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INTRODUCTION ways and forms the basis for feedback inhibition and activa-

In 1965, Monod, Wyman, and Changeux summarized the
properties of two dozen allosteric enzyme systems, resulting in
their “plausible model on the nature of allosteric transition”
(MWC) (70). Since then, the description of a plethora of al-
losteric enzymes and systems has led to the concept that al-
lostery is a common theme in regulating the activity of various
proteins (for a review, see reference 73). Direct control of
protein function via allosteric regulation is usually achieved
through conformational changes of a given protein structure
induced by effectors. In contrast to intrasteric regulation (45),
effectors bind to regulatory sites distinct from the active site
(Greek, allos = other, stereos = rigid, solid, or space). One
term tightly linked to allostery is “cooperativity.” This de-
scribes the interaction of binding processes of ligands to pro-
teins with multiple binding sites (75). Ligand binding plots of
positively cooperative systems generally display sigmoidicity,
resulting in an S-shaped curve of fractional saturation or rate
against concentration. Allosteric behavior itself was often ob-
served for regulatory or control enzymes of metabolic path-
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tion. The so-called homotropic effects originate from identical
(e.g., substrate) molecules which bind to an allosteric protein
and influence each other’s affinity. When different ligands are
involved (e.g., effector molecules and substrate molecules), the
interactions are called heterotropic (70). For both effects, co-
operativity and allostery, positive as well as negative effects can
be observed, resulting in an increase or decrease, respectively,
of affinity and activity.

In the established model of global allosteric transition, bind-
ing of an effector induces a concerted shift in the equilibrium
between two quaternary conformations of the oligomeric pro-
tein. The activated conformation, termed the R (relaxed) state,
is assumed to have higher catalytic activity than the T (tense)
state (69). This model was later challenged by the sequential
model established by Koshland, Némethy, and Filmer (KNF)
(46), finally leading to the general model by Eigen (20), which
combines the MWC and KNF extremes. In most allosteric
proteins, homotropic effects seem to be best accounted for by
the concerted model while heterotropic effects are better de-
scribed by the sequential model (98).

The exact mechanisms by which allosteric control of protein
function can be achieved are extremely varied. Among the
multitude of allosteric proteins, a few prototypes have been
established in basic research (for a review, see reference 73).

1sanb Aq £T0Z ‘92 YdJeN uo /610 wse iquiw//:dny woly papeojumoq


http://mmbr.asm.org/

VoL. 65, 2001

The most prominent example is hemoglobin, with which the
initial attempts to explain the mechanisms of cooperativity
have been carried out. Hemoglobins are generally composed of
two pairs of polypeptide chains arranged in a symmetrical
tetrahedral manner. While oxyhemoglobin displays a high af-
finity for oxygen, desoxyhemoglobin has a low affinity for the
molecule. On oxygen binding, changes in quaternary and ter-
tiary structure account for the shift in the allosteric T-R equi-
librium. As a result, oxygen acts as homotropic ligand on
hemoglobin. A variety of heterotropic ligands lowering the
oxygen affinity have been described, with protons and 2,3-
diphosphoglycerate being the most important. An interesting
feature is displayed by lamprey hemoglobin, in which cooper-
ativity is mediated by the reversible dissociation of dimers or
tetramers into monomers with high oxygen affinity (17).

The majority of allosteric proteins are presumably metabolic
enzymes which act as control devices for flux alterations in
metabolic pathways. Enzymes are regulated predominantly
by heterotropic effector molecules modulating the catalytic
turnover rates in a positive and/or negative fashion. Positive
effectors often abolish cooperativity, resulting in Michaelis-
Menten-like kinetics in substrate saturation assays, whereas
negatively acting ligands decrease catalytic efficiency either by
decreasing the substrate affinity (K systems) or by altering the
intrinsic k_,, values (V systems) (86). Prominent examples of
allosteric enzymes in metabolic pathways are glycogen phos-
phorylase (41), phosphofructokinase (9, 80), glutamine syn-
thetase (88), and aspartate transcarbamoylase (ATCase) (103).
In particular, ATCase, which catalyzes the first step of pyrim-
idine biosynthesis, has been established as a prototype for
allostery (43, 62, 67, 79). For this allosteric enzyme paradigm,
the homotropic and heterotropic effects of its ligands as well as
cooperativity have been investigated in great detail. The mod-
els of allosteric behavior developed from experimental data
exceed previous theories and can be very helpful for the more
accurate description of the characteristics of other allosteric
proteins.

In recent years, the chorismate mutase (CM) of the baker’s
yeast Saccharomyces cerevisiae (ScCCM) has become a suitable
and well characterized model for allosteric regulation of en-
zyme activity. CM is necessary for the biosynthesis of tyrosine
and phenylalanine and catalyzes one reaction at the first
branch point of aromatic amino acid biosynthesis. Structural
analyses combined with classic kinetic studies performed on
this enzyme, as well as molecular modeling studies, have led to
detailed insights into the catalytic mechanism of this enzyme.
Furthermore, the allosteric response to effector binding was
intensively studied. The monofunctional, dimeric yeast enzyme
is strictly regulated in its activity by allosteric effectors. The
substrate chorismate serves as homotropic effector, as indi-
cated by the sigmoid curvature of substrate saturation kinetics,
whereas tyrosine and tryptophan act as negative and positive
heterotropic ligands, respectively (47).

The purpose of this review is to sum up major investigations
into ScCM made in the last decade. The main focus is the
comparison of the established ATCase model system with the
knowledge which has been accumulated during recent years on
the catalytic and regulatory features of SCCM. Despite its small
size, ScCCM exhibits multisubunit allostery and cooperativity
and has many similarities to the ATCase system. Thus, ScCM
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is well suited to be a model system to improve our understand-
ing of the allostery of small enzymes consisting of only two
subunits as presumably the minimal structure which is required
for this kind of regulation.

ATCase ACTIVITIES

ATCase (carbamoylphosphate: L-aspartate carbamoyltrans-
ferase, EC 2.1.3.2) catalyzes the carbamoylation of the amino
group of aspartate by carbamoylphosphate, leading to phos-
phate and N-carbamoyl-L-aspartate (14). ATCase is the first
enzyme unique to pyrimidine biosynthesis and a key enzyme
for regulating purine, pyrimidine, and arginine biosynthesis in
Escherichia coli. The enzymes from enterobacteria are do-
decameric holoenzymes composed of two different polypep-
tides which are inhibited by CTP and UTP and activated by
ATP. The same architecture was found for other bacterial
ATCases, like that from Methanococcus janaschii, although the
M. janaschii enzyme exhibited few regulatory properties (32).
Some bacterial and eukaryotic ATCases are part of a multi-
functional enzyme containing carbamoylphosphate synthetase
and/or dihydroorotase activity, among them the enzyme of S.
cerevisiae, which is inhibited by UTP (87). However, plant
ATCases seem to be simple homotrimers which can be regu-
lated by UMP (109).

For the two-substrate reaction, carbamoylphosphate binds
before aspartate and subsequently induces a conformational
change in the enzyme, resulting in a higher affinity for aspar-
tate (31, 37). On aspartate binding, a larger conformational
change is exerted on the active site and the whole enzyme,
leading to a T-R transition. Accordingly, phosphate dissociates
from the active site after carbamoylaspartate (38). ATCase
exhibits positive cooperativity for aspartate (8, 27). The appar-
ent cooperativity for carbamoylphosphate reflects only coop-
erativity for aspartate (23). During catalysis, the amino group
of aspartate is involved in a nucleophilic attack on the carbonyl
carbon of carbamoylphosphate to form a tetrahedral interme-
diate. The transition state is processed to the products by
transfer of a proton from the amino group of aspartate to the
closest oxygen of the leaving phosphate group derived from
carbamoylphosphate (28).

