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Abstract-Transition state and reactlm coordinate analog inhibitors of the PFP enzyme 

were synthesized for the biorational design of herhicldes. Some of the promising ones 

were scaled up and tested on whole plants. Open chain, a m  and phosphonated 

analogs of fructoseshowed significant PFP inhbitory actwity. 

Pyrophosphate fructose 6-phosphate I-phosphotransferase (PFP), an  enzyme that was discovered in bacteria? has been 

accorded a central role in plant carbohydrate metabolism. The enzyme catalyzes the conversion of inorganic 

pyrophosphate (I'I'i) and fructose 6-phosphate (fru-6-P) to fructose-1.6-bisphosphate (in-1.6-P2) and inorganic 

phosphate (Pi). The reaction is fully reversible and near equtllhrium. 
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The enzyme is thought to serve different functions depending on the rnetahol~c status of the cell or the environmental 

cond~tions of the system When sucrose is actively consumed I'FP can function to maintain sufficient PPi 

concentmtion.2 Under dtfferent metabolic conditions, for example when starch is mobilized, PFP may work in the 

opposite direction to consume rPi.3 I t  can also take over the role of adenylates in glycolysis under anaerobic 

t This paper is dedicated to Professor Rolf Huisgen. 
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 condition^.^,^ PFP is activated by the regulatory metabolite fructose 2,6-bisphosphate ( ~ r u - 2 , 6 - ~ 2 ) . ~  

The varied functions fulfilled by the enzyme suggest that in many different tissues and under a variety of 

circumstances, uninterrupted functioning of PFP is crucial for maintaining the metabolic balance of the cell. 

Disruption of  its activity will likely lead to severe metabolic imbalance and ultimately death of the cell. Inhibition 

of this enzyme is therefore, a viable strategy in the biorational design of herbicides. 

Substrate and inhibitor kinetic studies were carried out to determine the reaction mechanism. Our results6 indicated 

that maize leaf PFP follows a ternary complex mechanism similar to the other PFPs studied? When the ratel[s] ([sl- 

concentration of the variable substrate) was plotted against Is] at different concentrations of the constant substrate, 

the series of lines intersected to the left of the y axis, rather than on the y axis itself. The second pattern would 

indicate a ping-pong or substituted enzyme m e c h a n i ~ m . ~  The reaction is likely to proceed through a PPi-Fru-6-P 

complex. 

An extensive program of synthesizing putative transition state and reaction coordinate analog inhibitors designed to 

mimic this structure was undertaken. Several analogs that impact "electron availability at the reactwe site" were 

studied. The following strategies were generally pursued; many of the analogs were synthesized by appropriate 

modifications of literature procedures. 

( i )  Incorporation of steric hindrance: persubstituted derivatives of fructose with a good leaving group at the 

reactive site.* 

RCOCl 
O 0  - "wO" OH R=COPh 

The perbenroates and perbenzylates revealed PFP inhihitory activity but no whole plant activity. Derivatives with 

tosylate, mesylate, SMe and CH21 functionalities revealed no inhibitory activity whatsoever. 

(ii) Substitution of the ring hetero atom (Scheme A ) : ~  
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Scheme A 

PhlPtCl13Br- i) DCCIDMSO 

un 
m n-C4HULt, Toluene140 'C* Î  ii) Pyridinium- 

12iHOAc 
i) Hg(OAc)> room temperature 

P OBn 

TIIF, 50 "C. 24 h Dark, 18 h 

11) KCI/I120 
0 

Our interest in the synthesis of this derivative was enhanced by reports of its potent glycosidase and invertase 

inhtbition. It is also thought to function as an insect anti-feedant.1° 

The synthesis shown in scheme A was versatile, amenable to scale up and can be adapted to the synthesis of 

polyhydroxylated pyrrolidines and piperidines.10 

( i i i )  Introduction of a non-hydrolyzable carbon-phosphorous bond at the reactive site (Scheme ~ ) : l l  

Scheme B 
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Scheme B shows the synthesis of the phosphonated analog. The aldehyde intermediate is unstahle and tends to 

degrade rapidly. Reaction with the phosphonatr anion was a capricions process; the yields were low and variable. 

