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Gehring (1984) has observed a-H and @-H exchange in 
mitochondrial aspartate aminotransferase. 
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Carbon Isotope Effect on Carboxylation of Ribulose Bisphosphate Catalyzed by 
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ABSTRACT: The carbon isotope effect a t  COz has been measured in the carboxylation of ribulose 1,S-bis- 
phosphate by the ribulosebisphosphate carboxylase from Rhodospirillum rubrum. The isotope effect is 
obtained by comparing the isotopic composition of carbon 1 of the 3-phosphoglyceric acid formed in the 
reaction with that of the carbon dioxide source. A correction is made for carbon 1 of 3-phosphoglyceric 
acid which arises from carbon 3 of the starting ribulose bisphosphate. The isotope effect is k1Z/k’3 = 1.0178 * 0.0008 at  25 OC, pH 7.8. This value is smaller than the corresponding value for the spinach enzyme. 
It appears that substrate addition with the R. rubrum enzyme is principally ordered, with ribulose bisphosphate 
binding first, whereas substrate addition is random with the spinach enzyme. The carboxylation step is 
partially rate limiting with both enzymes. 

R i b u l o s e  bisphosphate (RuBP)’ carboxylase, the key car- 
bon-fixing enzyme in plants, has been isolated and charac- 
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terized from a number of green plants and photosynthetic 
bacteria (Akazawa, 1979). The enzyme from all sources 
studied to date catalyzes both carboxylation and oxygenation 
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Scheme I 
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of RuBP. The carboxylation reaction is shown in Scheme I. 
Evidence for the mechanism as depicted here has been re- 
viewed (Miziorko & Lorimer, 1983). The enzyme from 
spinach and other higher plants has eight large and eight small 
subunits (Nishimura & Akazawa, 1973), whereas that from 
the photosynthetic bacterium Rhodospirillum rubrum has two 
large subunits and lacks the small subunit (Tabita & 
McFadden, 1974). 

Although similar in many respects, the enzymes from 
spinach and R. rubrum exhibit different kinetic properties. 
Perhaps the most physiologically significant of these is the 
15-fold difference in the Michaelis constants for C 0 2  [20 pM 
for the spinach enzyme (Badger & Andrews, 1974) vs. 300 
pM for the R .  rubrum enzyme (Christeller & Laing, 1978)l. 
Both enzymes have unusually low turnover numbers [3 and 
6 pmol of C 0 2  s-' (active site)-' for spinach and R. rubrum 
enzyme, respectively]. The reason for such inefficient catalysis 
is unknown. To compensate for it, plants have high concen- 
trations of the enzyme (Kung, 1976). 

Isotope effects on enzymic reactions can be analyzed in 
terms of the intrinsic isotope effect, which is the isotope effect 
on the single isotope-sensitive bond-breaking or -making step, 
and the forward and reverse commitment factors (Northrop, 
1981). Commitment factors reflect how readily bound species 
return to substrate or proceed on to product. For example, 
if a small fraction of substrate is released from E.S compared 
to the amount converted to product, then the forward com- 
mitment is high, and the observed isotope effect is smaller than 
the intrinsic isotope effect. 

The general form of the equation describing the isotope 
effect on V,,,/K, is 

V / K  k/k* + Cf + C,K,/K,* 

1.0 + Cf + c, 
-- - 
(V/K)*  

where the asterisk denotes the heavier isotope, k/k* is the 
intrinsic isotope effect, Cf and C, are the forward and reverse 
commitment factors, respectively, and K,/K,* is the isotope 
effect on the equilibrium constant. As can be seen from this 
equation, an increase in the forward or reverse commitment 
factor decreases the observed isotope effect. The commitment 
factors can be written as a function of the ratios of rate con- 
stants for a particular kinetic mechanism. A change in a 
commitment factor can therefore be analyzed in terms of the 
relative rates of steps in the mechanism. 

Deuterium and carbon isotope effects for RuBP carboxylase 
from spinach have been reported. The relatively large isotope 
effect at C 0 2  [(V/K)12/(V/K)13 = 1.029; Roeske & OLeary, 
19841 and the intermediate-sized deuterium isotope effect 
[(V/K)H/(V/K)D = 2.5; Schloss, 19831 indicate that both 
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carboxylation and enolization are partially rate determining. 
The fact that neither isotope effect varies over a range of 
substrate concentrations is most consistent with a random 
mechanism, although an ordered addition with CO, binding 
first cannot be completely ruled out (Roeske & O'Leary, 
1984). 