STRUCTURE OF E. coli ATCase

The ATCase holoenzyme, composed of 12 polypeptide
chains of two types (Fig. 1A) (1, 107), has a molecular weight
of 310,000. Six larger chains (33,000 each, encoded by pyrB) are
the catalytic (C) chains, which are insensitive to the allosteric
effectors, while the smaller regulatory (R) chains (17,000 each,
encoded by pyrl) are devoid of catalytic activity but bind the
effectors ATP, CTP, and/or UTP. The catalytic chains are
packed in two catalytic trimers, one subunit containing chains
Cl, C2, and C3 and the other containing chains C4, C5, and
C6. Chain C4 is located below C1, while C5 and C6 are located
below C2 and C3, respectively. Each catalytic subunit has a
threefold axis. The regulatory chains are organized in dimers
which bridge the two catalytic trimers noncovalently. Each
polypeptide chain folds into two domains. The N-terminal and
C-terminal domains of the C chains are termed the car-
bamoylphosphate (or polar) domain and the aspartate (or
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FIG. 1. Quaternary structure of E. coli ATCase. (A) Holoenzyme viewed along the threefold axis. Catalytic chains are numbered C1 to C6, and
regulatory chains are numbered R1 to R6. The different catalytic and regulatory subunits are indicated by different colors. The aspartate domain
of the catalytic chain is designated asp, and the carbamoylphosphate domain is designated cp. The domains of the regulatory chain are named Zn
for zinc domain and al for allosteric domain. (B) Binding mode of the bisubstrate analogue PALA (purple) to the active site of ATCase. Side chains
are shown as sticks with atoms labeled by color (green, carbon; blue, nitrogen; red, oxygen). Apostrophes after residue numbers indicate the
position of the residue in an adjacent polypeptide chain. The figures are based on data for the CTP-liganded structure and the bisubstrate analogue

PALA-liganded structure, respectively (35, 51).

equatorial) domain, respectively, according to the substrates
bound to them. Each R chain harbors the allosteric domain,
including the allosteric site in the N terminus. A C-terminal
zinc domain contains a Zn(II) ion. The metal is coordinated by
four sulfhydryl groups and mediates R-C interactions. Thus, on
treatment with heat or mercurials, the holoenzyme dissociates
into the catalytic and regulatory subunits. The active sites are
composed of residues from adjacent C chains within a trimer:
from both the aspartate and carbamoylphosphate (cp) domains
of one chain and the cp domain of the adjacent chain. The
allosteric sites are located at the distal ends of the R chains, 60
A away from the nearest active site, and bind each effector.
Assembly into the holoenzyme yields extensive interfaces be-
tween C chains within a catalytic trimer (for example, C1-C2)
and in opposed trimers (C1-C4), between R chains within a
regulatory dimer (R1-R6), and between C and R chains
(C1-R1 and C1-R4). The C1-C4 and symmetry-related inter-
faces are present in the T state but not in the R state (Fig. 1A).

CATALYTIC CENTER OF E. coli ATCase

Insight into the mode of binding the substrates to the cata-
lytic center of E. coli ATCase required analysis of the binding
of a bisubstrate analogue, N-(phosphonoacetyl)-L-aspartate
(PALA). In addition, the binding of carbamoylphosphate and
succinate was studied; the study resulted in computer models
which were verified by amino acid substitutions achieved by
site-directed mutagenesis of corresponding codons in the open

reading frames. Several residues have been identified as crucial
for catalysis: Ser52, Thr53, Arg54, Thr55, Argl05, His134,
GIn137, Argl67, Arg229, Glu231, and Ser80 and Lys84 from
an adjacent catalytic chain (66) (Fig. 1B). Thus, the active site
is a highly positively charged pocket. The most critical side
chain originates from Arg54 (89). It interacts with a terminal
oxygen and the anhydride oxygen of carbamoylphosphate and
thereby stabilizes the negative charge of the leaving phosphate
group. Argl05, His134, and Thr55 help to increase the elec-
trophilicity of the carbonyl carbon by interacting with the car-
bonyl oxygen (40). Rate enhancement is achieved by orientation
and stabilization of substrates, intermediates, and products rather
than by involvement of residues in the catalytic mechanism. In-
stead of Lys84 acting as a base which captures the proton from the
amino group of aspartate, the recent model suggests that the fully
ionized phosphate group is capable of accepting a proton during
catalysis (28, 40).

ALLOSTERIC SITE OF E. coli ATCase

The allosteric site in the allosteric domain of the R chains of
the E. coli ATCase complex binds ATP, CTP, and/or UTP
(106). There is one site with high affinity for ATP and CTP and
one with 10- to 20-fold-lower affinity for these nucleotides in
each regulatory dimer (18, 62). ATP binds predominantly to
the high-affinity sites and subsequently activates the enzyme.
UTP and CTP binding leads to inhibition of activity. UTP can
bind to the allosteric site, but inhibition of ATCase by UTP is
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FIG. 2. Claisen rearrangement of chorismic acid resulting in prephenic acid. The two conformers of chorismate, as well as the proposed

transition state finally leading to prephenate, are shown.

possible only in combination with CTP. With CTP present,
UTP binding is enhanced and preferentially directed to the
low-affinity sites. Conversely, UTP binding leads to enhanced
affinity for CTP at the high-affinity sites and inhibits enzyme
activity by up to 95% while CTP binding alone inhibits activity
to 50 to 70% (18, 105, 116). ATP and CTP bind in anticonfor-
mation with negative cooperativity with respect to themselves
(91). ATP strongly reduces cooperativity of substrate binding,
while CTP enhances it (91). The purine and pyrimidine rings,
as well as the ribose rings, bind at similar locations. However,
when CTP is bound, the base and triphosphate moieties are
closer together than when ATP is bound (94). In addition, the
ribose moiety of ATP protrudes deeper into the binding sites
than does that of CTP (94). The triphosphate is necessary for
high affinity and full nucleotide effects (101). Groups interact-
ing with CTP are Val9lr, Lys94r, Arg96r, Asp19r, His20r,
Val9r, Lys56r, Lys60r, Vall7r, Alallr, Ile12r, and Tyr89r (r
refers to the residues which are part of a regulatory chain) (1,
91). UTP differs from CTP in the carbonyl group at position 4
and the protonation of the nitrogen at position 3 of the pyrim-
idine ring. Discrimination between these two nucleotides
seems to be based on the subtle differences in the interaction
of the amino group and the nitrogen at position 3 with Ile12r
(18). ATP, on the other hand, is hydrogen bonded to side-
chain or main-chain atoms of residues Asn84r, Val91r, Lys94r,
Leu58r, Asp19r, Val9r, Lys60r, GlulOr, Alallr, Ile12r, and
Tyr84r (91). ATP induces an expansion of the site with the R1
and R6 allosteric domains pushed apart. This induces an over-
all increase of the allosteric domains. CTP, however, decreases
the size of the allosteric site, with the result that the L50s loop
moves closer to the nucleotide (94) (the letter s indicates the
plural according to the term “the fifties loop” that comprises
residues around position 50). Both cavities are larger than the
binding site in the unliganded enzyme (91).

CONFORMATIONS OF E. coli ATCase

According to the MWC model, the ATCase has (at least)
two conformational states: a low-activity T state with low af-
finity for the substrates, and a high-activity, high-affinity R
state. The two states are in an equilibrium which is shifted to
the side of the T state with a value of about 250 for the
allosteric equilibrium constant (L) (21). The substrates, as well
as the bisubstrate analogue PALA, produce a significant
change in the tertiary and quaternary structure of both the
catalytic and regulatory chains. Some authors conclude that
the PALA-bound structure does not represent the R state
since the isolated C-trimer structure and the catalytic trimer of

B. subtilis ATCase resemble the T state more closely than they
resemble the R state (7, 22, 95). However, the PALA-bound
structure allows the identification of the active site, a descrip-
tion of the more active form and a model for homotropic
transition of ATCase (51), and strong similarities were found
to R-like structures with single substrate or product analogues
like phosphate and citrate (62). PALA binding promotes a
closure of the hinge between the C chain domains by 8°, while
the gap between the allosteric and Zn domains expands. Do-
main closure in the C chain is required for cooperativity and
fully creates the aspartate binding site. Through these changes,
interchain contacts of side chains of the L80s loop and L240s
loop and active-site residues become reoriented (40). On the
quaternary conformational level, the holoenzyme undergoes a
screw motion with a shift of 11 A along and a rotation of 7°
about the threefold axis and a 15° rotation of the regulatory
chains about the three twofold axes. While the affinity of the R
state for substrates is higher than that of the T state, there are
only slight differences for the affinity to the allosteric ligands.
Thus, ATP or CTP binding causes only minor changes in the
quaternary structure (79). The structure with CTP bound is
termed the T state. This conformation was also found for the
unliganded enzyme or when ATP is bound (93). On ATP or
UTP binding, only small changes in enzyme structure are ob-
served. ATP causes an elongation (94) along the threefold axis
of the T form by only 0.4 A and so does not promote a T-R
transition by itself (102). Whereas ATP has nearly no effect on
the distance between the C trimers in the R state, CTP de-
creases it by 0.5 A toward the T state (94). Accordingly, CTP
has no effect on C trimer separation in the T state (94).

