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ABSTRACT: The mechanism of the argininosuccinate lyase reaction has been probed by the measurement 
of the effects of isotopic substitution a t  the reaction centers. A primary deuterium isotope effect of 1.0 
on both Vand V / K  is obtained with (2S,3R)-argininosuccinate-3-d, while a primary 15N isotope effect on 
V / K  of 0.9964 f 0.0003 is observed. The 15N isotope effect on the equilibrium constant is 1.018 f 0.001. 
The proton that is abstracted from C-3 of argininosuccinate is unable to exchange with the solvent from 
the enzyme-intermediate complex but is rapidly exchanged with solvent from the enzyme-fumaratearginine 
complex. A deuterium solvent isotope effect of 2.0 is observed on the V,,, of the forward reaction. These 
and other data have been interpreted to suggest that argininosuccinate lyase catalyzes the cleavage of 
argininosuccinate via a carbanion intermediate. The proton abstraction step is not rate limiting, but the 
inverse 15N primary isotope effect and the solvent deuterium isotope effect suggest that protonation of the 
guanidino group and carbon-nitrogen bond cleavage of argininosuccinate are kinetically significant. 

Argininsuccinate lyase catalyzes the cleavage of arginino- 
succinate to arginine and fumarate. The enzyme is found in 
the liver where it functions in the biosynthesis of urea. The 
enzyme from bovine liver has been shown by Lusty and Ratner 
(1972) to be a tetramer of four identical subunits. No external 
cofactor is involved, and the enzyme apparently does not re- 
quire metal ions for catalytic activity. 

The details of the catalytic events leading to the chemical 
transformation of argininosuccinate to fumarate and arginine 
are largely unknown. Ratner and co-workers have shown that 
the reaction involves the trans elimination of arginine and the 
pro-R hydrogen at C-3 of argininosuccinate (Hoberman et al., 
1965). The kinetic mechanism of the reaction is random 
(Raushel & Nygaard, 1983), but the release of fumarate from 
the enzyme-arginine-fumarate complex is at least 10 times 
faster than the release of arginine (Raushel & Garrard, 1984; 
Kim & Raushel, 1986). There appears to be a carboxylate 
group and a histidine residue at the active site of the enzyme 
that can function as a general base and a general acid in the 
abstraction of a proton from C-3 and the donation of a proton 
to the departing arginine (Garrard et al., 1985). 

In this paper we report on our efforts to determine the 
magnitude and the timing of the bond-breaking steps in the 
conversion of argininosuccinate to arginine and fumarate. The 
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chemical mechanism appears to involve the initial formation 
of a carbanion intermediate. This proposal is based primarily 
on the tight binding of the nitro analogue of argininosuccinate 
(Raushel, 1984) and the enzymatic formation of 2-fluoro- 
argininosuccinate from fluorofumarate (Garrard et al., 1983). 
The details of the chemical reaction have now been further 
probed by analyzing the effects of isotopic substitution at the 
reaction centers. 

MATERIALS AND METHODS 
Arginase, urease, aspartate aminotransferase, inorganic 

pyrophosphatase, and glutamate dehydrogenase were pur- 
chased from Sigma Chemical Co. Argininosuccinate lyase 
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ninosuccinate-3-d by the action of argininosuccinate synthe- 
tase. The deuterium incorporation at the pro-S position at 
C-3 was 80%. The incorporation of hydrogen at C-2 was 90%. 
The structures of the five deuterated molecules are shown in 
Chart I. 

Determination of Deuterium Isotope Effects by Direct 
Comparison. The deuterium isotope effects on V,,, and V / K  
were obtained by comparing the intercepts and the slopes of 
the double-reciprocal plots (1 / u  vs. 1 /[SI) of the unlabeled 
argininosuccinate with the various deuterium-labeled com- 
pounds. The extinction coefficients used for fumarate, fu- 
marate-d, and fumarate-2,3-d2 at 240 nm were 2.25 mM-' 
cm-', 2.23 mM-' cm-', and 2.21 mM-' cm-', respectively 
(Cook et al., 1980). All of the data were collected on a Gilford 
2600 spectrophotometer with a Hewlett-Packard plotter to 
record the time course of the reaction. The temperature was 
maintained at 25 OC with thermospacers and a circulating 
water bath. All reaction mixtures contained 50 mM Tris 
buffer, 100 mM KCl, pH 8.0, argininosuccinate, and argi- 
ninosuccinate lyase in a volume of 3 mL. The data were fit 
to eq 1 to obtain the isotope effects on V,,, and V / K .  In eq 

u = VA/[K(l + FiEv/k) + A(l + FiE,)] (1) 
1, F, is the fraction of isotopic substitution and E, and EVlk 
are the isotope effects minus 1 on V and V / K .  

