-glycosidation of RIPs involves the removal of a single, specific 

adenine corresponding to residue A4324 in rat 28S ribosomal RNA (Endo et al., 

1987; Endo and Tsurugi, 1987).  This adenine residue lies within a 14-nucleotide 

region known as the α-sarcin loop.  The α-sarcin loop has a GAGA sequence, 

with the first adenine being the RIP substrate, at the core of a putative loop with a 

short base-paired stem (Correll et al., 1998; Gutell et al., 1993; Orita et al., 1993).  

This adenine residue is required for elongation factor (EF)-1- and EF-2-

dependent GTPase activities.  Irreversible depurination of the target adenine 

residue by a RIP blocks binding of EF-2, thereby blocking translation (Nilsson et 

al., 1986). 

The α-sarcin loop is evolutionarily conserved in large rRNAs from bacteria 

to humans and the RIP-targeted adenine residue is absolutely conserved (Mehta 

and Boston, 1998).  Thus, all large rRNAs could be susceptible to depurination 

by RIPs.  In actuality, the activity of RIPs depends of both the source of the RIP 

and the source of the ribosome (reviewed by Hartley et al., 1996).  RIPs such as 

PAP are very active against plant, animal, and bacterial ribosomes, whereas 

RIPs from cereals generally have low activity against plant ribosomes.  For 

example, 103-fold more ricin is required to depurinate wheat ribosomes than to 

depurinate mammalian ribosomes (Cawley et al., 1977).  Differences in efficiency 

are also observed between depurination of ribosomes and free rRNA.  For ricin 

104-fold more protein is needed to depurinate oligonucleotides than to kill 

mammalian cells (Endo et al., 1991). 
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If the rRNA is not the determinant of RIP activity, then what is?  Vater and 

colleagues (Vater et al., 1995) have identified interactions between ricin and the 

ribosomal proteins L9 and P0, which are located in a region of the ribosome 

called the acidic stalk.  The acidic stalk is known to be involved in interactions 

with elongation factors (Rich and Steitz, 1987; Uchiumi et al., 1987).  Vater and 

colleagues claim that there is enough sequence divergence in the L9 and P0 

proteins to account for a lack of prokaryotic recognition by ricin (Vater et al., 

1995).  Furthermore, an additional component of the acid stalk, P3, appears to 

be unique to higher plants and may contribute to structural differences that affect 

RIP interactions with plant ribosomes (Bailey-Serres, 1998; Bailey-Serres et al., 

1997). 

Thermodynamic studies of the α-sarcin loop suggest that the loop is not 

very stable (Szewczak et al., 1991).  Thus, the conformation of the α-sarcin loop 

may change during translation (Szewczak and Moore, 1995).  Studies have 

shown that ribosomes have different sensitivities to RIPs depending on their 

ribosome conformation (Holmberg and Nygard, 1996; Girbes et al., 1993; Alegre 

et al., 1996). 

Differences in RIP tertiary structure could also account for specificity 

toward certain ribosomes.  X-ray crystallography with RIPs having differing 

ribosome specificity have shown that overall tertiary structure is similar (Wang et 

al., 2000; Savino et al., 2000; Poyet et al., 1998; Katzun et al., 1991; Zhuo et al., 

1994).  Amino-terminal, carboxy-terminal, and central domains from two RIPs 

with differing ribosome-specificity were swapped by Chaddock and collegues 
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(1996).  The mutants produced by swapping domains of pokeweed antiviral 

protein (PAP), which normally has activity against both prokaryotic and 

eukaryotic ribosomes, and ricin, which normally has activity only against 

eukaryotic ribosomes, only showed activity against eukaryotic ribosomes in vitro 

(Chaddock and colleagues, 1996).  When interpreted in terms of tertiary 

structure, the swapped domains included surface loop structures that vary 

between ricin and PAP.  Differences in structure between ricin and Mirabillus 

antiviral protein (MAP30) also occur mainly at loops of the two proteins (Wang et 

al., 2000).   

Much is still unknown about how the interaction of RIPs and their target 

ribosomes affect specificity.  The accumulated data suggest that these 

interactions are quite complex with small variations in both the structure of the 

RIP and presence or structure of ribosomal proteins conferring specificity.  

However, the specificity of RIPs towards certain ribosomes appears to involve 

specific positive or negative interactions between the surface of the RIP, and the 

surface of the ribosome and not large structural differences between the RIPs. 

 
 
Classification of RIPs 
 
 RIPs are defined by their N-glycosidase ribosome-inactivating activity and 

not by sequence homology.  In fact, RIPs typically have less than 30% amino 

acid sequence similarity and only 13 amino acid residues are absolutely 

conserved (Stirpe et al., 1992; Munishkin and Wool, 1995).  The secondary 

structure of the active site region is highly conserved along with the gross tertiary 
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structure of the proteins (Barieri, et al., 1993; Husain et al., 1994; Mlsna et al., 

1993; Monzingo and Robertus, 1992; Wang et al., 2000; Savino et al., 2000; 

Poyet et al., 1998).   

Three classes of RIPs have been identified based on their physical 

properties (see Figure 1 in the Appendix, Mundy et al., 1994; Nielsen and 

Boston, 2001).  Type 1 RIPs are monomeric enzymes with an approximate Mr of 

30,000 and a basic isoelectric point that can contain a signal peptide and/or C-

terminal extensions.  The majority of RIPs characterized to date are type 1 RIPs 

(Barbieri et al., 1993).  Type 2 RIPs are heterodimeric proteins with ribosome-

inactivating activity and lectin properties on separate polypeptides.  The subunits 

are linked by a disulfide bond.  In type 2 RIPs, the A-chain subunit is equivalent 

to a type 1 RIP while the B-chain subunit is a lectin that facilitates protein uptake 

and retrograde transport to the cytosol.  Type 3 RIPs are produced as inactive 

single polypeptide precursors that must be proteolytically processed to produce 

the active protein (Mundy et al., 1994).  Type 3 RIPs are less prevalent than type 

1 or type 2 RIPs.  To date, type 3 RIPs have been characterized only in cereals 

(Bass et al., 1992; Chen  et al., 1992; Reinbothe et al., 1994a; Reinbothe et al., 

1994b; Walsh et al., 1991).  One of the best characterized type 3 RIPs is a kernel 

specific protein from maize, designated proRIP1 (Walsh et al., 1991; Bass et al., 

1992).  ProRIP1 is an acidic protein that is cleaved during kernel germination to 

release 26 internal amino acids as well as residues from both the amino- and 

carboxy-termini (Bass et al., 1992; Walsh et al., 1991).  This proteolysis converts 

the proRIP1 from a single peptide of Mr 32,000 to two tightly associated subunits 
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with basic isoelectric points and Mr of 16,500 and 8,500 (Walsh et al., 1991).  

The two subunits interact to form the enzymatic site for the complex.  The 

proteolytically activated form, designated RIP1, has a ribosome-inactivating 

activity in vitro greater than 1000-fold higher than that of proRIP1 (Walsh et al., 

1991). 

 
 
Analysis of RIP Structure and Function 
 
 The three-dimensional (3D) structure for several type 1 and 2 RIPs has 

been determined by x-ray diffraction (Katzin et al., 1991; Monzingo et al., 1993; 

Husain et al., 1994; Wang et al., 1999; Savino et al., 2000).  Comparison of the 

structures of these RIPs has identified certain features that seem to be consistent 

between these proteins.  For example, a prominent cleft that contains the active 

site has been observed in all RIPs crystallized to date (Wang et al., 1999).  Due 

to these structural similarities between RIPs, maize RIP1 was mutagenized 

based on predictions from the ricin A-chain (RA), which has been characterized 

for correlations between structure and function. 

A systematic mutagenesis of ricin has determined which amino acids are 

required for RA ribosome-inactivating activity (Munishkin and Wool, 1995).  The 

mutational analysis identified 32 of the 267 amino acids present in RA that were 

required for the ribosome-inactivating activity.  The 32 residues are congregated 

in or near the putative active site cleft and include six of the 13 amino acids that 

are absolutely conserved among RIPs.  The function of the six conserved amino 
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acids (Phe24, Arg29, Glu177, Ala178, Arg180, and Trp211) will be examined 

here. 

Munishkin and Wool (1995) have been able to suggest putative roles for 

some of the amino acids after comparing amino acids required for activity with 

the 3D structure of RA.  The 32 amino acids for which omission or substitution 

was not tolerated are congregated in or near either the putative active site cleft or 

the hydrophobic core behind it.  The largest concentration of these amino acids is 

in Helix E and the adjacent unstructured region (see figure 1 in Morris and Wool, 

1994).  Helix E (residues 161-180) forms one side of the active site cleft and is 

the longest helix in RA.  Helix E has a distinct bend (residues 177-180) near its 

carboxyl-terminal end that disrupts the local hydrogen bonding pattern and is 

thought to produce the active site cavity.  Three of the conserved residues 

(Glu177, Ala178, and Arg180) are found in this bend.  In RA, Arg180 is thought 

to form a hydrogen bond with nitrogen-3 of the ribosomal adenosine that may 

protonate the adenosine ring transiently, thereby facilitate bond breakage 

(Monzingo and Robertus, 1992).  When Arg180 is converted to lysine or histidine 

the enzymatic activity of RA decreases by 0.25 and 0.001, respectively (Chow et 

al., 1990).  The relatively small loss in activity of R180K supports the assumption 

that a positive charge in the active site is important for the chemistry of catalysis.  

Glu177 is thought to stabilize the developing oxycarbonium character of the 

ribose ring and to polarize the water molecule that is the proposed nucleophile.  

The nitrogen-carbon bond would be displaced by nucleophilic attack of the water 

molecule on carbon-1 of the ribose.  Conversion of Glu177 to alanine or 
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glutamine reduced the enzymatic activity of RA by 0.18 and 0.001, respectively 

(Schlossman et al., 1989).  The small decrease in activity of E177A is due to the 

ability of another glutamate residue (Glu208) to substitute for Glu177, as 

determined from a double mutant with E177A and E208D that had virtually no 

enzymatic activity (Frankel et al., 1990). 

The invariant aromatic residues Tyr80, Tyr123, and Trp211 are thought to 

contribute to substrate binding (Montfort et al., 1987; Katzin et al., 1991; 

Watanabe et al., 1992) by intercalating their aromatic rings between the bases of 

the ribosomal RNA.  In RA only Trp211 was found to be required for enzymatic 

activity but conversion of Try80 and Tyr123 to serine decreased enzymatic 

activity by 0.005 and 0.01, respectively (Kim and Robertus, 1992).  The 

conversion of these residues to phenylalanine had little effect on enzyme activity. 

The role of Phe24 and Arg29 in RA ribosome-inactivating activity is 

unknown.  Because of their distance from the putative active site, they were 

assumed by Munishkin and Wool (1995) not to in the chemistry of catalysis.  For 

lack of a better explanation, Munishkin and Wool hypothesize that Phe24 and 

Arg29 are involved in substrate binding. 

While many studies have focused on site-directed mutagenesis of RA, few 

studies have examined the role of specific amino acids in other RIPs.  Residues 

corresponding to Tyr80, Glu177, and Arg180 of RA have been mutated in the 

type 1 RIP, PAP (Poyet et al., 1998).  In PAP, equivalent mutations to Y80S and 

R180H resulted in decreases in enzyme activity of only 200-fold compared to 

decreases of 1000-fold in RA.  The equivalent mutation to E177D had a 
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decrease in enzymatic activity of 0.005 in PAP - still 2-fold greater than the 

decrease observed in RA.  PAP has activity against both eukaryotic and 

prokaryotic ribosomes, whereas ricin has activity against only eukaryotic 

ribosomes.  Thus, the relevance of the differences in the ability of Y80S, E177D, 

and R180H to decrease enzymatic activity in RA compared to PAP remains 

unknown.  The site-directed mutagenesis of a type 3 RIP is the topic of Chapter 3 

of this thesis. 

 
 
Entry of RIPs into cells1 
 
 Assuming that ribosome depurination is a biologically important activity of 

RIPs, then the RIPs must gain access to the ribosome-containing cytosol of 

target cells.  Many RIPs likely evolved to have individualized methods for 

protecting their host cell ribosomes from inactivation while at the same time 

providing a means by which the protein could come into contact with target cells.  

This requirement would have to be met regardless of whether RIPs are acting as 

defense proteins against heterologous ribosomes or regulating cell metabolism 

by modifying orthologous ribosomes.  Here, we first address ways by which 

synthesis and sequestration of RIPs may protect the host cell and then consider 

the situation where RIPs must breach at least two barriers – the host cell 

membrane and the cell membrane of the heterologous target cell. 

 
 
 
 

                                                 
1 This section was taken from the portion of Nielsen and Boston (2001) that I drafted. 
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Secreted and Compartmentalized RIPs 
 
 RIPs are localized extracellularily as well as in compartments that vary 

among different host cells.  Most RIPs appear to have N-terminal signal 

sequences that target them for cotranslational entry into the endomembrane 

system (Hartley and Lord, 1993).  The endomembranes then provide a barrier 

between the RIP and the orthologous ribosomes.  RIPs, however, can be 

transported bidirectionally – both forward and reverse through the 

endomembrane system.  As a result, additional protective steps are necessary to 

prevent subsequent retrograde transport of a newly synthesized RIPs back to the 

ribosome-containing cytosol (retrograde transport of RIPs is discussed later).  

One strategy is synthesis as inactive pro-proteins.  Phytolacca insularis antiviral 

protein (PIP2), saporin, sechiumin, trichoanguin, and trichosanthin are all type 1 

RIPs with short carboxy terminal extensions that are encoded by the 

corresponding genes but not found on proteins isolated from plants (Benatti et 

al., 1991; Carzaniga et al., 1994; Chow et al., 1999; Song et al., 2000; Wu et al., 

1998).  The C-terminal extensions are similar in sequence to those found on 

vacuolar proteins and may act as vacuolar targeting signals (Neuhaus and 

Rogers, 1998; Vitale and Raikhel, 1999).  Recombinant trichosanthin and 

sechiumin that contain the C-terminal amino acid peptides have ~fivefold less 

enzymatic activity than the corresponding native proteins (Wu et al., 1998; Zhu et 

al., 1992).  Thus, in addition to targeting, extensions may prevent these RIPs 

from becoming active prior to reaching the storage organelles. 
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 The importance of sequential processing and localization of RIPs away 

from ribosomes was recently demonstrated by studies to express various ricin 

constructs in transgenic tobacco protoplasts and determine their cellular fates 

(Frigerio et al., 1998).  Ricin, a type 2 RIP, undergoes a complex maturation 

process.  It is produced in castor bean as a precursor polypeptide (preproricin) 

that contains a signal peptide as well as the A- and B- chains joined by a short 

linker peptide (Figure 1; Butterworth and Lord, 1983; Lamb et al., 1985).  Proricin 

is generated by cleavage of the N-terminal signal peptide from preproricin and 

transported from its site of synthesis at the ER to vacuoles via the Golgi complex 

(Lord, 1985).  Only after proricin has reached the vacuole is the linker peptide 

cleaved to produce the mature active protein.  When the ricin A-chain was 

expressed alone in transgenic tobacco protoplasts, it could be detected in ER, 

but its continued expression was toxic (Frigerio et al., 1998).  This toxicity 

indicates that the active A-chain can most likely be transported from ER into the 

cytosol where it would interact with ribosomes.  When the native preproricin 

construct was assayed, processing, glycosylation, and targeting to the vacuole 

occurred normally and no toxicity was seen (Sehnke and Ferl, 1999).  Thus, it 

appears that to prevent toxicity to the host cell, ricin, and most likely a number of 

other type 2 RIPs, must be produced as preproteins and targeted to the vacuole 

prior to activation by cleavage of the peptide linker between the A- and B-chains. 

 Besides those RIPs localized in vacuoles, there are others such as PAP 

that are secreted to a final destination in the cell wall matrix (Carzaniga et al., 

1994; Ready et al., 1986).  Like RIPs localized in vacuoles, these proteins would 
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be physically separated from orthologous ribosomes.  Furthermore, the host cell 

would not be a barrier for activity against target cells. 

 
 
 
Cytosolic RIPs 
 
 Exceptions to the RIPs that are sequestered from host ribosomes are 

those from cereals.  These RIPs lack obvious signal sequences and appear to 

reside in the cytosol where they would repeatedly come in contact with host 

ribosomes (Habuka et al., 1993; Leah et al., 1991; Walsh et al., 1991).  In 

general, cereal RIPs have little if any activity against plant ribosomes at 

concentrations found in vivo.  The apparent lack of ribosome sensitivity to RIPs 

from the same plant extends to type 3 RIPs even after they have been 

proteolytically activated (Bass et al., 1992; Chaudhry et al., 1994; Krawetz and 

Boston, 2000; Taylor et al., 1994). 

 For vacuolar or cytosolically localized RIPs the question arises as to how 

they exit the host cell.  One plausible explanation is that lysis of the plasma or 

vacuolar membranes upon cell attack by a pest or pathogen would release the 

RIP.  For those type 3 RIPs requiring proteolytic activation, lysis of cellular 

membranes would likely release both the inactive proRIPs and the proteases 

required to activate them.  Aternatively, activation could occur as a result of 

proteolysis by enzymes produced by an invading pest or pathogen.  To date, no 

information is known on how vacuolar or cytosolically localized RIPs exit the host 

cell. 
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RIP Interactions with Membranes and Receptors 
 
 Once a RIP has been released from the host cell, the next barrier would 

be encountered at the target cell where uptake would require binding of the RIP 

to the cell surface, transport in to the cell, and finally entry into the cytosol.  The 

presence of the lectin B-chain of type 2 RIPs allows for binding to galactosyl 

moieties found on the surface of most eukaryotic cells.  Studies of this binding 

and subsequent uptake of the disulfide bonded A-chain have been reviewed 

recently and thus are not covered in detail here (Hazes and Read, 1997; Lord 

and Roberts, 1996; Sandvig and van Deurs, 1996; Sandvig and van Deurs, 

1999).  Instead, we focus on uptake of type 1 and type 3 RIPs for which the 

uptake process remains mostly unknown. 

 Type 1 and 3 RIPs lack the lectin chain that facilitates entry and accounts 

for the extreme toxicity of type 2 RIPs to intact cells (Stirpe et al., 1980).  Some 

type 1 RIPs are glycosylated and presumably bind to carbohydrate receptors on 

the cell membrane (reviewed in Barbieri et al., 1993; Jiminez and Vazquez, 

1985).  Similar binding has been shown for RA that carries mannose 

oligosaccharides capable of binding to mannose receptors even in the absence 

of the B-chain (Foxwell et al., 1985; Frankel et al., 1997; Kimura et al., 1988; 

Riccobono and Fiani, 1996; Simmons et al., 1986). 

 Carbohydrate binding is not the only means of recognition and entry, 

however, nor perhaps the most efficient.  Comparison of toxicity of 

unglycosylated saporin and the glycosylated RIPs, dianthin and gelonin, to a 

variety of animal cells failed to show a correlation between toxicity and the 
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presence of carbohydrates (Barbieri et al., 1993; Batelli et al., 1992).  A better 

correlation was seen between toxicity and binding to members of the low-density 

lipoprotein (LDL) receptor family, which interact with a wide spectrum of ligands 

that are internalized via clathrin-coated pits (Gliemann, 1998).  Saporin and 

trichosanthin (also unglycosylated) bind specifically to α-macroglobulin and 

megalin receptors (Cavallaro et al., 1995; Chan et al., 2000).  Saporin was more 

toxic to macrophages and liver cells that had LDL receptors than to T 

lymphocytes that did not.  Additional cell surface receptor-RIP interactions will 

likely be discovered as better tools become available for tracking these proteins.  

In fact, trichosanthin was recently shown to bind to different chemokine receptors 

and stimulate chemotaxis and G-protein activation of cultured animal cells (Zhao 

et al., 1999).  Equivalent activation, however, was also seen when a mutant 

trichosanthin with 4000-fold lower ribosome-inactivating activity was used (Nie et 

al., 1998; Zhao et al., 1999).  Whether these data reflect a very low threshold for 

RIP action or an activity unrelated to N-glycosylation is unresolved. 

 Although interactions between RIPs and receptors at the cell surface 

would seem to indicate a protein-mediated uptake, receptor-independent 

mechanisms of membrane binding are also supported by experimental evidence.  

Studies with reconstituted liposomes have implicated negatively charged 

phospholipids in conferring selective binding and uptake of the fungal RIP α-

sarcin (Onaderra et al., 1993; Onaderra et al., 1998).  Alpha-sarcin (Kao and 

Davies, 1995; Wool et al., 1992) is similar to many type 1 RIPs in that it is a 

single-chain nonglycosylated protein with no strikingly hydrophobic zones to 
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allow for crossing of the membrane bilayer.  Furthermore, binding to protein 

receptors has not been documented, yet α-sarcin was found to associate with 

phospholipid vesicles (Onaderra et al., 1993).  This association has been 

attributed to aggregation of α-sarcin into oligomeric forms in the presence of 

negatively charged phospholipids (Onaderra et al., 1998).  The type 1 RIP, 

saporin, was shown to promote fusion of membranes containing negatively 

charged phospholipids, but uptake into liposomes was not assayed (Hao et al., 

1996; Liu et al., 1997). 

 The diversity of proteins and phosphlipids able to interact with type 1 RIPs 

makes it hard to offer a single model for introduction into cells.  For type 3 RIPs, 

even less is known, including whether these proteins interact with cells as the 

proRIP zymogens, the activated (processed RIPs), or in both forms.  Based on 

studies with type 2 RIPs and RA, uptake might be expected to be quite complex.  

For the ricin holoenzyme, the primary means of uptake is endocytosis via 

clathrin-coated pits with transport through the Golgi apparatus to the ER 

(Sandvig and van Deurs, 1996; Sandvig and van Deurs, 1999; Simpson et al., 

1999).  When clathrin-mediated uptake was inhibited, an alternative method of 

uptake was revealed (Gonatas et al., 1998; Sandvig and van Deurs, 1996; 

Sandvig and van Deurs, 1999).  This alternative internalization is clathrin 

independent and highly regulated through complex signaling pathways involving 

protein kinases, G-proteins, cAMP, and cell polarity (Eker et al., 1994; Holm et 

al., 1995; Jackman et al., 1999; Llorente et al., 2000). 
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Retrograde Transport of RIPs 
 
 For RIPs that enter the cell by way of vesicles, further transport is 

necessary to gain access to cytosolic ribosomes.  Type 2 RIPs follow a 

retrograde transport pathway through endosomes or Golgi to the ER and then 

the cytosol (Lord and Roberts, 1998a; Lord and Roberts, 1998b; Sandvig and 

van Deurs, 1999; Simpson et al., 1999; Wesche et al., 1999).  This retrograde 

movement has been studied extensively for type 2 RIPs as well as for the ricin A-

chain alone, which has often been taken to be a model for the single-chain type 1 

RIPs (Lord and Roberts, 1998; Sandvig and van Deurs, 1996; Sandvig and van 

Deurs, 1999; Svinth et al., 1998).  Because of structural similarities between the 

ricin A-chain and type 1 and 3 RIPs, a hypothesis of retrograde transport based 

on the ricin A-chain seems to be a good basis for investigating entry of type 1 

and 3 RIPs into the cytosol from the ER.  However, the importance for retrograde 

transport for type 1 and 3 RIPs can only be hypothesized at present. 

 
 
Physiological Manifestations of RIP Activity2 
 
 Although the enzymatic mechanism of RIP activity is well defined, the 

physiological steps by which ribosome-inactivation leads to cell death are not 

well understood.  In cultured mammalian cells, both type 1 and 2 RIPs have been 

linked to a programmed cell death, or apoptosis (Bergamaschi et al., 1996; 

Griffiths et al., 1987; Langer et al., 1999; Poma et al., 1999a; Poma et al., 1999b; 

Williams et al., 1997).  RIP-treated cells exhibited the morphological features 

characteristic of apoptosis including condensation and fragmentation of cell 
                                                 
2 This section was taken from the portion of Nielsen and Boston (2001) that I drafted. 
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nuclei, cytoplasmic densification, breakdown of nuclear DNA into discrete 

fragments, and mitochondrial membrane alterations (Bergamaschi et al., 1996; 

Bussing et al., 1999; Griffiths et al., 1987; Hassoun and Wang, 1999; Keppler-

Hafkemeyer et al., 1998; Langer et al., 1999; Martin et al., 1990; Oda et al., 

1997; Sandvig and van Deurs, 1992; Vervecken et al., 2000; Williams et al., 

1997).  In addition, use of inhibitors and pharmacological agents that perturb 

signal transduction pathways leading to programmed cell death add further 

support to the idea that apoptosis is initiated by RIPs.  For example, production 

of reactive oxygen species (ROS) were detected in single cells treated with 

trichosanthin (Zhang et al., 2000).  Cell viability increased, however, upon 

preincubation with α-tocopherol, a protective agent against ROS-induced cell 

death.  Similarly, when the apoptotic protease activities of caspases and serine 

proteases were inhibited, treatment of cells with ricin failed to bring about 

programmed cell death (Komatsu et al 1998; Oda et al., 1998).  Treatment with 

the thiol antioxidant N-acetylecysteine (NAC) blocked cytotoxicity of ricin and led 

to the conclusion that redox regulation of proteins via their thiol groups also plays 

a role in ricin-induced programmed cell death (Oda et al., 1999).  The redox 

regulation, however, appears to act through a signaling pathway distinct from the 

protease-mediated pathway because NAC treatment did not affect the generation 

of caspase activity.  Signaling through a third molecule, tumor-necrosis factor-α 

(TNF-α), has also been implicated in ricin-induced apoptosis as judged by the 

lack of a ricin effect in cells in which TNF receptors had been blocked (Hassoun 

et al., 2000). 
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 Sandvig and coworkers (Sandvig and van Deurs, 1992) found that either 

ricin or cyclohexamide blocked protein synthesis in mammalian cell cultures, but 

only ricin treatment led to programmed cell death.  However, if cyclohexamide 

was added to the ricin-treated cells at the cessation of protein synthesis, 

programmed cell death did not occur (Sandvig and van Deurs, 1992).  These 

observations at first seem to run counter to the hypothesis that a reduction in 

protein synthesis due to RIP activity leads to programmed cell death.  They can 

be explained, however, by the finding that cyclohexamide inhibits autophagy, a 

key degradative step in apoptosis (Kominami et al., 1983; Sandvig and van 

Deurs, 1992).  By inhibiting autophagy, cyclohexamide likely blocked the ricin 

induction of apoptosis following translational inhibition. 

 The necessity of having ribosome-inactivating activity for subsequent 

apoptosis is consistent with the hypothesis that reduction in protein synthesis is a 

trigger for programmed cell death in mammalian cells.  Indirect evidence for such 

a hypothesis comes from work with an interferon-induced, dsRNA-dependent 

protein kinase (PKR; reviewed in Jagus et al., 1999).  PKR inactivates the 

translational initiation factor eIF2α, by phosphorylating it such that initiation of 

translation and subsequent protein synthesis are severely inhibited (Lee et al., 

1993; Pain, 1996).  Overexpression of PKR in cultured cells increases their 

sensitivity to inducers of apoptosis, whereas overexpression of a dominant 

negative PKR confers resistance to inducers of programmed cell death 

(Balachandran et at., 1998; Der et al., 1997). 
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Additional Activities of RIPs 
 
 While the site-specific N-glycosidase activity of RIPs has been their 

defining characteristic, additional activities have also been reported.  Wang et al. 