In summary, the E. coli ATCase complex represents a highly
sophisticated interplay of numerous polypeptides. Several ef-
fector molecules predominantly act on more than one polypep-
tide chain, resulting in different effects on the complicated
overall enzyme. In contrast, the regulation of yeast CM is
based only on the interplay of two identical polypeptides. This
allows a detailed study of very subtle effects even within a
single polypeptide chain.

CM ACTIVITIES

CM activities (chorismate pyruvate mutase, EC 5.4.99.5)
catalyze the intramolecular rearrangement of (—)-chorismic
acid to prephenic acid (Fig. 2) (2). This Claisen rearrangement
is a key step in the biosynthetic pathway of archaea, bacteria,
fungi, and plants and results in the aromatic amino acids L-
phenylalanine or L-tyrosine. Additionally, it represents a rare
example of a pericyclic reaction in primary metabolism (104).
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Prephenate itself is transformed either into phenylpyruvate,
the precursor of phenylalanine, or into 4-hydroxyphenylpyru-
vate, the last intermediate in tyrosine biosynthesis. A third,
alternative route is utilized most commonly in plants, where
prephenate is converted to arogenate before tyrosine and phe-
nylalanine are formed.

In comparison to the uncatalyzed, thermal [3, 3] sigmatropic
rearrangement, CMs can enhance the conversion of choris-
mate to prephenate by a factor of up to 10°. A variety of CM
enzymes have been described and characterized during the
past three decades, and catalytic antibodies (“abzymes”) that
accelerate the chorismate-to-prephenate rearrangement have
also been generated (33, 39). Prokaryotic CM activities can be
part of a bifunctional enzyme in which the CM domain is fused
to a prephenate dehydratase (P-protein), a prephenate dehy-
drogenase (T-protein), or a 3-deoxy-p-arabinoheptulosonate-
7-phosphate synthase moiety (76) (the letters P and T indicate
the biosynthetic pathway that is initiated by the CM catalytic
activity to yield phenylalanine and tyrosine, respectively). In
contrast, all eukaryotic CMs characterized to date, as well as
the CM from the archaeon M. jannaschii (65), are described as
being monofunctional.

In most organisms analyzed, CM activities are strictly regu-
lated. Whereas both enzyme activities of bifunctional T-pro-
teins are inhibited by tyrosine, phenylalanine inhibits the two
activities of P-proteins. In gram-negative bacteria, including
the cyanobacteria, as well as in gram-positive Bacillus subtilis
and Streptomyces aureofaciens, monofunctional CMs were
found that lack regulatory properties. Eukaryotic CM enzymes
are generally monofunctional and subject to allosteric inhibi-
tion and activation. Tyrosine and phenylalanine are negative
effectors, whereas tryptophan serves as a positive regulator of
enzyme activity. In plants, different isoenzymes are often
present which differ in their regulatory behaviour. Further-
more, some of them are regulated in their activities not only by
end products of aromatic amino acid biosynthesis but also by
secondary metabolites; for example, the CM isoenzymes of
alfalfa can be inhibited by coumarate, caffeate, or ferulate and
activated by 3,4-dimethoxycinnamate (76).

In addition to this enzymatic regulation, the amount of en-
zymes at metabolic branch points is important for distribution
of intermediates. For a balanced biosynthesis of the amino
acids in yeast, a sophisticated, strictly regulated network com-
posed of allosteric enzymes and “the general control of amino
acid biosynthesis” has evolved (49). While anthranilate syn-
thase, the competing enzyme complex at the branch point of
aromatic amino acid biosynthesis, is feedback inhibited by tryp-
tophan, the expression of the encoding genes is induced by a
transcriptional activator under amino acid starvation. How-
ever, the total amount of CM is not regulated by the general
control, because its activity is modulated more strongly by two
different allosteric effectors.

STRUCTURES OF CM ENZYMES

The crystal structures of three natural CM enzymes have
been determined so far. Based on these structural insights and
on primary sequence information about the encoding genes
cloned to date, it has become evident that two different struc-
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tural folds have evolved to contrive the enzymatic isomeriza-
tion of chorismate to prephenate.

One structural class, AroH, is represented by the monofunc-
tional, homotrimeric enzyme of Bacillus subtilis. The X-ray
structure of this enzyme was determined at 1.9-A resolution
(Fig. 3A and B) (12) and more recently at 1.3-A resolution
(55). The aroH gene product is a nonallosteric CM of 127
amino acids per monomer. Each monomer consists of a five-
stranded mixed B-sheet packed against an 18-residue a-helix
and a two-turn 3, helix. The interfaces between adjacent sub-
units form three equivalent clefts that are open and accessible
to solvent. These clefts harbor the active sites.

Sequences of all CM domains from bifunctional enzymes
characterized to date, as well as most prokaryotic and eukary-
otic monofunctional CMs, are consistent with the AroQ class
of CM enzymes. These enzymes are, in contrast to the three-
dimensional pseudo-a/B-barrel structure established by the
AroH class, all-helical polypeptides and show similarity in se-
quence to the monofunctional Erwinia herbicola CM encoded
by the aroQ gene (112). In contrast to the situation in pro-
karyotes, primary sequences of eukaryotic CM proteins are
rare. Only a few encoding sequences have been determined so
far, like the genes from the yeasts S. cerevisiae, Schizosaccha-
romyces pombe, and Hansenula polymorpha, from the filamen-
tous fungus Aspergillus nidulans, and those coding for three
isoenzymes in Arabidopsis thaliana (19, 48, 50, 68, 82; GenBank
accession no. Z98529). On the basis of the solved structure of
the ScCM and of conserved primary structures among cloned
eukaryotic CM-encoding genes, these CM enzymes are in-
cluded in the AroQ class. They constitute the separate subclass
of AroQ, enzymes (formerly AroR) due to their additional
regulatory domains (65).

The structural prototype of the AroQ class is the CM do-
main of the bifunctional, homodimeric Escherichia coli CM-
prephenate dehydratase, the so-called P-protein which is in-
hibitable by phenylalanine. The N-terminal 109 residues of this
P-protein constitute a functional CM, and its X-ray structure
was solved at 2.2-A resolution (Fig. 3A and B) (57). In the
monomer, the polypeptide chain resembles the numeral 4 by
its unusual fold of three a-helices, two longer (H1 and H3) and
one short (H2), connected by two loops. Two equivalent active
sites with contributions from each monomer are present in the
quaternary structure of this engineered CM from E. coli.

The only solved crystal structure of a eukaryotic CM en-
zyme, the 256-amino-acid ARO7 gene product of the baker’s
yeast S. cerevisiae, also is an all-helical polypeptide (Fig. 3A
and B). X-ray data have been determined for three conforma-
tional structures of this enzyme resembling different allosteric
states. The conformation of the wild-type (wt) enzyme with
tyrosine bound to the allosteric site was determined at 2.8-A
resolution, and this structure yielded detailed insights into the
global structure of the T state (96). In contrast, a Thr226Ile
mutant enzyme is locked in the R state and its structure was
determined at 2.2-A resolution with tryptophan at the effector
binding site (114). The enzyme in complex with the stable
transition state analogue displays a super R state and identifies
the probable binding mode of the transition state (97).