Deuterium Isotope Effects on Equilibrium Constants. The 
deuterium isotope effects on the equilibrium constant for the 
argininosuccinate lyase reaction were measured. Reaction 
mixtures contained 0.52 mM fumarate or fumarate-2,3-d2, 50 
mM Tris buffer, pH 8.0, 100 mM KCl, and various amounts 
of arginine. The reaction was initiated by adding arginino- 
succinate lyase. After equilibrium was reached, the change 
in the fumarate concentration was plotted vs. the initial con- 
centration of arginine. From this plot, the concentration of 
arginine that caused the initial fumarate concentration to be 
reduced by exactly half was obtained. This concentration of 
arginine (after subtraction of the amount that was converted 
to argininosuccinate) is equivalent to the equilibrium constant 
for the argininosuccinate lyase reaction. 

The equilibrium constant for the monodeuterated argini- 
nosuccinate was measured in a similar manner. The reaction 
mixtures contained 0.530 mM (2S)-argininosuccinate-3-d, 50 
mM Tris buffer, pH 8.0, 100 mM KCl, and variable amounts 
of arginine. The equilibrium constant was calculated as the 
final concentration of arginine that caused exactly half of the 
original argininosuccinate to be converted to products. 

Deuterium Isotope Effects by Equilibrium Perturbation. 
The deuterium isotope effects on V / K  were measured by the 
equilibrium perturbation technique of Schimerlik et al. (1975). 
Reaction mixtures contained in a volume of 3.0 mL 50 mM 
Tris, pH 8.0, 100 mM KC1, and various amounts of argini- 
nosuccinate, fumarate, and arginine. Either the arginino- 
succinate or the fumarate contained the deuterium label. The 
concentrations of substrates and products were chosen to ex- 
actly match the equilibrium constant for the reaction. The 
reaction was initiated by the addition of 50 ~ L L  of arginino- 
succinate lyase. The change in the concentration of fumarate 
was followed at 240 nm, and the maximum perturbation was 
measured. The isotope effects on V / K  were calculated with 
a computer program written by Cleland (1977). 

I5Kq Isotope Effects and 15( V/K) Isotope Effects. The 15K,q 
isotope effects were determined by an isotope ratio mass 
spectral analysis of the guanidino amino nitrogens of arginine 
at the beginning of the reaction and after the argininosuccinate 
lyase reaction had attained isotopic equilibrium. The reaction 
mixture contained 50 mM phosphate buffer, pH 8.0, 10 mM 

was isolated from bovine liver according to the procedure of 
Havir et al. (1965) and Schultze et al. (1970). Arginino- 
succinate synthetase was isolated from bovine liver according 
to the slightly modified method of Rochovansky et al. (1977). 
Fumarate-2,3-d2 (98 atom %) was purchased from Merck. All 
of the other chemicals were purchased from either Sigma or 
Aldrich. 