(1999) have shown that MAP30 preparations cleave supercoiled DNA and also 

exhibit DNA glycosylase/apurinic/apyrimidinic (AP) lyase activity (Lee-Huang et 

al., 1995a; Lee-Huang et al., 1995b; Wang et al., 1999).  The N-glycosidase 

activities are contained in one site while the AP lyase activity has been assigned 

to a different but contiguous site of the protein.  Wang et al also showed that 

divalent cations interact with negatively charged regions of MAP30 and are likely 

to facilitate interactions with DNA.  A sequential lyase activity in gypsophilin that 

involves cleavage of the α-sarcin loop by a separate RNA apurinic site-specific 

lyase followed by depurination of RNA has been suggested by Ogasawara et al. 

(Ogasawara et al., 1999). 

 Antiviral activity has also been noted for a number of type 1 and 2 RIPs 

(reviewed in Barbieri et al., 1993; Hartley et al., 1996; Jackman et al., 1999).  

Early studies of the antiviral activity of RIPs suggested that RIPs may affect viral 

replication.  Tomlinson et al (1974) found that PAP inhibits infection by tobacco 

mosaic virus (TMV) when mixed with the viral particles.  However, TMV regained 

its ability to infect Chenopodium amaranticolor after it was separated from PAP 

by centrifugation (Tomlinson et al., 1974).  These data suggest that RIP antiviral 

activity does not result from binding of RIP to the viral particle (Kumon et al., 

1990).   
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While the exact mechanism of RIP antiviral activity remains ill-defined, 

experimental evidence suggests that the antiviral activity can be separated from 

depurination of the α-sarcin loop (Aron and Irvin, 1980; Huang et al., 1999; Lee-

Huang et al., 1994; McGrath et al., 1989; Zarling et al., 1990).  For example, 

Tumer and coworkers assayed a deletion mutant of a PAP gene in transgenic 

tobacco and found that the mutant protein was unable to depurinate the α-sarcin 

loop but still conferred viral resistance (Turner et al., 1997).   Recent studies of 

the antiviral properties of RIPs have suggested that the mechanism of viral 

inhibition may vary among different viruses and different RIPs.   Hudak and 

colleagues (2000) have shown that translation of viral mRNAs having a 5’ 

terminal m7GpppG cap was decreased after exposure to PAP.  This decreased 

translation was associated with an increase in mRNA degradation and required 

N-glycosidase activity but not ribosome depurination.  While this study could 

explain the antiviral activity of PAP against Sinbis-like viruses, it falls short of 

explaining PAP activity against viruses that lack 5’ cap structures.  Molecules 

other than capped viral RNAs have also been shown to be targets for antiviral 

activity.  For example, MAP30 activity against HIV integrase is seen at protein 

levels tenfold lower than those needed for translational inhibition. 

 

Antifungal Activity of RIPs 
 
 The studies described above have focused primarily on the biochemical 

and medicinal properties of RIPs.  While these studies have increased our 

understanding of the ribosome-inactivating activity and transport of RIPs, they 
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have not provided much insight into RIP function in planta.  Many RIPs, such as 

ricin and maize RIP1, have high activity against non-plant ribosomes whereas 

plant ribosomes are resistant to depurination (Bass et al., 1992; Hartley and 

Beevers, 1982; Krawetz and Boston, 2000).  These data have led researchers to 

propose a role for RIPs in plant defense.  A presumed role for RIPs in plant 

defense could be argued from experimental evidence gained both in vitro and in 

vivo. 

Of primary interest is the effect of RIPs on plant pathogens including 

herbivores, insects, viruses, bacteria and fungi.  This thesis studies the effect of 

maize RIP1 on fungi.  Therefore, the focus of this section is on RIP antifungal 

activity with brief descriptions of activity against other pathogens. 

Due to the interest in a medical application for RIPs, there has been an 

intense effort to characterize the effect of RIPs on mammalian cells (reviewed in 

Frankel et al., 1996; Pastan et al., 1991).  The results from these efforts (as 

described in previous sections) could support the conclusion that some RIPs, in 

particular type 2 RIPs, could have activity against herbivores.  A role of RIPs in 

defense against certain insects has also been observed.  A detailed discussion of 

RIP activity against insects is found in Nielsen and Boston (2001).  As mentioned 

in the previous section, antiviral activity has also been found in a number of type 

1 and 2 RIPs (reviewed in Barbeiri et al., 1993; Hartley et al., 1996; Jackman et 

al., 1999).  While RIPs generally do not have activity against prokaryotes, some 

RIPs, such as PAP, can depurinate prokaryotic ribosomes (Vivanco et al., 1999, 

Kurinov et al., 1999). 
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Fungi cause crop yield losses of almost 20% annually (Knight et al., 1997) 

and thus are a serious economic factor.  Furthermore, fungal infection of 

immunocompromised humans has emerged as a major cause of morbidity and 

mortality (Groll, 1998).  Due to the effect of fungal infection on our food supply 

and our health, the search for antifungal compounds is ongoing (Groll et al., 

1998; Georgopapadakou and Tkacz, 1995).  However, relatively few studies 

have looked at the effect of RIPs on fungi. 

In bioassays, two RIPs from Mirabilis expansa roots have shown strong 

activity against an array of pathogenic and non-pathogenic fungi including 

Fusarium and Trichoderma species (Vivanco et al., 1999).  In some cases fungal 

species from the same genus showed differential sensitivity.  For example, 

Phytophthora drechsleri was sensitive, whereas P. megasperma, P. palmivora, 

P. crytoptogea, and P. cinnamomi were all resistant.  The type 1 barley RIP was 

inhibitory to growth of T. reesei upon addition to solid media.  Inhibition of growth 

in liquid media was minimal with barley RIP alone but increased dramatically 

when chitinase was included in the assay (Leah et al., 1991).  Whether the 

reduced sensitivity of T. reesei to barley RIP in liquid media was due to changes 

in ribosome-inactivating activity of the protein or changes in the T. reesei cell wall 

was not determined.  Sensitivity in the above bioassays was often found to be 

greater in fungi that are saprophytes or pathogens that do not normally infect the 

plant from which the RIP was isolated.  Chapters 2 and 3 examine the effect of 

maize RIP1 on Aspergillus species that are either pathogenic or non-pathogenic 

on maize. 



 23

The bioassays are good for determining the effect of a single protein, but 

create an artificial situation because the amount of RIP the fungal pathogen is 

exposed to during the fungal-plant interaction is unknown.  Ectopic expression of 

RIPs in transgenic plants overcomes this problem by exposing the fungus to RIP 

only during the fungal-plant interaction where the concentration of RIP is 

dependent on the amount released from plant cells.  Transgenic tobacco 

expressing the type 1 RIP from barley, under the control of the 35S-CaMV 

promoter or a wound inducible promotor, showed some resistance to Rhizoctonia 

solani (Logemann et al., 1992).  However, addition of a signal sequence to target 

the RIP to the endomembrane system improved resistance (Jach et al., 1995).  It 

is important to note, however, that transgenic wheat plants expressing the barley 

type 1 RIP had highly variable (0-40%) resistance against the fungal plant 

pathogen Erysiphe graminis (Bieri et al., 2000).  Furthermore, this resistance did 

not correlate with RIP levels in the transgenics.  Expression of maize proRIP1 in 

tobacco conferred resistance against R. solani (Maddaloni et al., 1997).  Whether 

this resistance was due to the zymogen proRIP1 or to proteolytically activated 

RIP1 was not determined. 

The bioassays and transgenic studies have suggested that some RIPs 

have antifungal activity but have been unable to determine whether RIPs protect 

their host plant against fungal infection.  Studies to examine the direct role of 

RIPs in their host plants will require mutant host plants that are unable to 

produce RIPs.  No mutant host plants with their RIP gene knocked-out have 

been reported in any plant species to date. 
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Mutations in the transcriptional activator Opaque-2 (O2) can alter proRIP 

amounts in maize.  The expression of proRIP1 is regulated by O2 (Di-Fonzo et 

al., 1986; Hartings et al., 1989; Jones et al., 1977; Mertz et al., 1964; Soave et 

al., 1981) and levels of proRIP1 are reduced by greater than 100-fold in o2 

mutant kernels.  While proRIP1 is not completely abolished in these kernels, as 

would be the case with a gene knockout, the amount of proRIP1 may be low 

enough to determine whether a correlation between proRIP1 levels and fungal 

growth exists.  Chapter 4 examines the ability of fungi to infect normal and o2 

mutant kernels. 

  
 
Aspergillus growth and development 
 
 The Aspergillus genus contains fungi that have in common their basic 

growth and development but which have adapted to many environments.  While 

all Aspergillus species can live saprophytically, many have developed 

pathogenicity towards other organisms.  Similarities in growth and development 

of species in the genus Aspergillus will be examined followed by an overview of 

species of importance to humans. 

 
The Duplication Cycle 
 
 The growth of filamentous fungi differs substantially from that of plants and 

animals.  Fiddy and Trinci hypothesized over 20 years ago that the growth and 

division of individual cells within a fungal hyphae were likely to be similar to those 

processes in unicellular organisms (Fiddy and Trinci, 1976; Trinci, 1978).  They 

introduced the term “duplication cycle” to describe these events and noted that  
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the sole distinction between the duplication cycle and the cell cycle is that hyphal 

cells do not separate following division.  As regulatory networks have been 

identified in the years since this hypothesis was first proposed, it has become 

clear that the duplication cycle in Aspergillus species possesses several features 

which distinguish it from unicellular cell cycles. 

 Fungal hyphae are complex modular structures composed of individual 

cells (Carlile, 1994; Trinci et al., 1994).  Orderly progression through the 

duplication cycle permits growth of hyphal cells and allows for exploration and 

colonization of new environments.  The first step in the duplication cycle involves 

germination of the asexual spore, or conidium (Figure 1; Harris, 1997).  In the 

case of A. nidulans, the conidium is uninucleate, however multinucleate conidia 

are present in some Aspergillus species.  Morphologically, germination involves 

swelling of the conidium, nuclear replication, and initial germ tube formation.  

These cells are atypical in the sense that they generally undergo a 10-fold 

increase in size and as much as an 8-fold increase in nuclear content before 

dividing.  Osherov and May (2000) have been able to analyze the molecular 

details of conidial germination through the use of temperature sensitive genetic 

mutants deficient in the ability to germinate, designated sdg mutants.  The 

authors identified mutations in genes involved in translation initiation and 

elongation as well as protein stabilization and folding in mitochondria.  The sdg 

phenotype was only duplicated by an inhibitor of translation, cyclohexamide, and 

by removal of the carbon source in growth media.  Compounds that disrupt DNA 

synthesis, RNA synthesis, microtubule function and actin polymerization had no  
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Figure 1.  The duplication cycle of Aspergillus species.  The conidium and 
subsequent germling undergo large increases in size (~10-fold) and nuclear 
number (<8-fold) prior to septation.  After septation, the hyphal cells double in 
size and nuclear number prior to septation.  Branching occurs in sub-apical 
regions of the developing mycelium.  Black circles represent nuclei.  Adapted 
from Harris (1997).
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effect on germination.  It should be noted, however, that these compounds were 

added exogenously and may not have been able to enter the conidia.  In the 

yeast Sacchromyces cerevisiae the ras signal transduction pathway appears to 

serve as a specific sensor for the detection of fermentable sugars (for review see 

Thevelein, 1991).  To test whether this pathway is also used during germination 

in Aspergillus, Osherov and May tested conidia with a constitutively active ras 

pathway for their ability to germinate in the absence of a carbon source.  The 

conidia germinated indicating that the ras pathway is involved in detection of 

fermentable sugars in Aspergillus.  From these data the authors concluded that a 

carbon source, ras signaling, and translation are required for conidial 

germination.  Additional studies show that during the first 20 minutes of 

germination, the percentage of ribosomes that sediment as polysomes rapidly 

increases (Horikoshi et al., 1965; Mirkes, 1974).  This shift from monosomes to 

polysomes is induced solely by the presence of a carbon source.  The rate of 

RNA synthesis during this period is too low to be sufficient for the rate of increase 

of polysome formation.  Together, these findings indicate that there is a 

preexisting pool of both mRNA and free ribosomes in the ungerminated conidium 

and that the coupling of these mRNA and ribosomes is induced by the presence 

of a carbon source. 

 The second step in the duplication cycle involves the first cell division, or 

septation (Figure 1; Harris, 1997).  This cell division in Aspergillus is a critical 

developmental event since it marks the transition from unicellular growth to 

multicellular growth.  Septation is temporally regulated in Aspergillus and is 
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thought to play a critical role in permitting formation of multinucleate hyphal cells 

from the uninucleate conidium.  The generation of multinucleate hyphal cells 

requires the uncoupling of cell division from mitosis in predivisional hyphae 

(Harris et al., 1994).  Furthermore, formation of the first septum in predivisional 

hyphae appears to occur within a specific size range (Harris et al., 1994; Wolkow 

et al., 1996).  Based upon these observations, Wolkow et al. (1996) have argued 

that cell division in the second step of the duplication cycle is subject to a unique 

postmitotic size control mechanism. 

 The third step in the duplication cycle involves development of the 

postdivisional hyphal cells (Figure 1, Harris, 1997).  These cells exhibit 

autonomous nuclear division cycles (Rosenberger and Kessel, 1967; Robinow 

and Caten, 1969).  Additionally, the postdivisional cells behave more like typical 

cells in that they double in mass and nuclear content prior to cell division 

(Clutterbuck, 1970).  The fate of postdivisional cells depends on their location in 

the hypha.  Apical tip cells maintain their polarized axis of growth and continue to 

progress through the duplication cycle.  In contrast, subapical cells appear to 

enter a period of mitotic quiescence prior to establishing a new axis of polarity 

and reinitiating growth as new branches (Trinci, 1978).  The postdivisional hypha 

contains a single tip cell with many subapical cells.  Of the subapical cells, only a 

few are branching to produce new tips.  Thus, only a small fraction of the cells 

within a mature mycelium, or colony, is actively progressing through the 

duplication cycle. 
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 The molecular mechanism underlying cellular morphogenesis in 

Aspergillus remains poorly understood.  What is known has largely been 

obtained through precise cytological measurements of growing hyphae 

(summarized in Gow, 1995; Kaminskyj and Heath, 1996).  While it is tempting to 

speculate that the mechanisms directing morphogenesis would be similar to 

those found in yeast, fundamental differences exist between filamentous and 

budding growth.  The most significant difference is that hyphal cells retain a fixed 

axis of polarized growth whereas yeast cells undergo repeated cycles of 

polymerization and depolymerization (summarized in Harris, 1997). 

 
Transport 
 
 An interesting aspect of hyphal tip growth involves vesicle formation and 

transport.  Hyphal tip cells possess a unique tip-associated secretory granual 

termed the Spitzenkorper (Howard, 1981).  This organelle is thought to serve as 

a “vesicle-docking center” that facilitates the delivery of secretory vesicles to the 

elongating hyphal tip (Bartinicki-Garcia et al., 1990).  Cell wall biosynthesis in 

fungi is driven by the exocytotic delivery of vesicles containing structural 

precursors or biosynthetic enzymes to sites at the hyphal tip (Gooday, 1971; 

Bartinicki-Garcia, 1990; Chuang and Schekman, 1996).  However, the 

simultaneous occurrence of cell wall deposition at the growing tip and at the 

septum suggests that vesicle transport is quite complicated in fungi (Harris, 

1997).  For example, if it is assumed that septum formation and tip growth are 

supported by a similar population of vesicles derived from the same source, then 

these vesicles must be segregated and directed towards the septum or the tip.  
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Alternatively, hyphal cells may contain multiple Golgi complexes, such that one 

complex supplies vesicles for septum formation while another provides vesicles 

for tip growth. 

 Uptake of compounds by fungi is also unclear.  Amphiphilic styryl dyes, 

such as FM4-64, have been used to show the presence of endocytosis in fungi 

(Hoffmann and Mendgen, 1998; Read et al., 1998; Fischer-Parton et al., 2000).  

Amphiphilic styryl dyes are composed of three elements: a hydrophobic tail that 

promotes partitioning into membranes, a dicationic head that prevents passage 

across membranes, and a body, or nucleus, that determines the spectral 

properties of the dye.  The structure of these dyes places a significant barrier to 

direct passage across the plasma membrane (Betz et al., 1996).  Although 

unfacilitated diffusion of styryl dyes across membranes is unlikely, it is known 

that membrane phospholipids, that would also be expected to be resistant to 

passage across membranes, are able to cross over with the aid of flippases 

(Menon, 1995).  Flippase activity is an essential requirement for membrane 

biosynthesis.  Thus, while these dyes suggest that endocytosis exists in fungi, 

the results do not confirm the presence of endocytosis.  

 The dogma has been that fungi excrete proteases that degrade proteins in 

their environment and then transport the free amino acids into the cell.  To 

support this hypothesis, transporters for single amino acids and mono- and 

disaccharides have been found in Aspergillus (Valdez-Taubas et al., 2000; 

Tavoularis et al., 2001;summarized in Jennings, 1995;Sophianopoulou and 

Diallinas, 1995; Burgstaller, 1997).  Whether fungi have the ability to internalize 
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large proteins is unknown.  The ability of a maize RIP1 construct with a molecular 

weight of 31 kDa to be internalized by Aspergillus nidulans is a topic of Chapter 

3. 

 
Thesis Plan 
 
 The major emphasis of this thesis concerns the identification and 

characterization of the antifungal activity of maize RIP1 against Aspergillus 

species.  My initial efforts involved development of an assay for antifungal activity 

against A. flavus of papain-activated proRIP1 isolated from 24 day after 

pollination (DAP) kernels.   

ProRIP1 isolated from maize kernels and the proRIP1 deletion construct, 

MOD1, that was produced and characterized by Julie Krawetz, induced an 

alteration in growth resulting in a branching phenotype.   However, the site-

directed mutant of MOD1, MOD1mut, that was produced by Ashwin Mehta had 

no effect on A. flavus.  Due to the lack of an easily visualized phenotype 

observed in A. flavus, I also screened additional fungal species for MOD1 

antifungal activity and found that MOD1 induced lysis of A. nidulans.  

Characterization of the antifungal activity of maize RIP1 against A. flavus and A. 

nidulans forms the basis for Chapter 2.  This chapter was published in Molecular 

Plant Microbe Interactions (Nielsen et al., 2001). 

 While working on the manuscript for Chapter 2, I initiated experiments to 

localize maize RIP1 and control proteins in association with the Aspergillus cells.  

I determined that MOD1mut became highly unstable during purification and 

subsequent labeling with the fluorophore Texas Red.  These results prompted 
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the production of the Y80S and E177D mutants, which appear to be stable.  

When I found that the RIP1 proteins were able to enter Aspergillus cells, 

detection of in vivo ribosomal depurination by the proteins was tested using an 

aniline assay.  Chapter 3 describes these experiments.  The work in this chapter 

is currently being prepared as a manuscript for publication. 

 Using a transgenic A. flavus strain expressing GFP that was produced by 

Wanglei Du, I examined the role of proRIP1 in protecting maize kernels in the 

field from infection by A. flavus.  This work is reported in Chapter 4 and is a 

collaborative effort.  I was responsible for creating the assay, inoculating and 

processing kernels, and determining the amount of growth and presence of 

fluorescence in cultured kernels.  Mariane Kirst determined proRIP1 levels in the 

o2 mutants as well as assisting with kernel processing and analysis.  The work in 

this chapter is currently being prepared as a manuscript for publication. 

 The appendix to this thesis contains a review article that I collaborated on 

with Dr. Rebecca S. Boston.  I was responsible for all of the literature searches 

as well as initial drafts of sections involving entry of RIPs into cells, the 

physiological manifestations of RIP activity, and bioassays of the antifungal 

activity of RIPs.   
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The abundant maize kernel ribosome-inactivating
protein 1 (RIP1) was tested for antifungal activity against
Aspergillus nidulans and Aspergillus flavus. A microcul-
ture assay was developed to monitor fungal growth and
development after treatment of conidia with RIP1 or con-
trol proteins. A striking decrease in hyphal proliferation
was observed when conidia of A. nidulans, a genetically
well-characterized nonpathogenic species, were treated
with RIP1 protein. Treatment with a RIP1 mutant protein
that lacked enzymatic ribosome-inactivating activity
caused no observable effects. RIP1 treatment of conidia
from the maize pathogen A. flavus resulted in increased
hyphal branching. Examination of the branched hyphae
after Congo red staining revealed only one growing hyphal
tip per conidium. These results indicate that both fungi
were affected by RIP1 treatment, but the lysis seen with
treatment of A. nidulans was apparently avoided by A.
flavus. A developmental time course revealed that both
fungal species were affected by RIP1 at the postdivisional
growth stage. The inhibitory activity of RIP1 against nor-
mal fungal growth is consistent with a biological function
to protect the seed from fungal invasion.

Additional keywords: b-32, plant defense, seed protein, Zea
mays L.

Fungi are a highly versatile group of eukaryotic organisms
that occupy most natural habitats. Of the approximately
100,000 known species of fungi, less than 10% are able to
colonize plants (Knogge 1996), yet cause crop yield losses of
almost 20% annually (Knight et al. 1997). As a result, phyto-
pathogenic fungi, especially those that produce mycotoxins,
are a serious economic factor. Fungicides that maximize crop
yields and benefit food quality by controlling fungi often fail
to meet the criteria of benign environmental profiles and low
toxicity to humans and wildlife that is demanded by the public
(Knight et al. 1997). Therefore, the search for alternatives
such as plant-produced antifungal compounds is becoming
increasingly important.

Several proteins such as chitinases, glucanases, and prote-
ase inhibitors that show activity against fungi in vitro already

have been identified. Only a few of these proteins, however,
have a definitive role in plant defense (Kauffmann et al. 1987;
Kombrink et al. 1988; Mauch et al. 1988; Nasser et al. 1988;
Roberts et al. 1988; Schlumbaum et al. 1986; Walker-
Simmons and Ryan 1986). Other plant proteins that may have
defense functions are the ribosome-inactivating proteins
(RIPs), a group of N-glycosidases that irreversibly block pro-
tein synthesis by modifying the large rRNA so that it is not
recognized by translational elongation factors (Hartley et al.
1996; Lord and Roberts 1998; Stirpe et al. 1992).

RIPs are widely distributed throughout the plant kingdom
and are active against ribosomes from different species, al-
though the level of activity depends on the source of the RIP
and of the ribosome (Bass et al. 1992; Battelli et al. 1984;
Harley and Beevers 1982; Stirpe et al. 1992). Three classes of
RIPs have been identified (Mundy et al. 1994). Type 1 RIPs
have a single polypeptide chain that contains the ribosome-
inactivating activity. Type 2 RIPs have a polypeptide chain (A
chain) that contains the ribosome-inactivating activity and a
second lectin chain (B chain) that promotes uptake by the cell.
Type 3 RIPs are synthesized as single-chain proenzymes that
require processing events to produce two noncovalently linked
chains equivalent to a type 1 RIP. The mode of uptake of types
1 and 3 RIPs by cells is unknown. Although the enzymatic
activities of RIPs have been shown in vitro, their role in plant
defense is less clearly defined.

At present, the availability of plant-derived compounds with
antifungal activities sufficient to make them feasible for agro-
nomic use in disease control remains inadequate. Transgenic
plants expressing various RIPs, chitinases, and glucanases
have increased resistance to fungal infection in greenhouse
tests (Jach et al. 1995; Maddaloni et al. 1997; Zoubenko et al.
1997), although broad resistance against agronomically im-
portant fungal pathogens has not yet been reported. One strat-
egy developed on the basis of data showing that a few of these
compounds may interact synergistically in plant defense (Jach
et al. 1995; Leah et al. 1991; Mauch et al. 1988) is the use of
multiple compounds in combination to increase their toxicity
to fungi. Implementation of such a strategy, however, would
first require a better understanding of the mode of action of
these compounds and their interactions.

The objective of our research was to investigate the toxicity
of maize ribosome-inactivating protein 1 (RIP1) toward fungi.
We and others have found that RIP1 has ribosome-inactivating
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activity in vitro against nonplant ribosomes such as those from
insects, fungi, and mammals but little activity against plant
ribosomes (Dowd et al. 1998; Hey et al. 1995; Krawetz and
Boston 2000). Maize RIP1 is produced in seeds as an inactive
zymogen proRIP1, which was originally called b-32 on the
basis of its 32-kDa apparent molecular weight (Soave et al.
1981). ProRIP1 is proteolytically cleaved into α and β
subunits that interact to produce the active RIP1 protein (Bass
et al. 1992; Walsh et al. 1991). Because maize is an important
food crop, RIP1 is expected to have a benign environmental
profile. The high activity of maize RIP1 against nonplant ribo-
somes, however, suggests that RIP1 may function in plant
defense and has potential application as an antifungal agent.

We developed a microculture assay that enabled us to
monitor the cellular growth and morphology of fungi upon
addition of purified RIP1. We found that active RIP1 proteins
altered the growth and morphology of Aspergillus flavus, a
corn fungal pathogen, and Aspergillus nidulans, a nonpatho-
gen. Our data suggest that the ribosome-inactivating activity
of RIP1 is required for the observed effects. Thus, we con-
clude that maize RIP1 has antifungal activity and is most
likely a resistance component in maize seeds.

RESULTS

RIP1 treatment of A. nidulans conidia decreased growth.
Conidia were mixed with protein and observed microscopi-

cally at various times during germination and hyphal elonga-
tion for altered growth or morphology. Bovine serum albumin
(BSA) was used for a control, and recombinant proteins pro-
duced in Escherichia coli were used for the treatments. Use of
protein synthesized in E. coli allowed us to avoid possible
contamination problems from a second RIP present at low
levels in maize kernels (Bass et al. 1992). Prior to expression
in E. coli, the proRIP1 clone was modified to produce a de-
rivative that lacks the internal 25 amino acid coding region
that normally is removed during proteolytic activation
(Krawetz and Boston 2000; Walsh et al. 1991). The resulting
protein, MOD1, was enzymatically active in vitro without
further proteolytic processing (Hey et al. 1995; Krawetz and
Boston 2000).

Conidia treated with BSA had normal hyphal growth
(Harris 1997) that led to the formation of a mycelial mat by
18 h after inoculation (Fig. 1A). In contrast, conidia treated
with MOD1 showed reduced hyphal growth, resulting in a
decrease in the size of the mycelial mat by 18 h after inocula-
tion (Fig. 1B).

To determine whether the amount of growth was depend-
ent on the type and concentration of protein in the assay, we
treated A. nidulans conidia with increasing concentrations of
MOD1 or BSA. In addition, we used site-directed
mutagenesis to introduce an amino acid substitution that
rendered the MOD1 protein enzymatically inactive in vitro.
The mutant protein, MOD1mut, served as an additional
control to confirm that the effect of MOD1 was a result of
its enzymatic activity. After propagation by microculture,
the hyphae were fixed and imaged to determine the total
hyphal growth on the slides. In this analysis, densitometry
was used to define areas of growth and an integrated mor-
phometry analysis program was used to calculate the area

Fig. 1. Light micrographs of Aspergillus nidulans hyphae after treatment
of conidia with bovine serum albumin (BSA) or MOD1 protein. Conidia
were treated with 1 mg per ml of the control protein BSA or the active
ribosome-inactivating protein, MOD1, and cultured for 18 h. A, Bright-
field image of hyphal growth after treatment with BSA.
B, Brightfield image of hyphal growth after treatment with MOD1.
Scale bars = 10 µm.