The basic topology of one monomeric subunit is that of a
Greek key motif forming a four-helix bundle with essentially
no B-strand elements. The 12 helices of the polypeptide chain
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FIG. 3. Structural prototypes of CM enzymes and binding mode of a stable transition state analogue. (A) Schematic presentations of the
structural folds displayed by CMs from B. subtillis (BsCM) (left), E. coli (EcCM) (middle), and ScCM (right). The helix numbers in parentheses
indicate the corresponding helices in the yeast enzyme. The polypeptide backbone is displayed in ribbon style, and secondary elements are labeled
with red cylinders (a-helices) and yellow bars (B-sheets). N and C termini are indicated, as are structural elements of ScCCM (see the text for
details). (B) Oligomeric structure of B. subtilis CM (left), E. coli CM (middle), and ScCM (right) in complex with a stable transition state analogue.
Monomeric subunits are indicated by different shades of grey. For ScCM, the binding position of the positive effector tryptophan is also shown.
(C) Section views of the catalytic sites of E. coli CM (left) and ScCM (right) with the transition state analogue (purple) bound. Side chains are
shown as sticks with atoms labeled by colour (green, carbon; blue, nitrogen; red, oxygen). Apostrophes indicate the position of the residue in an
adjacent polypeptide chain.

409

1sanb Aq £T0Z ‘92 YdJeN uo /610 wse iquiw//:dny woly papeojumoq


http://mmbr.asm.org/

410 HELMSTAEDT ET AL.

are arranged in a twisted two-layer structure with a packing
angle between the helical axes from each layer of about 60°.
The dimer has the shape of a bipyramid, with four helices (H2,
H4, HS, and H11) forming the hydrophobic interface between
the protomers. The active site is part of the four-helix bundle
set up by helices H2, HS, H11, and H12 separately in each
monomer. The binding site for both heterotropic effectors is a
cleft in the dimer interface between the subunits. This regula-
tory site is formed by two helices (H4 and HS) of one monomer
and the L80s loop and helix H8 of the other. The latter is the
longest helix in the molecule; it consists of 32 residues and
spans the overall structure from the regulatory site to the
catalytic domain.

The fact that the three-dimensional structures of the E. coli
CM domain and its eukaryotic counterpart are both character-
istic of AroQ class enzymes and resemble similar folds has led
to the speculation that the yeast CM fold might have evolved
from an ancestral protein similar to the bacterial CM by a gene
duplication event followed by dimerization (57, 97, 113). In
fact, the E. coli CM dimer can be superimposed onto a mono-
mer of yeast CM. The topology of a four-helix bundle forming
the active site is conserved in the two enzymes, and also the
binding mode of the endo-oxabicyclic inhibitor is similar. He-
lices H2, H4, H7, HS, H11, and H12 of the yeast enzyme
correspond to H1, H2, H3, H1’, H2', and H3’, respectively, in
E. coli CM. Modelling two E. coli CM dimers onto the S.
cerevisiae dimer has led to further insights: two bacterial CM
monomers superimpose well on the catalytic domains of the
yeast CM, whereas the other monomers and the other halves
of the yeast monomers are more diverse due to the evolution
of regulatory domains in this region of the molecules (97).

CATALYTIC CENTER OF ScCM

The chorismate-to-prephenate rearrangement is a unimo-
lecular one-substrate, one-product reaction. Generally, this
Claisen rearrangement is thought to proceed in a nearly con-
certed but not necessarily synchronous way (64). A variety of
interdisciplinary studies have provided detailed insight into the
catalytic mechanism needed to achieve the >10°-fold rate en-
hancement shown by CM, compared to the rate of the uncata-
lyzed reaction (for a review, see reference 26).

In solution, 10 to 20% of the substrate occupies the less
stable pseudodiaxial conformation of the enolpyruvate side
chain. Binding of this energetically less favored conformer is
proposed to be the first essential step in catalytic turnover.
Subsequently, two alternative mechanistic pathways occur:
concerted but perhaps asynchronous bond cleavage and for-
mation, as in the uncatalyzed reaction, or catalysis via an in-
termediate after attack of an active-site nucleophile at C-5.

Further insight into the catalytic mechanism has been ob-
tained by analysis of the structural and computational data for
CMs in complex with an endo-oxabicyclic inhibitor resembling
a stable transition-state analogue (60). Binding of this so-called
Bartlett’s inhibitor (5) to the yeast active-site cavity is achieved
by a series of electrostatic interactions and hydrogen bonding
(97) (Fig. 4). Interestingly, the active-site structures are nearly
identical on inhibitor binding, irrespective of the different ef-
fectors, either tyrosine or tryptophan, bound to the allosteric
site. Therefore, this structural state was referred to as the super
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FIG. 4. Binding mode of the endo-oxabicyclic inhibitor to the active
site of ScCM. The stable transition analogue is highlighted in red, and
residues Argl157 and Glu246 are shown in green and blue, respectively.
Hydrogen bond interactions are indicated by dotted lines. Correspond-
ing residues of E. coli CM are indicated in parentheses. Apostrophes
indicate the position of the residue in an adjacent polypeptide chain.

R state. Whether chorismic acid alone is able to promote the
transition to the super R state remains to be shown. Two
guanidinium groups of arginine residues (Argl6 and Argl57)
bind the carboxylate groups of the inhibitor via salt bridges,
and its hydroxyl group is complexed by the carboxyl side chain
of Glu198 and the backbone NH group of Argl194. Argl57 is of
especial importance for binding, because it is the molecular
switch for allosteric transition to the T state. This residue is not
in an appropriate position for interaction with the substrate in
the T state but only in the R or super R state. Additionally,
hydrophobic interactions contribute to inhibitor binding. The
most interesting contacts focus on the inhibitor’s ether oxygen
O-7. In the crystal structures, the two side-chain groups of
Lys168 and protonated Glu246 are within hydrogen-bonding
distance of this atom.

Despite the low sequence similarities in primary structures,
both the yeast CM and E. coli P-protein CM active site cavities
display significant similarities on binding the stable transition-
state analogue, as deduced from the X-ray crystal structures
(Fig. 3C). However, a particular difference between the organ-
isms is also reflected in their CMs. The activity of the yeast
enzyme is adapted to acidic pH in accordance with the ability
of the fungus to grow at relatively low pH. In contrast, the
bacterial enzyme, which is active in a broader pH range reflects
the ability of E. coli to live under more alkaline conditions as
well. Thus, the binding modes for the endo-oxabicyclic struc-
ture of the enzymes are very similar, with one significant ex-
ception. Whereas in the bacterial structure a glutamine residue
(GIn88) is hydrogen bonded to the ether oxygen O-7, the
active-site residue Glu246 is displayed at the corresponding
position in the yeast enzyme (Fig. 4). Molecular modelling
studies imply that this key residue is protonated well above
neutral pH with an effective pK, of 8.1 (97). Whereas for the
wt CM a bell-shaped profile was determined with an optimal
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helix 8

FIG. 5. Superposition of the allosteric site in the T and R states of
ScCM. The polypeptide backbones of helices H4-H5 and HS are dis-
played in ribbon style. The residues necessary for binding of tyrosine
(blue) and tryptophan (red) are shown as sticks with atoms labeled by
color (green, carbon; blue, nitrogen; red, oxygen). Apostrophes indi-
cate the position of the residue in an adjacent polypeptide chain. The
dimer in the T state is superimposed onto the dimer in the R state by
using residues 1 to 214 and 224 to 254.

acidic pH, in a Glu246GIn mutant enzyme the catalytic activity
is detectable over a broad pH range without a particular opti-
mum (85). In conclusion, this active-site mutant mimics the
situation as it is found for the bacterial CM, where catalytic
turnover rates are similar at both acidic and neutral pH. Con-
sistent with this observation is the fact that mutation of the
GIn88 codon to a glutamate codon in the E. coli gene leads to
strong pH dependency of the resulting CM activity, with an
optimal pH at acidic conditions (25). Nevertheless, for both
enzymes similar effects contribute to rate acceleration: conver-
sion of the less stable pseudodiaxial conformer, specific elec-
trostatic stabilization of the ether oxygen by hydrogen bonding
via Lys168 and Glu246 or Lys39 and GIn88 in yeast and E. coli,
respectively, and charge separation probably aided by Glu198
or Glu52, respectively.