Synthesis of (2S,3R)-Argininosuccinate-3-d (I), 
(2S,3S)-Argininosuccinate-2,3-d2 (II), and (2s)-Arginino- 
succinate-2,3,3-d3 (III) (Chart I). (2S,3R)-Arginino- 
succinate-3-d was made enzymatically by the reverse reaction 
of argininosuccinate lyase (Ratner et al., 1953) in the presence 
of DzO. The reaction mixture contained 100 mM phosphate 
buffer, pD 7.5, 150 mM arginine, 100 mM fumarate, and 2 
units of argininosuccinate lyase in a volume of 50 mL. The 
time course of the reaction was monitored by following the 
decrease in the concentration of fumarate at 240 nm. The 
reaction was terminated after 24 h of incubation by the ad- 
dition of 20 mL of 50% trichloroacetic acid. The (2S,3R)- 
argininosuccinate-3-d was isolated as the barium salt as de- 
scribed by Ratner et al. (1953). The 200-MHz proton NMR 
spectrum for (2S,3R)-argininosuccinate-3-d showed that the 
incorporation of deuterium at C-3 was 91%. The overall yield 
was 65%. The synthesis of (2S,3S)-argininosuccinate-2,3-d2 
was accomplished by a similar procedure except that fuma- 
rate-2,3-d2 and H 2 0  were used as substrates. The incorpo- 
ration of deuterium at C-2 and C-3 was 92% from an analysis 
of the proton NMR spectrum. (2S)-Argininosuccinate- 
2,3,3-d3 was synthesized enzymatically from arginine, fuma- 
rate-2,3-d2, and D 2 0  by the action of argininosuccinate lyase. 
NMR analysis indicated that the incorporation of deuterium 
was 98,98, and 90% at C-2, C-3 pro-S, and C-3 pro-R pos- 
itions. 

Synthesis of (2S)-Argininosuccinate-2-d (IV) and 
(2S,3S)-Argininosuccinate-3-d (V) (Chart I). These molecules 
were synthesized by the combined activities of arginino- 
succinate synthetase, aspartase, and aspartate amino- 
transferase. (2S)-Aspartate-2-d was synthesized from as- 
partate and D 2 0  in the presence of aspartate aminotransferase. 
Aspartate (500 mg) was incubated in a 50-mL solution of D 2 0  
containing 100 mM phosphate buffer, pD 7.5, 0.5 mg of py- 
ridoxal phosphate, 0.1 mM a-ketoglutarate, and 1 drop of 
toluene. The reaction was initiated by adding 1000 units of 
aspartate aminotransferase. The exchange of the proton at 
C-2 of aspartate was monitored by proton NMR spectroscopy 
at 90 MHz. The reaction was quenched after 5 h by heating 
the solution at 75 OC for 10 min. The (2S)-aspartate-2-d was 
used without further purification. (ZS)-Argininosuccinate-2-d 
was then synthesized by the reaction catalyzed by arginino- 
succinate synthetase. The reaction mixture contained 50 mM 
Tris' buffer, pH 7.5, 7.5 mM citrulline, 7.5 mM ATP, 10 mM 
MgC12, 5 mM (2S)-aspartate-2-d, and 10 units of inorganic 
pyrophosphatase. The reaction was initiated by the addition 
of the argininosuccinate synthetase. (2S)-Arginino- 
succinate-2-d was isolated as the barium salt according to the 
method described by Ratner et al. (1953). The overall yield 
was 43%. The incorporation of deuterium at C-2 was 76%. 
(2S,3S)-Argininosuccinate-3-d was synthesized by a similar 

procedure. (2S,3S)-Aspartate-2,3-dz was made by the reverse 
reaction of aspartase according to the method by Nuiry et al. 
(1984). The deuterium at C-2 was exchanged for a proton 
by the addition of aspartate aminotransferase in HzO. The 
(2S,3S)-aspartate-3-d was then converted to (2S,3S)-argi- 

' Abbreviation: Tris, tris(hydroxymethy1)aminomethane. 
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was determined by comparison of the integrals for the pro-R 
and pro-S protons of C-3 in the argininosuccinate. The ratio 
of the rate for the exchange reaction to that for the net con- 
version to products was obtained from 

where X is the fraction of change of the original arginino- 
succinate at time t and F is the fraction of the equilibrium 
value for the exchange reaction at time t (Litwin & Wimmer, 
1979). 

Equilibrium Isotope Exchange Reactions. The rate of 
isotopic exchange of solvent protons and fumarate with ar- 
gininosuccinate at chemical equilibrium was measured. The 
reaction mixture contained 3.02 mM (2s)-arginino- 
succinate-2,3,3-d,, 3.02 mM fumarate, 3.02 mM arginine, 50 
mM phosphate buffer, pH 8.0, and argininosuccinate lyase 
in a volume of 300 mL. At various times, 50-mL aliquots were 
removed and quenched with trichloroacetic acid. The samples 
were processed as described above. The rate of exchange of 
a proton for deuterium at the pro-R position at C-3 of argi- 
ninosuccinate was determined by integration of the signal at 
2.65 ppm. The rate of exchange for fumarate with argini- 
nosuccinate was made by integration of the proton NMR 
spectrum of the signals for the hydrogen at C-2 and the p r o 3  
position at C-3 of argininosuccinate at 4.08 and 2.38 ppm. The 
rates of the exchange reactions were obtained according to 

( 5 )  

v,,(fumarate) = AoPo In (1 - F ) / [ ( A o  + PO)t] (6) 
where A. is the initial concentration of argininosuccinate, Po 
is that of fumarate, and F is the fraction of the equilibrium 
value for the exchange reaction at time t .  