Fig. 2. Morphometric analysis of Aspergillus nidulans hyphal growth in
response to increasing concentrations of ribosome-inactivating protein 1
and control proteins. Conidia were treated with bovine serum albumin
(●), MOD1 (s), or MOD1mut protein (▲) at concentrations varying
from 0 to 1.0 mg per ml, cultured for 18 h, fixed, and imaged. Hyphal
growth, as measured by the coverage of the slide surface, was quantified
by integrated morphometry analysis. Error bars = standard error from
three replicates.
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occupied by the hyphae (Angata et al. 1997; Li 1997; Matter
and Laurie 1994). Figure 2 shows the amount of hyphal
coverage as a function of protein concentration. As the con-
centration of MOD1 was increased, fungal growth de-
creased. This concentration effect fit a linear regression
model with the equation y = 88.0 − 86.9x (R2 = 0.63, P <
0.0001). In contrast, no effect of protein concentration on
the growth of the fungus was observed for either BSA or the
MOD1mut protein. An analysis of covariance revealed a
significant difference between MOD1 protein treatment and
both BSA and MOD1mut protein treatments (P < 0.0001).

BSA and MOD1mut protein treatments, however, did not
differ from each other in their effects on A. nidulans.

RIP1 treatment of A. flavus conidia
increased hyphal branching.

To determine whether RIP1 contributes to fungal resistance
of maize seed, we examined its effect on the maize pathogen
A. flavus, which is not an aggressive maize pathogen but has a
major economic impact because of its production of aflatoxin.
Figure 3 shows the result of treating conidia with either BSA
(Fig. 3A and C) or purified maize proRIP1 that had been pro-
teolytically converted to active RIP1 by limited proteolysis
with papain (Fig. 3B and D). The typical phenotype of A. fla-
vus 18 h after the addition of BSA was the production of a
single germ tube with one or two septa (Fig. 3A and C, re-
spectively). In contrast to conidia treated with BSA, conidia
treated with active RIP1 often produced a branching pheno-
type that showed either one germ tube with two hyphal tips
(Fig. 3D) or two germ tubes (Fig. 3B).

The amount of branching in response to active RIP1,
proRIP1, or control proteins was quantified (Fig. 3E). A
Tukey’s “Honestly Significantly Different” (HSD) test was
performed to determine whether treatments had statistically
different amounts of branching. No significant difference was
observed in the amount of branching in samples treated with
control proteins with no known ribosome-inactivating activity
(BSA, lactalbumin, and myoglobin) or the inactive proRIP1.
Therefore, maize proRIP1 does not induce the branching phe-
notype. The amounts of branching observed after treatment
with active RIP1 (proteolytically activated maize kernel RIP1
or MOD1), however, were significantly greater than those
seen after treatment with the control proteins but were not
different from each other. Thus, we can deduce that the differ-
ences between the native and recombinant proteins do not
affect the observed phenotype. In a separate experiment, we
tested MOD1mut and saw no increase in branching, above
that produced by control proteins (data not shown).

RIP1 altered hyphal growth in A. flavus.
Because the branched phenotype was not limited strictly to

those conidia that had been treated with RIP1 (Fig. 3E), we
performed a more stringent comparison with the selective
stain Congo red. Congo red binds to the chitin in fungal cell
walls (Kisko et al. 1997; Matsuoka et al. 1995; Wall and
Solomon 1999; Yoshioka et al. 1996). Areas with active hy-
phal tip growth have little chitin deposition and thus have
reduced Congo red staining. When cell growth is inhibited,
Congo red staining increases at the nongrowing tip. Because
an increase in staining is reflective of chitin deposition (and
no further growth) at the tip, Congo red can determine active
hyphal tip growth (Matsuoka et al. 1995). Moreover, Congo
red staining can be used in living cells and thus provides an
advantage over other techniques that require cell fixation.

Germ tubes from conidia in samples treated with active
RIP1 showed distinct variations in Congo red staining patterns
with one hyphal tip in a state of active growth (Fig. 4A) and
the other having chitin depositions (Fig. 4D) that indicate that
the tip was not actively growing. Figures 4B and E show dif-
ferential interference contrast images to confirm that sections
were in focus. The Congo red staining patterns can clearly be
seen in individual confocal sections (Fig. 4A and D) but are

Fig. 3. Aspergillus flavus hyphal branching in response to different
proteins. Conidia were treated with 0.5 mg per ml of the control pro-
teins bovine serum albumin (BSA), lactalbumin, or myoglobin; the
enzymatically inactive ribosome-inactivating protein, proRIP1; the
active RIP1 proteins, or MOD1. After 18 h in culture, branched and
unbranched hyphae for each protein treatment were imaged and
counted. A to D, Differential interference contrast images of typical
A. flavus conidial growth after protein treatment. A, BSA treatment
showing germ tubes, each with a single septum. B, Active RIP1
treatment showing multiple hyphae arising from a single conidium. C,
BSA treatment showing a germ tube with two septa. D, Active RIP1
treatment showing two hyphal tips on a single germ tube. Arrowheads
indicate septa. Scale bars = 10 µm. E, Plot of the mean percent
branching for the protein treatments. The two groups identified by
Tukey’s “Honestly Significantly Different” test are designated by
black or white bars (R2 = 1.0,P < 0.0001). aRIP = papain-activated
kernel RIP1. pRIP =  proRIP1; LA = lactalbumin; MG = myoglobin.
Error bars = standard error from 25 replicates.
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obscured in an extended focus of the confocal stack (Fig. 4C)
as a result of the conical nature of the hyphal tip.

In fungi treated with control proteins, we noticed that tips of
branched hyphae exhibited the reduced Congo red staining
that is indicative of growth (data not shown). To obtain a
quantitative comparison of growth from conidia treated with
MOD1 or BSA, we counted hyphal tips that were stained with
Congo red. The results of this assay are summarized in Table
1. Branched hyphae that showed staining at only one of the
hyphal tips accounted for 94% of the MOD1 samples but only
3% of the BSA samples. The rest of the branched hyphae
(97%) in the BSA samples exhibited growth at multiple hy-
phal tips. In those fungi that had no branching, MOD1 and
BSA treatments also had a differential effect, with 32% of the
MOD1 samples being stained at the tip and thus having ar-
rested growth compared with 9% of the BSA samples being
arrested.

Comparison of A. nidulans
and A. flavus growth inhibition by RIP1.

Deviation from the normal developmental patterns was not
observed until several hours after treatment of A. nidulans or
A. flavus with active forms of RIP1. To compare the develop-
mental stage(s) when an effect of RIP1 treatment could be
observed, we examined growth of A. nidulans and A. flavus
over time. Preliminary growth experiments in the absence of
added RIP1 protein showed that A. nidulans generally initi-
ated germination 6 h after treatment and reached the postdivi-
sional growth stage with one septum after 12 h. A. flavus,
however, usually initiated germination within 8 h and reached
the postdivisional growth stage with one septum after 20 h
(data not shown). Because of the temporal differences in de-
velopment of the two fungi, we subdivided the developmental
processes into four morphologically distinct stages, schemati-
cally shown in Figure 5A. In stage 1, the conidium had not
germinated. In stage 2, the conidium had germinated or
swelled but had not produced a hypha. In stage 3, the conid-
ium had germinated and produced a hypha shorter than four
lengths of the conidium but lacked septa. In stage 4, the con-
idium had germinated and had either a hypha longer than four
lengths of the conidium but no septum or a hypha of any
length with a single septum.

Replicate slides were analyzed by counting conidia in each
developmental stage at various times after treatment, as noted
in Figure 5. For hyphae at stages 3 and 4, the amount of
branching also was monitored. Results among stages and be-
tween the two species were compared by normalizing the
RIP1 treatments relative to BSA controls, which remained
fairly constant (see below). When conidia were observed after
RIP1 treatment, little difference was seen among stages 1
through 3. At stage 4, however, A. nidulans showed a striking
decrease and A. flavus showed a slight increase in the number
of conidia (Fig. 5B). When we looked at branching, we found
that A. flavus had a large amount at stage 4 but little in earlier
stages. In the case of A. nidulans, we saw little branching in
any of the stages (Fig. 5C).

DISCUSSION

We used a microculture assay to visualize changes in fungal
appearance in response to protein treatments and found that

the growth and morphology of A. nidulans and A. flavus were
altered after treatment with active forms of maize RIP1. The
most striking effect was the lysis of hyphae observed with A.
nidulans (Figs. 1 and 5B). The initial numbers of conidia in
active RIP1 and control protein treatments were equivalent
and remained so until the germinated conidia underwent the
transition from pre- to postdivisional growth. Delayed hyphal
lysis has precedence in fungal systems. For example, the A.
nidulans developmental mutants flbA and fadAG42R undergo
autolysis in the middle of colonies as the colonies mature
(Adams et al. 1998; Weiser et al. 1994; Yu et al. 1996). The
exact pathway leading to this autolysis has not been com-
pletely defined. It has been shown, however, to involve sig-

Fig. 4. Congo red staining of Aspergillus flavus conidium treated with
ribosome-inactivating protein. Conidia were treated with 0.5 mg per ml
of MOD1 and cultured for 18 h prior to being stained with Congo red
and examined by confocal microscopy. A, Congo red staining for an
enlarged image of a single section showing conidium and hyphal tip in
the plane of focus. B, Differential interference contrast (DIC) image of
the conidium and hyphal tip shown in A. C, Extended focus of the 32-
section confocal stack showing conidium and germ tubes. D, Congo red
staining for an enlarged image of a single section with the other hyphal
tip in focus. E, DIC image of the hyphal tip shown in D. White boxes
denote areas enlarged for A, B, D, and E. Scale bars = 10 µm.
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naling through a heterotrimeric G-protein (Adams et al. 1998).
The autolysis of flbA and fadAG42R mutants occurs later in
fungal development than the lysis of germlings we saw with
RIP1 treatment, although developmental regulation appears to
be involved in both cases.

In contrast to the lytic effect observed in A. nidulans, the ef-
fect of treating A. flavus conidia with active RIP1 did not lead
to a decrease in the total number of conidia; instead it pro-
duced a subtle, yet reproducible, branching phenotype. Al-
though branching was seen occasionally after treatment of
conidia with proteins lacking ribosome-inactivating activity,
treatment with RIP1 increased the frequency at which the
branching phenotype appeared. Moreover, only the branching
phenotype associated with RIP1 treatment also was associated
with an inhibition of tip growth. Congo red staining, as a
measure of active growth, revealed tip growth in multiple
hyphal branches in the control treatments but active growth of
only one hyphal tip from conidia treated with RIP1. Thus,
RIP1 appears to inhibit hyphal elongation but does not neces-
sarily prevent the initiation of new hyphal tips.

Interestingly, the effect of RIP1 on A. nidulans and A. flavus
was dependent on the developmental stage of the fungus.
Even though RIP1 was present at the beginning of the assays
for both fungi, it had no effect on germination or initiation of
hyphal growth. In fact, no phenotypic effects of RIP1 were
observed until the fungi began the transition from pre- to
postdivisional growth. These observations suggest that either
the fungal cell was not susceptible to RIP1 before this transi-
tion or that the cellular effects of RIP1 did not lead to an ob-
servable phenotype until this stage.

The mechanism(s) involved in the toxicity of RIP1 to fungi
is unknown. Our data from the enzymatically inactive MOD1
mutant treatment argue that the effect of RIP1 on A. nidulans
and A. flavus requires the catalytic ribosome-inactivating ac-
tivity of the protein. Because the responses of these two fungi
differed, however, it is unclear if the pathway leading from the
initial catalytic activity to the resulting phenotype is the same
in both species. The observation that both phenotypes first
appeared at the same developmental stage is consistent with
both fungi having a similar response pathway to RIP1 treatment.

RIP1 is a relatively abundant protein in mature maize ker-
nels where it accumulates to approximately 1 mg per gram of
tissue (Dowd et al. 1998). Because RIP1 induced lysis in A.
nidulans and branching in A. flavus at concentrations of less
than 1 mg per ml, our bioassay should represent levels of
RIP1 that fungi might encounter in vivo. In kernels, however,
it is the zymogen proRIP1 form that accumulates during seed
maturation and dormancy prior to activation during germina-
tion by endogenous proteases (Bass et al. 1992; Walsh et al.
1991). In our assay, proRIP1 did not show any antifungal ac-
tivity against A. flavus. These data suggest that the protein
must be activated to have antifungal activity but do not rule
out activation occurring in a number of ways in vivo. For ex-
ample, A. flavus has been shown to lyse and degrade cells at
the fungal invasion front (Smart et al. 1990), presumably by
the action of proteases and other degradative enzymes se-
creted by the fungus. Proteases stored intracellularly might
also be released from plant cells that were lysed by the in-
vading fungus.

Indirect evidence for the role of RIP1 in plant defense has
been obtained from transgenic proRIP1 tobacco plants that
showed increased resistance to Rhizoctonia solani (Maddaloni
et al. 1997). Insect feeding studies showed that proRIP1 and
active RIP1 have insecticidal activity toward certain groups of
insects (Dowd et al. 1998). Within the seed itself, A. flavus
colonizes germ tissue in preference to endosperm tissue,
where high levels of proRIP1 accumulate (Jones et al. 1980;
Marsh and Payne 1984; Payne et al. 1988; Smart et al. 1990).
This apparent preference of the fungus for tissues that lack
proRIP1 also is evident with opaque-2 maize mutants that
have very low levels of proRIP1 (Soave et al. 1981). Kernels
from opaque-2 mutants are more susceptible to ear-rotting
fungi than those from corresponding normal lines (Loesch et
al. 1976). Taken together with our evidence that RIP1 has
antifungal activity, these observations provide support for a
role for maize RIP1 in defending the endosperm from fungal
invasion.

The phenotypic variation in the two closely related fungi
after RIP1 treatment appears to reflect distinct responses. The
nonpathogen A. nidulans has a dramatic lytic response to RIP1
treatment compared with the branching phenotype of the
maize pathogen A. flavus. The branching phenotype of A. fla-
vus was not seen in A. nidulans nor was the lytic phenotype
observed in A. flavus. Whether or not the differential re-
sponses of these two fungi could affect their pathogenicity
remains unknown. An alteration in growth patterns, as seen
with A. flavus, would allow continued growth on the plant,
whereas the cell death observed with A. nidulans would abol-
ish growth on the plant. Regardless of the significance of the
different responses to pathogenicity, understanding how RIP1
induces the observed phenotypes and defining components
involved in producing these phenotypes could provide insight
into fungal pathogenicity as well as allow better use of RIP1
in plant-defense strategies.

MATERIALS AND METHODS

Fungal strains and microculture.
A. nidulans strain A51 (biA1 wA3) was grown for 2 days at

37°C on A. nidulans complete medium (Barratt et al. 1965)
supplemented with 0.82 µM biotin. Conidia were harvested in

Table 1. Hyphal tip growth determination on the basis of Congo Red
staining after treatment of Aspergillus flavus conidia with MOD1 or
bovine serum albumin (BSA)a

Treatment

Type of growth MOD1 BSA

Branched phenotype
One growing tip per conidium 67 (94%) 1 (3%)
Multiple growing tips per conidium 4 (6%) 30 (97%)

Unbranched phenotype
No growth per conidium 73 (32%) 26 (9%)
One growing tip–conidium 158 (68%) 249 (91%)

Total 302 306
a Conidia were treated with 0.5 mg per ml of either MOD1 or the control

protein BSA. After 18 h incubation, conidia were stained with Congo
red and examined by confocal microscopy. Each conidium was exam-
ined for Congo red staining of its hyphal tip(s) and classified as
branched or unbranched. Within each of these groups, conidia were
examined for growth at one or more hyphal tips per conidium. Growth
at the hyphal tip was defined as a lack of Congo red staining and no
growth at the tip was defined as the presence of Congo red staining.
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0.05% (vol/vol) Triton X-100 and filtered through a 50-µm
screen to remove hyphal debris. The conidia were mixed with
either RIP1 or control proteins to a final concentration of 2.5
× 105 spores and 1.0 mg of protein per ml. This conidial mix-
ture was incubated on ice for 5 to 10 min before transfer of
1 µl (250 conidia, 1 µg of protein) onto a sterile microscope
slide covered with an 0.5-mm layer of CM (A. nidulans com-
plete medium, 0.35 mM CaCl2, 0.10 mM MgSO4, 0.5%
[wt/vol] Phytagel [Sigma, St. Louis, MO, U.S.A.]) supple-
mented with 0.82 µM biotin. The inoculated slides were
placed in a 100 × 100 × 15 mm petri dish that was covered
with a damp paper towel and placed in a closed plastic bag.
The slides were incubated at 28°C for 18 h. For imaging, the
slides were covered with a coverslip and examined with an

Axiophot workstation (Carl Zeiss Inc., Thornwood, NY,
U.S.A.) with 5× objective. Images were captured by a Chalni-
con camera (Hamamatsu Corp., Bridgewater, NJ, U.S.A.) and
an Image 1 system (Universal Imaging, West Chester, PA,
U.S.A.).

A. flavus strain 656-2 (FGSC#A1010, w leu-7 pyrG aflR)
was cultured similarly to A. nidulans. The fungus was grown
for 2 days at 37°C on potato dextrose agar (Difco Laborato-
ries, Detroit, MI, U.S.A.) supplemented with 10 mM uracil.
The plates were transferred to room temperature for 2 days to
induce conidiation. Conidia were harvested with 0.05%
(vol/vol) Triton X-100, diluted with dH2O to a conidial con-
centration of 5 × 105 spores per ml,and mixed with either
RIP1 or control proteins to give a final concentration of 2.5 ×

Fig. 5. Time course of the effect of ribosome-inactivating protein (RIP) on Aspergillus nidulans and Aspergillus flavus development. Conidia were
treated with 1.0 mg per ml of either MOD1 or the control protein bovine serum albumin (BSA), cultured for 7, 10, or 12 h for A. nidulans and 10, 15, or
20 h for A. flavus, and examined microscopically. Development was separated arbitrarily into five stages for quantification during the time course.
A, Schematic diagram describing the five developmental stages. Nuclei represented by =. Gray shading represent branching phenotypes observed with
active RIP1 treatment. B, Comparison of the effect of MOD1 treatment on the total number of conidia in each developmental stage. C, Branching phe-
notype production in each developmental stage. * = values normalized against BSA controls, as described in text. Error bars = standard error from two
replicates. N/A = samples where no branching phenotype was observed for controls or treatments.
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105 spores and 0.5 mg of protein per ml. The conidia mixture
was incubated on ice for 5 to 10 min and deposited as a 1 µl
(250 conidia, 0.5 µg of protein) drop onto a microscope slide
coated with a 0.5-mm layer of Phytagel PDB (potato dextrose
broth (Difco Laboratories), 0.68 mM CaCl2, 0.2 mM MgSO4,
0.5% [wt/vol] Phytagel) supplemented with 10 mM uracil.

Construction of MOD1 and MOD1mut.
MOD1 was created as a deletion construct of the proRIP1

clone pZmcRIP3 (Bass et al. 1992; Krawetz and Boston
2000). The MOD1 construct encodes a single polypeptide
chain with RIP enzymatic activity equivalent to that of the
proteolytically activated maize protein (Hey et al. 1995;
Krawetz and Boston 2000). The final product contained DNA
corresponding to the original proRIP1 clone (GenBank acces-
sion no. M83926) from nucleotides 36 to 505 and 587 to 949
and included an ATG and novel XhoI site. MOD1mut was
created with site-directed mutagenesis by the Altered Sites II
In Vitro Mutagenesis System (Promega Corp., Madison, WI,
U.S.A.). The coding region of MOD1 was subcloned into the
BamHI–PstI site of the pALTER-1 vector (Promega Corp.).
For mutagenesis, thymidine 651 of MOD1 was changed to a
cytosine with the mutagenic oligonucleotide 5′-GACAGGAT
CcCCAAGGCGGC-3′ (Integrated DNA Technologies Inc.,
Coralville, IA, U.S.A.) to give pAM57mut. The nucleotide
target of mutagenesis is shown above in lowercase. A 760-bp
BclI fragment containing the mutation was removed from
pAM57mut and inserted into the BclI sites of MOD1 to create
MOD1mut. Mutation at the equivalent position in other ribo-
some-inactivating proteins previously was found to abolish their
ribosome-inactivating activities in translational inhibition assays
(Katzin et al. 1991). Likewise, recombinant MOD1mut lacked
activity in translational inhibition assays (data not shown).

Protein expression, purification,
and ribosome-inactivating activity.

ProRIP1 was purified from immature maize kernels, as de-
scribed by Bass et al. (1992). ProRIP1 was activated by treat-
ment with papain, a protease that removes the NH2-terminal,
COOH-terminal, and internal acidic domains of proRIP1 to
yield the 16- and 8-kDa peptides that form the enzymatically
active RIP1 (Walsh et al. 1991). Digestion buffer (10 mM
cysteine-HCl; 10 mM NaPO4, pH 7.0; and 5 mM EDTA) was
added to give a final concentration of 2 mg of proRIP1 per ml.
The protein sample was mixed with a papain agarose bead
slurry (Pierce, Rockford, IL, U.S.A.) with a 10:1 volume ratio
of protein to beads. Proteolysis was carried out at 37°C on a
bidirectional rotator for 3 to 4 h. The reaction was stopped by
subjecting the mixture to centrifugation and moving the su-
pernatant containing the active RIP1 to a new tube.

Expression of the recombinant MOD1 and MOD1mut pro-
teins was carried out by the Xpress Protein Expression System
(Invitrogen Corp., Carlsbad, CA, U.S.A.). The MOD1 and
MOD1mut DNA constructs were cloned into pRSET C and
used to transform BL21(DE3)pLysS cells. Optimal protein
production occurred when cells grown at 37°C in RICH me-
dium (20 g of Bacto tryptone, 10 g of Bacto yeast extract, and
10 g of NaCl per liter) containing 75 µg of ampicillin and 35
µg of chloramphenicol per ml to an optical density at 600 nm
of 0.4 to 0.6 were treated with 1 mM isopropyl-β-D-
thiogalactopyranoside for 2.5 h.

Purification and characterization of MOD1 and MOD1mut
proteins with nickel-agarose resin (Invitrogen Corp.) was per-
formed as described in Krawetz and Boston (2000), except for
the final dialysis, which occurred in 5 mM NaPO4. Protein
concentration was determined with the BCA Protein Assay
Kit (Pierce).

When required, proRIP1 and MOD1 were concentrated
with a Centricon-10 concentrator (Amicon Inc., Beverly, MA,
U.S.A.). MOD1mut was concentrated with dialysis against
polyethylene glycol. BSA, lactalbumin, and myoglobin were
purchased in powder form (Sigma) and dissolved in 5 mM
NaPO4 to the desired concentrations.

Cell-free translational inhibition assays (Bass et al. 1992)
were performed on proRIP1, proteolytically activated RIP1,
MOD1, MOD1mut, and BSA. Only proteolytically activated
RIP1 and MOD1 had detectable ribosome-inactivating activity
(data not shown).

Quantification of A. nidulans growth in microculture.
A. nidulans conidia were exposed to different levels of

MOD1 and MOD1mut protein. The conidia were micro-
cultured as described above, except that the desired amount of
MOD1 or MOD1mut protein was mixed with an appropriate
amount of BSA so that the final concentration of protein in the
assay remained at 1.0 mg per ml. After 18 h of incubation, the
conidia were fixed at room temperature for 2 h with Hista-
choice tissue fixative (Amresco, Solon, OH, U.S.A.). The
conidia were then subjected to three 30-min washes with Tris-
buffered saline, pH 7.5, at 25°C. The conidia were mounted
with polyvinylalcohol–1,4-diazabicyclo[2.2.2]octane (PVA–
DABCO) mounting medium (Banker and Goslin 1988) and
placed at 4°C overnight. Conidia were imaged on an Axiovert
100 TV workstation (Carl Zeiss Inc.) with 5× objective. Im-
ages were collected with a 2.5-MHz cooled CCD camera
(Princeton Instruments, Evry, France). Five nonoverlapping
images of each slide were collected in a cross formation. Hy-
phal coverage in each image was measured by integrated
morphometry analysis. Briefly, densitometry was used to de-
fine areas with hyphal growth. The area covered by hyphal
growth was determined by integrated morphometry analysis
(Universal Imaging). The hyphal coverage for the five images
from each slide was summed to give the hyphal coverage for
the sample. The effect of protein treatment and concentration
on hyphal coverage for three experimental replicates was
analyzed with ANCOVA Model JMP 3.2 software (SAS In-
stitute, Raleigh, NC, U.S.A.) with a dummy-variable ap-
proach. The model was forced through a y-intercept of 88.07,
the mean of all 0.0 protein treatments.

Quantification of branching phenotype.
The effect of protein treatment on A. flavus hyphal branch-

ing was determined. After microculture for 18 h, the slides
(with approximately 250 conidia per slide) were covered with
coverslips and examined with an Axiophot workstation with
40× objective. All cells were scored for branching phenotype.
Branching was defined as a conidium with multiple germ
tubes or multiple hyphal tips on a single germ tube. Twenty-
five replicates of each protein treatment were analyzed in a
split-plot, balanced incomplete block design. The number of
branched and unbranched hyphae were counted for the largest
square area covered by hyphal growth. A Tukey’s HSD test
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was performed to determine whether the mean percent of
branching between protein treatments was significantly differ-
ent. This statistical analysis used the arcsine of the square root
of the mean percent branching to stabilize the error between
treatments.

Congo red staining.
Congo red staining was used on A. flavus conidia to allow

visualization of chitin deposition at hyphal tips. After treat-
ment with MOD1 or BSA followed by 18 h of growth in mi-
croculture, conidia were treated with 1 mM Congo red and
incubated at 28°C for 30 min. The conidia were imaged with a
confocal laser scanning microscope (Leica, Wetzlar, Ger-
many) with 63× objective. The excitation wavelength was 500
nm and emission was measured at 615 nm.

Conidia in two fields of view on each of 15 replicate slides
were examined for hyphal-tip growth. Growth at the tip was
determined by lack of Congo red staining of the hyphal tip in
the confocal section with the tip in focus. Tips with arrested
growth had Congo red staining across the tip when the tip was
in focus.

