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INTRODUCTION

Among the best potentially successful enzyme mimics are catalytic antibodies, proteins whose catalytic properties rely on aspects of transition state stabilisation [START_REF] Pauling | Molecular Architecture and Biological Reactions[END_REF] as proposed by Jencks [2]. Design of stable analogues of transition states [START_REF] Resmini | Catalytic Antibodies[END_REF][START_REF] Hilvert | Critical analysis of antibody catalysis[END_REF] as haptens involves consideration of conformational, stereochemical, and electronic characteristics of the reaction to be catalysed. At its simplest, the hapten should resemble the postulated transition state rather than the ground state of the substrate [START_REF] Mader | Binding Energy and Catalysis: The Implications for Transition. State Analogs and Catalytic Antibodies[END_REF][START_REF] Wolfenden | Transition State Analogues[END_REF]. A typical example is the successful use of a stable phosphate analogue of the postulated anionic tetrahedral transition state of the addition -elimination (B Ac 2) mechanism of the reaction of a carbonate ester substrate with hydroxide ion as the haptenic determinant of the immunogen [START_REF] Gallacher | A polyclonal antibody preparation with Michaelian catalytic properties[END_REF]. One approach to understanding how binding energy can be exploited in catalysis is to investigate how small, relatively subtle, changes in the structures of transition state analogues affect the kinetic characteristics of the resulting antibodies as catalysts for particular reactions. Some of our recent work aimed at contributing to this objective involved catalytic antibodies elicited by using two closely related immunogens (a phosphate and a phosphonate) differing only in the flexibility of the atomic framework around the structural motifs of the haptens analogous to the reaction centres of the corresponding carbonate ester 1 and carboxylic ester 2 substrates (Figure 1) [START_REF] Gul | Improvement in hydrolytic antibody activity by change in haptenic structure from phosphate to phosphonate with retention of a common leaving-group determinant: evidence for the 'flexibility' hypothesis[END_REF][START_REF] Sonkaria | Evidence for "lock and key" character in an antiphosphonate hydrolytic antibody catalytic site augmented by non-reaction centre recognition:variation in substrate selectivity between an anti-phosphonate antibody , an anti-phosphate antibody and two hydrolytic enzymes[END_REF]. The small change in the structure of the hapten, i.e. removal of one of the phosphate oxygen atoms of 3 in the phosphonate 4 resulted in a catalytic antibody preparation with enhanced catalytic characteristics [START_REF] Gul | Improvement in hydrolytic antibody activity by change in haptenic structure from phosphate to phosphonate with retention of a common leaving-group determinant: evidence for the 'flexibility' hypothesis[END_REF] and increased substrate selectivity [START_REF] Sonkaria | Evidence for "lock and key" character in an antiphosphonate hydrolytic antibody catalytic site augmented by non-reaction centre recognition:variation in substrate selectivity between an anti-phosphonate antibody , an anti-phosphate antibody and two hydrolytic enzymes[END_REF].

The aim of the present study was to investigate whether a small key structural change in a hapten might cause the reaction catalysed by the resulting antibody to proceed by a different mechanism. Aryl carbamates are useful for this type of investigation because their hydrolysis can proceed potentially by two alternative mechanisms. One of these is an addition-elimination mechanism (B Ac 2) involving (usually) the rate-determining formation of a tetrahedral intermediate (Figure 2a).

The other is an elimination-addition mechanism (E1cB) involving the ratedetermining expulsion of the aryloxyanion from the anionic intermediate formed by abstraction by hydroxide ion of the N-H proton to produce an isocyanate (R-N=C=O) intermediate (Figure 2b). This is subsequently hydrated across the C=N bond to produce R-NH-CO 2 H, which is common to both mechanisms, prior to formation of RNH 2 and CO 2 .