ALLOSTERIC SITE OF ScCM

Whereas the enzyme from B. subtilis is unregulated, the E.
coli CM is inhibited by binding of an end product, tyrosine or
phenylalanine, to a distinct domain of the bifunctional protein.
The yeast CM shows an additional level of regulation. It is
feedback-inhibited by the end product tyrosine but can also be
activated by tryptophan, the end product of the other biosyn-
thetic branch of aromatic amino acid biosynthesis. The effec-
tors for this dual regulation bind to the same allosteric sites in
the regulatory domains. Using equilibrium dialysis, binding of
tryptophan and tyrosine could be measured and two binding
sites per CM dimer for each amino acid were found (81, 82).
Their location was determined when the crystal structures of a
Thr226Ile mutant, which is locked in the activated state, and of
wt CM with the ligand tyrosine were solved (96, 114). It was
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found that the two allosteric effectors bind to the same binding
sites in a mutually exclusive manner (Fig. 5). These allosteric
sites are located 20 and 30 A from the active sites of each
monomer (113). They reside at the dimer interface in a cleft
between helix H8 and loop L130s of monomer A and helices
H4 and HS5 of monomer B.

Although both amino acids are oriented in the same direc-
tion, there are differences in the contacts of the effector amino
acids with neighbouring protein residues of the enzyme. Only
the hydrogen bonds between the amino group and one car-
boxyl oxygen are identical for both effectors. The amino nitro-
gen of tyrosine and tryptophan, respectively, is hydrogen
bonded to side chains from residues Asn139” and Ser1424,
which are located at the N terminus and inside helix HS of
monomer A, respectively. The carboxyl oxygen of the effector
amino acids interacts with the amide nitrogens from Gly141*
and Ser142* of helix H8 of the same monomer. When trypto-
phan is bound, further hydrogen bonds exist between its sec-
ond carboxyl oxygen and three water molecules and between
the ring nitrogen and another water molecule. In addition, van
der Waals interactions between the ring atoms and residues of
both monomers are observed.

The feedback inhibitor tyrosine makes additional polar in-
teractions with the side chains of Thr145* in helix HS of
monomer A and Arg75" and Arg76® between helices H4 and
HS5 of monomer B. When tyrosine is bound, the second car-
boxyl oxygen is within hydrogen bond distance of the guani-
dinium and one amino group of Arg75%, because this residue
changes its conformation compared to the tryptophan-bound
state. The phenol ring binds at the same place as the five-
membered ring of tryptophan, so that the phenolic hydroxyl
group forms hydrogen bonds with both monomers, with the side
chain of Thr145, and with the guanidinium group of Arg76".

Due to the numerous hydrogen bonds to tyrosine, the allo-
steric site is narrower than in the unliganded wt enzyme.
Therefore, tyrosine inhibits the enzyme by pulling the two
subunits closer together. In the tryptophan-bound state, the
six-membered ring of tryptophan closely approaches main-
chain as well as side-chain atoms of Ile745. Hence, bulkier side
chain of this amino acid pushes helices H4 and HS away from
helix H8 and opens the allosteric site. Thus, both effectors can
initiate allosteric transitions with different results by using the
same binding site. The polar contacts to Arg76® and Thr145*
are of special importance for allosteric inhibition. For that
reason, phenylalanine, lacking the phenolic hydroxyl group,
cannot inhibit yeast CM. In fact, this amino acid was shown to
produce the opposite effect. Although binding cannot be mea-
sured directly, a slight activation of wt CM was found under
enzyme assay conditions by reduction of the S, 5 value (83).
The hydroxyl group of tyrosine therefore is necessary for
strong binding and inhibition of the enzyme.

Site-directed mutagenesis experimentally confirmed the lo-
cation of the allosteric site and showed the importance of
Gly141%, Ser142”, Thr145*, and the arginine residues Arg75"
and Arg76" of the other monomer (83).

CONFORMATIONS OF ScCM

During the T-R transition, the two monomers of yeast CM
rotate relative to each other (96, 97). The rotation axis is
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perpendicular to the dimer axis and 2.4 A away from the center
of the dimer in the direction of the allosteric sites. One mono-
mer rotates 15° around this axis and is shifted 2.8 A axially
against the other monomer. Due to this screw motion, nearly
all contacts at the dimer interface are changed. Alternatively,
each monomer rotates by 8° around an axis which passes
through the center of the monomers. To describe the differ-
ences between the T and R states, one can separate the mono-
mers into catalytic and allosteric domains. The allosteric do-
main is composed of residues 44 to 107 (including helices H4
and HS5 and adjacent loops). The catalytic domain comprises
the rest of the monomer except of loop L220s, which, in fact,
seems to connect both domains as a hinge. The latter domain
includes the four-helix bundle which contains the active site.
During transition from the T to the R state, helix H8 moves
away from the allosteric site and is shifted by 0.7 A along the
axis, accompanied by tryptophan, whose C, atoms move 2 A
relative to the C_ atoms of tyrosine. This transition is followed
by the four-helix bundle. The regulatory domain, however,
moves into the opposite direction with a shift of 1.5 A away
from the allosteric site. This opposite shift is the basis for
separating the monomer into these two domains.

As mentioned above, studies with a stable transition-state
analogue demonstrated that binding of the substrate causes
further rotations, thereby inducing transition to a super R state
(97). The rotation angle around the allosteric rotation axis is
further increased to approximately 22° relative to the T state.
This larger rotation is even achieved when tyrosine is bound to
the regulatory domain. Tyrosine moves the regulatory domain
toward the T state conformation, whereas the substrate simul-
taneously causes a super R state in the catalytic domain.
Therefore, the hinge between the regulatory and catalytic do-
mains has to be flexible enough to permit such an intermediate
T-super R state as well as an R-super R state.

INTRAMOLECULAR SIGNAL TRANSDUCTION
IN ScCM AND E. coli ATCase

ScCM

In the dimeric ScCM, the regulatory sites are located at the
dimer interface and involve residues from both subunits.
Dimer formation therefore seems to be a prerequisite for ef-
fector binding and subsequent allosteric regulation. The amino
acids tyrosine and tryptophan influence the activity of CM by
triggering allosteric transitions to the T and R state, respec-
tively. The structural changes caused by both effectors are
initiated at the effector binding site and transduced through
the polypeptides toward the active sites, albeit as different
processes and on different routes. While the signaling of ty-
rosine binding follows a linear path through the enzyme, the
transition leading to activation cannot be depicted as precisely
and may influence the catalytic site in multiple ways. Being
positioned between the two monomers, the effectors also in-
fluence cooperativity toward the substrate. While tryptophan
abolishes the positive cooperativity of substrate binding, ty-
rosine slightly enhances cooperativity.

In the T state, the regulatory domain of monomer B is pulled
toward helix H8 of monomer A. These movements at the
dimer interface bring about further rearrangements between
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the two monomers, changing the number and energy of the
bonds between them which extend from the regulatory through
the catalytic domain toward the active sites (Fig. 6). Helix H8
spans the molecule from the allosteric to the catalytic site and
rotates slightly during transition to the T state (96, 97). Its C
terminus moves away from the catalytic site, while its N ter-
minus moves in the opposite direction, thereby pulling the
active-site residues Arg157 and Lys168 away from the substrate
binding pocket. In addition, the C-terminal part of helix H2
moves away from the dimer interface by 1.7 A. Helices H2,
H11, and H12 are also driven away from the active site. Helices
H11 from both monomers are pulled closer together along
their axes by one helical turn, causing a shift relative to helices
H2 (96). As a result, several residues along H2 and H11 change
their interaction partners. The movements in this part of the
protein seem to originate from loop L.220s, which connects
H11 and H12. This latter helix obviously changes its confor-
mation during R-T transition because it seems sterically hin-
dered by helices H2 and H11 of the other monomer when
pointing in the same direction as in the R state.