Solvent Deuterium Isotope Effects. The solvent deuterium 
isotope effects on V,, were determined by comparison of the 
enzyme-catalyzed rates in H 2 0  and D20  at saturating argi- 
ninosuccinate. The buffer solutions in H 2 0  and D 2 0  were 
titrated to an identical pH meter reading of 8.0 (pD 8.4). The 
higher pD of the solutions in D 2 0  partially compensates for 
the shift in the pH-rate profile in D20.  The V , , ,  pH-rate 
profile for the cleavage of argininosuccinate in H 2 0  shows a 
single group with a pK of 6.7 that must be unprotonated for 
maximal activity (Garrard et al., 1985). In D20,  this pK is 
increased by 0.6 pK unit (F. M. Raushel, unpublished ob- 
servations). 

Enzyme Assay. Enzyme assays and absorbance measure- 
ments were made with a Gilford 2600 UV-VIS spectropho- 
tometer and a Hewlett-Packard 7225A plotter. A unit of 
argininosuccinate lyase is defined as the amount of enzyme 
needed to catalyze the formation of 1 pmol of fumarate/min 
at 25 OC and pH 7.5 at saturating argininosuccinate (Raushel 
& Nygaard, 1983). 

RESULTS 
Deuterium Isotope Effects. The primary and secondary 

deuterium isotope effects on V,, and V/K were measured with 
(2S)-argininosuccinate-2-d, (2S,3R)-argininosuccinate-3-d, 
(2S,3S)-argininosuccinate-3-d, and (2s)-argininosuccinate- 
2,3-d2 by the direct comparison of the initial velocities with 
unlabeled argininosuccinate at pH 8.0. The results are tab- 
ulated in Table I.  These same compounds and fumarate-d, 
were also used to measure the V/K isotope effects by the 
isotope perturbation technique of Schimerlik et al. (1975). The 
results are listed in Table I. The V/K isotope effect for fu- 
marate-d2 was also measured by the isotope perturbation 
technique as a function of the concentration of added arginine 
and argininosuccinate. The observed isotope effect with fu- 

Vex/uconv = log (1 - F ) / b  (1 - X) (4) 

ue,(hydrogen) = A. In (1 - F ) / t  

arginine, 10 mM fumarate, and argininosuccinate lyase in a 
volume of 60 mL. After the reaction had reached equilibrium, 
the reaction was quenched by lowering the pH to 2.5 with 50% 
trichloroacetic acid to denature the argininosuccinate lyase. 
After centrifugation, the pH was raised to 8.0, and 1000 units 
of arginase was added to convert all of the arginine to urea 
and ornithine. The ornithine was removed by passage of the 
reaction solution through a 10-mL ion-exchange column of 
Dowex 50 (Na+) resin. The isolated urea was converted to 
NH, and C 0 2  by the addition of 1000 units of urease. After 
the reaction was quenched with 10 mL of 13 M NaOH, the 
NH3 was collected by steam distillation (Bremner, 1965) into 
a 10-mL solution of 0.5 N H2S04. The concentration of NH4+ 
was assayed by using glutamate dehydrogenase. The yield was 
quantitative for the conversion from arginine to NH4+. NH4+ 
was obtained from the initial arginine by the same method. 
The NH4+ was converted to N2 by the addition of hypo- 
bromite, and the ratio of 15N/14N was analyzed by a Varian 
MAT 250 dual-inlet isotope ratio mass spectrometer (Hermes 
et al., 1985). lSN equilibrium isotope effects were calculated 
from (Hermes et al., 1985) 

where x l  is the [product]/[reactant] ratio at equilibrium, y1 
is the 15N/14N ratio of the product at equilibrium, and y2 is 
the mass ratio of the initial reactant. 