Elimination to yield a terminal alkene was a frequent result. A mixture of the gluco and mano derivatives was 

obtained. These were not separated but ~rnmediately oxidized with Ru02. Further work is in progress in our 

laboratories to optimize thls process and will be reported in a future communication. 

(1") Synthesis of derivatives of glucitol to avoid free acetaldehyde-hemiacetal equilibrium:12 
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These derivatives were simpler to synthesize from the awilable ~ - g l o c i t o l . l ~  The dlbenzoate was found to possess 

significant PFI' inhibitory activity. 

(v) Preparation of  derivatives with a ',trans'' side chain to avoid anchimeric assistance of the -OH group:13 

HO 

(vi) Testing of open chain 

Of the numerous open chain analogs tested, the ones involving a free aldehyde at position 1 were most inhibitory of 

rFr .  Osazone derivaties such as L-xylosarone also revealed abdity to inhibit PFP. 

Preliminary results of enzyme inhibition studies are shown in Tahle I. 

Table I 

BnO 

0 0 "  50 

OBn 50 

Cbz 

% Inhibition % Inhibition 
fonvard reaction reverse reaction 
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CHO 
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So far, some of the active compounds have been tested on whole plants and have not revealed activity. 

EXPERIMENTAL 

Plant material: 

Maize (Zea mays) seedlings were grown in a greenhoure. 

Purification of PFP: 

Sterns of 7-10 days old seedlings (20 g fresh weight) were rinsed with distilled water and homogenized in a blender in 

40 ml Buffer A (20 mM Tricine KOH pH 8.0, 10 % glycerol, 0.1 St 2-mercnptwthanol, 1 % polyvinylpyrrol~done). 

The homogenate was filtered through 4 layers of cheesecloth. The filtrate was adjusted to 6 % polyethylene glycol 

(PEG) concentration using solid PEG 8030 (Sigma). The solution was stirred for 30 min and centrifuged in a Snrval RC5- 

C centrifuge (SS-34 rotor) at 30,000xg for 15 min. The pellet was discarded and the supernatant was adjusted to a PEG 

concentration of 18 %. The solution was treated as for the previous PEG fractionation step but the pellet was 

resuspended in 5 ml Buffer A. This solution was applied to a 1 x 12 cm phophocellulose (P11, Whatman) column that 

had been equilibrated with Buffer A. The column was washed with 50 ml of Buffer A and then eluted with 150 ml, 0 - 

10 mmol linear sodium pyrophosphate gradient in Buffer A. Fractions containing PFP activity were pooled and used 

in the inhibition studies. 

PFP Test: 
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i) Compcrunds were dissolved in RO% acetone. ii) Final inhihitor concentration in the reaction mixture was adjusted to 

50 ppm. lii) The effect was tested in hoth the fonvard and the reverse direction. 

PFP Assay: 

F o r ~ r d  reaction: The reaction mixture contained, in 1 ml final volume, 50 mmol Tris HCI pH 7.8.5 mmol MgC12,l 

mmol ethylenediamine tetraacetic acid (EDTA), 0.2 mmol PPi, 1 mmol Fru 6-P, 1 pmol Fru-2,6-BP, coupling enzyme 

mixture (1 U aldolasr, 10 U triose phosphate isomerase and 1 U glycerophosphate dehydrogenase), 0.1 mmol NADH, 

0.1 mg enzyme fraction and inhihitor as indicated in the text. Fru-6-P was added to start the reaction. 

Reverse reaction: The reaction mixture contained, in 1 ml final volume, 50 mmol Tris HCI pH 7.8, 5 mmol MgCI2, 1 

mmol ethylenediamine tetraacetic acid (EDTA), 0.05 mmol Frn-1,6-BP, 10 mmol sodium phosphate (Pi), 1 pmol Fru- 

2.6-BP and the coupling enzyme mixture (0.1 V phosphoglucose isomerase, 0.2 U glucose-h-phosphate 

dehydrogenase), 0.5 mmol NAD, 0.1 mg enzyme fraction and inhihitor as indicated in the text. The reaction was 

started by adding of Pi. 

For hoth the forward and the reverse direction, the pn,gress of the reaction was monitored at 340 nm. Inhibition daM 

were calculated using a control assay contaming solvent only. 
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