Thr226 is the last residue in loop L220s and plays an impor-
tant role in T state formation. It is not clear if its side chain
forms a hydrogen bond with Arg224 via a water molecule or
with Glu228, but one of these is necessary for formation of the
T state. In addition, the first residue of this loop, Tyr212, and
Asp215® and Thr217%, which reside in the L220s loop of the
other monomer, no longer interact with Lys208 and Arg204 of
helix H11. Tyr212 and Phe28 are at a special position because
they are next to the dimer axis and interact with each other and
the corresponding residues from the other monomer. In the T
state, the Tyr212 residues move between the two phenylalanine
residues (Phe28* and Phe28®). Besides, Asp215 and Thr217
seem to point away from the interface (59). Along helix H11,
Tyr212, Lys208, and Arg204 change their contacts to Asp24
and Glu23 of helix H2. Asp24 and Glu23 move closer to the
active site so that Asp24 no longer forms salt bridges with
Tyr212 and Lys208 but forms them with Arg204. Glu23 can no
longer bind to Arg204 but moves 5.3 A into the active site and
interacts with Argl57. Significant differences are evident for
the active sites in T and R state structures, with the side chain
of the active-site residue Argl57 acting as a molecular switch
on the T-R transition (Fig. 7A).

Argl57 is part of the long helix H8 connecting the effector
binding site to the active site, and its guanidinium group che-
lates one carboxyl group when the inhibitory transition state
analogue is bound at the active site (Fig. 4). In the T state
structure, this side chain is hydrogen bonded to Glu23, which
in turn interacts with Tyr234 (Fig. 7A). Replacement of this
latter residue resulted in functional enzymes that are unable to
respond to tyrosine-induced feedback inhibition. Therefore,
the Tyr234 side chain is likely to be important for allosteric
inhibition. In the inhibited enzyme, the Glu23 residue is forced
into an unfavorable conformation for substrate binding since
its carboxylate group would be only 3.2 A away from the
carboxylate group of the substrate. On the transition to the
active R state, the connections between the Tyr234-Glu23-
Argl57 triad are abolished. Glu23 moves 5.3 A away from the
active site and no longer interacts with Argl57 but instead
interacts with the Arg204 and Lys208 residues of helix H11
(Fig. 6C). As a consequence, Argl57 is now in a suitable
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FIG. 6. Intramolecular signaling pathway. A section of the ScCM
dimer is presented in the T state (top), R state (middle), or super R
state (bottom). The polypeptide backbone is drawn in ribbon style. The
residues which change their position during allosteric transition and
thereby transduce the signal of effector binding from the allosteric to
the active site are shown as stick models (green, carbon; blue, nitrogen;
red, oxygen). Hydrogen bonds are indicated by black lines. The posi-
tion of the catalytic site inhibitor in the T and R state is derived from
a superposition with the super R state structure using residues 1 to 214
and 224 to 254. Tyrosine is colored blue, tryptophan is red, and the
bicyclic inhibitor is green.
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conformation with effective charge for interaction with the
substrate.

Applying continuum electrostatics, molecular surface/vol-
ume calculations, and molecular modeling, Nussinov and co-
workers have argued that the altered binding affinity of Argl57
is of less importance for the different activities displayed by the
T and R state (59). They proposed the position of Glu23 to be
crucial for modulating the polarity of the active-site pocket. In
the T state with the Glu23 side chain looming into the cavity,
the interior is of negative electrostatic potential, repelling the
negatively charged substrate. On the T-R transition, Glu23
swings out of the pocket and the polarity of the active-site
cavity is altered in a positive electrostatic potential. In conclu-
sion, the Glu23 residue was proposed to be the physical carrier
of an electrostatic signal caused by the allosteric transition.
This is supported by the catalytic properties of enzymes mu-
tated in this particular position (84). Whereas a Glu23Asp
mutant enzyme displayed increased activity combined with a
loss of cooperativity, the Glu23Gln and Glu23Ala enzymes
showed reduced catalytic activity and replacement of Glu23 by
arginine led to a nonfunctional enzyme.

The conformational changes at the dimer interface might
also explain homotropic effects of the substrate. Signal trans-
duction between the active sites of this allosteric enzyme might
follow the same path along helices H2, H11, and H12 and loop
L220s. While the heterotropic effects of the allosteric ligands
lead to the T-R transition, the homotropic effect of the sub-
strate is the induction of the super R state in the catalytic
domain.

ATCase

As far as ATCase is concerned, a detailed mechanism for
homotropic interactions has been described and there exist
diverse theories about how the allosteric ligands exert hetero-
tropic effects. Similar to CM, a high-affinity active site has to be
formed for the R state structure. This is achieved mainly by
closure of the aspartate domain toward the cp domain, thereby
forming the complete binding pocket for aspartate accompa-
nied by shifts of the L80s and L240s loop. Plenty of interface
contacts have been identified by amino acid substitutions which
are important for stabilizing either the ATCase T or R state
conformation. In detail, the L80s loop contains the active side
residues Ser80 and Lys84 which are the two residues contrib-
uted by the adjacent C chain. It moves into the active site
during the T-R transition, positioning Ser80 and Lys84 for
substrate binding, which is essential for cooperativity (66). The
end of the L80s loop is tethered by Glu86, which is salt linked
to a most critical active-site residue, Arg54, across the C1-C2
interface and assists in its positioning for catalysis. This ion pair
interaction exists in both the T and R states and therefore is
also essential for forming the catalytic subunit (4).

The interdomain bridging neccessary for domain closure in
ATCase is partly achieved by a salt link between the active-site
residue Argl67 and Glu50 (Fig. 7B). Arg105, also in the active-
site pocket, is free to interact with the substrate only when it is
no longer bound by Glu50 in the R state (43, 99). In addition,
the whole L240s loop rearranges during the T-R transition and
behaves as a hinge like the 1.220s loop of CM. It moves toward
the cp domain during domain closure so that the Argl67,
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FIG. 7. Triads of residues functioning as molecular switches in intramolecular signaling. On the T-R transition, rearrangements occur between
residues Glu23, Tyr234, and Argl157 of ScCM (A) and between residues Glu50, Argl67, and Arg234 of ATCase (B). a-Helices and B-strands are

outlined as ribbons.

Arg229 and Glu231 residues, which are important for aspar-
tate binding, are rearranged. Glu233 binds Arg229 only in the
R state and positions it properly for catalysis. Arg234 is also
involved in interdomain bridging. It is stabilized by binding
Glu231 and also contacts Glu50. Therefore the interactions
between Glu233 and Arg229 and between Glu50 and Arg234
are impotant for establishing the R state confromation of the
L240s loop.

As in CM, there is a triad of residues. Instead of Tyr-Glu-
Arg, the ATCase triad is composed of Glu50, Argl67, and
Arg234 (Fig. 7B). However, the function of the rearrange-
ments in the environment of the triad is to initiate the T-R
transition instead of maintaining the T state as in CM. In
addition, interchain contacts between Tyr240 and Asp271 have
to be broken for the movements of the domains. The interrup-
tion of the important intersubunit contacts at the C1-C4 inter-
face formed by the L240s loop residues Glu239 and Lys164-
Lys165 and by Lys164-Lys165 and Glu239 of the other C chain,
respectively, is another prerequsite for the T-R transition. In
fact, all but van der Waals interactions are eliminated at this

interface when the L.240s loop, which provides the only contact
between C chains from different trimers, is reoriented. The
distinct interchain contacts formed by the 1.240s loop are im-
portant for stabilization of the allosteric states. When the links
between the lower and upper C trimers are lost, the T state
cannot be maintained (43). By the rearrangement of one 1.240s
loop, the L240s loops from adjacent chains all move apart,
thereby separating the catalytic subunits and releasing the re-
strictions present in the T state. Because every change at this
intersubunit interface is transmitted to the others, the T-R
transition is a concerted mechanism, with the whole enzyme
moving toward the R state (42). Macol et al. found direct
evidence that the exclusive binding of one PALA molecule per
enzyme is sufficient for full T-R transition of all its subunits
(67). This proves that the transition is concerted and clearly
meets the requirement of the MWC model of allostery. All
C1-R4 contacts are broken, while more contacts are made
between C1 and R1. In addition, bonds at the interface be-
tween the allosteric and zinc domains of the R chain are lost
and new bonds are formed between the C chain domains (1).
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The L100s loop functions as another hinge between the allo-
steric and zinc domains. Amino acid substitutions in these
regions eliminate cooperativity and heterotropic interactions.
In short, the T state is stabilized by bonds at the C1-C4, C1-R4,
and allosteric-zinc interfaces and the R state is stabilized by
bonds at the C1-R1, C1-C2, and polar-equatorial interfaces
(also see references 15 and 91).