The 15(V/K) isotope effects on the argininosuccinate lyase 
reaction were determined by an isotope ratio mass spectral 
analysis of the guanidino amino nitrogens in arginine at 100% 
and 12% conversion of argininosuccinate to products. The 
reaction mixture contained in a volume of 120 mL 50 mM 
phosphate buffer, pH 8.0, 10 mM argininosuccinate, and 1750 
units of arginase. The reaction was initiated by adding ar- 
gininosuccinate lyase. The absorbance was monitored at 280 
nm to determine the extent of the reaction. When the reaction 
reached 12% completion, a 90-mL aliquot was removed and 
quenched with trichloroacetic acid. The rest of the reaction 
mixture was incubated overnight in order that the reaction 
could be completed. The urea in both samples was converted 
to NH3 and analyzed as N2 by the procedure described above. 
The yield was quantitative. The value of 15( V/K) was cal- 
culated from 

(3) 

where R is the lsN/14N ratio in the product at the fraction 
of the reaction f and Ro is the lsN/14N ratio in the initial 
substrate. 

Nonequilibrium Isotope Exchange of Solvent Protons with 
Argininosuccinate. The rate of exchange of solvent protons 
into the pro-R position at C-3 of argininosuccinate was 
measured during net catalysis of the forward reaction. The 
reaction mixture contained 50 mM phosphate buffer, pH 8.0, 
10 mM (3R)-argininosuccinate-3-d, 500 units of arginase, 
argininosuccinate lyase, and various amounts of added fu- 
marate in a volume of 10 mL. The reaction was quenched 
with 50% trichloroacetic acid when the concentration of the 
initial argininosuccinate was reduced by approximately 50%. 
After centrifugation, the pH was raised to 7.5. This solution 
was evaporated to dryness, 1 mL of D20 was added, and the 
solution was evaporated again. This procedure was then re- 
peated. The dried product was dissolved in 1 mL of D20. The 
rate of conversion of argininosuccinate to products was de- 
termined by integration of the NMR signals for the remaining 
argininosuccinate and ornithine. The rate of proton exchange 
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Scheme I 

Table I: Deuterium Isotope Effects at pH 8.0, 25 "C 

compd DV W I K )  D(eq PI 
(2S,3R)-argininosuccinate- 0.97 f 0.06 1.03 f 0.03 

(2S,3S)-argininosuccinate-3- 1.00 f 0.05 1.15 f 0.05 1.16 f 0.02 

(2S)-argininosuccinate-2-d 1.12 f 0.05 1.14 f 0.04 1.19 5 0.02 
(2S,3S)-argininosuccinate- 1 . 1 5  f 0.02 1.12 f 0.02 1.18 f 0.02 

fumarate-2,3-d, 0.87 f 0.02 

3-d 

d 

2,3-d2 

marate-d2 was found to be constant (0.87 f 0.02) when the 
arginine concentration was varied from 1 .O to 40 mM. The 
isotope effects on the equilibrium constant, defined as 
HKq/DKq, were found to be 1.34 f 0.03, 1.15 f 0.02, and 
1.15 f 0.02 for (2S,3S)-argininosuccinate-2,3-d2, (2S,3S)- 
argininosuccinate-3-d, and (2S)-argininosuccinate-2-d, re- 
spectively. The calculated isotope effects on the equilibrium 
constants: with the rules of Schimerlik et al. (1975), are 1.38, 
1.18, and 1.18. 

Nitrogen-1 5 Isotope Effects. The effect of nitrogen-1 5 
substitution at the guanidino amino groups on the reaction rate 
was measured by analyzing the 15N/14N ratio of the product 
at low conversion and again at complete conversion (Hermes 
et al., 1985). The I5N/l4N ratio of the two guanidino amino 
groups of arginine was determined by the enzymatic trans- 
formation to NH4+ by the action of arginase and urease. The 
ammonia was then converted to N2 with hypobromite, and the 
isotope ratio was measured with an isotope ratio mass spec- 
trometer. The 15(V/K) isotope effect for conversion of argi- 
ninosuccinate to products was found to be 0.9964 f 0.0003 
from an average of 16 determinations. The value for the effect 
on the equilibrium constant, 15Kq, was found to be 1.018 f 
0.001. 