One explanation for the low turnover number of RuBP 
carboxylase would be that the enzyme is a poor catalyst be- 
cause the carboxylation step is inefficient and is quite slow 
relative to other steps in the reaction. However, the above 
isotope effects indicate that at least in the case of the spinach 
enzyme, this does not occur. 

Deuteration of RuBP at carbon 3 decreases the isotope effect 
at CO, to 1.021 (Roeske & OLeary, 1984), implying that C02 
binds to the enzyme prior to the enolization of RuBP. This 
rules out the possibility that the enol of RuBP at the active 
site is formed prior to the binding of C 0 2  to the enzyme. 

The carbon and deuterium isotope effects for the spinach 
enzyme have also been used to estimate partition factors for 
the reaction. The kinetic model for the spinach enzyme is a 
random mechanism, in which RuBP and C02 are released 
from the ternary complex at similar rates. The carboxylation 
step is largely or totally irreversible (J. Schloss, personal 
communication). The observed isotope effects indicate that 
carboxylation must be 3-5 times slower than reprotonation 
of the enol (klo/kll = 3-5) (Roeske & O'Leary, 1984) (see 
Scheme I). One would expect the enzyme from R. rubrum 
to have a different isotope effect at C02 than the spinach 
enzyme because of the large difference in the Michaelis con- 
stants for C02. Unfortunately, the direction of the change 
cannot be predicted because of the mathematical complexity 
of the relationship of K,,, to the commitment factors. By 
comparing the isotope effects at C 0 2  with enzymes from two 
sources, we can compare kinetic mechanisms and relative rates 
of various steps for enzymes from the two sources. 

EXPERIMENTAL PROCEDURES 
RuBP carboxylase from R. rubrum was a gift from Dr. John 

Schloss. RuBP.2Ba2+ was a gift from Dr. George Whitesides. 
Methods were as previously described (Roeske & OLeary, 
1984). 

6 values are defined as follows (Craig, 1957): 

6(13C) of each sample was determined on a Finnigan MAT 
Delta E isotope ratio mass spectrometer. The equations used 
in determining the isotope effect are as described previously 
(Roeske & OLeary, 1984). S(C02(aq)) at pH 7.8 was derived 
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from 6(HC03- + C02(aq)) by using an equation similar to 
that used at  pH 8 (Roeske & O'Leary, 1984). The 6 value 
of carbon 1 of the 3-PGA of interest was calculated from the 
6 value of carbon 1 of both molecules of 3-PGA and corrected 
for the 6 value of carbon 1 of the lower molecule of 3-PGA 
(Scheme I), which is carbon 3 of RuBP. 6(C-3, RuBP) was 
independently determined to be -23.2 f 0.5460 by running the 
oxygenase reaction with enzyme from R.  rubrum in the 
presence of Co2+ (Roeske & OLeary, 1984). 

RESULTS 
The kinetic isotope effect at C 0 2  for the reaction catalyzed 

by RuBP carboxylase from Rhodospirillum rubrum was de- 
termined by comparing the 6( I3C) values of the inithl C02(aq) 
pool and carbon 1 of the upper molecule of 3-PGA (resulting 
from carbon 1 and carbon 2 of RuBP; see Scheme I). The 
isotope effect at C 0 2  with enzyme from R. rubrum is 1.0178 * 0.0008. The results are summarized in Table I. 

DISCUSSION 
The isotope effect at C02 on the RuBP carboxylase reaction 

has been measured a number of times (Park & Epstein, 1960; 
Deleens et al., 1974; Whelan et al., 1973; Wong et al., 1979; 
Christeller et al., 1976; Estep et al., 1978; Winkler et al., 1982), 
with reported values ranging from 1.01 to 1.07. Since these 
values were obtained by combustion, a likely source of error 
is the presence of impurities in the RuBP and 3-PGA. This 
error is magnified by a factor of 5 as a result of correcting 
for carbon atoms in 3-PGA that come from RuBP. The most 
recent values obtained with enzyme from higher plants by 
combustion are 1.028 (Christeller et al., 1976) and 1.029 
(Wong et al., 1979). Analysis of the change in the isotopic 
composition of the starting C02  gave an isotope effect of 1.026 
(Winkler et al., 1982). All of these more recent values agree 
with the value obtained with the spinach enzyme by our me- 
thod of product analysis (Roeske & O'Leary, 1984). 

