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Abstract—The enzymology of chorismate mutase in plants and microorganisms is reviewed to include occurrence,
gene-enzyme relationships, reaction mechanisms and details of active site studies.

INTRODUCTION

Chorismate mutase (EC 5.4.99.5) catalyses the conver-
sion of chorismate into prephenate and plays a key role
in the biosynthesis of the essential aromatic amino acids
tyrosine and phenylalanine. The catalysed reaction is
unique in nature because it is the only example in pri-
mary metabolism of a pericyclic process, a Claisen
rearrangement [1].

Microorganisms are diverse in the arrangement and
variety of enzymes comprising the terminal pathways of
tyrosine and phenylalanine. They can synthesize these
amino acids via phenylpyruvate or arogenate for
phenylalanine or via 4-hydroxyphenylpyruvate or
arogenate for tyrosine, utilizing either bifunctional chor-
ismate mutases (CM-P, CM-T. CM-DAHP synthase) or
monofunctional chorismate mutases (CM-F, CM-R)
(Fig. 1) [2,3]. In plants, only monofunctional forms of
chorismate mutase have been isolated and they differ
from one another in their regulation by tyrosine
and phenylalanine. It is possible to find from one to
three chorismate mutase isoenzymes (CM-1, CM-2 and
CM-3) [4].

OCCURRENCE OF CHORISMATE MUTASE

Microorganisms

Chorismate mutase has been isolated and character-
ized from many microorganisms (Table 1) and in all the
cases investigated so far, except for Bacillus subtilis [5]
and Streptomyces aureofaciens [6], the enzyme is a dimer
with similar or identical subunits and molecular weights
between 23000 and 91000 (Acinobacter calcoaceticus)
[7,8].

I Author to whom correspondence should be addressed.

Different isoenzymes can be found in microorganisms,
three bifunctional, CM-P, CM-T and CM-DAHP syn-
thases, which contain besides the chorismate mutase
acttvity, prephenate dehydratase, prephenate dehydro-
genase and 3-deoxy-D-arabinoheptulosonate 7-phos-
phate synthase activities, respectively. There are also two
monofunctional enzymes, CM-F and CM-R, which differ
in their allosteric regulation by the aromatic amino acids
phenylalanine and tyrosine: CM-F is unregulated, and
CM-R is regulated [3].

Plants

Chorismate mutase has been characterized from many
plants, and the presence of three isoenzymes has been
detected in several species (Table 2). The molecular
weights of the enzymes range from 36 000 (CM-2, Vigna
radiata) to 84000 (CM-1, Papaver somniferum). Besides
the data in Table 2, a comparison of chorismate mutase
iIsoenzyme patterns in a variety of plants was made after
separating the isoenzymes by disc electrophoresis [9]. All
anthophyta tested, except some members of the
Lotoideac subfamily of the Leguminosae, contained
three isoenzymes, while vascular but primitive plants
such as pine contained two isoenzymes. Most algae, both
blue-green and green, contain one chorismate mutase
[10-12].

ISOENZYMES

Microorganisms

The five chorismate mutase isoenzymes that are found
in microorganisms provide alternative enzymic routes for
the biosynthesis of phenylalanine and tyrosine (Fig. 1).
The chorismate mutase: prephenate dehydratase (P-pro-
tein) catalyses the formation of prephenate via the
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Fig. 1. Different arrangements of phenylalanine and tyrosine biosynthesis in microorganisms. (CM-DAHP
synthase is not included.)

cm-p domain, and the prephenate is transformed into
phenylpyruvate through the action of the prephenate
dehydratase component. The phenylpyruvate is con-
verted by a separate enzyme into L-phenylalanine, which
inhibits the two activities of the P-protein. This bifunc-
tional P-protein is present in two of the three major
superfamilies, A, B and C, of gram-negative bacteria.
Superfamily A includes, for example, Alcaligenes eu-
tropus, and superfamily B includes enteric genera,
Oceanospirillum, Zanthomonas, fluorescent pseudo-
monads and Acinetobacter) [8, 13-15].