Argininosuccinate-Solvent Exchange Reactions. The ex- 
change of a solvent proton into the pro-R position at C-3 of 
argininosuccinate was measured during catalysis of the net 
forward reaction by argininosuccinate lyase. Excess arginase 
was added to make the conversion of argininosuccinate to 
products irreversible. (2S,3R)-Argininosuccinate-3-d was used 
as the substrate in order that the incorporation of protons from 
the solvent could be followed by NMR. No exchange of 
protons from the solvent (<5%) was detected when the initial 
fumarate concentration was zero. Significant exchange could 
be detected when the initial concentration of fumarate was 
increased from zero to 60 mM. The ratio of the exchange 
reaction and the chemical reaction ( u , , / u , ~ ~ , )  as a function 
of the initial concentration of fumarate is plotted in Figure 
1. The data were fit to the HYPERO program of ClelaIid 
(1979). The maximal exchange ratio at saturating fumarate 
is 2.8 f 0.4, and the concentration of fumarate that produces 

The predicted value for (2S,3S)-argininosuccinate-Z,%d2 is the 
product of the square of the effect for changing hybridization from sp3 
to sp2 (1.1 1) and that for replacing a hydrogen with an uncharged ni- 
trogen at C-2 (1.12) (Cook et al., 1980). The predicted values for 
(2S,3S)-argininosuccinate-3-d and (ZS)-argininosuccinate-2-d are iden- 
tical because of the scrambling of the deuterium between C-2 and C-3 
via monodeuteriofumarate. This value should be equal to the average 
of the effect at C-3 (1.11) and C-2 (1.11 X 1.12 = 1.24). 

- 
10 20 30 4 0  50 

[FUMARATE] m M  
FIGURE 1 : Plot of ratio of rate of solvent-argininosuccinate exchange 
and rate of net substrate turnover as a function of added fumarate. 
The solid line is a fit to the Michaelis-Menten equation where the 
maximal ratio is 2.8 and the concentration of fumarate that produces 
half of the maximal effect is 24 mM. 

I I 

.3 .6 .9 
ATOM FRACTION DEUTERIUM 

FIGURE 2: Proton inventory expetiment for the solvent isotope effect 
on V,,, for the argininosuccinate lyase reaction. 

half of the maximal effect, Kp*, is 24 f 9 mM. 
The rates of exchange of solvent protons and fumarate with 

argininosuccinate were measured at chemical equilibrium. At 
pH 8.0 and 25 "C, the ratio of the solvent exchange rate and 
the fumarate exchange rate was found to be 1.2 f 0.2. 

Solvent Isofope Effects. The effect of D,O on the rate of 
cleavage of argininosuccinate to arginine and fumarate was 
measured at pH 8.0. The solvent isotope effect on V,,, is 2.0 
f 0.1. A proton inventory experiment (Schowen, 1977) for 
the effect on V,,, is illustrated in Figure 2. 

DISCUSSION 
Chemical Mechanism. A plausible chemical mechanism 

for the conversion of argininosuccinate to arginine and fumaric 
acid is presented in Scheme I. In this mechanism, an enzyme 
base abstracts the pro-R proton of C-3 to initially form a 
carbanion intermediate that is stabilized in the aci configu- 
ration. In the subsequent step, the carbon-nitrogen bond at 
C-2 is broken while the guanidino nitrogen is protonated by 
an acidic group of the protein to form the enzyme-bound 
products. The formation of the carbanion intermediate is 
supported by the observation that the ionized form of the nitro 
analogue of argininosuccinate binds at least 25 times tighter 
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isotope effect for the overall reaction since that effect has been 
measured and is also normal. However, an inverse equilibrium 
isotope effect is expected for the protonation of the guanidino 
nitrogen. For example, the measured 15N equilibrium isotope 
effect for the protonation of NH, and phenylalanine is 0.981 
and 0.983, respectively (Hermes et al., 1985). This inverse 
effect is due directly to the stiffer bonding upon protonation. 
Thus, if the inverse effect for the protonation of the guanidino 
nitrogen is slightly larger than the normal kinetic effect for 
bond breaking, the resultant effect would be slightly inver~e.~ 
If the protonation of the guanidino group is in equilibrium in 
the steady state, then the rate-limiting step in the reaction 
mechanism must follow. Since the release of both products 
is very fast, the major rate limitation to this reaction must 
either be the cleavage of the carbon-nitrogen bond or an 
associated protein conformational change. 