In contrast to the number of experiments done with enzyme 
from higher plants, the isotope effect with the R.  rubrum 
enzyme has been detkrmined only once (Estep et al., 1978), 
and the value obtained (1.034) does not agree with the value 
obtained in the present investigation. 

For the spinach enzyme, the isotope effects indicate that 
substrate binding/dissociation, enolization, and carboxylation 
steps all contribute to the observed rate. The smaller isotope 
effect obtained with R. rubrum enzyme is surprising. If the 
bacterial enzyme is less highly evolved, one might expect either 
enolization (k,)  or carboxylation ( k l , )  to be more rate de- 
termining than with the spinach enzyme (see Scheme 11). 

'10 '12 

Table I: Isotope Effect at COz in the Carboxylation of Ribulose 
Bisphosphate Catalyzed by RuBP Carboxylase from Rhodospirillum 
rubrum at pH 7.8, 25 "C" 

fraction 
6(CO* Cqc-1, of c02 

reaction (as))* 3-PGA) pool used kI2lkl3C 

1 -15.1 -27.6 0.020 1.0176 
2 -14.6 -28.1 0.020 1.0191 
3 -14.4 -26.8 0.021 1.0167 
4 -14.8 -27.5 0.020 1.0178 
5 -14.6 -27.4 0.021 0.0178 
6 -14.7 -27.6 0.021 1.0181 

av: 1.0178 f 0.0008 
'Reactions were started by the addition of 3 mL of 8.0 mM RuBP 

to 9-mL solutions containing 4 units of activated RuBP carboxylase 
(Lorimer et al., 1977), carbonic anhydrase, and the following com- 
pounds with final concentrations as given: 70 mM NaHCOp, 10 mM 
MgC12, 1 mM DTT, and 50 mM Bicine at pH 7.8. *Calculated from 
b(HC03- + CO,(aq)) as previously described (Roeske & OLeary, 
1984). Calculated as previously described (Roeske & O'Leary, 
1984). 6-(C-3, RuBP) -23.2 i 0.5. 

Everything else being equal, either the 2H or the I3C isotope 
effect would then be larger than with the R.  rubrum enzyme. 
However, this is not the case. The carbon isotope effect with 
the R. rubrum enzyme reported here, 1.0178, is substantially 
smaller than the isotope effect observed with the spinach en- 
zyme (1.029 at pH 8.0). Both are smaller than the intrinsic 
isotope effect of 1.03-1.07 expected in a carboxylation (Dunn, 
1977). Thus, we believe that the carboxylation step is partially 
rate determining in both cases. The deuterium isotope effect 
(on Vm/Km) is also smaller for the enzyme from R.  rubrum, 
being 1.0 at pH 7.8 (Schloss, 1983; Sue & Knowles, 1982) 
compared to 2.5 at pH 8.0 with the spinach enzyme (Schloss, 
1983). Enolization is therefore partially rate determining with 
the spinach enzyme but not with the enzyme from R. rubrum. 

The starting point for comparing carbon isotope effects for 
enzymes from spinach and R. rubrum is the assumption that 
the intrinsic isotope effects are the same for both enzymes. 
This assumption follows from the fact that both enzymes 
catalyze the same reaction at approximately the same rate by 
using essentially the same mechanism. Therefore, it is rea- 
sonable to assume that the transition-state structures for the 
carboxylation step, and therefore the carbon isotope effects 
on this step, are similar. 

The relative rates of steps (partition factors) in the kinetic 
mechanism for the R. rubrum enzyme were estimated in order 
to compare them to the values calculated for the spinach 
enzyme (see the introduction). Cglculations were done by 
using equations for the deuterium and carbon isotope effects 
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of the general form used previously (Roeske & OLeary, 1984) 
and a possible range of 1.04-1 -07 for the carbon isotope effect. 
The kinetic mechanism was assumed to have a random ad- 
dition of C 0 2  and RuBP (Le., no preferred order), like the 
enzyme from spinach. With the spinach enzyme, carboxylation 
is irreversible. However, with the R .  rubrum enzyme, car- 
boxylation is reversible, the partitioning of the six-carbon 
intermediate favoring product over starting material by 7:3 
(Jaworowski & Rose, 1984). This difference will tend to make 
the isotope effect smaller for the R.  rubrum enzyme than for 
the spinach enzyme. However, if the reversible carboxylation 
were the only difference between the two enzymes, the par- 
titioning for the R .  rubrum enzyme would have to be about 
1:40 instead of the 7:3 which is observed. Thus, the rever- 
sibility of the carboxylation of the R. rubrum enzyme Cannot 
be the sole difference between the two enzymes. There must 
also be differences in the relative rates of the various steps prior 
to carboxylation. 