Chorismate mutase: prephenate dehydrogenase (T-
protein) is involved in the formation of prephenate,
which is utilized preferentially for the biosynthesis

of L-tyrosine. Prephenate is transformed into 4-hy-
droxyphenylpyruvate via the action of the cyclo-
hexadienyl dehydrogenase component of the same
bifunctional enzyme. The CM-T is inhibited by tyrosine
and it has been detected only in the enteric bacteria
Aeromonas and Alteromonas [13]. The CM-DAHP syn-
thase is present in gram-positive bacteria Bacillus [16]
and Brevibacterium (Corynebacterium) [17].

The monofunctional chorismate mutase, CM-F,
catalyses the formation of prephenate, which is utilized
for biosynthesis of L-tyrosine or L-phenylalanine, via
either 4-hydroxyphenylpyruvate or L-arogenate, on the
one hand, or via either phenylpyruvate or L-arogenate on
the other. This enzyme lacks allosteric control and is
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Erwinia herbicola ATCC 33243
E. carotovora ATCC 15713

E. amylovora ATCC 15580

E. milletiae ATCC 33261

CM-F

DEAE cellulose/hydroxyapatite

CM-P

CM-T

CM-T

E. chrysanthemi ATCC 11663
E. tracheiphila ATCC 33245

CM-F

DEAE cellulose

CM-P

Salmonella typhimurium ATCC 15277

CM-T

* Expressed in E. coli.

+ The enzyme can be a mixture of dimer, tetramer and probably octamer because 1t undergoes a concentration-dependent self-association [102].
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Other purification procedures have been reported: streptomycin sulphate/(NH,},SO,, Blue Dextran-Sepharose, DEAE-Sepharose [ Hudson et al.. 1984], streptomycin suiphate (NH (), SO, 'Blue

G25 and DEAE cellulose are both Sephadex products.

+
+
A gel/Sepharose-AMP [Turnbull et al. 1990}

found in gram-negative bacteria (although it is not pres-
ent in half of the genera of enteric bacteria) [18], in
gram-positive B. subtilis [19] and S. aureofaciens [6] and
in cyanobacteria. Organisms from gram-negative super-
family B possess either a monofunctional CM-F or the
CM-T protein, but usually not both [20]. However,
CM-F and CM-T co-exist in some enteric bacteria [3].

The monofunctional CM-R exhibits allosteric inhibi-
tton by L-phenylalanine and/or L-tyrosine and allosteric
activation by tryptophan, and is characteristic of
eukaryotic microorganisms such as Saccharomyces
cerevisiae [21], Euglena gracilis [22], Neurospora crassa
[23] and Claviceps paspali [24]. Chorismate mutase ac-
tivity was investigated in several other yeast species
(Table 1) where the detected enzymes were localized
exclusively in the cytosol and were not classified as
CM-F or CM-R, although they would fit the definition of
CM-R. All the enzymes were activated by tryptophan,
but the enzyme from Brettanomyces anomalous, Candida
albicans, Candida tropicalis, Cryptococcus uniguttulatus,
Debaryomyces hansenii and Hansenula henricii was not
inhibited by either phenylalanine or tyrosine. The other
enzymes that were also detected after separation using
DEAE cellulose were inhibited by phenylalanine and/or
tyrosine excepting Yarrowia lipolytica, which showed
a small activation in the presence of phenylalanine and
tvrosine (Table 1) [25].

Plants

In plants it ts possible to find from one to three mono-
functional chorismate mutase isoenzymes. (Table 2). For
example, two CM isoenzymes have been obtained from
pea ( Pisum sativum) [26,27]. The presence of only one
CM 1soenzyme was reported for potato (Solanum tuber-
osum) [28]. However, later, these researchers detected
three isoenzymes [29]. It is possible that the absence of
a second CM isoenzyme in those plants where only one
CM enzyme has been reported may be due to instability
of the second isoenzyme or to a lack of separation when
the enzymes have been partially purified. Nevertheless, it
1s possible also that the presence of only one enzyme
means only one active pathway for aromatic amino acids.

Where two isoenzymes have been detected, which is
the case for most plants, one of them is activated by
tryptophan and regulated by tyrosine or phenylalanine,
and the other one is not regulated. When three iso-
enzymes are present the situation is more complex be-
cause the isoenzymes show different patterns of regula-
tion. For example, in alfalfa, all the three forms are
inhibited by p-coumarate; CM-1 and CM-3 are inhibited
by tyrosine and phenylalanine and activated by tryp-
tophan; CM-1 and CM-2 are inhibited by other second-
ary metabolites such as caffeate; and chlorogenate and
CM-3 s activated by 3,4-dimethoxycinnamate and inhib-
ited by ferulate [30].