The 15N isotope effect has been measured for the reaction 
catalyzed by aspartase (Nuiry et al., 1984). The kinetic effect 
of 1.0239 was significantly larger than the equilibrium effect 
of 1.0138 for the deamination of aspartate to fumarate 
(Hermes et al., 1985). Therefore, in the aspartase reaction, 
C-N bond cleavage is largely rate determining for the overall 
reaction. The protonation of the nitrogen is unimportant in 
the aspartase reaction because the aspartate monoanion is the 
actual substrate and free ammonia is the product and thus a 
protonation step is not necessary. Enzyme-directed protonation 
is presumably required in the argininosuccinate lyase reaction 
because the guanidino group of arginine is at least 1000 times 
more basic than ammonia. 

Secondary Isotope Effects. The negligible primary isotope 
effects on V,,, and V / K  for (2S,3R)-argininosuccinate-3-d 
compared to the probable intrinsic isotope effect of 5-7 for 
the C-H bond cleavage step suggest that the sum of the 
commitments for this step is large (Cook & Cleland, 1981). 
Therefore, the observed a-secondary effect of 1.15 on V / K  for 
deuterium substitution at the pro-S position of C-3 must 
represent an equilibrium isotope effect on the formation of the 
carbanion intermediate. The formation of the stabilized in- 
termediate in the aci configuration requires a change in hy- 
bridization at C-3 from sp3 to sp2. An equilibrium isotope 
effect of this type would be expected to be approximately 1.1 1 
(Cook et al., 1980). The size of the observed a-secondary 
isotope effect at C-3 on V / K  (1.15) indicates that a full 
equilibrium effect is being observed and suggests that car- 
banion formation is in equilibrium in the steady state. The 
observed a-secondary effect on V,,, is smaller. Apparently, 
the ratio of the forward and reverse commitments in the ex- 
pression for the isotope effect on V,,, is such that the equi- 
librium isotope effect is suppressed (Cook et al., 1981). 

The observed a-secondary effect on V,,, and V / K  caused 
by the substitution of deuterium at C-2 is 1.12 and 1.14, 
respectively. The calculated equilibrium isotope effect of 1.25 
for this substitution is due to a change in hybridization from 
sp3 to sp2 (1.1 1) times the effect for replacement of a hydrogen 
with an uncharged nitrogen (1.12) (Cook et al., 1980). The 
substitution of deuterium at C-2 will only affect the step in 
the proposed mechanism that involves the transformation of 
the carbanion intermediate to arginine and fumarate. If this 
step is at least partially or totally rate limiting for the overall 
reaction, then the observed a-secondary isotope effect at C-2 
would be a kinetic effect that is approximately half of the 

than does argininosuccinate itself (Raushel, 1984). Porter and 
Bright (1980) have argued that the nitronate configuration 
of this type of inhibitor is mimicing the carbanion intermediate 
in the aci configuration. Moreover, two other related enzymes, 
aspartase and phenylalanine ammonia-lyase, have also been 
shown to catalyze the elimination of ammonia via a carbanion 
intermediate. The participation of the general acid and general 
base groups in catalysis is consistent with the pH profiles of 
enzymatic activity. These profiles have shown that an un- 
protonated and a protonated group are required for catalytic 
activity (Garrard et al., 1985). These groups have tentatively 
been identified as a carboxylate and imidazole side chains on 
the basis of inactivation experiments (Garrard et al., 1985). 
The mechanistic features of this reaction have now been 
further probed by the introduction of isotopic labels at the 
points of bond cleavage. 

Proton Abstraction. When the proton at the pro-R position 
of C-3 is replaced by a deuterium, there is no observable effect 
on either V,,, or V / K .  Therefore, the abstraction of this 
proton is not significantly rate determining for the overall 
reaction. Furthermore, this proton, once abstracted from 
argininosuccinate, does not appear to exchange with solvent 
during net catalysis of the forward reaction. Thus, this proton 
must be shielded from the solvent in the intermediate complex. 