The work here reported was stimulated by the Hammett σ-ρ analysis [START_REF]The Hammett equation[END_REF] of the hydrolysis of a set of substituted arylcarbamates 7 catalysed by an antibody elicited by a phosphonamidate hapten 8 reported by Wentworth et al [START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF]. These authors demonstrated a major mechanistic difference between the hydrolysis catalysed by their antiphosphonamidate antibody (where for k cat ρ = 0.53) and the non-catalysed hydroxide ion reaction where k non-cat was shown to be much larger (+2.68 in the text, page 2316 column 1, and shown as +2.628 in their Figure 2). The value of ρ for the hydroxide ion reaction is typical for an E1cB mechanism (e.g. ρ = +2.87 [START_REF] Williams | Alkaline hydrolysis of substituted phenyl Nphenylcarbamates. Structure-reactivity relationships consistent with an E1cB mechanism[END_REF]; ρ = 3.16 [START_REF] Hegarty | Elimination-addition mechanism for the hydrolysis of carbamates. Trapping of an isocyanate intermediate by an o-aminogroup[END_REF]), whereas that for their antibody catalysed reaction is characteristic of a B Ac 2 mechanism with attack of hydroxide ion rate determining (see [START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF] and references cited therein). Wentworth et. al. [START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF] suggested that, in the context of attempting to divert the mechanism from ElcB to B Ac 2 for the antibody catalysed reaction, the key design feature was the replacement of the phenolic oxygen of the substrate 7 by a benzylic methylene moiety in the hapten 8. This was an attempt to minimize recognition of the phenolate anion character of the ElcB transition state (see Figure 2b). The hypothesis that the change in mechanism might depend on the presence or absence of the relevant oxygen atom in the hapten was investigated in the present work by using an antibody preparation elicited by the phosphate hapten 3 in which the phenolic oxygen of the arylcarbamate substrates 5a-e is retained. Hammett σ-ρ analysis for the hydrolysis of the arylcarbamates showed that the values of ρ for both the non-catalysed hydroxide ion reaction and the reaction catalysed by the antiphosphate antibody are similar to each other and typical of mechanisms in which development of the leaving aryloxy group is well advanced in the transition state of the rate determining step. One possibility is that the ElcB mechanism of the noncatalysed hydroxide ion is maintained in the antiphosphate antibody catalysed reaction. Another is that the mechanism involves a tetrahedral intermediate (B Ac 2) but the rate-determining step has changed to elimination of the aryloxy ion. In either event, this result contrasts with that for the antiphosphonamidate antibody used by Wentworth et al [START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF]. It supports the hypothesis of a key role for the presence or absence of the phenolic oxygen in the hapten and contributes to the growing awareness [START_REF] Gul | Improvement in hydrolytic antibody activity by change in haptenic structure from phosphate to phosphonate with retention of a common leaving-group determinant: evidence for the 'flexibility' hypothesis[END_REF][START_REF] Sonkaria | Evidence for "lock and key" character in an antiphosphonate hydrolytic antibody catalytic site augmented by non-reaction centre recognition:variation in substrate selectivity between an anti-phosphonate antibody , an anti-phosphate antibody and two hydrolytic enzymes[END_REF] that small but key changes in hapten structure can control antibody catalysed mechanism.

Synthetic Routes

The general route to the substrates 5a -5f is exemplified by the procedure detailed below for 4-nitrophenyl N-methyl carbamate 5a. To a stirred mixture of methylamine (2.48ml) and triethylamine (502mg, 4.96 ml, 691µl) in anhydrous acetonitrile (10ml) at 0°C, protected from atmospheric moisture by a drying tube, was added 4nitrophenyl chloroformate (1g, 4.96 mmol) portion wise and the mixture was left to stir at room temperature for 2hr during which time a precipitate formed. After removal of the acetonitrile by evaporation, the residue was partitioned between ethyl acetate (40ml) and water (30ml). After separation, the organic layer was washed with cold water (2 x 30ml) and dried over anhydrous magnesium sulphate. The latter was removed by filtration and the filtrate was then evaporated. The crude product was recrystallised from chloroform/diethyl ether to give white, needle shaped crystals of 4-nitrophenyl N-methyl carbamate 5a, m.p. 142-146 o C (633 mg, 65%). 1 synthesised from 4-nitrophenylphosphoro-dichloridate and phenol by using the procedure described in [START_REF] Gallacher | A polyclonal antibody preparation with Michaelian catalytic properties[END_REF].