Cell cultures developed from Brassica juncea yield
some interesting results in that the undifferentiated callus
showed the presence of two enzymes of chorismate
mutase, as well the presence of two isoenzymes for
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Table 2. Occurance of chorismate mutase in plants

Plant Enzymes M, Structure Separation/purity References
Brassica juncea {callus)* CM-1 G-25,DEAE cellulose /(NH,4),SO, 31
CM-2
Brassicua rapa (fleshy roots) M - Crude 32
Spinacia oleracea (roots) CM-1] 59000 G-25/DEAE Sepharose 32
CM-2 48 000 -
Papaver somniferum CM-1 84000 Dimer DEAE cellulose/Sephadex G200/ 33
(seeds and seedlings) CM-2 80000 Dimer hydroxyapatite
Sorghum bicolor (seedlings) CM-1 56 000 G-25/DEAE cellulose, »-amino
hexyl-agarose, 34
Red A gel/L-tryptophan agarose
CM-2 48000 G-25/DEAE cellulose/Blue A gel/
w-Aminohexyl agarose/Synchropak
AX-310
Medicago sativa (plant and seedlings) CM-1 46 000 Protamine
sulphate/(NH4),SO,/Sephadex 30
CM-2 58 000 G-100;electrophoresis
CM-3 69000
Pisum sativum (seedlings) CM-1 DEAE cellulose 26
Vigna radiata (beans) CM-t 50000 (NH,),SO,4/hydroxyapatite/
DEAE cellulose/ 103
Sephadex G-100/ultrafiltration
CM-2 36000 (NH,),S0,/DEAE cellulose/
ultrafiltration/
Sephadex G-100
Nicotiana silvestris CM-1 52000 G-25/DEAE cellulose, 104, 105
(Leaf tissue and cell suspension) CM-2 65000 hydroxyapatite/gel filtration
Daucus carota (cell suspension) M Crude extract 106
Solanum tuberosum CM-1 Blue A/tryptophan agarose 28
(tubers and leaves) CM-1 55000 G-25/DEAE cellulose 29
CM-2 52000 107
Quercus pedunculate (leaves) CM-1 45000 (NH,4),S80,/Sephadex
G-50/hydroxyapatite gel 108
CM-2 —
Ruta graveolens L CM-1 56 000 (NH),SO./DEAE Sephacel;Sephadex
G-150 109
{Suspension cultures) CM-2 45000

*CM-1 is absent in root-forming callus.

DAHP synthase [31]. whereas the root-forming callus
only showed the presence of one enzyme for CM and one
for DAHP synthase. These enzymes were also un-
regulated as the itsoenzymes in normal B. juncea callus.
An explanation may be that, in the phase of rapid cell
division and proliferation of undifferentiated callus, the
presence of both isoenzymes correlates with a higher
requirement for amino acids. On the one hand, the inac-
tivation of one of the isoenzymes might be attributed to
a higher content of products of phenoloxidase reactions
and other tanning products [32]. In Papaver somniferum
seedlings the CM-2 activity decreased with age, and for
five-day-old seedlings only CM-1 activity was detected
[33].

Besides the information in Table 2, there has been an
examination of the CM isoenzymes patterns in other
plants [34]. Only one enzyme was found after protein
separation on DEAE-cellulose in Avena sativa, Brassica

oleracea, Eschscholtzia california and Pennisetum typho-
ides. The enzyme from these plants was always activated
by tryptophan and inhibited by phenylalanine and
tyrosine. Amaranthus hypochondriacus, Hordeum vulgare,
Hoya carnosa, Medicago sativa, Sorghum bicolor, Spin-
acia oleracea, Xerosicyos danguyi and Zea mays con-
tained two isoenzymes, the regulated CM-1 and the un-
regulated CM-2.

GENE ENZYME RELATIONSHIP AND FUNCTIONALITY

Microorganisms

Only few genes encoding chorismate mutase activity
have been cloned and sequenced, and maybe this is
because the chorismate mutases comprise a set of func-
tionally related proteins that show little sequence sim-
ilarity to each other. This absence of similarity stands in
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contrast to other enzymes of the aromatic amino acid
biosynthesis. especially to other chorismate-utilizing en-
zymes [19].