Developmental time course for A. flavus and A. nidulans.
Conidia were microcultured as described above, except that

a final concentration of 1.25 × 105 conidia per ml was used so
that approximately 125 conidia and 1 µg of protein were
placed on each slide. Replicate slides were covered with a
coverslip and examined microscopically with an Axiophot
workstation with 63× objective at 7, 10, or 12 h for A. nidu-
lans and 10, 15, or 20 h for A. flavus. The number of conidia
and their branching phenotype in each developmental stage
(defined in Fig. 5A) were determined at each time point and
summed to give a total value for each developmental stage.
For direct comparison of the total number of A. flavus and A.
nidulans conidia, the values obtained from each MOD1 treat-
ment replicate were divided by the mean value of the BSA
treatment. The mean and standard error of the total number of
conidia in the BSA treatments for A. flavus were: stage 1, 13.5
± 3.5; stage 2, 160.5 ± 0.5; stage 3, 122.5 ± 13.5; stage 4, 87.5
± 4.5. For A. nidulans: stage 1, 53.5 ± 7.5; stage 2, 114.5 ±
4.5; stage 3, 97 ± 5; stage 4, 107 ± 5. To compare directly the
amount of branching observed between the two fungal spe-
cies, the mean branching in BSA treatments was subtracted
from each MOD1 treatment replicate. The mean and standard
errors for branching in the BSA treatments for A. flavus were:
stage 3, 0.5 ± 0.5; stage 4, 6 ± 1. For A. nidulans: stage 3, 0.5
± 0.5; stage 4, 3.5 ± 0.5.
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CHAPTER 3: MAIZE RIBOSOME-INACTIVATING PROTEIN 
DEPURINATES ASPERGILLUS NIDULANS RIBOSOMES IN VIVO 
 
 
Abstract 
 
The abundant maize kernel ribosome-inactivating protein (RIP1) has been shown 

to have antifungal activity against Aspergillus nidulans.  Site-directed mutants of 

RIP1 were used to determine if the ribosome-inactivating activity of RIP1 plays a 

role in its antifungal activity. The mutants, designated Y80S and E177D, had 

reduced ribosome-inactivating activity in translational inhibition assays in vitro 

and showed no antifungal activity against A. nidulans.  The A. nidulans genetic 

mutant, fadAG203R, was found to be resistant to maize RIP1 antifungal activity.  

When A. nidulans conidia were treated with an active RIP1 construct, MOD1, 

depurination was observed in the ribosomal RNA isolated from germlings.  

Treatment of conidia with the mutant proteins also resulted in depurination of 

ribosomal RNA.  The relative amounts of RIP1 varients associated with normal 

and fadAG203R germlings were visualized with the fluorophore Texas Red 

conjugated to MOD1, Y80S, and E177D.  Texas Red tagged RIP1 proteins were 

found inside A. nidulans germlings as well as at the cell periphery.  Two-fold less 

fluorescence was associated with fadAG203R germlings than with normal 

germlings.  Localization of Texas Red tagged MOD1 in protoplasts made from 

fadAG203R cells showed that uptake did not occurred in the absence of a cell wall.  
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Introduction 

 Ribosome-inactivating proteins (RIPs) are widely distributed throughout 

the plant kingdom.  These proteins are a group of N-glycosidases that remove a 

specific adenine in the 28S rRNA (A4324 in rat, Endo et al., 1987; Endo and 

Tsurugi, 1987).  This adenine lies within a region known as the α-sarcin loop and 

is conserved in large rRNAs from bacteria to humans (Mehta and Boston, 1998).  

Irreversible modification of the α-sarcin loop by RIPs renders the ribosome 

unable to bind elongation factor-2 (EF-2), thereby blocking translation (Nilsson et 

al., 1986). 

 RIPs share a number of highly conserved active cleft residues and 

secondary structural features of active sites but they are distinctly different in 

their overall sequence homology and posttranslational modifications (Barbieri et 

al., 1993; Husain et al., 1994; Misna et al., 1993; Monzingo and Robertus, 1992; 

Harley and Lord, 1993).  Three structural classes of RIPs have been identified 

(Mundy et al., 1994; Nielsen and Boston, 2001).  Most RIPs characterized to date 

fall into the type 1 class which have single polypeptide chains that contain the 

ribosome-inactivating activity (Barbieri et al., 1993).  Type 2 RIPs are 

heterodimeric proteins with separate polypeptide units containing the enzymatic 

activity (A chain) and lectin properties (B chain) that promote uptake by the cell.  

Type 3 RIPs are synthesized as single-chain proenzymes that require proteolytic 

processing events to produce two noncovalently linked chains that interact to 

form the active site.  Numerous studies have focused on uptake of the type 2 
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RIPs by mammalian cells and their subsequent transport to ribosomal targets in 

the cytosol (Hazes and Read, 1997; Lord and Roberts, 1996; Sandvig and van 

Deurs, 1996; Sandvig and van Deurs, 1999).  Type 1 and 3 RIPs lack the lectin 

chain that facilitates entry and accounts for the extreme toxicity of type 2 RIPs to 

intact cells (Stirpe et al., 1980).  The mode of uptake of type 1 and 3 RIPs is 

unknown. 

 While the target of RIPs is universally conserved, the level of RIP activity 

depends on the source of the RIP and of the ribosome (Bass et al., 1992; Battelli 

et al., 1984; Harley and Beevers, 1982; Stirpe et al., 1992).  Many RIPs are very 

active against both animal and plant ribosomes, but RIPs from cereals generally 

have low activity against plant ribosomes (Harley and Lord, 1993; Hartley et al., 

1996; Nielsen and Boston, 2001).  The enzymology has been much better 

characterized than the biological function of RIPs in plants.  A defense function 

for RIPs in plants has been presumed based on evidence of their activity against 

insects, fungi, mammals, and viruses (reviewed in Nielsen and Boston, 2001). 

 We have been studying the toxicity of maize ribosome-inactivating protein 

(RIP1) toward fungi.  RIP1 has ribosome-inactivating activity in vitro against 

nonplant ribosomes but little activity against plant ribosomes (Dowd et al., 1998; 

Hey et al., 1995; Krawetz and Boston, 2000).  Maize RIP1 is produced in seeds 

as a proenzyme (proRIP1) that is proteolytically cleaved into α and β subunits 

that together form the active RIP1 (Bass et al., 1992; Walsh et al., 1991).  When 

fungal conidia from Aspergillus nidulans, a nonpathogen, and Aspergillus flavus, 

a maize pathogen, were treated with active RIP1, alterations in the growth and 
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development of germlings were observed at the transition from pre- to post-

divisional growth.  In A. nidulans, a dramatic lysis of the hyphae was seen 

whereas in A. flavus a subtle, yet highly reproducible branching phenotype was 

observed (Nielsen and Boston, 2001).  Our goal is to understand the 

mechanism(s) involved in the toxicity of RIP1 to fungi.  We have used site-

directed mutagenesis to produce mutant RIP1 proteins with decreased ribosome-

inactivating activity.  These mutants were used to determine if the ribosome-

inactivating activity of maize RIP1 plays a role in its antifungal activity.  We also 

tested an A. nidulans mutant that can block cell lysis (fadAG203R, Adams et al., 

1998) and found that it was resistant to RIP1.  Both active and mutant RIP1 were 

taken up by normal A. nidulans cells and the fungal ribosomes were depurinated.  

RIP1 uptake by the resistant A. nidulans mutant strain was reduced compared to 

the normal strain. 

 

Results: 

Site-directed mutagenesis 

 Mutant maize RIP1 was produced to determine whether the ribosome-

inactivating activity of RIP1 plays a role in its antifungal activity.  Previous site-

directed mutagenesis studies on the type 2 RIP ricin identified amino acid 

residues that when mutated, significantly decreased the ribosome-inactivating 

activity in translational inhibition assays (Munishkin and Wool, 1995).  Based on 

a comparison of the ricin and maize RIP1 protein sequences, two amino acid 

residues from maize RIP1 were selected for mutagenesis. In ricin, mutation of 
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either of these amino acid residues, Y80S and E177D, decreases the ribosome-

inactivating activity in translational inhibition assays by 200-fold.   

A recombinant RIP1 derivative, MOD1, that lacks the internal 25 amino 

acid coding region normally removed during proteolytic activation was used for 

the mutations because MOD1 is enzymatically active upon purification without 

further proteolytic processing (Krawetz and Boston, 2000; Walsh et al., 1991). 

The MOD1, Y80S, and E177D proteins were expressed in E. coli and affinity 

purified. 

 

Effect of mutation on MOD1 ribosome-inactivating activity 

 To quantify the ribosome-inactivating activity of Y80S and E177D 

compared to MOD1 a translational inhibition assay was used.  Figure 1 shows a 

representative experiment for in vitro protein synthesis in rabbit reticulocyte cell-

free translation reactions.  When bovine serum albumin (BSA), which has no 

ribosome-inactivating activity, was added to the translation reaction the amount 

of radioactivity incorporated into TCA insoluble material increased linearly over 

time.  Thus, translation did not decrease within the time frame of the experiment.  

 When MOD1, Y80S, or E177D were added to the translation reaction the 

amount of radioactivity in TCA precipitable material did not increase linearly.  

MOD1 had the highest ribosome-inactivating activity, reducing radioactive 

incorporation after 35 minutes 4-fold compared to BSA.  Y80S caused a 

decrease in the level of radioactive incorporation after 35 minutes that was 
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Figure 1. Translational inhibition by MOD1, Y80S, E177D and BSA.  Purified 

proteins were incubated with rabbit reticulocyte lysates at 25oC.  Samples were 

removed from the reaction every 5 minutes and assayed for radioactivity un the 

trichloroacetic acid (TCA)-precipitable fraction.  Error bars indicate the standard 

error from triplicate samples. 
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almost 4-fold lower than BSA.  E177D had the least ribosome-inactivating activity 

with radioactive incorporation after 35 minutes only 2-fold lower than BSA.   

Translational inhibition assays were also carried out with differing 

concentrations of the MOD1, Y80S, and E177D proteins in a 35 minute 

translation.  In these assays, the radioactive incorporation in the presence of 

Y80S and E177D decreased to a level 2-fold lower than that with BSA whereas 

the decrease in 35S-methionine incorporation with MOD1 dropped to a level that 

was 8-fold lower than that seen with BSA (data not shown). 

 

Effect of mutation on MOD1 antifungal activity 

 Because Y80S and E177D showed less ribosome-inactivating activity than 

MOD1 in vitro, they were good candidates for investigating the importance of N-

glycosidase activity in the antifungal action of MOD1.  Previous results have 

shown that germ tubes from A. nidulans conidia treated with MOD1 lyse at the 

transition from pre- to post-divisional growth (Nielsen et al., 2001).  In contrast, 

germ tubes from A. flavus conidia treated with MOD1 exhibit a branching 

phenotype (Nielsen et al., 2001).   To examine a possible role of N-glycosidase 

activity in the production of these phenotypes A. nidulans conidia were treated 

with the mutant RIP1 proteins and examined for altered fungal growth or 

development.  The morphology of hyphae from conidia treated with MOD1, 

Y80S, E117D, or the control BSA was examined when approximately one-third of 

the germlings had a septum.   We subdivided development into two 

morphologically distinct stages.  The pre-divisional stage consisted of germlings 
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that had a hypha shorter than four lengths of the conidium and lacked a septum.  

Post-divisional germlings had a septum or had hypha longer than four lengths of 

the conidium.  Table 1 shows that conidia treated with E117D produced hyphal 

growth similar to conidia treated with BSA.  Treatment of conidia with Y80S 

resulted in a slight increase in the number of branched post-divisional germlings 

but they otherwise showed growth similar to conidia treated with BSA.  Treatment 

of conidia with MOD1 resulted in the dramatic decrease in the number of post-

divisional germlings that we had previously reported (Nielsen et al., 2001). This 

decrease is consistant with lysis of germlings at the transition from pre- to post-

divisional growth, as previously described (Nielsen et al., 2001). 

 The phenotype of A. nidulans germlings from conidia treated with MOD1 

compared to those treated with Y80S or E177D prompted us to investigate 

further whether depurination of the fungal ribosomes was occurring in vivo.  

Ribosomes were isolated from germlings collected after conidia had been 

incubated with RIP1 or control proteins.  Ribosomal RNA was purified from the 

treated ribosomes and tested for RIP specific modification with an acid aniline 

assay (Bass et al., 1992; Krawetz and Boston, 2000).  At pH 4.5, aniline cleaves 

the sugar phosphate chains of modified nucleotides in the RNA (Peattie, 1979).  

After RIP-catalyzed dupurination of the adenine residue the RNA backbone is 

susceptible to aniline cleavage.  In yeast the larger RNA is 3484 bp in length and 

the RIP recognition site is predicted to be at residue A3116 so a diagnostic band 

of 368 bp should be produced.  Since yeasts and filamentous fungi are 



 70

Table 1.  Comparison of A. nidulans hyphal morphologies after treatment of conidia with RIP1 
variants 

†Conidia were treated with 1.0 mg per ml of protein, cultured for 12 hours, and examined 
microscopically.  Development was separated arbitrarily into two stages. 
‡Includes all germlings with hypha  ≤4 conidial lengths 
i  Includes all germlings with hypha  ≥4 conidial lengths or that have a septum. 
 
 
 
 
 
Table 2.  Comparison of fadAG203R hyphal morphologies after treatment of conidia with RIP1 
variants 

Protein 
Treatment† 

 
Unbranched 

 
Branched 

 
Unbranched 

 
Branched 

Total 
Examined 

MOD 211 ± 3 16 ± 1 108 ± 4 51 ± 1 386 ± 8 
Y80S 221 ± 6 14 ± 1 144 ± 15 15 ± 6   394 ± 19 
E177D 228 ± 2 13 ± 1 129 ± 10 10 ± 1 381 ± 5 
BSA 213 ± 23 13 ± 1 120 ± 11 2 ± 1   347 ± 35 
†Conidia were treated with 1.0 mg per ml of protein, cultured for 12 hours, and examined 
microscopically.  Development was separated arbitrarily into two stages. 
‡Includes all germlings with hypha  ≤4 conidial lengths 
i Includes all germlings with hypha  ≥4 conidial lengths or that have a septum. 
 

Protein 
Treatment† 

 
Unbranched 

 
Branched 

 
Unbranched 

 
Branched 

Total 
Examined 

MOD 194 ± 8 1 ± 1   29 ± 2 2 ± 1   225 ± 10 
Y80S 190 ± 4 1 ± 1 117 ± 2 4 ± 1 311 ± 5 
E177D 200 ± 5 1 ± 1 116 ± 3 1 ± 1 318 ± 8 
BSA 202 ± 3 0 127 ± 2 1 ± 1 329 ± 5 

Predivisional‡ Postdivisional i

Predivisional‡ Postdivisional i
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evolutionarily close, a diagnostic band close to 368 bp was expected from A. 

nidulans upon fractionation through a denaturing polyacrylamide gel.   

As a positive control A. nidulans ribosomes from untreated germlings were 

purified and then treated with MOD1.  In this post-purification treatment a band 

(referred to here as the aniline band) of the expected size was seen (Figure 2, 

lanes 7 and 16).  This aniline band was not present in untreated samples (Figure 

2, lanes 6 and 15).  However, the aniline band migrates very close to a second 

band of almost the same size found in all of the samples.  Depending on the 

intensity of the contaminating band and the aniline band, either a doublet with the 

lower band being the aniline band or an intense broad band (presumably 

representing the unresolved doublet) was observed in the control treatments 

(Figure 2, lanes 7 and 16).  The aniline band was present in RNA extracted from 

germlings of conidia that had been treated with MOD1, Y80S, or E177D (Figure 

2, lanes 1, 3, and 8).  The aniline band was absent from samples not treated with 

aniline (Figure 2, lanes 2, 4, 9, 11, and 13).  It was also missing in samples from 

germlings of conidia treated with BSA (Figure 2, lane10).  To rule out the 

possibility that the aniline band could have been caused by residual RIP activity 

on the ribosome after cell lysis, MOD1 was added to the cell lysate of germlings 

from untreated conidia.  Addition of MOD1 to the cell lysate did not produce an 

aniline band (Figure 2, lane 12).  Thus, modification of the ribosomes in the 

previous samples must have occurred prior to disruption of the fungal cells. 
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Figure 2.  Aniline cleavage of RIP1-modified rRNA isolated from A. nidulans 

germlings.  RNA was isolated from germlings of conidia treated with MOD1, 

Y80S, E177D, BSA, or untreated controls (UNT).  Aliquots of purified RNA from 

each treatment were prepared for electrophoresis (minus aniline lanes) or treated 

with aniline prior to electrophoresis through 6.5% denaturing polyacrylamide gels.  

SP samples had MOD1 added to lysed germlings of untreated conidia prior to 

RNA isolation.  A positive control for the position of the aniline cleavage product 

(POST) was generated from purified ribosomes of untreated conidia.  Following 

purification, these ribosomes were incubated with MOD1 prior to RNA extraction 

and aniline treatment.  The size in nucleotides of the RNA size markers are 

indicated at left.  The area bracketed by white arrows was enlarged to give the 

bottom two panels.  The black arrow indicates the aniline band. 
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A. nidulans fadAG203R 

 The results from the aniline assays indicated that ribosome modification 

did not correlate positively with substantial lysis.  To better understand the lysis 

phenotype, mutant A. nidulans strains defective for lysis were examined for their 

similarity to the lysis phenotype induced by RIP1 treatment.  Comparison with A. 

nidulans lysis mutants affected in nuclear movement and division (Morris et al., 

1995) showed little similarity as lysis due to RIP1 treatment did not affect nuclear 

localization or division (data not shown).  Likewise, A. nidulans strains with 

defective cell wall synthesis showed little similarity to RIP-treated A. nidulans 

(ref).  While the latter had normal hyphal tips, the former had bulbous hyphal tips 

and lysis at the tips (Borgia and Dodge, 1992; Smith and Payton, 1994).  A third 

type of lysis mutant, the flbA/fadA mutants with aberrant signal transduction, was 

more similar.  These mutant strains undergo developmentally regulated lysis.  

We had observed that lysis due to RIP1 treatment occurred at the developmental 

transition from pre- to post-divisional growth (Table 1; Nielsen et al., 2001).  The 

flbA mutant strain undergoes delayed spontaneous lysis at the transition from 

vegetative to reproductive growth (Adams et al., 1998; Weiser et al., 1994; Yu et 

al., 1996).  Thus, both the flbA and RIP1-induced lysis phenotypes involve a 

developmental transition. 

We further explored the similarity between flbA and RIP1 induced lysis by 

investigating whether or not the lysis was a downstream result of a common 

signaling pathway.  A dominant suppressing mutation, fadAG203R, is able to block 

the lysis induced by the flbA mutation.  If the RIP1 and flbA phenotypes result 
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from common signaling pathways, then the fadAG203R mutant might also inhibit 

lysis due to RIP1 treatment. 

 To determine whether the fadAG203R mutant would lyse when exposed to 

RIP1, hyphal growth and morphology of fadAG203R conidia treated with MOD, 

Y80S, E177D, or BSA were examined as described previously for normal A. 

nidulans conidia (see Table 1).  Table 2 shows the effect of RIP1 and control 

proteins on fadAG203R growth and development.  The lytic phenotype observed in 

normal A. nidulans germlings from conidia treated with MOD1 was not observed 

in the fadAG203R mutant.  Instead, the more subtle branching phenotype was seen 

with MOD1 treatment.  Over 30% of post-divisional germlings from conidia 

treated with MOD1 showed branching.  This level of branching is similar to that 

seen previously in A. flavus after treatment of conidia with MOD1 (Nielsen et al., 

2001).  Like normal A. nidulans, fadAG203R conidia treated with Y80S showed a 

slight phenotype of increased branching compared to conidia treated with BSA. 

The growth and morphology of conidia treated with E177D were not significantly 

different from conidia treated with BSA. 

 

Maize RIP1 localization in normal and fadAG203R A. nidulans germlings and 

protoplasts 

 The lack of lysis in germlings after treatment of fadAG203R conidia with 

MOD1 suggested that MOD1-induced lysis required a component that was 

absent or non-functional in the fadAG203R mutant.  If so, the RIP1-induced lysis 

and the lysis observed in the flbA mutant should share common signaling 
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components.  Alternatively, the lack of lysis in fadAG203R germlings after MOD1 

treatment of conidia could also be explained by altered uptake or localization of 

MOD1 in the fadAG203R cells compared to normal A. nidulans cells.  For example, 

Coca et al. (2000) have observed that the cell wall of fadAG203R germlings is twice 

as thick as normal A. nidulans cell walls and that chitin levels in these walls are 

four times greater than normal.  Whereas normal A. nidulans conidia were 

susceptible to lysis by the antifungal protein, osmotin, fadAG203R conidia were 

resistant.  When the cell wall was removed, the fadAG203R protoplasts were 

susceptible to lysis by osmotin (Coca et al., 2000). 

The uptake and localization of RIP1 and control proteins was monitored 

with fluorescently labeled proteins.  The fluorophore Texas Red binds to primary 

amines of proteins through a succinimidyl ester moiety.  Texas Red was bound to 

MOD1, Y80S, E177D, and BSA.  Stable dye-protein conjugates were formed 

when the ratio of Texas Red to MOD1, Y80S, or E117D was 0.5 (data not 

shown).  A dye to protein ratio of 2.0 was found to be stable for conjugation of 

Texas Red to BSA (data not shown).  The effect of Texas Red labeling on the 

ribosome-inactivating activity of the proteins was tested with translational 

inhibition assays.  Figure 3 shows a representative experiment to measure the 

ribosome-inactivating activity of Texas Red conjugated and unconjugated 

proteins in vitro.  The amount of radioactivity incorporated into TCA insoluble 

material compared to that in the BSA control increased upon Texas Red labeling 

of MOD1, Y80S, and E177D.  The largest difference between tagged and 

untagged protein was seen with E177D (Figure 3B) where the effect of the 
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Figure 3.  Translational inhibition by Texas Red labeled and unlabeled RIP1 

or control proteins.  Purified proteins and proteins labeled with Texas Red were 

incubated with rabbit reticulocyte lysates at 25oC.  Samples were removed from 

each reaction every 5 minutes and assayed for trichloroacetic acid (TCA)-

precipitable radioactivity. Values were normalized to an untreated control.  The 

control value was 4.41 x 105 dpm.  The dashed lines in panels B – D indicate the 

amount of radioactivity measured in the BSA-TR treatment.  Error bars indicate 

the standard error from triplicate samples. 
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tagged protein on radioactive incorporation at 35 minutes was almost 

undetectable (equivalent to that of BSA).  Texas Red labeling of MOD1 had little 

effect on activity with radioactive incorporation still two-fold lower than with BSA 

at 35 minutes (Figure 3D). Based on these assays, we assumed that the Texas 

Red tagged MOD1 was active and the others, at best, were only slightly active. 

The dye-protein conjugates (MOD-TR, Y80S-TR, E177D-TR, and BSA-

TR) were used to treat normal or fadAG203R conidia.  The conidia were treated 

with Texas Red labeled proteins and monitored for localization of the Texas Red 

fluorescence on a confocal laser scanning microscope.  Germlings were 

examined for Texas Red fluorescence during late pre-divisional growth when the 

hypha was two through three times the length of the conidium but no septum had 

formed.  Individual confocal sections showed that normal A. nidulans germlings 

from conidia treated with MOD-TR appeared to have internal Texas Red 

localization as well as localization at the cell periphery (Figure 4).   DAPI staining 

of nuclei was used to determine internal areas of the cell because the germlings 

were generally positioned with a portion of the cell out of the plane of focus.   

To determine if MOD-TR was localized in the cytosol and not just at the 

cell periphery the germlings were plasmolysed.  Figure 5 shows two different 

confocal sections of a plasmolysed cell where the cytosol was detached from the 

cell wall.  A portion of the MOD-TR fluorescence remained at the cell wall 

(Figure 5d, e, and f).  However, the majority of the fluorescence was observed in 

the condensed cytosol. 
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Figure 4.  Localization of RIP1 or control proteins in normal A. nidulans 

germlings.  Normal conidia, at 1 x 105 conidia/ml, were treated with 2.0 nM 

protein labeled with Texas Red and cultured for 12 hours at 28oC.  Conidia were 

washed to remove unbound protein then examined by confocal microscopy in a 

resuspension buffer containing 1.0 µg/ml DAPI.  The protein treatments are listed 

on the left.  Differential interference contrast (DIC) images of individual sections 

from the confocal stack show the area of the cell in the plane of focus.  Texas 

Red fluorescence shows localization of the labeled proteins for MOD-TR, Y80S-

TR and E177D-TR.  Slight Texas Red fluorescence was observed in the BSA-TR 

image.  DAPI staining of the nuclei was used to verify that areas in the plane of 

focus showed internal regions of the cell. 
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Figure 5. Localization of MOD-TR in plasmolysed A. nidulans germlings.  

Normal conidia, at 1 x 105 conidia/ml, were treated with 2.0 nM MOD1 protein 

labeled with Texas Red and cultured for 12 hours at 28oC.  Conidia were washed 

to remove unbound protein, placed in 0.1% Calcofluor White M2R, washed, 

placed in 5M NaCl and then examined by confocal microscopy.  The area of the 

cell in the plane of focus is shown in the DIC images of individual sections from 

the confocal stack.  Calcofluor White fluorescence shows the localization of the 

cell wall.  Texas Red fluorescence shows localization of MOD-TR.  Panels A, B, 

and C show a section of the confocal stack with the hyphal tip in focus.  Panels 

D, E, and F show a section of the confocal stack with the conidium in focus. 
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The fadAG203R germlings had a similar localization pattern but had reduced 

Texas Red fluorescence compared to normal A. nidulans germlings (Figure 6).  

In contrast to normal germlings, fadAG203R germlings from conidia treated with 

Y80S-TR and E177D-TR had higher fluorescence intensities.  MOD-TR, Y80S-

TR, and E177D-TR had similar fluorescence intensities in the fadAG203R 

germlings.  Neither normal nor fadAG203R germlings had any Texas Red 

fluorescence when conidia were treated with BSA-TR (Figures 4 and 6). 

 The low level of fluorescence observed in the fadAG203R germlings 

suggested that not as much RIP1 was binding and/or entering the cells.  This 

decreased interaction of RIP1 with the cell could be due to the abnormal 

fadAG203R cell wall.  Thus, the localization of MOD-TR was examined in fadAG203R 

protoplasts.  Protoplasts were prepared from normal or fadAG203R germlings of 

conidia treated with MOD-TR.  These protoplasts, designated “PRE”, were then 

examined with a confocal laser scanning microscope.  Normal and fadAG203R 

germlings from untreated conidia were also used to make protoplasts.  These 

protoplasts, designated “POST”, were exposed to MOD-TR.  Figure 7 shows 

Texas Red localization in both normal and fadAG203R protoplasts.  That more 

MOD-TR was taken up by “POST” protoplasts than by “PRE” protoplasts is 

suggestive that the cell wall did inhibit uptake of MOD-TR.  However, the 

fluorescence intensity was still higher in the normal A. nidulans protoplasts 

compared to fadAG203R protoplasts.  Removal of the cell wall did not increase 

MOD-TR localization in the fadAG203R protoplasts to levels comparable to normal 

protoplasts.  Neither fadAG203R nor normal protoplasts had any Texas Red 
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Figure 6.  Localization of RIP1 or control proteins in fadAG203R A. nidulans 

germlings.  Conidia from fadAG203R, at a concentration of 1 x 105 conidia/ml, 

were treated with 2.0 nM protein labeled with Texas Red and cultured for 12 

hours at 28oC.  Conidia were washed to remove unbound protein then examined 

by confocal microscopy in a resuspension buffer containing 1.0 µg/ml DAPI.  The 

proteins treatments are listed on the left.  The area of the cell in the plane of 

focus is shown in DIC images of individual sections from the confocal stack.  