It has been shown that RuBP carboxylase from R.  rubrum 
Catalyzes the exchange of protons from solvent into carbon 3 
of RuBP (Saver & Knowles, 1982). When this is included 
in the model for calculating the deuterium isotope effect, then 
the solutions for the partition factors differ in that formation 
of the enol (k,)  must become more rapid compared to release 
of either substrate (k4  or k,) than when deuterium washout 
does not occur. In the limit in which proton exchange is rapid 
compared to carboxylation, all of the enol becomes re- 
protonated (rather than deuterated) before carboxylation 
occurs, so that the reaction occurs along an alternate pathway 
in which ['HIRuBP is used instead of [2H]RuBP (Le., the 
reverse commitment for [3-2H]RuBP becomes zero). This is 
probably not the case, since carboxylation is not rate deter- 
mining. However, it is not possible to say anything more 
specific about the extent of 2H washout since it depends on 
the relative rates of both carboxylation and reprotonation of 
the enol (kll/klo) and also on the rate of proton exchange with 
solvent at the active site. In doing the calculations discussed 
below, the effect of 2H washout was neglected. As a result, 
enolization is probably more rapid compared to release of 
substrate than is indicated by the values below. 

Although the partition factors calculated for the random 
model have a wide range of possible values, two useful com- 
parisons can be made with the values obtained for the spinach 
enzyme. The first is that with both enzymes the carboxylation 
step is slower than reprotonation of the enol intermediate 
(kl,/klo < l),  the ratio being smaller with the spinach enzyme. 
Second, while the ternary complex reverts to the E C 0 2  and 
E-RuBP complexes at approximately equal rates with the 
spinach enzyme, release of C 0 2  is significantly faster than 
release of RuBP with the R. rubrum enzyme. Thus, while the 
mechanism may still be random, the path in which RuBP binds 
first is preferred, so that the mechanism begins to look ordered, 
with RuBP binding first. Indeed, unlike the isotope effects 
with RuBP carboxylase from spinach, those for the R. rubrum 
enzyme can be readily explained by a completely ordered 
kinetic mechanism in which RuBP binds first. As with the 
random mechanism, there are too many parameters to allow 
unique values of the partition factors in the ordered mecha- 
nism. However, if partitioning of the six-carbon intermediate 
is 2-3 times faster forward than back to C02 and enol (kI3 /k l2  
= 2-3), as required by the results of Jaworowski & Rose 
(1984), then carboxylation of the enol is several times slower 
than reprotonation, and enolization is several times faster than 
release of CO, from the ternary complex. None of these 
partition factors appear unreasonable, so that the R.  rubrum 

enzyme, unlike the enzyme from spinach, may have an ordered 
kinetic mechanism. 

In theory, one way to distinguish between the ordered and 
random mechanisms is to look at the variation of the 2H and 
13C isotope effects with substrate concentration (Cleland, 
1982). Assuming a random mechanism for RuBP carboxylase, 
the carbon isotope effect should vary with the concentration 
of RuBP and the deuterium isotope effect with the concen- 
tration of C02.  If the mechanism is ordered with RuBP 
binding first, then the carbon isotope effect will be constant 
as the concentration of RuBP is varied, and the deuterium 
isotope effect on V-/K, will vary with the concentration of 
C02. Unfortunately, one cannot distinguish between the 
random and ordered mechanisms described above because in 
the random mechanism the slow release of RuBP compared 
to enolization makes the carbon isotope effect insensitive to 
variations in the concentration of RuBP. The deuterium 
isotope effect, however, should be more sensitive to the level 
of C02, increasing at lower concentrations. 