The genes ARO7, aroH and aroQ encode for the mono-
functional chorismate mutases and pheA and tyrd en-
code the bifunctional enzymes having catalytic domains
for CM-P and CM-T. respectively. The 4RO7 gene from
Saccharomyces cerevisiae. which encodes CM-R, has
been cloned and sequenced [35.21], but no significant
homology between the monofunctional yeast chorismate
mutase and the corresponding domains of the two bi-
functional Escherichia coli enzymes was found. In other
yeast enzymes ARO3. ARO4 and TRP4, gene products
share significant homology with their E. coli counter-
parts.

The CM-F enzyme from B. subtilis is encoded by the
gene aroH, which has been cloned and sequenced [19],
but the derived amino acid sequence has no significant
similarity to any sequence in the GenBank and EMBL
databases. For example, the aroH gene was found to be
slightly similar to a short region of the amino-terminal
(N-terminal) portion of the two E. coli bifunctional en-
zymes [36]. but no similarity was detected with the
monofunctional enzyme of S. cerevisiae [21].

The gene aroQ for CM-F from Erwinia herbicola was
also cloned and exhibited no obvious resemblance to the
gene for the B. subtilis monofunctional chorismate
mutase protein [37]. The phe4 amino acid sequence,
which encodes the bifunctional CM-P from Pseudomonas
stutzeri, showed homology in the N-terminal portions
with CM-P and CM-F from E. coli. From the group of
three amino acid residues reported to be associated with
the activities of the CM-P from E. coli, the cysteine
residue 216 and threonine residue 278 have been conser-
ved, while the cysteine residue 374 was substituted by
serine [38]. The amino acid sequences of tyr4 and pheA
have significant similarities in their N-terminal portions
only, with 22 of the first 56 residues being identical [39].
This homologous region reflects not only the chorismate
mutase domain but also a common ancestry [40, 417.

Plants

The chorismate mutase ¢DNA from Arabidopsis
thaliana is the only chorismate mutase cDNA isolated
from a plant. The identity of the deduced amino actd
sequence shows 41% homology with the CM sequence
from S. cerevisiae. but the N-terminal portion shows no
homology. Hardly any similarity was found to known
sequences of bacterial chorismate mutases [42].

REACTION MECHANISM

The chorismate to prephenate rearrangement has been
extensively studied mechanistically because it is a rare
example of an enzyme-catalysed pericyclic reaction; how-
ever, there is still no consensus in the details of the
mechanism of the enzymic process [43].

1021

Several mechanisms have been proposed for the chor-
ismate mutase-catalysed reaction utilizing the chorismate
mutase enzyme from E. coli, B. subtilis, Streptomyces
aureofaciens and Aerobacte aerogenes, and for the ana-
logous thermal reaction based on isotope effects [44, 43],
molecular orbital calculations [45-47], kinetic studies
[46, 48], reactivities of substrate analogues [49-51] and
transition state analogues [52-54]. The mechanism
where C;—O bond breakage precedes Co—C; bond
formation is supported by the data available (Fig. 2). The
non-enzymic process is believed to proceed via a con-
certed, asynchronous reaction [55] in which bond break-
ing is far in advance of bond making at the transition
state [44]. In contrast, for the mechanism of the en-
zyme-catalysed rearrangement it can be either through
an asynchronous concerted rearrangement or through
a dissociate mechanism involving the formation of dis-
crete intermediates.

It has also been established that, for both enzymic and
non-enzymic processes, the chorismate mutase catalysis
proceeds via a chair-like transition state rather than
a boat-like transition state (Fig. 2) [47, 56, 57]. Analysis
by '"H NMR in aqueous solution at 25° established that,
while the pseudodiequatorial conformer of chorismate
predominates, as would be expected, some 10-40% of
the molecules exist in the pseudodiaxial conformer, that
is, the species required for the 3,3-rearrangement [58].

One mechanism which has been proposed involves
acid catalysed protonation of the vinyl ether oxygen with
attack by an enzyme nucleophile at C-5 to give a transi-
ent intermediate. The enolpyruvate fragment attacks at
the C-1 position by a possible SN2’ route [59]. The
existence of the nucleophile has not been established
(Fig. 3).