Texas Red fluorescence shows localization of the labeled proteins for MOD-TR, 

Y80S-TR and E177D-TR.  The BSA-TR image had only slight Texas Red 

fluorescence.  The Texas Red fluorescence in the images was digitally enhanced 

to increase the fluorescence levels two-fold.  DAPI staining of the nuclei was 

used to verify areas in the plane of focus that showed internal regions of the cell.   
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Figure 7.  Localization of RIP1 or control proteins in normal or fadAG203R 

protoplasts.  Normal or fadAG203R conidia, at a concentration of 1 x 105 

conidia/ml,  were treated with 2.0 nM MOD-TR or BSA-TR and cultured for 12 

hours at 28oC.  The germlings were washed to remove unbound protein then 

used to make protoplasts, as described in materials and methods.  The “PRE” 

protoplasts were washed in a resuspension buffer containing 0.1% Calcofluor 

White M2R and placed in new resuspension buffer.  The “POST” protoplasts 

were washed with a resuspension buffer containing 2.0 nM MOD-TR or BSA-TR 

and 0.1% Calcofluor White M2R and placed in new resuspension buffer.  The 

protoplasts were examined immediately by confocal microscopy.  DIC images of 

individual sections from the confocal stack show the area of the cell in the plane 

of focus.  Calcofluor White fluorescence shows localization of the cell wall.  

Texas Red fluorescence shows localization of MOD-TR or BSA-TR.  The cell 

types and protein treatments are listed on the left.  No Texas Red fluorescence 

was observed in the BSA-TR images.  Normal and fadAG203R germlings were 

included to allow for comparison of Texas Red fluorescence among figures. 
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localization when treatments used BSA-TR (Figure 7 and data not shown).  

Based on staining of the cell wall material by calcofluor white, removal of the cell 

walls was complete in the protoplasts.  Normal and fadAG203R germlings from 

conidia treated with MOD-TR were used  as controls to allow for comparisons of 

fluorescence intensity levels between Figures 4, 6, and 7.  These data suggest 

that the cell wall was not involved in the differential levels of RIP1 localization in 

the fadAG203R and normal A. nidulans germlings. 

 

Discussion: 

 We used the three maize RIP1 recombinant proteins MOD1, Y80S, and 

E177D to elucidate the role of the ribosome-inactivating activity of maize RIP1 in 

its antifungal activity.  MOD1 lacks the internal 25 amino acid coding region 

normally removed during proteolytic activation of maize proRIP1.  Thus, MOD1 is 

enzymatically active without the need for further proteolytic processing (Krawetz 

and Boston, 2000; Walsh et al., 1991).  MOD1 had previously been found to 

have antifungal activity equivalent to that of activated RIP1 purified from maize 

kernels (Nielsen et al., 2001).  Since MOD1 is active as a single polypeptide 

chain, it was ideal for site-directed mutagenesis to decrease ribosome-

inactivating activity.  Previous site-directed mutagenesis studies on the type 2 

RIP ricin identified amino acid residues required for ribosome-inactivating activity 

(Munishkin and Wool, 1995).  Many of these residues are conserved in other 

RIPs and substantially reduce ribosome-inactivating activity when mutated 

(Poyet et al., 1998; Wang et al., 1999). 
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Translational inhibition in vitro showed that the MOD1 site-directed mutant 

Y80S had only slightly reduced ribosome-inactivating activity compared to MOD1 

(Figure 1).  Tyrosine 80 is absolutely conserved among RIPs published to date.  

When tyrosine 80 is mutated to serine in ricin a 1000-fold reduction in ribosome-

inactivating activity is observed in translational inhibition assays (Kim and 

Roberts, 1992).  In ricin tyrosine 80 is thought to play a key role in ribosome 

recognition and binding (Munishkin and Wool, 1995).  Our translational inhibition 

data lead us to conclude that this tyrosine residue may not play as important a 

role in maize RIP1 ribosome-inactivating activity. 

The MOD1 site-directed mutant E177D had a 50% reduction in ribosome-

inactivating activity in vitro compared to that of MOD1 (Figure 1).  Like Y80, 

glutamate 177 is absolutely conserved among RIPs and decreases the 

ribosome-inactivating activity of ricin by 1000-fold in translational inhibition 

assays when mutated to glutamine.  Glutamate 177 is found in the major helix of 

the active site cleft of ricin and is involved in the depurination reaction (Munishkin 

and Wool, 1995).  Mutation of glutamate177 to alanine in ricin was found to 

reduce ribosome-inactivating activity in translation inhibition assays by only five-

fold (Schlossman et al., 1989).  In G177A, another glutamate residue (Glu209) in 

the helix was found to partially restore ribosome-inactivating activity.  When this 

glutamate residue was mutated in addition to E177, ribosome-inactivating activity 

was reduced to levels observed with ricin (Frankel et al., 1990).  Maize RIP1 may 

also have additional residues that can partially compensate for loss of the 

glutamate residue. 
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The Y80S and E177D mutations were also tested for decreased in vitro 

ribosome-inactivating activity of the RIP pokeweed antiviral protein (PAP).  In 

PAP, these mutations resulted in 200-fold reductions in the ribosome-inactivating 

activity (Poyet et al., 1998).   

The striking decrease in ribosome-inactivating activity seen in other RIPs 

upon mutation of absolutely conserved amino acid residues was not observed 

with maize RIP1.  Instead, our data showed that maize RIP1 retains most of its 

ribosome-inactivating activity.  These data could suggest that activity of individual 

amino acid residues in RIP1 can be at least partially compensated for by other 

amino acids.  Alternatively, slight alterations in RIP1 structure due to amino acid 

changes are more easily compensated by RIP1, thus the protein is more stable 

and retains more of its activity. 

While Y80S and E177D still had substantial ribosome-inactivating activity, 

these proteins had little, if any, effect on A. nidulans growth and development 

(Table 1).  We had previously shown that treatment of conidia with MOD1 

resulted in lysis of germlings at the first cell division (Nielsen et al., 2001).  

Conidia treated with Y80S and E177D had no substantial changes in growth and 

development compared to conidia treated with the control protein BSA (Table1).  

The lack of a correlation between ribosome-inactivating activity and cell lysis 

might suggest that the mutations caused more alterations to MOD1 than simply 

decreasing the ribosome-inactivating activity.  For example, the lysis phenotype 

may be caused by another activity of the protein that was inhibited in the 

mutants. 
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Previous studies with maize RIP1 as well as RIPs from other plant species 

have shown that fungal growth or development is altered by the proteins 

(reviewed in Nielsen and Boston, 2001).  However, these studies have not 

determined whether the ribosome-inactivating activity of the protein was 

responsible for the antifungal activity.  For the ribosome-inactivating activity of 

RIPs to be playing a role in antifungal activity, the RIPs would have to depurinate 

the fungal ribosomes.  We isolated A. nidulans ribosomes of germlings from 

conidia treated with the maize RIP1 proteins and qualitatively showed that they 

had been depurinated (Figure 3).  Germlings treated with Y80S and E177D, 

which do not have observable antifungal activity, also had depurinated 

ribosomes.  This result rules out the possibility that the lack of antifungal activity 

by Y80S and E177D resulted from the proteins being incapable of ribosome-

inactivating activity against the A. nidulans ribosomes in vivo. 

Several possible scenarios could explain depurination by Y80S and 

E177D without cell lysis.  The A. nidulans cells may have a minimum level of 

ribosome activity that is required.  Y80S and E177D may cause some ribosome-

inactivation but not enough to induce a response, whereas a high level of 

inactivation of ribosomes by MOD1 could overcome this threshold and cause the 

cells to lyse.  Localization of MOD1, Y80S, and E177D in association with the 

germlings shows that the amount of MOD1 inside the cell was greater than the 

amount of Y80S or E177D (Figure 4).  Lysis was still not observed when the 

amount of Y80S and E177D was increased to levels equivalent to that of MOD1 

by increasing the Y80S and E177D protein concentrations in the assay (data not 
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shown).  The translational inhibition assays suggested that Y80S and E177D had 

lower ribosome-inactivating activity.  While these assays suggested that the 

mutant proteins retained a significant amount of activity, the assays use rabbit 

ribosomes and not fungal ribosomes.  At present, we do not have a means of 

quantifying the ribosome-inactivating activity of the RIP1 variants on A. nidulans 

ribosomes.  While the data presented here suggest that the threshold model is 

unlikely, until the activity of RIP1 mutants on fungal ribosomes can be quantified 

this model can not be ruled out. 

RIPs have also been found to have activities separate from their 

ribosome-inactivating activity.  Some of these activities include DNase, RNase, 

lyase, and anti-viral activity (reviewed in Nielsen and Boston, 2001).  The 

tyrosine and glutamate residues altered in our assay could also be required in 

another activity of the protein (Tumer et al., 1997).  Such additional activity might 

complement the ribosome-inactivating activity to induce lysis. 

A priori, there is not an obvious direct link between RIP1 enzymatic activity 

and cell lysis.  However, we found that lysis in a subset of genetic mutants 

(flbA/fadA mutants) occurs as a downstream step of a signal transduction 

pathway (Adams et al., 1998).  We hypothesized that the activity of RIP1 on 

these mutants would identify intermediates between the RIP1 enzymatic activity 

and cell lysis. 

The balance between growth and sporulation in A. nidulans is controlled 

by a G-protein signaling pathway (Adams et al., 1998; Weiser et al., 1994; Yu et 

al., 1996; Yu et al., 1999; Rosen et al., 1999).  Activation of the Gα (fadA) and 
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Gβ (sfaD) subunits of the heterotrimeric G-protein promotes growth.  When the 

Gα subunit is constitutively active (fadAG42R mutation) the fungal cells fail to make 

the transition from vegetative growth to sporulation.  Instead, the cells autolyse at 

this transition.  Gα signaling is controlled by a regulator of G-protein signaling 

(RGS, flbA).  As in fadAG42R, a loss-of-function flbA (flbA92) mutation results in 

autolysis at the transition from vegetative growth to sporulation.  Autolysis of 

flbA92 can be blocked by a mutation in the Gα subunit (fadAG203R) that inhibits 

dissociation of the Gα and Gβ subunits resulting in reduced Gα activity. 

Even though lysis due to active RIP1 treatment and lysis due to Gα 

activity occur at different developmental stages, lysis occurs in both systems at a 

transition in development.  With active RIP1 treatment, lysis occurs at the 

transition from pre- to post-divisional growth.  In flbA92 lysis occurs at the 

transition from vegetative growth to sporulation.  If these two lysis events share 

the same G-protein signaling pathway, then the fadAG203R dominant suppressor 

may also be able to block lysis due to active RIP1 treatment.  Our data showed 

that germlings from fadAG203R conidia treated with MOD1 did not lyse (Table 2).  

These data were consistent with the hypothesis that lysis due to treatment with 

active maize RIP1 involves a G-protein signaling pathway and that inhibiting 

signaling of this pathway could induce resistance to RIP1 treatment.  

A lack of lysis by fadAG203R germlings from conidia treated with MOD1 

could also be explained by an inability of MOD1 to enter the fadAG203R cell.    

Coca and colleagues (2000) have shown that the cell wall of fadAG203R is 

abnormal and blocks activity of the antifungal protein osmotin from tobacco.  By 
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adding molecules of the fluorophore Texas Red to RIP1 and control proteins we 

were able to view the association of the proteins with fungal cells.  The amount of 

MOD-TR localized to normal A. nidulans germlings was substantially higher than 

the amount of MOD-TR localized to fadAG203R germlings (Figures 4 and 5).  

Localization of MOD-TR in normal and fadAG203R protoplasts showed that 

alterations in the cell wall of fadAG203R were not responsible for the differences 

between RIP1 protein levels in normal and fadAG203R cells (Figure 6).  However, 

removal of the cell wall did allow for increased uptake of MOD1 by both normal 

and fadAG203R cells.  Since BSA-TR or free Texas Red (data not shown) showed 

no association with the cells, we concluded that the localization observed was of 

the Texas Red conjugated RIP1 proteins and not of unbound Texas Red 

molecules. 

The inability of fadAG203R protoplasts to accumulate high levels of MOD1 

suggests that the inhibition of G-protein signaling has caused as yet 

uncharacterized changes to the fungal cell.  The fadAG203R cells may have a 

different composition of the plasma membrane that reduces the amount of active 

RIP1 taken up by the cell.  Alternatively, maize RIP1 may be degraded faster by 

the fadAG203R cells so that not as much of the protein accumulates inside the cell. 

The exact mechanism of maize RIP1 antifungal activity is still undefined.  

Comparison of the ribosome-inactivating activity of site-directed mutants of RIP1 

to the activity of mutants from other RIPs suggests that RIP structure and activity 

may not be as conserved as previously thought.  Our data have shown that 

MOD1, Y80S, and E177D had N-glycosidase activity against fungal cells in vivo 
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and that the amount of RIP1 present in the cell may determine the amount of 

antifungal activity.    At 31 kD, MOD1 is larger than proteins known to be taken 

up by fungal cells (Burgstaller, 1997).  Thus, understanding how RIP1 enters the 

fungal cell and defining the components involved in uptake will further our 

understanding of the interaction between filamentous fungi and their 

environment. 

 

Materials and Methods: 

Fungal strains and culture 

 A. nidulans stain A51 (biA1 wA3) was grown on A. nidulans complete 

medium (Barratt et al., 1965) supplemented with 0.82 µm biotin for 2 days at 

37oC.  A. nidulans strain TJY115.4 (fadAG203R) was grown on A. nidulans 

complete medium with no supplements for 2 days at 37oC.  Conidia were 

harvested in 0.05% (vol/vol) Triton X-100 and diluted to a concentration of 5 x 

105 spores/ml. 

 

Site-Directed Mutagenesis 

 MOD1 was created as a deletion construct of the proRIP1 clone 

pZmcRIP3 (Bass et al., 1992; Krawetz and Boston, 2000).  The final construct 

contained DNA corresponding to the original proRIP1 clone (GenBank accession 

no. M83926) from nucleotides 36 to 505 and 587 to 949 and included an ATG 

and novel XhoI site.  Y80S and E177D were created with site-directed 

mutagenesis using the QuickChange Site-directed Mutagenesis Kit (Stratagene, 



 97

La Jolla, CA).  To create the Y80S mutant, adenine 245 of MOD1 was changed 

to a guanine with the mutagenic oligonucleotide 5’-

GCGTACCTGTTGGACAcGGAGCACCCG-3’ (Integrated DNA Technologies 

Inc., Coralville, IA).  The mutation was confirmed by the presence of a 108-bp 

RsaI fragment.  To create the E177D mutant, guanine 504 of MOD1 was 

changed to a cytosine with the mutagenic oligonucleotide 5’-

CAGTACCACACGgTCCCCGACGCCAAGTTG-3’.  The mutation was confirmed 

by the presence of a 649-bp fragment.  The nucleotide target of mutagenesis is 

shown above in lower case. 

 

Translational Inhibition Assay 

 Translational inhibition assays were performed as described by Bass et 

al., 1992.  Master mix (Promega, Madison, WI) was supplemented with 20 µM 

hemin, 0.1 mM GTP-KOH pH 7.6, 5 units/ml Inhibit-Ace (Promega, Madison, WI), 

15 �g/ml brome mosaic virus (BMV) RNA (Promega, Madison, WI), and 1 

mCi/ml 35S-ا -methionine (ICN Biomedicals, Inc., Costa Mesa, CA).  Rabbit 

reticulocyte lysate (Promega, Madison, WI) was supplemented with 10 units/ml of 

Inhibit-Ace.  Master Mix, lysate, and protein were combined for a final reaction 

with 65% (v/v) lysate and 0.1 µg/ml RIP1 or control proteins.  Aliquots were 

removed at 5 minute intervals for 35 minutes and placed onto replicate 3 mm 

Watman filters.  Incorporation of 35S-Methionine into protein was measured by 

hot TCA precipitation.  All curves were derived from the same experiment.  
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Growth Analysis 

Conidia were cultured as previous described (Nielsen et al., 2001).  

Briefly, conidia were mixed with either RIP1 or control proteins in water to a final 

concentration of 1.25 x 105 spores and 1.0 mg of protein per ml.  This mixture 

was transferred onto a sterile microscope slide covered with a 0.5-mm layer of 

CM (A. nidulans complete medium supplemented with 0.35 mM CaCl2, 0.10 mM 

MgSO4, 0.5% [wt/vol] Phytagel [Sigma, St. Louis, MO, U.S.A]).  The inoculated 

slides were placed in a humidity chamber at 28oC for 12 hours.  Replicate slides 

were covered with a coverslip and examined microscopically with an Axiophot 

workstation with a 63x objective.  The number of germlings and their branching 

phenotype was determined for each developmental stage.  Development was 

arbitrarily grouped into two classes: (predivisional) germlings with hyphae less 

than 4 conidial lengths with no septa and (postdivisional) germlings with hyphae 

greater than 4 conidial lengths without septa or germlings with septa. 

 

Aniline Assay 

 A. nidulans strain A51 conidia were diluted to a concentration of 5 x 104 

spores/ml with 100 ml A. nidulans complete medium supplemented with 0.82 µm 

biotin.  RIP1 or control proteins was added to cultures to a final concentration of 

24 µg/ml.  Cultures were incubated at 28oC for 12 hours in a gyrating shaker at 

200 rpm.  Germlings were harvested with a Metricel 0.45 µm filter (Pall, East 

Hills, NY) under vacuum and frozen in liquid nitrogen.  The germlings were 

ground to a fine powder in a mortar and pestle under liquid nitrogen.  The powder 
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was placed in resuspension buffer (200 mM Tris-HCl pH 8.8, 400 mM KCl, 50 

mM MgCl2, 1 mM DTT) and subjected to centrifugation at 15,000 x g for 10 

minutes at 4oC.  The supernatant was layered onto a sucrose pad (75 mM Tris-

HCl pH 8.8, 200 mM KCl, 16 mM MgCl2, 80% [wt/vol] sucrose) on ice and 

centrifuged at 42,000 rpm for 5 hours at 4oC in a Sorvall Instruments TYP.TFT 

50.38 rotor.  The pellet was resuspended in sterile deionized water after 

aspiration of the supernatant and sucrose pad.  To measure ribosomal RNA 

levels, absorbance (A) between 210-310 nm was plotted and RNA concentration 

determined using the following conversion: µg/ml RNA = (A260 – A310) (40 

µg/ml)(dilution factor). 

 Treatment of ribosomes with RIP1 proteins, isolation of ribosomal RNA 

and subsequent aniline treatment were performed as described by Bass et al., 

1992.  The RNA was fractionated by electrophoresis through a 6.5% denaturing 

polyacrylamide gel.  RNA molecular weight markers were purchased from 

Novogen (Stamford, CT). 

 

Localization of Texas Red labeled RIP1 or control proteins 

 Texas Red fluorescent dye was conjugated to RIP1 or control proteins 

according to manufacturer’s protocol (Texas Red FluoReporter protein labeling 

kit, Molecular Probes, Eugene, OR).  Protein concentration and amount of 

labeling were determined using absorbance at 280 and 595 nm as described in 

the manufacturer’s protocol.  MOD1, Y80S, and E177D had consistent labeling 

when the molar ratio in the labeling reaction was eight dye molecules per protein 
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molecule.  This ratio yielded approximately 0.5 for MOD-TR, Y80S-TR, and 

E177D-TR Texas Red molecules per protein molecule.  With a molar ratio in the 

labeling reaction of three, BSA was tagged with approximately 2.0 Texas Red 

molecules per protein molecule.  Equal numbers of protein molecules were used 

in the localization assays so BSA would be expected to have 4x the level of 

fluorescence as the RIP1 proteins. 

 A51 or fadAG203R conidia were added to A. nidulans complete media 

(Barratt et al., 1965) to a final concentration of 1 x 105 spores/ml.  Texas Red 

labeled protein was added to a final concentration of 2.0 nM.  Cultures were 

incubated for 12 hours at 28oC in a gyrating shaker at 200 rpm.  Germlings were 

collected by centrifugation in an IEC model CL clinical centrifuge at speed setting 

4 for 5 minutes, resuspended in fresh media, and pelleted again.  The pellet was 

resuspended in broth containing 1.0 µg/ml DAPI (4' - 6-Diamidino-2-

phenylindole-2HCl, Sigma, St. Loius, MI) and examined immediately for Texas 

Red and DAPI fluorescence with a confocal laser scanning microscope (Leica, 

Wetzlar, Germany).  For plasmolysis, germlings were resuspended in broth 

containing 0.1% Calcofluor White M2R for 30 seconds, pelleted, and 

resuspended in 5M NaCl.  The plasmolysed cells were examined immediately 

with the confocal laser scanning microscope. 

 Protoplasts were made by incubating washed germlings in a 1:1 dilution of 

protoplasting mix (40 mg/ml β-glucanase, 20 mg/ml driselase, 20 µl/ml β-

glucuronidase, 1 mM EGTA pH 7.0, enymes were from Sigma, St. Louis, MI) and 

egg whites for 30 minutes.  Protoplasts were collected by centrifugation, washed, 
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and resuspended in protoplast buffer (0.85 M KCl, 0.1 M CaCl) containing 0.1% 

(wt/vol) Calcofluor White M2R.  For protoplasts treated with RIP1 or control 

proteins after protoplasting, the protoplasts were resuspended in protoplast 

buffer containing 2.0 nM protein and 0.1% Calcofluor White M2R.  All protoplasts 

were incubated at room temperature for 30 seconds, pelleted, and resuspended 

in protoplast buffer.  Protoplasts were examined immediately with the confocal 

laser scanning microscope. 
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CHAPTER 4: PROTECTION OF KERNELS FROM INFECTION BY 
ASPERGILLUS FLAVUS IS POSITIVELY CORRELATED WITH 
THE PRESENCE OF MAIZE RIBOBOSOME-INACTIVATING 
PROTEIN 1 PROENZYME 

 

Abstract 

The maize inbred W64A and its near isogenic mutants opaque-2 (o2), o2-

Agroceres (o2-Agr), o2-Italian (o2-It), and floury-2 (fl2) were screened for 

resistance to infection by an Aspergillus flavus transformant that expresses green 

fluorescent protein.  Maize ribosome-inactivating protein 1 proenzyme (proRIP1) 

levels were 100x lower in W64A o2 kernels than in normal W64A kernels.  W64A 

o2-Agr and W64A o2-It had proRIP1 levels 50x lower than normal W64A kernels 

whereas W64A fl2 had proRIP1 levels equivalent to those of normal kernels.  

Kernels from ears inoculated with GFP-A. flavus were cultured for evaluation of 

infection of the endosperm by GFP-A. flavus.  Kernels with low levels of proRIP1 

had an infection rate by GFP-A. flavus of almost 50%.  In contrast, kernels with 

high proRIP1 levels had only a 2% infection rate.  Low proRIP1 kernels also had 

increases in infection by contaminating fungi when compared to the high proRIP1 

kernels.  Kernels from ears segregating for normal W64A and o2, o2-Agr, or o2-It 

had altered infection rates relative to kernels from homozygous ears.  These 

results suggest that maize proRIP1 plays a role in protection of the kernel against 

invasion by fungal pathogens. 
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Introduction 

 Aspergillus flavus is an important pathogen of maize in the southern 

United States and throughout the world due to its production of aflatoxin.  

Aflatoxin is one of the most potent naturally occurring carcinogens (Squire, 

1981).  In the United States the U.S. Food and Drug Administration prohibits the 

sale of grain containing greater than 20 ppb aflatoxin and the sale of milk 

containing greater than 0.5 ppb aflatoxin.   

 A number of factors affect A. flavus infections of maize.  The environment 

has been found to play a critical role in A. flavus growth.  Aspergillus flavus 

growth and  aflatoxin levels increase during drought and can account for large 

yield losses some years (Wilson et al., 1979).  Many experimental studies have 

found that high temperatures and water stress are conducive for A. flavus growth 

as well as increased aflatoxin production (Payne et al., 1988; Sautour et al., 

2001; Lee and Magan, 2000; Rosso and Robinson, 2001; Thompson et al., 1980; 

Jones et al, 1981; Jones and Duncan, 1981; McMillian et al., 1985; Zuber and 

Lillehoj, 1979; Ono et al., 1999).  Changes in planting time to reduce drought 

stress have been found to reduce the incidence of A. flavus in maize crops 

(Jones et al., 1981; Widstrom et al., 1990; Jones and Duncan, 1981).  Insects 

appear to play a part in increased A. flavus infection, but how they increase 

infections remains unclear (Marsh and Payne, 1984; Lillehoj et al., 1983).  

Allowing maize to stand in the field after maturity substantially increases the 

chance of A. flavus infection.  Poor storage conditions and storage of grain with 
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greater than 18% moisture can lead to alfatoxin contamination in stored grain 

(Payne et al., 1988). 

 Along with environmental factors, genotype appears to affect A. flavus 

growth and aflatoxin levels in maize.  Previous studies have looked at maize 

breeding lines thought to be susceptible or resistant to A. flavus infection (Lillehoj 

et al., 1983; Widstrom et al., 1987; Zummo and Scott, 1989).  In many cases, 

baseline field infections were not high enough to determine conclusively which 

lines showed resistance (Scott and Zummo, 1995).  Results from field inoculation 

assays have failed to distinguish between maize genotypes (Lillehoj et al., 1975; 

Zummo and Scott, 1989).  Differences in aflatoxin levels in kernels has led to 

greater success in distinguishing genotypes (Lillehoj et al., 1980; Thompson et 

al., 1980; Widstrom et al., 1987), but cannot provide information about the level 

of A. flavus growth.  An A. flavus transgenic strain expressing the Escherichia 

coli β-glucuronidase (GUS) protein has been sucessful in distinguishing between 

maize genotypes (Brown et al., 1995).  Visualization of fungal growth within the 

tissue requires incubation of the sample with the GUS substrate, X-GLUC (5-

bromo-4-chloro-3-indolyl-β-D-glucuronide), however, a procedure that is time 

consuming and prevents following real-time colonization of the tissue. 

 In this study we have used an A. flavus transgenic strain expressing the 

Aequorea victoria green fluorescent protein (GFP, Du et al., 1999) to determine 

resistance or susceptibility in near isogenic lines of maize differing in their 

expression of maize ribosome inactivating protein 1 proenzyme (proRIP1).  

Maize proRIP1 is produced in seed endosperm as an inactive zymogen that was 
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originally called b-32 due to its 32-kDa apparent molecular weight (Soave et al., 

1981).  In its active form, maize RIP1 catalytically modifies the large rRNA so that 

it is not recognized by translational elongation factors (Bass et al., 1991; Walsh 

et al., 1991).  We and others have found that RIP1 has ribosome-inactivating 

activity in vitro against nonplant ribosomes such as those from insects, fungi, and 

mammals but little activity against plant ribosomes (Krawetz and Boston, 2000; 

Dowd et al., 1998; Hey et al., 1995).  We have also shown that addition of RIP1 

to A. flavus cultures grown in the laboratory results in abnormal growth 

morphology with inhibition of hyphal tip growth (Nielsen et al., 2001). 

 The objective of this study was to determine whether maize proRIP1 has a 

role in protecting the maize endosperm from infection by A. flavus.  Mutations in 

the Opaque-2 (o2) locus result in severe reduction in proRIP1 levels in the 

endosperm (Soave et al., 1981).  We have used various o2 alleles (Mertz et al., 

1964; Soave et al., 1981) with a W64A inbred background in a comparative 

analysis of infection by an A. flavus transgenic expressing GFP (GFP-A. flavus).  

We observed a negative correlation between the severity of A. flavus infection 

and proRIP1 levels in the infected maize lines.  Based on these data, we suggest 

that proRIP1 has a role in protecting the maize endosperm from invasion by 

fungal pathogens. 