Kinetic Studies

The general method is first described for 4-nitrophenyl N-methyl carbamate 5a. The release of 4-nitrophenolate from 50-350µM 5a was monitored in 50mM sodium phosphate buffer, pH 8.0, containing 4% (v/v) acetonitrile at 25°C by recording the increase in A 400 and quantified by using ε 400 = 1.65 x 10 4 M -1 cm -1 . In some cases (10% of the IgG catalytic and two potential active centres per molecule) to provide lower limits for this parameter [START_REF] Resmini | A general kinetic approach to investigation of active-site availability in macromolecular catalysis[END_REF][START_REF] Brocklehurst | Kinetic and titration methods for determination of active site contents of enzyme and catalytic antibody preparations[END_REF][START_REF] Topham | The kinetic basis of a general method for the investigation of active site content of enzymes and catalytic antibodies: first order behaviour under single turnover and cycling conditions[END_REF]. [IgG] was determined from A 280 and ε 280 = 2.0 x 10 5 M -1 cm -1 . For the other carbamates analogous procedures were followed by using the following wavelengths (nm) with absorption coefficients (M -1 cm -1 ) in parenthesis: for 4-bromo-(5b), 278 (1310); for 4-fluoro-(5c), 280 (2180); for the unsubstituted carbamate (5d) at pH 9.0, 280 (750); for 4-methoxy-(5e) at pH 9.0, 318 (128) and for 2-nitro-(5f), 416 (4103). In the case of the reactions of phenyl N-methyl carbamate 5d and 4-methoxyphenyl N-methyl carbamate 5e more accurate data were obtained by carrying out the reactions also at pH 9.0 (50mM-borate buffer) and converting the k cat values to those corresponding to reaction at pH 8.0. Inhibition by the hapten-analogue phosphate 6 was investigated by using the procedure described above for substrate 5a but with equimolar amounts of phosphate 6 incorporated into the reaction solution.

RESULTS AND DISCUSSION

Choice of substrates for the present Hammett σ-ρ analysis

The choice of the particular series of mono-O-aryl N-methyl carbamates 5a -5e was based on (a) the fact that an analogous carbonate, methyl 4-nitrophenyl carbonate 9, which is devoid of the additional recognition features in 1 is a specific substrate for catalytic antibodies generated by using the hapten 3 [START_REF] Sonkaria | Evidence for "lock and key" character in an antiphosphonate hydrolytic antibody catalytic site augmented by non-reaction centre recognition:variation in substrate selectivity between an anti-phosphonate antibody , an anti-phosphate antibody and two hydrolytic enzymes[END_REF] and (b) the ease of synthesis of suitable 4-substituted phenyl methyl carbamates from commercially available starting materials

Kinetic Characteristics

As expected the hydroxide ion (non-catalysed) hydrolysis of the carbamate substrates 5a -5f is first-order in the substrate with linearity in the plots of initial rate versus [S] o demonstrated to at least 500µM (data not shown). By contrast, the hydrolysis of 5a -5d (i.e. the substrates with 4-NO 2 , 4-Br, 4-F, and 4-H) catalysed by PCA 271-(30-183µM). A typical hyperbolic saturation curve is shown in Figure 3 and values of k cat / k non-cat are shown in Table 1. It is important to emphasise that (i) polyclonal IgG preparations investigated to-date in different laboratories have not deviated from single-phase (Michaelis-Menten) saturation kinetics (see e.g. references cited in [START_REF] Odenbaugh | An investigation of antibody acyl hydrolysis catalysis using a large set of related haptens[END_REF]), (ii) polyclonal preparations are free from contamination by enzymes as evidenced in our laboratories by the use of isomeric substrates [START_REF] Gallacher | A polyclonal antibody preparation with Michaelian catalytic properties[END_REF][START_REF] Ostler | Polyclonal antibody catalysed hydrolysis of a β-lactam[END_REF] and in other laboratories by observation of catalysis of reactions for which there are no known enzymes [START_REF] Stephens | Polyclonal Catalytic Antibodies[END_REF][START_REF] Hu | Polyclonal Catalytic Antibody for Hetero-Cycloaddition of Hepta-1,3-diene with Ethyl Glyoxylate An Approach to the Synthesis of 2-Nonulosonic Acid Analogs[END_REF] and (iii) the generation of polyclonal catalytic antibodies by immunisation with a transition state analogue [START_REF] Gallacher | A polyclonal antibody preparation with Michaelian catalytic properties[END_REF][START_REF] Gallacher | Catalytic antibody activity elicited by active immunisation[END_REF][START_REF] Resmini | Characterization of the[END_REF][23]] is a good way to sample the entirety of the immune response to the haptenic moiety of an immunogen. Catalysis of the hydrolysis of the substrate 5e (4-CH 3 O) was too weak to be quantified reliably when using the concentration of PCA 271-100 available. Evidence that the catalysis occurs in the active centres elicited by the 4-nitrophenyl phosphate haptenic determinant of 4 is provided by (a) the abolition of the catalysed hydrolysis of 5a by the hapten analogue 6 when present in concentration equimolar with substrate 5a and (b) the lack of catalysis of the hydrolysis of 5f the 2-nitrophenyl isomer of the 4-nitrophenyl methyl carbamate substrate 5a. The 2-nitrophenyl isomer 5f is not a substrate for PCA 271-100 because antibody specificity is sensitive to structural changes, particularly at sites distant from the site of conjugation in the immunogen as discussed in [START_REF] Gallacher | A polyclonal antibody preparation with Michaelian catalytic properties[END_REF] where the diagnostic use of isomeric substrates was introduced.