It is important to mention that while the non-enzymic
rearrangement is unusually fast in aqueous solution
(t;.2 = 15 hr for chorismate at 30°), chorismate mutase
accelerates the process 2 x 10° fold (37°, pH 7.5) [46].
The structural features that are essential for enzyme
catalysis have been established. Neither the 5,6-olefinic
nor the 4-OH group is absolutely necessary, but the
enzyme requires besides the allyl vinyl ether, the two
carboxylate groups for active site binding and catalysis

BOAT

CHAIR

Fig. 2. Possible transition states in the chorismate mutase
reaction.
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Fig. 3. Proposed mechanism for chorismate mutase catalysed 3,3-rearrangement of chorismate.

[43.51. 60]. In summary. the structural requirements are
indicated in the dotted box in Fig. 4.

Several inhibitors of chorismate mutase, mainly ada-
mantane derivates and bicyclic diacids, have been syn-
thesized [52-54, 61-63]. The oxabicyclic compound in
Fig. 5, 3-endo-8-exo-8-hydroxy-2-oxabicyclo [3.3.1] non-
6-ene-3,5-dicarboxylic acid. is the highest affinity inhibi-
tor of chorismate mutase known [52] and it binds to the
enzyme ca. 250 times more tightly than chorismate itself.
This oxabicyclic compound was used to develop two
antibodies, derived from mice, which were capable of
catalysing the rearrangement of chorismate to
prephenate. One antibody, 11F1-2E11, catalyses the re-
action with a rate of acceleration of 10*-fold over the
uncatalysed reaction [64] and the other, 1F7, achieves
100-fold acceleration [65, 66]. Several experiments have
been performed with these antibodies in order to eluci-
date how they function [64, 67-71].

[STIIE

T
r
[
[
|
|
|
1
1
]
1
|
l
i
)
19

Fig. 4. Substrate recognition requirements for chorismate
mutase.

Active sites

Several experiments have been performed to identify
the active sites on the chorismate mutase enzyme. For
example, in the yeast S. cerevisiae it is proposed that the
tyrosine 234 residue (Tyr-234) is located at or near the
allosteric activation site for tryptophan [72]. Also, for the
same yeast, a single point mutation, in which threonine at
position 226 has been replaced by isoleucine, generated
a mutant that was not feedback-regulated by any of the
aromatic amino acids and was permanently in the ac-
tivated state [73]. Kinetic studies established that the
site of allosteric activation is separate from the active
site [73].

In the case of the bifunctional chorismate mutase en-
zymes, experiments to determine the active site have been
performed, but it took some time to determine whether
the two functionalities had a common active site. For
example, for chorismate mutase: prephenate dehydro-
genase (T-protein) from E. coli and A. aerogenes, chem-
ical modification of sulphydryl groups of cysteine was
associated with paralle]l loss of both enzyme activities
[74,75], suggesting that either the two activities were
catalysed at a single site or that there was a close spatial
relationship between the sites for the two functions
[76-78]. The kinetic data obtained with CM-T from A.
aerogenes were consistent with the two reactions occur-
ring at a single site or at two separate sites with similar
kinetic properties [79], and experiments with E. coli
using substrate analogues indicated that the sites overlap
[80]. The separability of T-protein functions remained in
doubt until molecular genetic approaches established the
genetic separability of mutase and dehydrogenase com-
ponents in E. coli [39]. Also, the CM-T component of



Chorismate mutase in microorganisms and plants

T-protein from E. herbicola was removed by deletion of
the 5 terminus of the ryrA gene in vitro and a new
monofunctional prephenate dehydrogenase was produc-
ed as a result [81]. Evidence in support of the molecular
genetic approaches was obtained also from kinetic stud-
ies and experiments with substrate analogues [41]. Tt is
noteworthy that a mutant enzyme from E. coli, lacking
prephenate dehydrogenase but retaining chorismate
mutase activity, was obtained some years before these
findings. However, in this case the separability of the
active sites still was not clear [82].

The bifunctional chorismate mutase: prephenate de-
hydratase has been shown by a variety of procedures to
have for the enzyme activities separate sites [83], which
include a sulphydryl group that was concluded to be
essential for the prephenate dehydratase activity [84, 85].
The active sites were vunerable to differential inhibition
and selective chemical activation [86,87]. Since mutants
lacking only chorismate mutase or dehydratase activity
have been isolated [86,88-90], it is clear that the two
catalytic functions of the CM-P enzyme are spatially
distinct. Mutations in the pheA gene of E. coli and
Erwinia herbicola, which encode a protein that was insen-
sitive to phenylalanine inhibition, have also been ob-
tained [91,92].