 
 
Results: 

ProRIP1 levels in o2 mutant genotypes 
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 Previous studies have suggested that o2 kernels exhibit increased 

susceptibility to ear rotting fungi (Gupta, 1979; Lillehoj et al., 1975).  To 

determine what role proRIP1 plays in the increased susceptibility, we assayed 

maize lines with different levels of proRIP1 for infection by A. flavus.  ProRIP1 

levels were determined by western blot analysis in near isogenic W64A normal 

(+), o2, o2-AGROCERES (o2-Agr), o2-ITALIAN (o2-It), and floury-2 (fl2, 

Hardings et al., 1995; Nelson et al., 1965) kernels harvested 18 days after 

pollination (DAP).  This developmental stage is marked by intensive storage 

protein synthesis as well as rapid accumulation of proRIP1.  Figure 1 shows a 

comparison of proRIP1 levels in the normal and each of the o2 lines.  The normal 

W64A inbred had the highest levels of proRIP1, followed by W64A o2-Agr and 

W64A o2-It.  The lowest proRIP1 levels were in W64A o2, which required 100x 

more total soluble protein to produce equivalent immunostaining signals as the 

normal line.  The soft kernel mutant, fl2, had levels of proRIP1 very similar to 

those of the normal W64A inbred (Dowd et al., 1998).  Levels of proRIP1 in W64A 

o2-Agr and W64A o2-It were almost twice as high as those in W64A o2.  The 

difference in proRIP1 levels among these genotypes provided a broad range for 

testing kernel susceptibility to A. flavus. 

 

Effect of proRIP1 levels on GFP-A. flavus infection. 

  Ears homozygous for the normal W64A allele, o2, o2-Agr, o2-It, and fl2 

alleles as well as ears heterozygous for normal W64A kernels and either o2, o2-

Agr, or o2-It kernels were pinbar inoculated at 12-14 DAP.  The inoculum 
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Figure 1.  Immunoblot of proRIP1 from W64A(+), o2, o2-It, and o2-Agr 

kernels harvested at 18 DAP.  The amount of total soluble protein extract in the 

serial dilutions from each kernel genotype was adjusted to produce bands with 

similar intensities.  Serial dilutions of a purified recombinant proRIP1 were 

included as a control in each immunoblot.  Recombinant proRIP1 is slightly larger 

than endogenous maize proRIP1 (Krawetz and Boston, 1999). 



o2

o2-It

o2-Agr

6.2 1.53.1 0.78 1.5 3.1 6.2 12.5 25.0

6.2 1.53.1 0.78 0.7 1.5 3.1 6.2 12.5

6.2 1.53.1 0.78 0.7 1.5 3.1 6.2 12.5
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consisted of either 1x104 GFP-A. flavus conidia or sterile distilled water.  All ears 

were harvested 24 days after inoculation (36-38 DAP).  Kernels in rows on either 

side of the pinbar inoculated row were collected and evaluated for colonization by 

GFP-A. flavus.  Kernels were surface sterilized, halved, and deembryonated prior 

to incubation for 10 days at 37oC.  The embryo was removed to inhibit 

degradation of the endosperm due to germination.  Thus, maize proRIP1 would 

not be expected to undergo proteolytic activation by germination induced maize 

proteases. 

 Kernels were rated visually for the amount of GFP-A. flavus, the presence 

of contaminating fungal growth, and the presence or absence of abundant 

bacterial growth (Figures 2 and 3).  A qualitative scale from 0-7 (with 7 being the 

most) was used to determine the amount of fungal growth (see materials and 

methods for details).  Growth of contaminating fungi was determined by 

pigmentation, morphology, and lack of GFP fluorescence, as seen in Figure 3.  

In a pilot study, GFP-A. flavus was found to be the only white A. flavus strain with 

green fluorescence under standard GFP light conditions (data not shown).   

Abundant bacterial growth (covering greater than half of the endosperm surface) 

was monitored because it was found to inhibit fungal growth from the endosperm 

(data not shown).  To avoid confounding the results by the presence of bacterial 

inhibition of fungal growth, kernels contaminated with bacteria were removed 

from the analysis. 

 Table 1 shows the difference in the amount of fungal growth between 

kernels with high proRIP1 levels (W64A+ and W64A fl2) and low proRIP1 levels 
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Figure 2.  Brightfield and GFP fluorescence images of kernels showing 

autofluorescence and GFP-A. flavus infection.  A, Normal kernel from a 

homozygous ear inoculated with GFP-A. flavus.  B, GFP fluorescence of the 

kernel shown in A.  C, fl2 kernel from a homozygous ear inoculated with GFP-A. 

flavus.  D, GFP fluorescence of the fl2 kernel shown in C.  E, o2 kernel from a 

homozygous ear inoculated with sterile deionized water.  F, GFP fluorescence of 

the o2 kernel shown in E.  G, o2 kernel from a homozygous ear inoculated with 

GFP-A. flavus.  H, GFP fluorescence of the o2 kernel shown in G.  I, Brightfield 

image of the o2 kernel shown in G at increased magnification.  J, GFP 

fluorescence of the portion of the o2 kernel shown in I.  White box denotes area 

of magnification.  
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Figure 3.  Brightfield and GFP fluorescence images of an o2 kernel with 

multiple fungal infections.  The o2 kernel is from a homozygous ear inoculated 

with GFP-A. flavus.  A, Brightfield image showing white, brown, and yellow fungal 

growth.  B, GFP fluorescence of the o2 kernel shown in A.  C, Brightfield and D,  

GFP fluorescence at higher magnification.  E, Brightfield and F, GFP 

fluorescence images of the edge of the kernel at higher magnification showing 

white and brown infections with only the white hyphae fluorescing.  G, Brightfield 

and H, GFP fluorescence images of the kernel at higher magnification showing 

white, brown, and yellow fungal mycelium infections with only the yellow 

mycelium fluorescing.  White boxes denote areas of magnification. 
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Table 1.  Analysis of fungal growth in the self-pollinated W64A inbred and its near isogenic mutants 

i Kernels with bacterial growth were excluded from the analysis because they were associated with inhibition of fungal 
growth 
ii Based on a scale of 1-7, as described in Materials and Methods 
iii Inoculated with dH20 

Genotype Ears 
Assayed 

Kernels 
with no 

bacterial 
growthi 

Kernels with 
GFP- 

A. flavus 
mycelia 

Average level 
of GFP- 
A. flavus 
growthii 

Kernels with 
non GFP-
A.flavus 
mycelia 

Average level 
of non 

GFP-A. flavus 
growthii 

GFP-A. 
flavus  

infection 
(%) 

Non  
GFP-A. flavus 
infection (%) 

Total 
infection 

(%) 

+/+ 4 68 2 4.5 ± 2.5 0 0 2.9 0 2.9 
fl2/fl2 6 102 2 1 3 1.7 ± 0.3 2.0 2.9 4.9 
o2/o2 dH20iii 1 20 0 0 0 0 0 0 0 
Total Controls 11 190 4 1.8 ± 1.4 3 0.6 ± 0.1 2.1 1.6 3.7 
          
o2-Agr/o2-Agr 4 48 4 3.8 ± 0.8 0 0 8.3 0 8.3 
o2-It/o2-It 3 60 41 2.4 ± 0.2 21 3.0 ± 0.3 68.3 35.0 100.0 
o2/o2 6 101 57 5.0 ± 0.2 7 2.3 ± 0.4 56.4 6.9 63.4 
o2 Totals 13 209 102 3.9 ± 0.2 28 2.8 ± 0.2 48.8 13.3 62.1 
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(W64A o2, W64A o2-Agr, W64A o2-It) in ears homozygous for each kernel 

genotype.  Almost 50% of the kernels with low levels of proRIP1 were infected 

with GFP-A. flavus, whereas only 2% of high proRIP1 kernels showed infection.  

Some kernels were also infected with other fungi.  The predominant fungi were 

other non-GFP tagged A. flavus strains with varying pigmentations, black A. 

niger, and Fusarium species (see Figure 3 for an example).  While the number of 

kernels infected by these species was lower than with GFP-A. flavus, there was 

still a 10% increase in the number of infected low proRIP1 kernels compared to 

high proRIP1 kernels.  No infection was observed when W64A o2 kernels were 

inoculated with water instead of conidia. 

 When data gathered from ears segregating for W64A+ and W64A o2, 

W64A o2-Agr, or W64A o2-It were analyzed the differences between the level of 

fungal growth between kernels with high levels of proRIP1, low levels of proRIP1, 

and the water inoculum were not as large as those seen with the homozygous 

ears, see Table 2.  The level of GFP-A. flavus infection dropped to 30% in the 

low proRIP1 kernels and increased to 16% in the high proRIP1 kernels.  The low 

proRIP1 kernels had twice the level of co-infection compared to the high proRIP1 

kernels.  The level of co-infection in the low proRIP1 kernels decreased while it 

increased in the high proRIP1 kernels when compared to kernels from 

homozygous ears. 

 Data from both the homozygous and heterozygous ears were inconclusive 

as to whether a correlation exists between the amount of fungal growth on the 

qualitative 0-7 scale and proRIP1 level in kernels.  In the homozygous ears, the 
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Table 2.  Analysis of fungal growth with cross-pollination of the W64A inbred and its near isogenic mutants 
Cross Kernel 

Phenotype 
Ears 

assayed 
Kernels 
with no 

bacterial 
growthi 

Kernels 
with GFP- 
A. flavus 
mycelia 

Average 
level of 
GFP- 

A. flavus 
growthii 

Kernels 
with non 

GFP- 
A. flavus 
mycelia 

Average 
level of 

non GFP- 
A. flavus 
growthii 

GFP- 
A. flavus 
infection 

(%) 

Non GFP- 
A. flavus 
infection 

(%) 

Total 
fungal 

infection 

+/o2-Agr x o2-Agr o2 4 25 7 2.3 ± 0.8 2 4 28.0 8.0 36.0 
+/o2-Agr x o2-Agr + 4 37 5 3.0 ± 0.7 2 2 13.5 5.4 18.9 
           
+/o2-It x o2-It o2 1 7 3 3.7 ± 0.3 2 1.5 ± 0.5 42.9 28.6 71.4 
+/o2-It x o2-It + 1 4 2 5 0 0 50.0 0 50.0 
           
+/o2 x o2 o2 7 60 23 4.1 ± 0.3 2 2.5 ± 0.5 38.3 3.3 41.7 
+/o2 x o2 + 7 57 13 3.8 ± 0.4 1 2 22.8 1.8 24.6 
           
+/o2-Agr x o2-Agr dH2Oiii o2 1 5 0 0 0 0 0 0 0 
+/o2-Agr x o2-Agr dH2Oiii + 1 8 0 0 0 0 0 0 0 
           
+/o2-It x o2-It dH2Oiii o2 1 9 3 1.7 ± 0.7 0 0 33.3 0 33.3 
+/o2-It x o2-It dH2Oiii + 1 7 0 0 0 0 0 0 0 
           
+/o2 x o2 dH2Oiii o2 1 10 0 0 0 0 0 0 0 
+/o2 x o2 dH2Oiii + 1 10 0 0 0 0 0 0 0 
           
o2 totals o2 16 118 37 3.7 ± 0.3 7 3.2 ± 0.4 31.4 5.9 37.3 
+ totals + 16 129 21 3.7 ± 0.4 4 2.3 ± 0.5 16.3 3.1 19.4 
           
dH2O control o2 totalsiii o2 4 34 3 1.7 ± 0.7 0 0 8.8 0 8.8 
dH2O control + totalsiii + 4 35 0 0 0 0 0 0 0 
i Kernels with bacterial growth were excluded from the analysis because they were associated with inhibition of fungal 
growth 
ii Based on a scale of 1-7, as described in Materials and Methods 
iii Inoculated with dH20 
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sample size for the high proRIP1 kernels infected with GFP-A. flavus and co-

infected was only 7, compared to 130 for the low proRIP1 kernels.  This 

difference in the level of infection between low and high proRIP1 kernels made 

comparison of the qualitative values for amount of fungal growth difficult. 

 

Discussion: 

 We used a GFP expressing strain of A. flavus (Du et al., 1999) to 

determine whether kernels with reduced levels of proRIP1 had increased 

invasion by fungi.  Since GFP-A. flavus expresses GFP it was easy to distinguish 

the growth of GFP-A. flavus on maize kernels from that of naturally occurring 

isolates (figure 3).  Thus, the use of GFP as a marker for this fungal strain 

allowed us to do experiments in the field on whole ears rather than in the 

laboratory on individual kernels as has been done previously (Brown et al., 

1995).  This allowed us to monitor the resistance response of maize under 

natural conditions rather than on rehydrated kernels.  Numerous experiments 

have shown that success with different inoculation methods and timing of 

inoculation varies in different parts of the country (Lillehoj et al., 1983; Thompson 

et al., 1984).  In pilot studies we determined that pinbar inoculation of kernels at 

late milk/early dough stage and harvesting at maturity gave the greatest and 

most consistent levels of GFP-A. flavus infection (data not shown). 

 To determine whether or not proRIP1 has a role in defense of the maize 

endosperm from infection by fungi, the susceptibility of the maize inbred W64A 

was compared to its near isogenic mutants carrying various o2 alleles or an 
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unrelated fl2 mutation. The normal O2 allele encodes an endosperm-specific 

transcriptional activator that regulates accumulation of the insoluble zein storage 

proteins as well as some albumins, the most abundant of which is proRIP1 

(Mertz et al., 1964).  The fl2 mutation also has reduced zein levels but proRIP1 

RNA and protein levels were unaffected (figure 1; Bass et al., 1994).  The density 

of fl2 and o2 kernels is also very similar (Figure 2; Mehta and Boston, 

unpublished results).   Since fl2 was no more susceptible than the normal inbred 

to GFP-A. flavus infection (Table 1), we concluded that the effect of the o2 

mutations on zein levels does not result in increased susceptibility to fungal 

infection. 

 The three o2 alleles were found to have at least 50-fold less proRIP1 than 

their normal counterpart (figure 1).  These results are consistent with RNA levels 

observed by Bass et al., 1994.  Despite the overall reduction in proRIP1 levels in 

the o2 mutants, accumulation of proRIP1 was not abolished.  The conclusion of 

Bass et al. (1994) that O2 is not absolutely required for developmental 

expression of proRIP1 was also supported by our data. 

Differences were observed in the level of proRIP1 accumulation in the 

various o2 alleles (Figure 1) and in the level of fungal infection (Tables 1, 2).  The 

o2-Agr allele had levels of GFP-A. flavus growth equivalent to the o2 allele even 

though o2-Agr had twice as much proRIP1 protein.  In contrast, o2-It had less 

infection than o2-Agr even though it had equivalent levels of proRIP1.  These 

data suggest that additional proteins affected by o2 mutations may enhance 

resistance due to proRIP1.  Jach et al. (1995) found that resistance against 
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fungal disease due to expression of a ribosome-inactivating protein from barley 

was enhanced by co-expression of gluconase and chitinase in transgenic 

tobacco. 

Kernel infection levels varied between homozygous ears with a single 

kernel genotype and heterozygous ears with multiple kernel genotypes.  Mutant 

o2 kernels from homozygous ears had higher levels of infection than o2 kernels 

from heterozygous ears.  Likewise, normal kernels from homozygous ears had 

lower levels of infection than normal kernels from heterozygous ears.  The pinbar 

inoculation technique and subsequent kernel analysis required the inoculum to 

initiate an infection in the pinbar inoculated row and then spread to kernels in 

adjacent rows.  King and Scott (1982) observed that the farther a kernel was 

from an inoculated kernel the less likely it was to be infected by A. flavus.  If the 

pinbar inoculated rows had different levels of infection, a similar result would be 

expected in our assay.  The level of GFP-A. flavus infection of the pinbar 

inoculated row was higher in the homozygous low proRIP1 ears (W64A o2, 

W64A o2-Agr, W64A o2-It) than in the homozygous high proRIP1 ears (W64A+, 

W64A fl2)(data not shown).  In ears heterozygous for W64A+ and one of the o2 

alleles GFP-A. flavus infection of the pinbar inoculated row was sporatic with 

some kernels showing abundant infection and some kernels showing no infection 

(data not shown).  In a heterozygous ear, a normal kernel next to a pinbar 

inoculated o2 kernel with abundant infection would be more likely to have an 

infection than if it was next to a pinbar inoculated normal kernel with little 

infection.  The opposite would be true for an o2 kernel – it would be more likely to 
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have an infection if it was next to a pinbar inoculated o2 kernel than if it was next 

to a normal kernel.  These data suggested that an inoculum size effect would be 

observed.  Preliminary field experiments with varying conidial concentrations 

showed an increase in the number of infected kernels with increasing conidial 

concentrations (KN, GAP, and RSB unpublished data). 

The increased susceptibility of kernels with low proRIP1 levels compared 

to kernels with high proRIP1 levels suggest that proRIP1 plays a role in 

protecting the maize endosperm from infection by fungal pathogens.  The 

observation that lines with similar levels of proRIP1 can have varying levels of 

infection leaves open the possibility that additional proteins controlled by the O2 

transcriptional activator enhance proRIP1 activity. 

 
 

Materials and methods 

Plant and fungal material 

Maize (Zea mays) inbred W64A and its near isogenic mutants, o2, o2-

AGROCERES (o2-Agr), o2-ITALIAN (o2-It), and fl2 were grown and pollinated in 

2000 and 2001 at the NC State University Central Crops Research Unit (Clayton, 

NC).  Seed carrying the additional W64A o2 alleles (described in Soave et al., 

1981) were kindly made available by F. Salamini (Max Planck Institute, Cologne, 

Germany).   

Aspergillus flavus strain GAP32-8 (GFP-A. flavus; Du, et al., 1999) was 

grown on potato dextrose agar (PDA; Difco Laboratories, Detroit, MI) for 2 days 
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at 37oC and then transferred to room temperature for 7 days to induce 

conidiation.  Conidia were harvested in 0.05% (v/v) Triton X-100 by scraping the 

plate with a sharp rod and diluted to a concentration of 1x104 conidia/ml with 

sterile deionized H2O.  Conidia were stored in 40 ml aliquots at 4oC or in ice until 

used. 

 

 

 

Inoculation 

 Top ears were pinbar inoculated at 12-14 DAP as described by King and 

Scott, 1982.  Briefly, a row of kernels lined up with the top ear axis was identified 

and marked with ink.  The pinbar, a row of sewing pins mounted in a plastic bar 

with 5 mm of the point ends exposed, was sprayed with 70% ethanol, allowed to 

dry, then dipped into the 1x104 conidial suspension of GFP-A. flavus. The pinbar 

was pressed through the husk into the ink-designated row of kernels.  Ears were 

enclosed immediately after inoculation with a plastic bag inside a paper bag.  The 

plastic bag was removed after 3 days. 

 

Fungal Growth Assay 

 Ears from A. flavus- or water-inoculated ears were harvested at 36-38 

DAP, husked at the field, and placed in paper bags for transport to the lab.  Ears 

with no insect damage affecting kernels to be assayed were surface sterilized by 

sequentially washing them 3x with antimicrobial liquid soap, placing them in a 
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solution of 5.5% NaOCl:water (10:90, v:v) for 5 minutes, rinsing with sterile 

deionized water, placing them in 70% EtOH for 5 minutes, and rinsing them 3x 

with sterile deionized water. 

Kernels to be assayed were removed from the ears by hand.  For 

homozygous ears, up to 20 kernels were removed from the two rows, one on 

each side of and immediately adjacent to the pinbar-inoculated row.  For 

heterozygous ears with kernels of more than one genotype, up to 10 kernels of 

each genotype were removed for assay.  Kernel genotype was determined 

visually (see figure 1 for examples).  At this point, kernels were moved to a 

laminar flow hood for subsequent surface sterilization steps, as described above.  

Each kernel was cut in half and the embryo excised prior to placement of the 

kernel in the well of a 24-well microtiter culture plate and incubation at 37oC with 

high humidity for 10 days.  Kernels were examined using a Leica dissecting 

microscope equipped for fluorescence imaging with GFP filters for UV and blue-

light excitation.  Each kernel was rated for fungal growth, fungal fluorescence, 

and bacterial growth at 7 and 10 days of incubation.  Data were subjected to a 

standard analysis of variance.   

The amount of fungal growth was measured qualitatively on a scale of 0-7 

with 7 being the most growth.  A score of 0 was given to kernels showing no 

observable fungal growth when examined with the dissecting microscope.  A 

score of 1 was given to kernels that had a few hyphal strands extending from the 

kernel periphery in one location but no observable growth on the endosperm 

surface.  A score of 2 was given to kernels with a single small spot of fungal 
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growth on the endosperm surface or more than one location where hyphal 

strands were extending from the kernel periphery.  A score of 3 was given to 

kernels with a diffuse, thin layer of infection covering the entire surface of the 

endosperm but no growth extending off the kernel.  A score of 4 was given to 

kernels with an intense spot of fungal growth.  A score of 5 was given to kernels 

with more than one spot of intense fungal growth but lacking coverage of the 

entire surface of the endosperm.  A score of 5 was also given to kernels with a 

diffuse, thin layer of hyphal growth covering the endosperm and spreading to 

cover the entire surface of the well.  A score of 6 was given to kernels with dense 

hyphal growth covering the entire surface of the kernel.  A score of 7 was given 

to kernels with hyphal growth that covered the entire well and was so prolific that 

the kernel shape could no longer be identified. 

 

Western Analysis 

 The fresh weight of endosperm tissue from each kernel genotype at 18 

DAP was determined.  Total soluble protein from the endosperm tissue was 

extracted as described by Bass et al., 1992.  Serial dilutions of the extracts were 

loaded onto 12% SDS-polyacrylamide gels and subjected to electrophoresis as 

follows:  W64A+ 1:64 through 1:2048 with 10 µl loaded, W64A o2 1:1 through 

1:16 with 10 µl loaded, W64A o2-Agr and W64A o2-It 1:1 through 1:16 with 5 µl 

loaded.  A recombinant proRIP1 (Krawetz and Boston, 1999) was included on 

each gel as a control at serial dilutions from 1:1 to 1:8 with 10 µl loaded.  The 

proteins were electroblotted using a wet apparatus according to the 
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manufacturer’s instructions (BioRad, Hercules, CA).  Immunoblot analysis, in 

which anti-b-32 polyclonal antisera was used at a 1:10,000 dilution, was 

performed using a chemiluminescent reaction as described previously. 
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Chapter 5: Prospectus 
 
 

In the first four chapters of this thesis, I have summarized the current 

knowledge of ribosome-inactivating proteins (RIPs) and early fungal 

development.  This chapter will focus exclusively on what I believe to be some of 

the most valuable and interesting aspects of the research we have done and the 

implications of that work for future studies related to the antifungal activity of 

RIPs. 

 An antifungal activity of a few RIPs had been observed previously (Leah et 

al., 1991; Vivanco et al., 1999).  However, the mechanism through which the 

RIPs had produced the antifungal activity was not defined.  My goal was to 

determine if maize ribosome-inactivating protein 1 (RIP1) had antifungal activity 

and start characterization of the mechanism of this antifungal activity.  Through 

the work presented here, I have shown that RIP1 alters the growth and 

development of Aspergillus species.  I was unable to determine the exact 

mechanism RIP1 uses to alter Aspergillus growth and development, however.  

 Cell lysis at the transition from pre- to post-divisional growth was observed 

with maize RIP1 treatment of A. nidulans conidia (Nielsen et al., 2001).  

However, a more subtle, yet highly reproducible, branching phenotype was 

observed at the transition from pre- to post-divisional growth with maize RIP1 

treatment of A. flavus conidia (Nielsen et al., 2001).  While these two Aspergillus 

species are similar evolutionarily, some specific differences between the species 

are observed.  Aspergillus nidulans exhibits very little pathogenicity.  Thus, it has 

not been used to study infective properties of the Aspergillus genus.  Instead, it 
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has been used as a model species for studying Aspergillus growth and 

development.  Due to the ease with which it can be transformed, it has been the 

subject of many studies to examine the role of specific genes through gene 

knock-out or over-expression.  Aspergillus flavus, in contrast, can pathogenize a 

number of plant species including maize and peanuts.  Furthermore, A. flavus is 

capable of producing aflatoxin.  Because A. flavus produces a potent toxin, many 

studies with this fungus have focused on reducing its infection of crops. 

The reason for the differences in pathogenicity between these two species 

remains unclear.  One possibility for their different pathogenicity of maize could 

be their response to RIP1.  An alteration in growth patterns, as seen with A. 

flavus, could allow for continued growth on the plant, whereas the cell death 

observed with A. nidulans could abolish growth on the plant.  This hypothesis 

could be tested in a number of ways.  For example, the ability of A. nidulans to 

infect o2 kernels, which have low levels of RIP1, would support this hypothesis.  

Furthermore, we would predict that the A. nidulans genetic mutant, fadAG203R, 

which shows resistance to lysis by RIP1, would be able to pathogenize kernels 

with normal RIP1 levels. 

 The lytic phenotype of A. nidulans cells in response to treatment of conidia 

with RIP1 was unexpected.  Osherov and May (1998) had shown that translation 

is absolutely required for germination.  Therefore, we anticipated that treatment 

of conidia with RIP1 would inhibit translation and result in an inability of A. 

nidulans conidia to germinate.  In actuality, conidia treated with RIP1 germinated 

normally and the lytic phenotype was not observed until later in development.  
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These data would suggest that RIP1 was not blocking all translation in the 

germinating conidium.  I have shown that depurination of A. nidulans ribosomes 

occurs in vivo just prior to the transition from pre- to post- divisional growth and 

the lytic phenotype.  However, I was unable to determine whether this 

depurination also occurred earlier in development or if fadAG203R ribosomes were 

depurinated.  Many different hypotheses could explain our observations.  For 

example, the pre-existing pool of ribosomes present in the ungerminated 

conidium (Horikoshi et al., 1965; Mirkes, 1974) could be resistant to depurination 

by RIP1.  With this scenario, only newly synthesized ribosomes would be 

susceptible to RIP.  Thus, an effect of RIP1 would only be observed when 

translation was taken over by these newly synthesized ribosomes.  Another 

possibility could be that RIP1 activity in the A. nidulans cells in vivo is not high 

enough to block all translation and that RIP1 activity below a certain threshold 

could be tolerated by the cell.  When the cell requires more translation than that 

allowed by RIP1, presumably at the transition from pre- to post-divisional growth, 

the lytic phenotype would be observed.  Experiments to differentiate between 

these possibilities would be challenging because they would require identification 

and purification of the pre-existing ribosomes from ungerminated conidia as well 

as measurements of protein synthesis in the germinating conidia.  The presence 

of the tough spore coat on the germinated conidium makes cell lysis at this stage 

difficult.  If a consistent method for cell lysis at very early developmental stages 

was developed, protein synthesis could be measured by incubating the conidia 

with radioactively labeled amino acids.  In addition, pulse/chase experiments 
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could be used to identify any differences in proteins being synthesized from one 

developmental stage to another.  Lysis of ungerminated conidia and very early 

stage germinating conidia would allow for ribosome purification.  These pre-

existing ribosomes could be tested for depurination by RIP1 in vivo and in vitro.  

If the ribosomes were unable to be depurinated, the pre-existing ribosomes and 

newly synthesized ribosomes might have differences in their RNA sequence or in 

association of ribosomal proteins. 