The ways in which k non-cat (for the hydroxide ion reaction) and k cat , k cat /K m and the proficiency constant, k cat /(k cat /K m ) for the antibody catalysed reaction, together with values of k cat / k non-cat , vary with the substituent in the 4-position of the phenyl ring of the substrates 5a -5d are shown in Table 1. Whereas k cat (and k cat / K m ) decrease with decrease in the electron attracting power of the substituent that replaces the 4-H atom as indicated by the σ or σ -value, the proficiency constant is relatively insensitive to the nature of the substituent. The proficiency constant, introduced by Radzicka and Wolfenden [31], is related to the specificity constant, k cat /Km, with account taken of the intrinsic reactivity of the substrate. The electronic effect of the substituents in the leaving group may be quantified by use of the Hammett equation, equation [START_REF] Pauling | Molecular Architecture and Biological Reactions[END_REF], see e.g. [START_REF]The Hammett equation[END_REF], in which k is the rate constant for reaction of a member of the substrate series with a given substituent, k o is the rate constant for reaction of the the view that these phosphate-elicited antibody-catalysed reactions, like the noncatalysed reactions, proceed by a mechanism in which development of the aryloxyanion of the leaving group is well advanced in the transition state of the rate determining step. It is necessary to point out that the values of ρ for these Hammett plots depend on the value of the substituent constant used for the 4-nitrocarbamate substrate. Use of σ however, results in values of ρ (+3.82 ±0.25 and +3.97 ±0.28 for the non-catalysed and antibody catalysed reactions respectively) that are even larger than those when σ -is used (+2.25 ±0.27 and +2.36 ±0.20). The conclusion reached in the present work about the well advanced development of the aryloxyanion in the transition state of the rate determining step, therefore, is not affected despite the uncertainties about the choice of the substituent constant.

The E1cB mechanism has been established convincingly for the reactions of hydroxide ion with N-monosubstituted arylcarbamates by deuterium isotope effects, trapping of reactive intermediates and the use of N,N-disubstituted arylcarbamates in addition to Hammett relationships with values of ρ > 2. In the case of reactions catalysed by PCA271-100, here reported, there are two mechanisms that involve advanced development of the aryloxyanion in the transition state. One is the E1cB mechanism but another is the B Ac 2 mechanism but with breakdown of the tetrahedral intermediate being rate-determining. In either case the result for the antiphosphate antibody PCA271-100 contrasts markedly with that for the antiphosphonamidate antibody investigated by Wentworth et al [START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF]. This difference supports the hypothesis of a key role for the presence or absence of the phenolic oxygen atom of the hapten [START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF] and contributes to the growing awareness [START_REF] Gul | Improvement in hydrolytic antibody activity by change in haptenic structure from phosphate to phosphonate with retention of a common leaving-group determinant: evidence for the 'flexibility' hypothesis[END_REF][START_REF] Sonkaria | Evidence for "lock and key" character in an antiphosphonate hydrolytic antibody catalytic site augmented by non-reaction centre recognition:variation in substrate selectivity between an anti-phosphonate antibody , an anti-phosphate antibody and two hydrolytic enzymes[END_REF] that small but key changes in hapten structure can control antibody catalysed mechanism. . The Hammett σ -value (+1.27) rather than the standard σ value of +0.78 is generally used for the 4-nitro group in reactions such as the hydroxide ion reaction (E1cB) characterised by large values of ρ , ( >2 [START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF][START_REF] Williams | Alkaline hydrolysis of substituted phenyl Nphenylcarbamates. Structure-reactivity relationships consistent with an E1cB mechanism[END_REF]); values of k cat were calculated from k cat = 5V / [IgG] (see the text and [START_REF] Resmini | A general kinetic approach to investigation of active-site availability in macromolecular catalysis[END_REF][START_REF] Brocklehurst | Kinetic and titration methods for determination of active site contents of enzyme and catalytic antibody preparations[END_REF][START_REF] Topham | The kinetic basis of a general method for the investigation of active site content of enzymes and catalytic antibodies: first order behaviour under single turnover and cycling conditions[END_REF]). The proficiency constant [24], k cat / (k non-cat . K m ), is related to the specificity constant, k cat / K m , with account taken of the intrinsic reactivity of the substrate. 