As far as the transduction of heterotropic effects is con-
cerned, the following pathways have been proposed for ATP
signaling. ATP binds to the allosteric site in a slightly different
way from CTP (62). It expands this site and thereby influences
neighboring residues. ATP undergoes more interactions with
the N-terminal region of the R chains than CTP does. This
region is responsible for creating high- or low-affinity binding
sites and, by doing so, exerts control over inhibition and acti-
vation and is supposed to mediate communication between the
two binding sites within a regulatory dimer (R1-R6 N-terminal
contacts) (77). The next important region is the allosteric-Zn
interface, which stabilizes the T and R states. The contacts
between helix H1' of the allosteric domain and residues in the
Zn domain, especially Phe33r, change because helix H1' is
shifted (29). These perturbations, and probably also those that
might be caused by CTP in the allosteric-Zn interface, are
propagated to the C1-R1 or C1-R4 interface (29). Finally,
residues 146r-149r form a set of interactions with 241c-245c of
the L.240s loop, which is involved in transduction of the ATP
signal but not that of CTP (16). Alternatively, it was proposed
that the ATP expansion of the allosteric site is propagated
through Glu68r and reorientation of helix H2’, thereby moving
Tyr77r in the hydrophobic core, which also includes Vall06r.
This residue could transmit the ATP signal toward the R1-C1
and R1-C4 interfaces between R and C chains (110).

SEPARATION OF ACTIVATION AND INHIBITION

ScCM

Thr226, the last residue of loop L220s in ScCM, proved
necessary for R-T transition since a Thr226Ile mutant is unre-
sponsive to the allosteric effectors and shows no cooperativity
but is locked in the activated state (81). Other amino acid
residues at position 226 yielded enzymes with different inter-
mediate degrees of regulation between the wt and constitu-
tively activated enzyme (30). The K, values of the mutant
enzymes were reduced compared to those of the wt. The shift
to the R state was strongest for 11e226 or Arg226 substitutions
and weaker for enzymes with Asp226, Lys226, Ala226, or
Pro226 residues; Gly226 or Ser226 substitutions had the least
effect on the T-R equilibrium. However, no obvious correla-
tion of the strength of this effect with any property of the
introduced residue was found. Whereas the allosteric equilib-
rium is shifted toward the R state for these enzymes, the
catalytic constant and the affinity for tryptophan are unef-
fected. The role of this loop seems to be different in the
structurally related CM from A. nidulans (48). Although sev-
eral residues in the regulatory and catalytic site and for signal
transduction are conserved, a special role for allosteric transi-
tion could not be attributed to Asp233, the corresponding
residue to Thr226. Therefore, the signal of effector and maybe
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substrate binding seems to follow slightly different routes in the
dimer interface in this otherwise very similar enzyme.

A Thr226lle 11e225Thr double mutant which remains sensi-
tive to tryptophan but insensitive to tyrosine shows that the
simple two-state MWC model for allosteric transitions does
not explain all characteristics of yeast CM (84). The additional
11e225Thr subsitution unlocks the R state and allows activation
but not inhibition. A threonine residue at the end of the loop
seems to form essential hydrogen bonds, which are necessary
for the conformation present in the T state. By changing its
conformation, L.220s serves as a hinge which can affect the
shifting of helices H11 and H12 and thereby lead to the for-
mation of the inactive Tyr234-Glu23-Argl57 triad structure in
the active site (Fig. 7A).

A loss of sensitivity to tyrosine alone is also shown by sub-
stitutions of Tyr234 and Glu23, which interfere with the mo-
lecular switch that modulates the active-site pocket (84). The
interactions of the phenolic hydroxyl moiety of tyrosine are
necessary for the low-affinity state of the catalytic site, since a
missing tyrosine at position 234 does not assist in keeping
Glu23 close to the active site. An involvement of Tyr234 in
homotropic interactions between the active sites is supported
by the fact that cooperativity is reduced or abolished in en-
zymes with substitutions at position 234. Similarly, a Glu23Gln
mutation shows only residual inhibition but strong activation,
which emphazises the need for negative charge for inhibition at
this position to change the electrostatic field in the active-site
pocket. Thus, allosteric activation seems to be signaled on a
pathway distinct from allosteric inhibition and homotropic in-
teractions between the active sites.

These findings support the path of allosteric transition as
described above, because the amino acid substitutions all affect
residues found to be rearranged during the T-R transition.
They also clearly show that activation and inhibition are func-
tionally divided and must follow different pathways. The inter-
actions around Thr234 and Ile225 Thr226 are a prerequisite
for forming the complete T state. Their absence has no effect
on the R state, however, showing that interactions between
other parts of the polypeptides are important for complete R
state formation. Further rearrangements in the rest of the
protein during the T-R transition are not affected by these
substitutions, making activation possible. In fact, it seems that
transition to the R state comprises only part of the rearrange-
ments found between the T and R states. Besides the T and R
states, the unliganded enzyme might occupy a third state which
is intermediate between the T and R states. In this state the
distance between H8 of one monomer and H4, HS, and L80s of
the other monomer in the allosteric site is intermediate be-
tween those in the R state and T state and is changed to the R
or T state by the involvement of an “induced fit” promoted by
effector binding. Whether a more direct pathway for the action
of tryptophan might be possible, which does not require a
global change of the overall enzyme structure, is an open
question. Tryptophan activation might not be triggered by loop
L220s. Presumably it follows either a pathway along helix HS,
which contributes residues to the regulatory site as well as the
catalytic site, or via helix H4, which extends from the allosteric
site through the whole molecule. The existence of a preexisting
T-R equilibrium in which the states are formed apart from
ligand binding and which is shifted toward one state or the

1sanb Aq £T0Z ‘92 YdJeN uo /610 wse iquiw//:dny woly papeojumoq


http://mmbr.asm.org/

416 HELMSTAEDT ET AL.

other by binding of an effector seems to be unlikely with the
results obtained so far.

ATCase

Facts supporting this theory of different pathways for acti-
vation and inhibition were found for ATCase. Regions specific
for transmission of the ATP signal have been identified in the
allosteric-Z interface, mainly Leul51r and Vall150r, which are
near the R1-C4 interface and may transmit the signal between
these two interfaces (102, 110). Also, residues 145 to 149 of the
R chain which contact the L240s loop in the R1-C4 interface
specifically transmit the ATP signal but not the CTP signal.
Amino acid substitutions around the important salt link be-
tween Lys143r and Asp236c of the L240s loop verified the
importance of this region for ATP activation (61, 62). In ad-
dition, six residues at the C terminus of the R chain were found
to be involved in the ATP activation, as found with truncated
proteins derived from specific deletion alleles (16). In partic-
ular, the R1-Cl1 interface, the junction between the R1-C1 and
R1-C4 interfaces, and the R1-C4 interface are essential for
ATP signaling. Like tryptophan and tyrosine recognition in
CM, there is a discrimination between ATP and CTP in the
allosteric site, which is partly dependent on the size of the base
rings. In addition to expansion or reduction of the binding
pocket, the orientation of the base plays a crucial role in
propagation of the activation or inhibition signal (78).