 Not only was the presence of the lytic phenotype unexpected, but the 

mechanism of lysis appears to be interesting as well.  During lysis of germlings 

from conidia treated with RIP1, the cell membrane appeared to remain intact 

during condensation and breakdown of the nuclei (data not shown).  While only 

preliminary, these data suggest that a programmed cell death might be initiated 

by RIP1 treatment.  Examples of experiments to determine whether the 

phenotype could be programmed cell death would involve the detection of DNA 

ladders, caspases, and Bcl-2-like activity.  To date, only one example of 

programmed cell death has been characterized in filamentous fungi although 

many examples have been shown in yeasts (Roze and Linz, 1998). 

 Our data have shown that maize RIP1 constructs are internalized by A. 

nidulans cells.  Fungal nutritionists have suggested that fungi procure their 

nutrients by excreting enzymes that degrade sugars and proteins in their 

environment and then take up the mono- and disaccarides as well as individual 

amino acids (Jennings, 1995).  While the presence of endocytosis in fungi has 

been shown (Fischer-Parton et al., 2000), endocytosis of specific molecules has 
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yet to be found.  The mechanism of maize RIP1 internalization is still undefined.  

However, due to the large size of RIP1 endocytosis is one possibility for uptake.  

The observation that the RIP1 varients Y80S and E177D are internalized by the 

cell even though lysis is not seen suggests that RIP1 is not simply internalized 

during cell membrane permeabilization during lysis.  However, this does not 

exclude the possibility that RIP1 induces cellular changes, resulting in lysis, due 

to external interactions with the cell. 

 My studies examining infection of kernels with different o2 alleles suggest 

that proRIP1 levels are positively correlated with disease resistance.  However, 

due to the pleiotropic nature of the o2 mutations, I still do not know whether 

proRIP1 is involved in protection of the endosperm from A. flavus infection.  To 

answer this question isogenic maize lines with lower or higher amounts of 

proRIP1 are needed.  To date, such lines have not been characterized.  In 

maize, both transgenic methods and transposon insertion could be used to 

produce the desired gene knock-out or null allele. 

 The work in this thesis, combined with previous studies, has shown that 

maize RIP1 has antifungal activity against Aspergillus species.  Initial 

experiments to characterize the exact mechanism through which RIP1 produces 

this activity have been inconclusive.  These experiments have suggested that the 

antifungal activity of maize RIP1 is quite complex and may involve many different 

aspects of fungal biology. 
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■ Abstract Ribosome-inactivating proteins (RIPs) are toxicN-glycosidases that
depurinate the universally conservedα-sarcin loop of large rRNAs. This depurination
inactivates the ribosome, thereby blocking its further participation in protein synthe-
sis. RIPs are widely distributed among different plant genera and within a variety of
different tissues. Recent work has shown that enzymatic activity of at least some RIPs
is not limited to site-specific action on the large rRNAs of ribosomes but extends to
depurination and even nucleic acid scission of other targets. Characterization of the
physiological effects of RIPs on mammalian cells has implicated apoptotic pathways.
For plants, RIPs have been linked to defense by antiviral, antifungal, and insectici-
dal properties demonstrated in vitro and in transgenic plants. How these effects are
brought about, however, remains unresolved. At the least, these results, together with
others summarized here, point to a complex biological role. With genetic, genomic,
molecular, and structural tools now available for integrating different experimental
approaches, we should further our understanding of these multifunctional proteins and
their physiological functions in plants.
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INTRODUCTION

Proteins with selective toxicity have been investigated for use in ways as varied as
murder weapons by mystery writers (38) and espionage agents (39, 92), to trans-
genic plant protection by biologists (110, 112, 117), “silver bullet” therapies by
cancer researchers (53, 96, 139, 145, 171, 183), and biological weaponry by mili-
tary groups (39, 200). One class of such proteins, ribosome-inactivating proteins
(RIPs), are found in genera throughout the plant kingdom as well as in certain
fungi and bacteria. These proteins act asN-glycosidases to modify large rRNAs
and render them incapable of sustaining further translation. The Kcat for nonplant
ribosomes is greater than 103 min−1 for the RIPs abrin (fromAbrus precatorius)
and ricin (fromRicinus communis; 139). Thus, a single molecule has the potential
to kill a cell.

Because of their selective toxicity, RIPs have been primary candidates for the
toxic moiety of immunotherapeutics (139). As a result, much of the RIP literature
reflects attempts to isolate and characterize RIPs from new plant sources and to
exploit these RIPs as anticancer agents (8, 56, 173). Numerous other studies have
focused on enzymology, uptake of lectin-associated RIPs into target cells, and
subsequent transport to ribosomal targets in the cytosol (116, 140, 162). These in-
vestigations have provided a broad knowledge base for understanding biochemical
and medicinal properties of RIPs. Less prevalent, however, are investigations into
the biological function of RIPs in plants. In recent years, such investigation of RIP
activities has increased, especially as tools for gene isolation and transgenic ex-
pression became available. These studies have led to an improved understanding
of RIP gene expression and activity against pathogens but have also uncovered
new enzymatic activities that are suggestive of RIP biology being quite complex.
This review summarizes work related to RIP activities and considers unresolved
issues in how these activities may affect plant metabolism and protection.

BACKGROUND

Historically, RIPs have been linked to plant defense, with reports appearing as
early as 1925 describing inhibition of viral infection by extracts of pokeweed
[Phytolacca americana; summarized in (83)]. Pioneering work was performed by
L Barbieri, F Stirpe, and coworkers who assayed extracts from over 50 plants
and found that most had translational inhibitory activity in vitro (8, 56, 173). Sub-
sequent purification of the inhibitory proteins led to their identification as RIPs.
As searches for additional RIPs were carried out, they were found not only in a
few exotic plants but also in crop plants such as wheat, maize, and barley [(40)
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see comprehensive reviews by Barbieri (8) and Stirpe et al (173) for detailed lists
of RIPs, their source plants, and abundance in various organs]. For many years
after the first RIPs were characterized, the mechanism by which they inactivated
translation was not known. In a major breakthrough, Endo and coworkers showed
that the enzymatic activity of RIPs was anN-glycosidation to remove a specific
adenine corresponding to residue A4324 in rat 28S rRNA (49, 50). This adenine
lies within a 14-nucleotide region that is known as theα-sarcin loop and is con-
served in large rRNAs from bacteria to humans (122). A GAGA sequence in which
the first A is the RIP substrate forms the core of a putative tetraloop surrounded
by a short base-paired stem (41, 65, 143). Irreversible modification of the target
A residue blocks elongation factor (EF)-1- and EF-2-dependent GTPase activities
and renders the ribosome unable to bind EF-2, thereby blocking translation (133).

Because this translational inhibitory activity is toxic, RIPs were seen as having
great potential for use as selective cell-killing agents and interest in them shifted
toward medical exploitation [for review see (139, 145, 171, 173)]. With the de-
velopment of monoclonal antibodies as tools for identifying and targeting cell
surface markers, researchers gained the ability to couple antibodies to RIPs and
thus deliver the toxic protein directly to specific cells. The potential for using RIPs
as cell destructive agents in the immunotoxins stimulated intense efforts to iso-
late and characterize such proteins from many different plant sources [reviewed in
(53, 145)]. Unfortunately, RIP-derived immunotoxins are not perfect clinical tools.
For example, they are generally highly antigenic and promote immune responses
in animals receiving prolonged treatment with the immunotoxins [reviewed in (8)].
A second problem is with vascular leak syndrome, a deleterious side effect that
limits clinical efficacy as a cancer therapy (96). Nevertheless, refined approaches
to inhibit toxicity are showing promise (7, 76) and a number of clinical trials are
ongoing (53, 96).

CLASSIFICATION OF RIPs

RIPs are classified into three groups based on their physical properties (Figure 1)
(127). Type 1 RIPs, such as pokeweed antiviral protein (PAP), saporin (from soap-
wort,Saponaria officinalisL.), and barley (Hordeum vulgare) translation inhibitor,
are monomeric enzymes, each with an approximate Mr of 30,000 (3, 8, 82). They
are basic proteins that share a number of highly conserved active cleft residues and
secondary structure within the active site region (8, 81, 124, 126) but are distinctly
different in overall sequence homology and posttranslational modifications (71).
To date, most RIPs that have been characterized fall into the type 1 class (8).

Type 2 RIPs, like ricin and abrin, are highly toxic heterodimeric proteins with en-
zymatic and lectin properties in separate polypeptide subunits, each of approximate
Mr of 30,000 (138, 139, 175). One polypeptide with RIP activity (A-chain) is linked
to a galactose binding lectin (B-chain) through a disulfide bond (138, 139, 175).
The lectin chain can bind to galactosyl moieties of glycoproteins and/or glycolipids
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Figure 1 Alignment of RIPs showing a comparison of primary structures. Filled, stippled,
and hatched boxes denote regions absent in the active enzymes (shown as blank boxes). The
N-terminal signal peptides on type 1 and type 2 RIPs target the proteins to the endomembrane
system. Once there, they move to various subcellular compartments such as vacuoles, protein
bodies or the periplasmic space. The N-terminal extensions of type 3 RIPs do not appear to
have targeting functions because the proteins remain in the cytosol.

found on the surface of eukaryotic cells (105, 140, 158, 172, 180) and mediate ret-
rograde transport of the A-chain to the cytosol (16, 139, 160, 191). Once it reaches
the cytosol, the RIP has access to the translational machinery and readily disrupts
protein synthesis. The type 2 RIPs have been very useful for studies of endocytosis
and intracellular transport in mammalian cells (reviewed in 74, 114, 116, 161, 162).

Type 3 RIPs are synthesized as inactive precursors (proRIPs) that require pro-
teolytic processing events to occur between amino acids involved in formation of
the active site (127). These RIPs are much less prevalent than type 1 or type 2
RIPs. To date, type 3 RIPs have been characterized only from maize and barley
(14, 34, 151, 196), although several close relatives of maize, including sorghum,
appear to accumulate type 3 RIPs in seeds as judged by size and immunological
cross-reactivity with antibodies to maize proRIP (75, 165). In maize, proRIPs are
acidic proteins that are cleaved in vivo to release amino acids from an internal
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region as well as short segments at both NH2- and COOH-termini. These pro-
cessing events result in proteins with tightly associated polypeptide subunits of
Mr 16,500 and 8,500 (196). The two RIPs that have been characterized in maize
are both type 3 proteins (13, 14, 196). Barley, in contrast, has one type 1 RIP and
one type 3 RIP. The latter, called JIP60, is induced by jasmonic acid and activated
after proteolytic cleavage to remove internal and COOH-terminal domains (34).
The internal insertions of JIP60 occur at approximately the same position within
the primary amino acid sequence as in the maize RIPs. However, the JIP60 has a
much larger C-terminal region (>20 kDa) and shares homology with eukaryotic
initiation factor 4γ subunits (34).

The function of the extra domains in the type 3 RIPs is not known. Once they are
removed, the processed active protein is similar in charge and enzymatic activity to
type 1 RIPs (75, 95, 196). For maize, the extra domains are unlikely to be protective
features to prevent self-inactivation of maize ribosomes because ribosomes from
seed and other plant parts are resistant to maize proRIP and active RIP (14, 75, 95).
For barley, however, induction of JIP60 was reported to coincide with a decrease
in protein synthesis followed by a decrease in polysome size (151). Thus, the
possibility of JIP60 accumulating as a proenzyme to protect barley ribosomes
cannot be ruled out.

RIBOSOME SUSCEPTIBILITY TO RIP INACTIVATION

The enzymology of RIPs has been well characterized, more so than their biological
function. As a result, the role of RIPs in planta remains open to speculation.
One factor contributing to the difficulty in ascertaining biological function occurs
because many RIPs seem to share few properties aside from the capacity to depuri-
nate ribosomes at theα-sarcin loop. In fact, even this activity varies among different
substrates. RIPs such as PAP are very active against both animal and plant ribo-
somes, but RIPs from cereals generally have low activity against plant ribosomes
[117a; reviewed in (70, 71)]. An exception to this rule is the RIP of wheat leaves,
which can modify plant ribosomes at concentrations where the seed RIP does not
(119).

Large differences in efficiency are observed between depurination of RNA
and ribosomes. For example, 104-fold more ricin is needed to depurinate oligonu-
cleotides and 103-fold more to depurinate wheat ribosomes than to kill mammalian
cells (30, 48, 114). A few RIPs have activity against prokaryotic ribosomes, but
usually very large amounts of RIP are necessary for these targets (31).

One difference among RIPs contributing to their translational inhibitory activity
is the requirement for cofactors. Gelonin fromGelonium multiflorum, barley RIP,
PAP, and tritin-S from wheat require ATP for maximal activity (27, 156, 170), but
other RIPs such as bryodin-R fromBryonia dioica, mormordin fromMomordica
chorantia, and saporin do not (27). Brigotti and coworkers have demonstrated that
tRNAs affect translational inhibitory activity, with the specificity of the stimulation
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depending on both the RIP and the particular tRNA. Tritin-S was fairly nonspecific
in being stimulated equally by different tRNAs, whereas gelonin was stimulated
only by tRNATrp from mammalian and avian cells and not by other tRNAs or
tRNATrp from yeast (20–23). Given the variety of assays and assay conditions used
for RIP analysis, some differences observed in previous studies may be explained
by cofactor requirements. It is not known, however, whether the need for cofactors
simply represents a mechanism for increasing enzyme efficiency or if it is linked
to additional biological activities.

An important long-standing question is: “What factors contribute to the resis-
tance or susceptibility of a ribosome to RIP inactivation?” To date, the accumu-
lated results are at least as confounding as clarifying. Endo’s discovery that RIPs
depurinate the A4324residue from the strictly conservedα-sarcin loop eliminated
the possibility of target site differences between susceptible and resistant ribo-
somes and left little doubt that factors other than nucleic acid sequences must
be the key determinants (49). Chaddock et al (32) approached the question by
swapping domains of ricin (which has little effect on plant or bacterial ribosomes)
and PAP (which is highly effective at modifying plant and bacterial ribosomes).
Surprisingly, rather than gaining the capacity to attack prokaryotic ribosomes,
the chimeric molecules lost the promiscuous RIP activity associated with PAP.
Vater et al (192) used chemical cross-linking to identify interactions between ricin
A-chain and rat liver ribosomal proteins L9 and P0 (previously known as L10e).
This finding was intriguing because L9 and P0 are located in the region of the
ribosome called the acidic stalk, which is involved in interactions with elonga-
tion factors (153, 188). Furthermore, Vater et al suggest that sequence divergence
among these proteins is sufficient to account for a lack of prokaryotic recognition
by ricin (192). An additional component of the acidic stalk, P3, appears to be
unique to higher plants and may contribute to structural differences that affect RIP
interactions with plant ribosomes (4, 5).

Hudak et al (79) recently discovered a different interaction, this one occurring
between the yeast ribosomal protein L3 and PAP. A mutant with two amino acid
substitutions in yeast L3 is resistant to PAP and the mutant L3 protein loses the ca-
pacity to be cross-linked to PAP. Because the altered amino acid residues are highly
conserved among fungal, mammalian, and plant cells, the RIP-L3 interaction is
not likely to be a determinant of species-specific sensitivity or resistance to RIPs.
Nevertheless, the RIP-L3 interaction appears to be necessary for the enzymatic
modification of ribosomes by RIPs.

An intriguing concept that ribosome susceptibility to RIPs may be a dynamic
process rather than an innate property arose from studies with the type 3 barley RIP,
JIP60. Incubation of polysomes with JIP60 resulted in a shift to monosomes only
if the polysomes had been prepared from stressed leaf tissue that had undergone
36 h of desiccation or 24 h of methyl jasmonate treatment. In contrast, water-
treated controls had no change in polysome size (150, 151). These data should be
interpreted with caution, however, as ribosomes were not assayed for depurination
at theα-sarcin loop. Further questions about whether theN-glycosidase activity
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is responsible for polysome cleavage arise because of a report that JIP60 is not
competent for translational inhibition unless proteolytic processing with at least
two cleavage events has occurred (34).

WHAT PURPOSE(S) DO RIPs SERVE IN PLANTS?

The diversity among RIPs and their activities toward different targets calls into
question how far one can extrapolate results in attempting to characterize RIP
activity in planta. A presumed role in plant defense could be argued from circum-
stantial evidence gained both in vitro and in vivo. Data with fungal and insect
systems are covered here and antiviral activities are discussed later in the review.

In bioassays, two type 1 RIPs fromMirabilis expansaroots were active at
microgram levels against several soilborne bacterial species, the first such demon-
stration of antibacterial activity from a plant RIP in bioassays. In addition, these
RIPs were active against a wide variety of both pathogenic and nonpathogenic
fungi includingFusariumandTrichodermaspecies (195). Surprisingly, in some
cases fungal species from the same genus showed differential sensitivity. For
example,Pythium irregularewas sensitive, whereasP. ultimumwas resistant.
Treatment of fungal spores with proteolytically activated maize RIP, but not its
proRIP form, produced morphological alterations in hyphae ofAspergillus flavus
but induced autolysis ofA. nidulans (132). Addition of the type 1 barley RIP
was inhibitory to fungal growth on solid media when tested againstTrichoderma
reesei(155). Inhibition of growth in liquid media, however, was minimal with
barley RIP alone but increased dramatically when chitinase was also included
(100).

This apparent defense role against pathogens also extends to certain insect pests
as assayed in feeding studies. Insect bioassays with ricin and saporin showed ex-
treme toxicity to larvae of twoColeopteranspecies but had no detrimental effect
on Lepidoptera(57). Cinnamomin, a type 2 RIP from seeds of the camphor tree
Cinnamomum camphora, was toxic to larvae of mosquito (Culex pipines pallens)
and cotton bollworm [Helicoverpa armigra(207)]. In both studies, the capacity
of insect gut homogenates to hydrolyze the RIP was associated with a decrease in
effectiveness of the RIP against insects. Thus, the apparent resistance seen in these
studies may simply indicate that the RIP was degraded before it could be internal-
ized into target cells. Another demonstration of insect susceptibility came from two
type 2 RIPs ofEranthis hyemalisthat were highly toxic (90%–100% mortality at
1.0 mg/ml) to the southern corn rootwormDiabrotica undecimpunctata howardii
in feeding trials (97). Toxicity to insects has also been shown for maize proRIP
and active RIP, which deterred feeding of adult beetles ofCarpophilus freemani,
C. lugubris, Stelidota germinata, andSitophilus zeamaisin assays in which the
insects were given a choice of diets. In contrast, only active RIP was toxic to
caterpillars in no-choice assays (46). Cabbage loopers (Trichoplusia ni), which
do not feed on maize, were most severely affected, whereas Indian meal moths
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(Ploidia interpunctella), which commonly feed on stored maize grain, showed
no significant difference from controls. Fall armyworms (Spodoptera frugiperda,
preferential leaf feeders), corn earworms (Helicoverpa zea), and corn borers (Os-
trinia nubilalis; preferential immature seed feeders) had intermediate levels of
susceptibility. Thus, differences in susceptibility of caterpillar species to active
RIP varied in apparent accordance to host adaptation (or lack thereof), but factors
contributing to the differential susceptibility or resistance of these insects have not
been identified.

The fungal and insect bioassays offer the advantage of testing a single protein
for its effect. Furthermore, tests can be done with concentrations of the protein
equivalent to those found in particular plant organs (46). However, the use of a
purified protein creates an artificial situation because the amount of RIP that would
actually be released from cells during an endogenous insect-plant or fungal-plant
interaction can only be approximated. Ectopic expression of RIPs in transgenic
plants can solve this problem by allowing exposure of the pest or pathogen to the
RIP only during interactions with the plant. Several such studies with different RIP
genes confirm that these proteins can provide protection against plant pathogens
[reviewed in (70)]. The type 1 barley RIP expressed by a 35S-CaMV promoter
or a wound-inducible promoter in tobacco conferred some reduction to disease
symptoms caused by the fungusRhizoctonia solani(112). Addition of a signal
sequence to target the RIP to the endomembrane system improved resistance in
transgenic plants producing detectable levels of the RIP (84). Transgenic wheat
plants, however, exhibited variable (0–40%) resistance against infection by the
fungal pathogenErysiphe graminis(19b). The significance of this resistance is
questionable because the highest resistance did not correlate with the highest ex-
pression of the transgene. Expression of PAP, as well as an enzymatically inactive
mutant, conferred fungal resistance and also led to overproduction of pathogenesis-
related (PR) proteins in transgenic tobacco (209). This coordinate expression of
RIP and PR proteins appears to be specific for the PAP-producing transgenic to-
bacco, as PR protein induction has not been seen in organs of nontransformed
plant species even when RIPs accumulate to 10–20% of the soluble protein. Maize
proRIP, when expressed in tobacco, was implicated as a defense protein against
the fungusR. solani(117). Whether this resistance required proteolytic processing
of the maize proRIP to an activeN-glycosidase was not determined. However,
tobacco containing a deletion construct of the kernel proRIP equivalent to the pro-
cessed, active form of the enzyme was more resistant than control plants to insect
feeding (P Dowd & R Boston, unpublished observations). Knowledge gained from
ectopic expression studies with transgenic plants is valuable from the standpoint
of agricultural biotechnology applications. But finding that RIPs can decrease sus-
ceptibility to damage by pathogens does not preclude additional and even more
important roles for those proteins. Discovery of such roles would likely involve
comparative analysis of plants in which RIP function has been removed (such as
by mutation, insertional inactivation, or cosuppression). To date, gene knockout
studies have not been reported for RIPs, but data are available from maize in which
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expression of the abundant seed proRIP is regulated by the transcriptional activator
Opaque-2 (44, 69, 88, 123, 169). Levels of proRIP and storage proteins are both
decreased (more than 100-fold for proRIP) ino2 mutants (12, 169; AD Mehta &
RS Boston, unpublished results) and kernels from mutant plants have increased
susceptibility to fungal attack (111) and insect feeding (64). The increased sus-
ceptibility in the absence of the proRIP is consistent with its having a defense
function, but the experimental results cannot be attributed to the maize proRIP
a priori because Opaque-2 regulates transcription of many genes that may con-
tribute to a complex mutant phenotype. Thus, definitive loss-of-function analyses
are needed.

Taken together, data from mutants, transgenic plants, bioassays, and feeding
studies suggest that defense is at least one component of RIP biology. Given that
amino acids important for active site cleft formation, but few others, are con-
served in all RIPs for which sequence information is available, it could be argued
that retention of enzymatic activity is the most important selective pressure for
RIP genes and that accumulation of RIPs in storage organs offers an advantage
in plant defense. Developing seeds accumulate large quantities of endosperm- or
cotyledon-specific proteins for use as nutrient sources during germination. These
resources must be protected during grain fill and early stages of seedling growth
when the seed is especially vulnerable to both mechanical damage and competi-
tion for storage reserves between the embryo and pests and pathogens. Thus, an
abundant RIP could provide seeds with both nutritional benefits and protection
against pathogen invasion. As discussed above, the maize proRIP accumulates
under control of the same transcriptional activator, Opaque-2, that is responsible
for directing gene expression for the major storage proteins in the seed. Saporin
activity (8) is also highest in mature seeds, as is ricin and the type 1 barley RIP
(100, 114). Accumulation of RIPs is not limited to seeds but also occurs in other
storage organs. Vivanco et al have characterized RIPs from Andean root crops and
reported levels up to 20% of the soluble root proteins ofMirabilis expansa(195).
Likewise, trichosanthin accumulates to levels estimated at more than 20% of the
soluble protein in storage roots ofTrichosanthes kirilowii(163) and a RIP is the
most abundant protein in Iris bulbs (190a). Thus, coordinate accumulation of RIPs
and storage proteins would appear to put in place a preformed deterrent to damage
by invading pests and pathogens.

But RIPs also accumulate in other organs, and recent reports link expression of
some RIP genes to various stresses and even circadian control. A clone for JIP60,
the type 3 RIP from barley, was originally identified from a cDNA library of
jasmonic acid–induced genes (17). Expression of this gene is not linked strictly to
jasmonic acid but is also induced by osmotic stress and desiccation (151). Similarly,
RNA encoding thePhytolacca insularisantiviral protein, PIP2, accumulated in
leaves exposed to jasmonic acid. RNA for this RIP also increased after treatment
of plants with abscisic acid or mechanical wounding (169a). RIP activity from
leaves of pokeweed andHura crepitansincreased during osmotic stress and also as
a function of leaf age when green leaves were compared to senescent leaves (174).
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Interestingly, in pokeweed, RIP activity increased in response to cold treatment
and heat shock, whereas inH. crepitans, RIP activity increased in response to heat
shock but not cold shock (174).

A RIP from the ice plantMesembryanthemum crystallinumis expressed at low
levels in unstressed plants but is induced by salt stress (154). RIP RNA levels from
both stressed and unstressed ice plants fluctuated diurnally, with the highest levels
appearing during the middle of the light cycle at midday (154). A diurnal effect
was also observed with the kernel-specific maize proRIP gene. In this experiment,
however, the proRIP RNA accumulated to highest levels during the dark phase of
a 24-h clock with 14-h light periods (A Viotti, P Ciceri & R Schmidt, personal
communication). Interestingly, a second maize proRIP gene that had been previ-
ously found to be expressed at low levels throughout the plant (13) also appears to
be regulated by stress. In this case, the proRIP gene was induced 30–40-fold from
nearly undetectable levels by both shading and drought stress in postpollinated ear
and kernel samples (T Helentjaris, personal communication).

Stress induction of RIP genes is not limited to abiotic stresses but also occurs
in some plants in response to biotic signals. For example, trichosanthin, a type 1
RIP from root tubers ofTrichosanthes kirilowii, accumulated up to 19-fold more
in roots of plants cocultivated with microorganisms than in sterile soil or culture
medium (202). Beetin 27 and 29, type 1 RIPs from sugar beet leaves, were induced
by several different viruses (58). The beetin 27 and 29 RIPs were also induced
by H2O2 and salicylic acid, two signaling components of systemic acquired resis-
tance in plants. Taken together, these observations suggest that RIPs may play a
more dynamic role in the plant than was previously thought. However, insufficient
information is currently available to determine whether or not stress-induction
is a widespread phenomenon among RIPs. As more data become available from
genomic investigations of gene expression, we may well uncover additional infor-
mation about RIP gene expression and identify pathways common to its regulation
in different plants.

OTHER RIP ENZYMATIC ACTIVITIES

The site-specificN-glycosidase activity has long been the defining characteristic of
RIPs. However, additional activities have also been reported. The most widespread
of these is a polynucleotide:adenosine glycosidase that depurinates DNA as well as
RNA from sites other than the A4324of rRNA (10, 11, 11a, 102, 130). This activity
was found for all of 52 RIPs surveyed by Barbieri and coworkers (10). Nuclease
activity of several RIPs against supercoiled DNA and both single- and double-
stranded DNAs was detectable but relatively inefficient compared to the reaction
on ribosomes (45, 106, 107, 129, 130, 157, 197). However, Nicolas et al suggest
that the Kcat against oligoribonucleotides is comparable to that of multisubunit
DNA glycosylases that normally act on damaged DNA bases (130a). Prior to hav-
ing access to RIP DNA and amino acid sequences, researchers were hampered in
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investigating RIP activities by the possibility that they were working with impure
protein preparations. As a result, there was confusion and concern about the relia-
bility of claims of alternative activities and controversy as to whether they existed
at all (42). Part of the difficulty in analyzing other activities comes from some
but not all apparently sharing active site residues with theN-glycosidase such that
mutations affect not just one but multiple activities. Additionally, assay conditions
can vary and the alternative functions have yet to be tied to functions that occur in
planta.