  H NMR (360 MHz, CDCl 3 ) δ(ppm): 8.25 (2H, d, J = 8.7 Hz, H A of ABq), 7.32 (2H, d, J = 8.7 Hz, H B of ABq) 5.08 (1H, broad s, NH), 2.94 (3H, d, J = 4.36 Hz, NCH 3 ). IR υ (cm -1 ) 3337, 1719, 1545, 1525, 1510, 1489. m/z = 196.1. The phosphate inhibitor 6 was

  reaction mixtures contained also 2-4µM PCA 271-100 or non-specific IgG from a non-immunized sheep. Initial rates (v) were determined from slopes of linear progress curves. Those for the reactions carried out in the absence of IgG or in the presence of IgG prepared from non-immunised sheep increased linearly with increase in [S] o and were closely similar at a given value of [S] o . These initial rates were subtracted from those obtained in the presence of PCA 271-100 to provide the rates of the polyclonal catalytic antibody catalysed reaction. After demonstration of adherence of the corrected v versus [S] o data to the Michaelis-Menten equation by the linearity of an [S] o /v versus [S] o plot the provisional values of the parameters V and Biochemical Journal Immediate Publication. Published on 4 Oct 2006 as manuscript BJ20060551 Copyright 2006 Biochemical Society K m thus obtained were refined by fitting the Michaelis-Menten equation to the v, [S] o data pairs by weighted non-linear regression by using Sigmaplot 8.0. Values of the catalytic rate constant (k cat ) were calculated from k cat = 10 V/2[IgG] = 5 V /[IgG]

Figure 1 .

 1 Figure 1. Structures of haptens and substrates.1 and 2 are the carbonate and carboxylic esters designed as the original substrates for catalytic antibodies generated by the phosphate hapten 3, and the phosphonate hapten, 4 respectively; 5a-5e are the O-aryl N-methyl carbamates used in the Hammett σ-ρ analysis as substrates for PCA 271-100 elicited by the phosphate hapten 3; 5f is the 2nitrophenyl isomer of the 4-nitrophenyl N-methyl carbamate substrate 5a; 6 is the phosphate analogue used as an inhibitor for PCA 271-100; 7 is the series of carbamate substrates used in the previous study[START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF] of a catalytic antibody elicited by the phosphonamidate hapten 8; 9 is the truncated 4-nitrophenyl carbonate shown to be a specific substrate for our anti-phosphate catalytic antibody preparations elicited by hapten 3.

Figure 2 .

 2 Figure 2. Transition states of the alkaline hydrolysis of O-aryl carbamates proceeding by (a) the B AC 2 mechanism with rate-determining formation of a tetrahedral intermediate and (b) the E1cB mechanism. In mechanism (a) rate-determining attack of HO -at carbonyl carbon produces a tetrahedral species from which ArO -is eliminated; in mechanism (b) rapid abstraction of the N-H proton by HO -produces the anion shown from which rate-determining expulsion of ArO -produces the isocyanate intermediate R-N=C=O; this is subsequently hydrated across the C=N bond to produce the intermediate R-NH-CO 2 H common to both mechanisms which undergoes decarboxylation to RNH 2 and CO 2 .

Figure 3 .

 3 Figure 3. Demonstration of the adherence to the Michaelis-Menten equation of the hydrolysis of O-4-nitrophenyl N-methyl carbamate (5a) catalysed by PCA271-100 at pH 8.0 and 25.0°C. The continuous line corresponds to the Michaelis-Menten equation with V = (5.69± 0.36) x 10 -8 Ms -1 (best fit value; mean ± S.E.M) and K M = 118 ±19µM. For further details see the text.

Table 1

 1 Kinetic parameters for the non-catalysed (hydroxide ion) and PCA 271-100 catalysed hydrolysis of the substituted arylcarbamates 5a-d at pH 8.0 and 25 o C

  R 1 = H 5a R 2 = NO 2; 5b R 2 = Br 5c R 2 = F; 5d R 2 = H 5e R 2 = OCH 3 ; 5f R 1 = NO 2; R 1
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The substituent constant is σ -for the 4-nitrophenyl carbamate 5a [START_REF] Wentworth | Antibody catalysis of B Ac 2 aryl carbamate ester hydrolysis: a highly disfavoured chemical process[END_REF][START_REF] Williams | Alkaline hydrolysis of substituted phenyl Nphenylcarbamates. Structure-reactivity relationships consistent with an E1cB mechanism[END_REF] and σ for the other substrates. The slopes of the regression lines provide the values of ρ as for