The proton that is abstracted from C-3 can exchange with 
solvent once the E-argininefumarate complex is formed. This 
has been clearly demonstrated in the experiment where fu- 
marate has been used to inhibit the forward reaction and an 
exchange reaction was observed from the solvent back into 
argininosuccinate (Figure 1). The presence of a large excess 
of arginase in this experiment prevented arginine from reas- 
sociating with the enzyme once it is released into solution. 
Therefore, the proton that is abstracted from C-3 must be 
exchanging with solvent before arginine is released into solu- 
tion. Otherwise, exchange back into argininosuccinate would 
not be possible. Since there is no diminution of the exchange 
rate at high levels of fumarate, the abstracted proton also must 
be able to exchange with solvent from the enzyme-fuma- 
rate-arginine complex. 

The rate of solvent exchange back into the original argi- 
ninosuccinate pool during net formation of products is identical 
with the previously determined rate of labeled-fumarate ex- 
change back into argininosuccinate (Kim & Raushel, 1986). 
Furthermore, both of these exchange reaction rates are nearly 
identical with the rate of positional isotope exchange of 15N- 
labeled argininosuccinate (Raushel & Garrard, 1983). These 
results clearly indicate that the exchange of the proton from 
the enzyme-arginine-fumarate complex is very fast. At low 
fumarate, no backexchange is observed because of the very 
rapid release of fumarate into solution. At saturating fuma- 
rate, the ratio of the exchange rate and the chemical rate is 
governed by the rate of release of arginine from the en- 
zyme-arginine-fumarate complex. It can thus be concluded 
that both the C-3-derived proton and fumarate are rapidly 
released into solution from the enzyme-fumarate-arginine 
complex while arginine is only slowly released (relative to V,,, 
in the reverse direction). The nearly identical isotopic ex- 
change rates of fumarate and solvent with argininosuccinate 
at chemical equilibrium support this conclusion. 

Carbon-Nitrogen Bond Breakage. The measured isotope 
effect on V / K  for the substitution of "N at the guanidino 
position is slightly inverse. The observed effect cannot be due 
solely to carbon-nitrogen bond cleavage since kinetic effects 
on bond breaking are always positive for the heavier isotope. 
The inverse effect cannot be an expression of the equilibrium 

The steps for the protonation of the guanidino nitrogen and car- 
bon-nitrogen bond cleavage have been considered as occurring simulta- 
neously or nearly so. A mechanism where the protonation step precedes 
C-N bond breakage must also be considered as probable. 
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maximal possible value. This is not unreasonable since it has 
already been demonstrated that the s tep  for proton abstraction 
from C-3 and product release are fast relative to the rate of 
the overall reaction. 

The secondary isotope effect for the reaction of fumarate-dz 
is inverse (0.87). The inverse effect is expected because of 
the preference of deuterium for the stiffer sp3-hybridized bonds 
of argininosuccinate. The calculated equilibrium effect of 0.72 
is in reasonable agreement with the experimental value of 0.75. 
The analysis of the a-secondary effects for fumarate-dz is 
complicated because the deuterium substitution in fumaratadz 
can affect both steps in the mechanism. However, if the 
rate-limiting step in the reverse reaction of argininosuccinate 
lyase is primarily the addition of the guanindino nitrogen of 
arginine to fumarate to form the carbanion intermediate, then 
the simplest interpretation of the fumarate-d2 isotope effects 
is that they reflect the hybridization change at C-2 only. The 
magnitude of the a-deuterium isotope effect for fumarate-d2 
is not influenced by the concentration of arginine in the re- 
action mixture. This indicates that arginine cannot trap fu- 
marate on the enzyme (Cook & Cleland, 1981). This result 
is consistent with the random kinetic mechanism for this en- 
zyme (Raushel & Nygaard, 1983; Raushel & Garrard, 1984). 

Summary. The abstraction of the proton from C-3 of ar- 
gininosuccinate is not at all rate determining in the reaction 
catalyzed by argininosuccinate lyase. The proton derived from 
C-3 of argininosuccinate is able to rapidly exchange with 
solvent from the enzyme-arginine-fumarate complex. Ni- 
trogen- 15 and solvent deterium isotope effects have indicated 
that protonation of the guanidino group and C-N bond 
breakage are kinetically important for the overall rate. 
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