Some discrepancies in activities reported by different research groups may
even be due to variations in the actual proteins assayed. For example, PAP cleaved
double-stranded supercoiled DNA, but a point mutant of PAP (PAPx) that cannot
depurinate ribosomes failed to nick the same supercoiled plasmid templates (197).
In contrast, recombinant PAP produced inEscherichia coliretainedN-glycosidase
activity but showed no capacity to nick supercoiled DNA (42). These studies,
while apparently in conflict, may also reflect differences of the proteins synthe-
sized in the three systems. For example, Tumer’s group assayed PAP produced
in pokeweed and the mutant PAPx produced in transgenic tobacco, whereas Day
and coworkers assayed PAP produced inE. coli from a clone in which sequences
corresponding to the carboxy terminal 29 amino acids of the natural protein had
been deleted.

Most likely, some additional activities observed experimentally do reflect the
presence of proteins other than RIPs. Valbonesi et al (190) and Fong et al (50a) sep-
arated a previously reported RNase activity from momordin II (125), but residual
RNase activity was still detected (50a). Likewise, Day et al (42) used gel filtration
chromatography to separate DNase activity from N-glycosidase activity of ricin.
In addition, these authors found differences in DNase andN-glycosidase activities
of PAP with heat and DEPC treatments that they attributed to the presence of at
least two different proteins.

These examples point out the need for stringent control of RIP purity, but
they do not rule out at least some RIPs having enzymatic activities in addition
to depurination at theα-sarcin loop. Recently, Wang et al (198) used NMR to
obtain a high-resolution solution structure of MAP30, a RIP from bitter melon.
MAP30 preparations cleave supercoiled DNA and also exhibit DNA glycosy-
lase/apurinic/apyrimidinic (AP) lyase activity (103, 198). These authors assigned
DNA and RNAN-glycosidase activities to one site and AP lyase activity to a differ-
ent but contiguous subsite of the protein. In this model, DNA would be depurinated
by MAP30 after which it would be cleaved by the AP lyase activity. Wang et al also
showed that divalent cations interact with negatively charged regions of MAP30
and are likely to facilitate interactions with DNA. Thus, the cations would have a
role in enhancing MAP30 activity instead of being associated with contaminating
nucleases (42, 198). A sequential lyase activity was also suggested by Ogasawara
et al (137). These authors, however, showed cleavage of theα-sarcin loop by a
separate RNA apurinic site-specific lyase following depurination of the RNA by
gypsophilin, a RIP fromGypsophilia elegans.
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Antiviral Activity

Antiviral activities of RIPs have been known for∼75 years [reviewed in (8, 70,
185)]. They were presumed to provide a plant defense function by acting on ri-
bosomes of infected plant cells [reviewed in (8)]. This conclusion was supported
by links between susceptibility of host ribosomes toN-glycosidase activity and
antiviral activity (182) as well as the absence in viral RNAs of any sequence sim-
ilarity to the N-glycosidase target site of theα-sarcin loop. In addition, viruses
that were incubated with PAP lost infectivity but recovered it once the PAP was
removed (184). Antiviral activity is not confined to plant cells but is also seen
for both RNA and DNA viruses of animal cells and even retroviruses of yeast
(2, 102, 104, 148, 187, 189, 205).

The antiviral effect has been noted for a number of type 1 and type 2 RIPs, but
the mechanism of antiviral activity has not been resolved [reviewed in (8, 197a)].
Several lines of evidence, however, suggest that antiviral activity can be separated
from depurination at theα-sarcin loop (2, 78, 104, 121, 205). The most definitive
demonstration was made by Tumer et al who assayed a deletion mutant of a
PAP gene in transgenic tobacco. Even though the mutant protein was unable to
depurinate theα-sarcin loop, it still conferred viral resistance againstPotato virus
X (186).

Hudak et al (80) recently extended this work with the report of a novel activity
of PAP to depurinate selectively RNAs that had a 5′ terminal m7GpppG cap.
In this study, capped and uncapped mRNAs were transiently exposed to PAP
or PAP mutants and assayed for translational competence in vitro. Significant
reductions were seen in translation of capped mRNAs that had been exposed to
PAP. In contrast, PAP had no significant effect on uncapped mRNAs. Analysis of
the capped mRNAs after incubation showed that they had been degraded at high
concentrations of PAP and depurinated presumably at multiple sites at low PAP
concentrations. From these observations, the authors concluded that the capped
mRNAs could serve as targets for depurination. When the assays were carried out
with PAP mutants lacking the capacity to depurinate ribosomes at theα-sarcin
loop, selective translational inhibition of capped RNAs still occurred for mutants
that had been altered in N- or C-terminal regions. However, the capped RNAs
remained translationally competent after treatment with protein resulting from a
point mutation in the putative active site of the enzyme. Thus, although theN-
glycosidase activity was important for inactivation of capped RNAs, ribosome
depurination was not.

Direct depurination of capped viral RNA could explain the antiviral activity of
PAP against the Sindbis-like viruses,Tobacco mosaic virus(TMV), Brome mosaic
virus (BMV), andCucumber mosaic virus(CMV), all of which have 5′ terminal
caps (60, 178). It falls short of providing a comprehensive explanation of the PAP
antiviral activity, however, because many viruses inhibited equally well lack 5′ cap
structures. For example, Chen et al assayedPotato virus Y(PVY), which has a
5′ terminal protein in place of a m7GpppG cap, onChenopodium amaranticolor
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(35). Application of PAP toC. amaranticolorleaves inhibited formation of local
lesions by PVY and the extent of inhibition was even greater than for the capped
viruses TMV and CMV (35). PAP also inhibited infection by the uncapped animal
viruses influenza virus, poliovirus, and herpes simplex virus [a DNA virus (2, 189)].
Molecules other than capped viral RNAs have also been shown to be targets for
antiviral activity. Lee-Huang and colleagues demonstrated activity of MAP30 and
GAP31 (fromGelonium multiflorum) against HIV integrase at doses tenfold lower
than those needed for translational inhibition (78, 103). Furthermore, they showed
that limited proteolysis of the RIPs removed translational inhibitory activity but
did not affect the capacity of the RIPs to inhibit HIV integration, proliferation
of tumor cells, or HIV protein production in infected lymphocyte cells (78, 103).
Strong inhibition of HIV-1 integrase in vitro was also seen for gelonin, luffin,
α-momorcharin,β-momorcharin, saporin, and trichosanthin but not agrostin (3a).
In addition to the data from enzymatic analyses and bioassays, structural studies
support a conclusion of RIPs interfering with viral integration as well. Wang et al
used NMR to examine interactions between MAP30 and the HIV long-terminal
repeat (LTR) DNA and concluded that the MAP30 binds to the LTR perhaps in
competition with the viral integrase in vivo (198).

Taken together, these studies are suggestive that the antiviral properties of RIPs
are quite complex. Furthermore, the mechanism of viral inhibition may vary among
different viruses and different RIPs. It is clear, however, that development of sensi-
tive assays for detecting depurination and other modifications of nucleic acids has
expanded the enzymatic activities that can be assigned to RIPs. Structural studies
as well as studies of mutants have demonstrated the usefulness of these approaches
in defining the various protein domains and determining their importance for the
different activities. With the availability of cloned DNAs for many RIPs, questions
of endogenous or contaminating activities can be answered. Finally, as enzymatic
activities are identified in vitro, analysis can move to plants for investigation of
whether these activities are relevant under physiological conditions.

ENTRY OF RIPs INTO CELLS

Assuming that ribosome depurination is at least one biologically important activity
of RIPs, then the RIPs must gain access to the ribosome-containing cytosol of target
cells. Many RIPs likely evolved to have individualized methods for protecting their
host cell ribosomes from inactivation while at the same time providing a means
by which the protein could come into contact with target cells. This requirement
would have to be met regardless of whether RIPs are acting as defense proteins
against heterologous ribosomes and/or viral RNAs or regulating cell metabolism by
modifying orthologous ribosomes. Here, we first address ways by which synthesis
and sequestration of RIPs may protect the host cell and then consider the situation
where RIPs must breach at least two barriers—the host cell membrane and the cell
membrane of the heterologous target cell.
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Secreted and Compartmentalized RIPs

RIPs are localized extracellularly as well as in compartments that vary among
different host cells. Most RIPs appear to have N-terminal signal sequences that
target them for cotranslational entry into the endomembrane system (Figure 1)
(71). The endomembranes then provide a barrier between the RIP and the ortholo-
gous ribosomes. RIPs, however, can be transported bidirectionally—both forward
and in reverse through the endomembrane system. As a result, additional pro-
tective steps are necessary to prevent subsequent retrograde transport of a newly
synthesized RIP back to the ribosome-containing cytosol (retrograde transport of
RIPs is discussed later). One strategy is synthesis as inactive pro-proteins. PIP2,
saporin, sechiumin (fromSechium edule), trichoanguin (fromTrichosanthes an-
guina), and trichosanthin are all type 1 RIPs with short carboxy terminal extensions
that are encoded by the corresponding genes but not found on proteins isolated
from plants (18, 28, 36, 37, 169a, 204) (Figure 1). The C-terminal extensions are
similar in sequence to those found on vacuolar proteins and may act as vacuolar
targeting signals (128, 194). Recombinant trichosanthin and sechiumin that con-
tain the C-terminal amino acid peptides are∼fivefold less active in translational
inhibition assays than the corresponding native proteins (204, 208). Thus, in ad-
dition to targeting, the extensions may prevent these RIPs from becoming active
prior to reaching the storage organelles.

The importance of sequential processing and localization of RIPs away from
ribosomes was recently demonstrated by studies to express various ricin constructs
in transgenic tobacco protoplasts and determine their cellular fates (55). Ricin, a
type 2 RIP, undergoes a complex maturation process. It is produced in castor bean
as a precursor polypeptide (preproricin) that contains a signal peptide as well as
the A (enzymatic) and B (lectin) chains joined by a short linker peptide (26, 98)
(Figure 1). Proricin is generated by cleavage of the N-terminal signal peptide from
preproricin and transported from its site of synthesis at the ER to vacuoles via
the Golgi complex (113). Only after proricin has reached the vacuole is the linker
peptide cleaved to produce the mature active protein. When the ricin A-chain was
expressed alone in transgenic tobacco protoplasts, it could be detected in ER, but its
continued expression was toxic (55). This toxicity indicates that the active A-chain
can most likely be transported from ER into the cytosol where it would interact
with ribosomes. When the native preproricin construct was assayed, processing,
glycosylation, and targeting to the vacuole occurred normally and no toxicity was
seen (166). Thus, it appears that to prevent toxicity to the host cell, ricin, and most
likely a number of other type 2 RIPs, must be produced as proproteins and targeted
to the vacuole prior to activation by cleavage of the peptide linker between the A-
and B-chains.

Besides those RIPs localized in vacuoles, there are others such as PAP and
some forms of saporin that are secreted to a final destination in the cell wall matrix
(28, 149; also see 71). Like RIPs localized in vacuoles, these proteins would be
physically separated from orthologous ribosomes. Furthermore, the host cell would
not be a barrier for activity against target cells.
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Cytosolic RIPs

Exceptions to the RIPs that are sequestered from host ribosomes are those from ce-
reals. These RIPs lack obvious signal sequences and appear to reside in the cytosol
where they would constantly come in contact with host ribosomes (66, 100, 196).
In general, cereal RIPs have little if any activity against plant ribosomes at concen-
trations found in vivo. The apparent lack of ribosome sensitivity to RIPs from the
same plant extends to type 3 RIPs even after they have been proteolytically activated
(14, 34, 95, 182), The cytosolic RIPs are also distinct in that they apparently lack
antiviral activity (182), but they retain antifungal activity (100, 117, 132, 155). At
present, the significance of the specialized localizations and ribosome specificity
is unclear.

For vacuolar or cytosolically localized RIPs the question arises as to how they
exit the host cell. One plausible explanation is that lysis of the plasma or vacuolar
membranes upon cell attack by a pest or pathogen would release the RIP. For those
type 3 RIPs requiring proteolytic activation, lysis of cellular membranes would
likely release both the inactive proRIPs and the proteases required to activate them.
Alternatively, activation could occur as a result of proteolysis by enzymes produced
by an invading pest or pathogen.

RIP Interactions with Membranes and Receptors

Once a RIP had been released from the host cell, the next barrier would be en-
countered at the target cell where uptake would require binding of the RIP to
the cell surface, transport into the cell, and finally entry into the cytosol. The
presence of the lectin B-chain of type 2 RIPs allows binding to galactosyl moi-
eties found on the surface of most eukaryotic cells. Studies of this binding and
subsequent uptake of the disulfide bonded A-chain have been reviewed recently
and thus are not covered in detail here (74, 114, 161, 162). Instead, we focus on
uptake of type 1 and type 3 RIPs for which the uptake process remains mostly
unknown.

Type 1 and 3 RIPs lack the lectin chain that facilitates entry and accounts
for the extreme toxicity of type 2 RIPs to intact cells (176). Some type 1 RIPs
such as gelonin (176), dianthin (177), andMomordica charantiainhibitor (9) are
glycosylated and presumably bind to carbohydrate receptors on the cell membrane
(reviewed in 8, 87), Similar binding has been shown for the ricin A-chain that
carries mannose oligosaccharides capable of binding to mannose receptors even
in the absence of the B-chain (51, 54, 91, 152, 167).

Carbohydrate binding is not the only means for recognition and entry, however,
nor perhaps the most efficient. Comparison of toxicity of unglycosylated saporin
and the glycosylated RIPs, dianthin and gelonin, to a variety of animal cells failed
to show a correlation between toxicity and the presence of carbohydrates (8, 15).
A better correlation was seen between toxicity and binding to members of the
low-density lipoprotein (LDL) receptor family, which interact with a wide spec-
trum of ligands that are internalized via clathrin-coated pits (59). Saporin and
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trichosanthin (also unglycosylated) bind specifically toα-macroglobulin and me-
galin receptors (29, 33). Saporin was more toxic to macrophages and liver cells
that had LDL receptors than to T lymphocytes that did not. Additional cell surface
receptor–RIP interactions will likely be discovered as better tools become available
for tracking these proteins. In fact, trichosanthin was recently shown to bind to
different chemokine receptors and stimulate chemotaxis and G-protein activation
of cultured animal cells (206). Equivalent activation, however, was also seen when
a mutant trichosanthin with 4000-fold lower ribosome-inactivating activity was
used (131, 206). Whether these data reflect a very low threshold for RIP action or
an activity unrelated toN-glycosidation is unresolved.

Although interactions between RIPs and receptors at the cell surface would seem
to indicate a protein-mediated uptake, receptor-independent mechanisms of mem-
brane binding are also supported by experimental evidence. Studies with reconsti-
tuted liposomes have implicated negatively charged phospholipids in conferring
selective binding and uptake of the fungal RIPα-sarcin (141, 142). Alpha-sarcin
(89, 203) is similar to many type 1 RIPs in that it is a single-chain nonglycosylated
protein with no strikingly hydrophobic zones to allow for crossing of the membrane
bilayer. Furthermore, binding to protein receptors has not been documented, yet
α-sarcin was found to associate with phospholipid vesicles (141). This association
has been attributed to aggregation ofα-sarcin into oligomeric forms in the presence
of negatively charged phospholipids (142). The type 1 RIP, saporin, was shown to
promote fusion of membranes containing negatively charged phospholipids, but
uptake into liposomes was not assayed (68, 108).

The diversity of proteins and phospholipids able to interact with type 1 RIPs
makes it hard to offer a single model for introduction into cells. For type 3 RIPs,
even less is known, including whether these proteins interact with cells as the
proRIP zymogens, the activated (processed) RIPs, or in both forms. Based on
studies with type 2 RIPs and with the ricin A-chain, uptake might be expected
to be quite complex. For the ricin holoenzyme, the primary means of uptake is
endocytosis via clathrin-coated pits with transport through the Golgi apparatus to
the ER (161, 162, 168). When clathrin-mediated uptake was inhibited, an alterna-
tive method of uptake was revealed (61, 161, 162). This alternative internalization
is clathrin independent and highly regulated through complex signaling pathways
involving protein kinases, G-proteins, cAMP, and cell polarity (47, 77, 85, 109).

Retrograde Transport of RIPs

For RIPs that enter the cell by way of vesicles, further transport is necessary to gain
access to cytosolic ribosomes. Type 2 RIPs follow a retrograde transport pathway
through endosomes or Golgi to the ER and then the cytosol (115, 116, 162, 168,
199). This retrograde movement has been studied extensively for type 2 RIPs as
well as for the ricin A-chain alone, which has often been taken to be a model
for the single-chain type 1 RIPs (116, 161, 162, 179). Recent advances in eluci-
dating the terminal steps of retrograde transport are described briefly here even
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though their importance for type 1 and 3 RIPs can only be hypothesized at
present.

The last step in retrograde transport, exit from the ER, is mediated by a protein
conducting translocon in the ER. This translocon serves a dual function in export
of unfolded or misfolded proteins from the ER to the cytosol for degradation
and in import of nascent polypeptides from the RER into the secretory pathway
(24, 120). Polypeptides that are to be exported from the ER are identified as being
modified or partially unfolded by quality control proteins such as the ER molecular
chaperones that bind to nonnative domains and target the proteins for degradation
by the proteasome (24). RIPs have been proposed to subvert this pathway such
that as they exit the ER through the translocon, they escape to the cytosol rather
than interact with the proteasome (74, 114). Work by Simpson et al (168) provides
experimental support for translocon-mediated entry. These authors found that a
large proportion (80%) of recombinant ricin A-chain polypeptides produced in
wild-type yeast were rapidly degraded, whereas almost no degradation was seen
in yeast strains defective in the ER-associated degradation (ERAD) pathway. The
ricin A-chain molecules found in the cytosol of wild-type yeast were presumed to
have entered by passing through the translocon and escaping degradation by the
proteasome.

Use of the translocon by ricin A-chain suggests that it was recognized in the
ER as having unfolded or misfolded domains. Consistent with this notion is recent
evidence that the conformational stability of ricin A-chain favors an unfolded state
in the ER and that refolding in the cytosol could be mediated by ribosomes (1).
Because of structural similarities between the ricin A-chain and the type 1 and
3 RIPs, a hypothesis of retrograde transport based on the ricin A-chain seems to
be a good basis for investigating entry of type 1 and type 3 RIPs into the cytosol
from the ER.

PHYSIOLOGICAL MANIFESTATIONS OF RIP ACTIVITY

Although the enzymatic mechanism of RIP activity is well defined, the physiologi-
cal steps by which ribosome inactivation leads to cell death are not well understood.
In cultured mammalian cells, both type 1 and type 2 RIPs have been linked to a
programmed cell death, or apoptosis (19a, 63, 99, 146, 147, 201). RIP-treated cells
exhibited the morphological features characteristic of apoptosis including con-
densation and fragmentation of cell nuclei, cytoplasmic densification, breakdown
of nuclear DNA into discrete fragments, and mitochondrial membrane alterations
(19a, 25, 63, 72, 90, 99, 118, 135, 159, 193, 201). In addition, use of inhibitors and
pharmacological agents that perturb signal transduction pathways leading to pro-
grammed cell death add further support to the idea that apoptosis is initiated by
RIPs. For example, production of reactive oxygen species (ROS) was detected in
single cells treated with trichosanthin (205a). Cell viability increased, however,
upon preincubation withα-tocopherol, a protective agent against ROS-induced cell
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death. Similarly, when the apoptotic protease activities of caspases and serine pro-
teases were inhibited, treatment of cells with ricin failed to bring about programmed
cell death (93, 136). Treatment with the thiol antioxidantN-acetylecysteine (NAC)
blocked cytotoxicity of ricin and led to the conclusion that redox regulation of
proteins via their thiol groups also plays a role in ricin-induced programmed cell
death (134). The redox regulation, however, appears to act through a signaling
pathway distinct from the protease-mediated pathway because NAC treatment did
not affect the generation of caspase activity. Signaling through a third molecule,
tumor-necrosis factor-α (TNF-α), has also been implicated in ricin-induced apop-
tosis as judged by the lack of a ricin effect in cells in which TNF receptors had
been blocked (73).

Promotion of RIP-induced cell death through multiple pathways may have
important therapeutic implications for RIP-based immunotoxins. For example,
many cancer cells are resistant to apoptosis and thus would not likely be killed by
action through caspases and serine proteases but might well be susceptible through
the thiol or TNF pathway. For plant, fungal, and insect cells, however, the presence
of a dual response pathway has not been explored.

Because apoptosis is an indirect effect that occurs downstream of the known
RIP enzymatic activities, several investigations were focused on the importance of
the ribosome-inactivating activity of RIPs in the apoptotic response. Initial reports
had suggested that the B-chain lectin of type 2 RIPs can induce programmed
cell death in mammalian cells (67). More recent reports, however, have shown
that highly purified B-chain subunits alone cannot induce programmed cell death
(193). The role of the B-chain in this process is most likely only as a carrier
to allow the A-chain to have access to the cell (135). Site-directed mutagenesis
of the type 2 RIP mistletoe lectin 1 showed a strict positive correlation between
the enzymatic ribosome-inactivating activity of the A-chain and programmed cell
death (99).

Not all type 1 RIPs induce apoptosis, however. Presumably, these differences
in response are due to differential uptake of the RIP into cells because conjugation
of a nontoxic type 1 RIP, bryodin-1 fromBryonia dioicaroots, to an antibody that
recognized the cell surface protein CD40, resulted in prompt cytotoxicity in TS1
cells (52).

The necessity of having ribosome-inactivating activity for subsequent apoptosis
is consistent with the hypothesis that reduction in protein synthesis is a trigger for
programmed cell death in mammalian cells. Indirect evidence for such a hypothesis
comes from work with an interferon-induced, dsRNA-dependent protein kinase
[PKR; reviewed in (86)]. PKR inactivates the translational initiation factor, eIF2α,
by phosphorylating it such that initiation of translation and subsequent protein
synthesis are severely inhibited (101, 144). Overexpression of PKR in cultured
cells increases their sensitivity to inducers of apoptosis, whereas overexpression
of a dominant negative PKR confers resistance to inducers of programmed cell
death (6, 43).
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In a separate study, Sandvig and coworkers found that either ricin or cyclo-
hexamide blocked protein synthesis in mammalian cell cultures, but only ricin
treatment led to programmed cell death. However, if cyclohexamide was added to
the ricin-treated cells at the cessation of protein synthesis, programmed cell death
did not occur (159). These observations at first seem to run counter to the idea
that a reduction in protein synthesis leads to programmed cell death. They can be
explained, however, by the finding that cyclohexamide inhibits autophagy, a key
degradative step in apoptosis (94, 159). By inhibiting autophagy, cyclohexamide
likely blocked the ricin induction of apoptosis following translational inhibition.
Thus, the idea that RIPs induce apoptosis by blocking protein synthesis remains
viable.

The finding that RIPs can induce apoptosis in mammalian cell cultures is im-
portant for defining mechanisms of activity and designing targeted applications for
these proteins. Extrapolating these results to effects on whole organisms, however,
may be more complex. For example, a side effect of the antibody-targeted use of
RIPs as anticancer agents is vascular leak syndrome (VLS) characterized by an in-
crease in vascular permeability that leads to organ failure. Recent results by Baluna
et al (6a, 7) suggest that VLS may not be induced by the ribosome-inactivating
activity of RIPs but instead by a three–amino acid structural motif that interacts
with and damages vascular endothelial cells. Whether RIPs with this motif would
also have a detrimental effect on insect, fungal, or plant cells is an interesting but
unanswered question. Although fungal bioassays and insect feeding studies point
to RIPs from all three structural classes as being toxic, how those RIPs actually
affect cells from organisms other than mammals is less clearly defined.

Ectopic expression of PAP and the type 3 barley RIP, JIP60, produced abnor-
mal phenotypes in transgenic tobacco (62, 110). For PAP, only those plants making
large amounts of enzymatically active proteins produced morphologically aber-
rant plants (110, 186). Bioassays to determine the effect of RIPs on insects have
primarily depended on gross changes in the growth or survival of the insect and
not effects on individual cells (46, 57, 97).

The most common bioassays to determine RIP antifungal activity are based
on inhibition of fungal colony growth (100, 155, 164, 195). Recently, however,
microscopic examination of fungi has offered some insight into what effect RIP
treatment might be having on individual fungal cells. Hyphae ofTrichoderma
reeseitreated with two type 1 RIPs fromMirabilis expansawere found to be
narrower than control hyphae, and to have extensive septum formation and en-
larged tips (195). Treatment ofAspergillus nidulansspores with an active form of
maize RIP led to apparently normal germination but autolysis of hyphae prior to
septum formation. The autolysis depended on both ribosome-inactivating activity
of the protein and G-protein signaling in the cells (132; K Nielsen, GA Payne &
RS Boston, unpublished results). Confocal imaging of maize RIP labeled with
the fluorophore Texas Red and nuclei stained with the DNA binding dye DAPI
showed localization of RIP within the cell and a decrease in nuclear staining prior
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to the autolytic event (K Nielsen, GA Payne & RS Boston, unpublished results).
These observations suggest that fungi, like mammalian cells, have a programmed
cell death pathway whereby the nuclear degradation observed prior to autolysis
in A. nidulanscells is analogous to the programmed cell death observed with RIP
treatment of mammalian cells. Taken together, the above observations suggest that
the effect of RIPs on individual cells from various organisms may be manifested
by similar pathways.

FUTURE PERSPECTIVES

After years of being investigated as tools to be exploited for their toxicity, RIPs
are stimulating interest for their biological functions in plants. Transgenic plant
technologies have introduced new avenues for targeting RIPs to additional sites
within plants, expressing RIPs in plants that lack endogenous RIP activity, and
inactivating endogenous RIP genes to determine the breadth of their influence on
plant phenotype. Understanding the process of RIP uptake and transport in cells is
benefiting from new concepts in retrotranslocation and development of tools for
nondestructive imaging (181). These approaches should also be valuable for com-
parative analysis. In particular, investigation of how type 1 and type 3 RIPs enter
cells of potential pests and pathogens lags far behind studies of type 2 RIPs and
their effects on animal cells. Recent invention of a photochemical internalization
method for introducing membrane-impermeable molecules into cells has removed
a major obstacle, namely, the lack of an efficient internalization of the proteins
(19, 166a). Much is left to be learned from comparing RIPs from the different
structural classes and with different substrate affinities. New insights into antiviral
mechanisms have begun to increase our understanding of properties important for
interfering with viral infection. Moreover, they have opened investigation into the
likelihood that RIP activity may not be limited to ribosomal substrates but may also
damage DNA or RNA of pathogen and/or host cells (147a). Discovery of multiple
enzymatic activities and dynamic fluctuation of some RIPs in response to biotic and
abiotic signals has prompted exploration into the possibility of RIPs participating
in maintaining organismal homeostasis, perhaps by facilitating macromolecular
turnover (34, 154, 157, 174). The next few years are likely to be an exciting phase
for fundamental RIP research as we obtain insights into the functional significance
for medicinal and agronomic applications of emerging discoveries.
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