A number of differences are now known between RuBP 
carboxylase from spinach and from R .  rubrum on the basis 
of results in this paper and others. The enzymes are struc- 
turally distinct, the most notable difference being the small 
subunits in the spinach enzyme which are not present in the 
enzyme from R. rubrum (Tabita & McFadden, 1974). While 
this structural difference is certainly reflected in the kinetics, 
the role of the small subunit remains unknown. Two major 
differences have been found in the kinetic mechanisms. First, 
the six-carbon intermediate formed by the carboxylation step 
decarboxylates little, if at all, to C 0 2  plus enol on the spinach 
enzyme (J. Schloss, personal communication), whereas on the 
R. rubrum enzyme, the six-carbon intermediate decarboxylates 
about 30% of the time (Jaworowski & Rose, 1984). Second, 
substrate addition to the spinach enzyme appears to be ran- 
dom, whereas that to the bacterial enzyme probably occurs 
primarily via the pathway in which RuBP binds first. 
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ABSTRACT: L-Arogenate, an immediate precursor of either L-tyrosine, L-phenylalanine, or both in many 
microorganisms and plants, may undergo two types of dehydration reactions that yield products of increased 
stability. Under acidic conditions, a facile aromatization attended by loss of the C-4 hydroxyl and the C-1 
carboxyl moieties results in quantitative conversion to L-phenylalanine. When aromatization was largely 
prevented by maintaining pH in the range of 7.5-12, a second dehydration reaction occurred in which the 
alanyl side chain and the carboxyl group at  C-1 formed a lactam ring to yield spiro-arogenate, The latter 
reaction occurs a t  100 "C, roughly 50% conversion being obtained in 2 h. The product formed from 
L-arogenate was authentic spiro-arogenate, as demonstrated by high-performance liquid chromatography 
and thin-layer chromatography identification procedures. Further confirmation was obtained by 'H nuclear 
magnetic resonance, ultraviolet spectrcwcopy, and mass spectrometry. Thus far, the conversion of L-arogenate 
to spiro-arogenate is not known to be enzyme catalyzed. The other dehydratase reaction, however, is catalyzed 
in nature by an enzyme denoted arogenate dehydratase. An improved assay is described for this in which 
[3H]dansyl derivatives of L-arogenate (substrate) and L-phenylalanine (product) are separated by using 
bidimensional thin-layer chromatography. The radioactive reaction product is then quantitated. This assay 
was used to study partially purified arogenate dehydratase from Pseudomonas diminuta, an organism that 
depends upon the arogenate pathway for L-phenylalanine biosynthesis. This enzyme possessed a Km,app of 
0.63 mM for L-arogenate and was sensitive to inhibition by L-phenylalanine, 50% inhibition being obtained 
at 70 pM L-phenylalanine. In contrast, arogenate dehydratase isolated from Pseudomonas aeruginosa, an 
organism that possesses both the phenylpyruvate and arogenate routes to L-phenylalanine, was insensitive 
to inhibition by L-phenylalanine. 

L-( 8S)-Arogenate has taken on steadily increasing signifi- 
cance as an amino acid precursor of L-tyrosine, L-phenyl- 
alanine, or both in prokaryotic and eukaryotic microorganisms, 
as well as in higher plants (Byng et al., 1982). Zamir et al. 
(1980) showed the structure of L-arogenate to be j3-(1- 
carboxy-4-hydroxy-2,5-cyclohexadien-l-yl)alanine, the ex- 
pected transamination product of prephenate. A second cy- 
clohexadienyl structure, isolated by Zamir et al. (1983~) from 
culture supernatants of Neurospora crassa, is the lactam 
derivative of L-arogenate and was assigned the trivial name 
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spiro-arogenate (spiro [4-hydroxy-2,5-cyclohexadiene- 1 , y - ~ -  
pyroglutamic acid]). 

Under acidic conditions both compounds are aromatized 
following dehydration to yield L-phenylalanine. At a given 
pH, the rate of aromatization increases in proportion to ele- 
vation of reaction temperature. Acid-catalyzed conversion of 
spiro-arogenate to L-phenylalanine undoubtedly progresses 
through a step in which L-arogenate is formed as an inter- 
mediate. Figure 1 illustrates a feasible mechanism for acid- 
catalyzed aromatization of arogenate, a sequence in which the 
C-4 hydroxyl group is protonated, leading to extrusion of the 
carboxyl moiety and elimination of water to yield a stable 
aromatic ring. 

We have recently found that at mildly alkaline pH where 
decarboxylation of L-arogenate is largely prevented, a second 
type of dehydration reaction, yielding spiro-arogenate, will 
occur at elevated temperature. The dehydratase reaction that 
aromatizes L-arogenate is already established (Byng et al., 
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