UTILITY OF BIOCHEMICAL-PATHWAY CHARACTERISTICS
TO FINE-TUNE THE PHYLOGENETIC POSITION OF CERTAIN
MICROORGANISMS

Phylogenetic trees may be constructed using modern
nucleic acid sequencing techniques, and characteristics of
aromatic amino acid pathways may be used as a basis to
fine-tune the phylogenetic position of certain organisms.
These criteria has been used for investigating the
phylogenetic position of the enteric bacteria. The method
suggests three major clusters. Enterocluster 1, which
possesses a gene fusion (rpG-trpD  encoding
anthranilatesynthase: anthranilate 5-phosphoribosyl-
pyrophosphate phosphoribosyltransferase and includes
the genera Escherichia, Shigella, Citrobacter, Salmonella,
Klebsiella and Enterobacter. Enterocluster 2 lacks the
trpG-trpD gene fusion, but contains the overflow path-
way to L-phenylalanine (a pathway which utilizes
a monofunctional chorismate mutase for the formation
of phenylalanine, Fig. 1), and consists of species of Ser-
ratia and Erwinia. Enterocluster 3 lacks both the
trpG-trpD gene fusion and the overflow pathway to L-
phenylalanine and includes the genera Cedecea, Kluyt-
era, Edwardsiella, Hafnia, Yersinia, Proteus, Providencia
and Morganella. This method of classification was com-
pared with that of the partial trees based upon sequences,
and the results were generally consistent [18].

In a different phylogenetic grouping, this type of fine-
tuning has indicated that Serpens flexibilis clusters with
Pseudomonas stutzeri, P. mendocina, P. alcaligenes and P.
pseudoalcaligenes within the group Ia pseudomonad
cluster, on the basis of the fact that this organism also
lacks the overflow pathway to phenylalanine [93].
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CONCLUSIONS

The material presented indicates the extent of our
knowledge of chorismate mutase and its role in shikimate
metabolism. This review has set out to investigate some
of the apparent differences between plant and micro-
organisms in this group of enzymes. Most of the work on
the structure, function and reaction mechanism of this
enzyme has come from studies with microorganisms.

In microorganisms, CM is multifunctional, while, to
date, this has not been found to be the case in plants.
Microorganisms have five identifiable isoenzymes which
are multifunctional, whereas in plants only two isoen-
zymes with an occasional third isoenzyme appear to
exist and these are monofunctional of the two identifiable
isoenzymes, CM-1 and CM-2, the former is activated by
tryptophan and feedback inhibited by phenylalanine and
tyrosine whereas CM-2 is insensitive to both these amino
acids. While CM-1 is a plastid isoenzyme, CM-2 is found
in the cytosol. However, the ratio of CM-1 to CM-2 in
different tissues varies, suggesting organ specific regula-
tion of expression of these enzymes [29]. Of current
interest is the recent isolation, with structural determina-
tion, of monofunctional CM from B. subtilis [110]. The
structural detail outlined in this paper provides a basis
for the biochemical studies which indicated a pericyclic
mechanism for the conversion of chorismate into
prephenate.

In microorganisms the isoenzymes for CM have little
sequence similarity to each other and hence, to date,
relatively few genes have been cloned and sequenced for
this enzyme. In plants, work with the Arabidopsis
thaliana cDNA library has so far yielded limited results
since isolated cDNA for CM had only 41% similarity
with ¢cDNA for CM from a S. cerevisiae mutant. All
cDNA for CM activity isolated from A. thaliana had an
N-terminal region similar to known plastid transit pep-
tides [80].

It is of interest that there are recent reports on the
occurrence of other enzymes of the shikimate pathway, as
well as CM., which are found to be active in non-photo-
synthetic plant tissues. This non-photosynthetic pathway
appears to make complete use of the shikimate pathway
to synthesize aromatic amino acids independent of light,
unlike the pathway in photosynthetic tissues [32]. The
role of these two pathways for shikimate metabolism
continues to intrigue research groups, and the require-
ment of plants for two such pathways and their true role
in the regulation of the flow of carbon through this
pathway, which is substantial, remains to be fully elucid-
ated [111).
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