Comparable to Thr226 of CM, there are several single res-
idues in ATCase which, when substituted, lead to enzymes
which are shifted toward the R state. Among them are the
residues Lys143r and its binding partner Leu235c¢, which nor-
mally stabilize the R1-C4 interface (71, 79). Also, another
mutant enzyme showed normal sensitivity to ATP activation
but no CTP inhibition, though CTP can bind normally (53).
Thus, this enzyme variant is in an intermediate state in which
the R1-Cl interface is weakened (11). In addition, the
Lys56rAla mutant enzyme is frozen in the R state and insen-
sitive to ATP while CTP inhibits the enzyme and restores
homotropic effects (13). Other mutant enzymes, however, are
stabilized in the T state. The GluSOcAla enzyme is unable to
close the C chain domains and thus does not exist in the R state
conformation (58, 71). A Thr82rAla enzyme is structurally
fixed in an extreme T state with the T-R equilibrium shifted
toward the T state (108). Uncoupling of activation and inhibi-
tion can be achieved by substitutions at positions 56r and 60r.
CTP inhibition but only minimal ATP activation can be ob-
served for a Lys56rAla substitution. When Lys60r is replaced
by alanine, an enzyme is generated with ATP activation and
minor CTP inhibition (93, 115). When transmission of CTP is
disturbed, however, larger structural changes occur in the en-
zyme. Amino acid residues could not be defined which specif-
ically and exclusively affect inhibition. Therefore, it seems that
inhibition is caused by long-range effects on other interfaces by
a more complex set of interactions and not by signal transmis-
sion along a defined path like ATP signaling. This resembles
the activation mechanism by tryptophan of CM. For both en-
zymes, substitution of some specific single amino acid residues
can be sufficient to change the intensity of allosteric regulation.
However, other authors found that these substitutions need
not necessarily be positioned at a defined path for signal trans-
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duction but might cause global conformational changes due to
changes in free energy (3, 63).

SEPARATION OF HOMOTROPIC AND
HETEROTROPIC EFFECTS

ATCase

Homotropic and heterotropic effects can be almost com-
pletely separated in ATCase and seem to be mediated by
different allosteric transitions, which include more than two
states (98). In the “frozen” T or R state, the substrate has no
homotropic effects but heterotropic effects are maintained (56,
74, 90). This also means that the effectors act indirectly on
substrate binding rather than on the T-R equilibrium (38).
Also, when Glu231c is replaced by isoleucine or asparagine,
the mutant enzyme shows no reduction in heterotropic effects
but shows reduced cooperativity with respect to aspartate (74).
V hax 18 changed significantly by the addition of CTP or ATP
due to decreased binding of active-site ligands to the R state.
The substrates are not bound preferentially to the R state,
resulting in reduced cooperativity. Other variants like GluSOcAla,
Glu50cGln, Ser171cAla, or Arg234cSer also bind aspartate
more weakly and show similar effects on heterotropic and
homotropic interactions. The MWC model describes two ex-
treme types of allosteric enzymes: the V system, for which V.,
is different in the T and R states, and the K system, in which K,
is altered. The V system exhibits heterotropic effects but no
cooperativity toward the substrates. No V.. could be deter-
mined for the T state of ATCase, however, because it is con-
verted to the R state in the presence of the two stubstrates.
Therefore it seems that ATCase is a mixed V-K system in
which some substitutions might affect 1/, ,, more than they
affect K., (74). Therefore, a loss of homotropic effects need not
necessarily be accompanied by a change in heterotropic effects.
Similarly, a Glu239cGIn enzyme shows cooperativity but no
heterotropic effects. This variant is devoid of C1-C4 interchain
interactions so that the enzyme undergoes transition to the R
state in the presence of carbamoylphosphate alone, and het-
erotropic effects can no longer be observed (54).

ScCM

When residue 226 of CM was varied, all enzymes displayed
the behaviour of a true K system (30). k,, values were roughly
the same, K,,, was decreased, and there was a loss of cooper-
ativity. Also, when Glu23 was replaced by an aspartic acid
residue, the k_,, values remained constant while the K, value
was decreased in the R state compared to the T state (84). In
addition, cooperativity was lost, so that this is the only mutant
enzyme so far in which homotropic and heterotropic effects are
uncoupled. This means that although the shorter side chain of
aspartic acid positioned at the molecular switch for inhibition
is sufficient for formation of the inhibitory triad of residues, it
is not able to maintain cooperative substrate binding. There-
fore, for CM, slightly different allosteric transitions must exist
for homotropic and heterotropic effects.

MODELS FOR THE ALLOSTERIC MECHANISMS

Two additional allosteric states besides T and R were found
for CM when chorismic acid or the transition state analogue
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binds to the active site of the enzyme, the T-super R and the
R-super R state. As explained above, the data support the
existence of a super R state when CM is liganded exclusively to
chorismate. However, a crystal structure for CM liganded
solely to the transition state analogue has not been determined
yet. Therefore, it remains unclear if the substrate alone can
promote the transition toward the super R state and if this
state may be the actual R state. Binding of the transition
analogue to the catalytic site and additional binding of trypto-
phan to the allosteric site leads to additional conformational
changes, so that an R-super R state is formed. This result
cannot be explained by the KNF model, in which it is proposed
that the activator induces the same conformation as the sub-
strate. On the other hand, the R state structure with trypto-
phan bound was determined with a mutant enzyme variant.
This allows speculation about whether tryptophan induces the
same conformation in the wt enzyme. It is possible that the
R-super R state is the final R state and that the known tryp-
tophan-bound form is just an intermediate. However, with
tyrosine bound to the allosteric site, rearrangements to an
R-like structure seem necessary prior to the catalytic step since
the K,,, value is increased 30-fold for the T state compared to
the R state. This super R state, which is very nearly T like in
the allosteric sites, occurs when tyrosine is bound to the allo-
steric site and the transition state analogue is bound to the
catalytic center. Similarly, when PALA binds to the six active
sites of ATCase, the elongated R state is only slightly affected
when CTP is then bound to the regulatory sites. Thus, the
substrate analogues in these examples dominate the allosteric
transition.

As mentioned above, homotropic cooperativity in ATCase
can be fully explained by a concerted transition according to
the MWC two-state model. No evidence for such behavior has
yet been found for the homotropic effects of the substrate for
CM.

For the ATCase system, different models were proposed for
the effect of the heterotropic ligands. Originally it was thought
that the nucleotides act on the same equilibrium as aspartate in
that they bind preferentially to one of the two allosteric states
and thereby directly alter the equilibrium (10, 36, 79). Since it
was found that homotropic and heterotropic effects can be
uncoupled, this model seems to be outdated (1, 62). Fetler et
al. found that while homotropic effects can be explained by the
model of concerted transition, CTP seems to slightly decrease
the R state population, thus partly acting concerted, and ATP
does not affect the T-R equilibrium (24). Therefore CTP acts
in part independently of the T-R equilibrium while ATP acti-
vation follows a different mechanism. Models that account for
the experimental data more precisely are the primary-second-
ary-effect model, the effector-modulated transition model, and
the nucleotide perturbation model. It was proposed that the
nucleotides affect the affinity of the active sites for aspartate in
a primary effect which includes smaller structural changes orig-
inating from the allosteric site leading to the formation of the
R state structure by binding of aspartate as the secondary effect
when carbamoylphosphate is already bound to ATCase (34, 38,
100, 111). As described previously, binding of CTP or ATP to
the R or T state causes only minor alterations in the separation
of the catalytic trimers (29, 92). According to the model, this
can be viewed as the primary effect. In mutant enzymes, how-
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ever, which exist in intermediate conformations, both effectors
manage to induce the full rearrangement to the R or the T
state (93). This model is partly in agreement with the effector-
modulated transition model. The nucleotides might change the
stability of the interfaces as part of the primary effect, thereby
influencing T-R transition on aspartate binding. On the basis
of this, Liu et al. proposed that changes in interfaces could
influence allostery by altering the global energy of ATCase
(63). ATP might induce a signal transduction chain via the
R1-C1 interface, while CTP exerts its function via the R1-C4
interface (111). Other authors favour the nucleotide perturba-
tion model (94). It was found that ATP increases the size of the
allosteric site, which also increases the whole allosteric do-
main. CTP, in contrast, decreases the size of its binding site
and also the allosteric domain. Discrimination between the
nucleotides occurs in the regulatory chains, as was found with
regulatory-chain mutants (102, 115) and hybrid enzymes (6).
On the pathway to the active site, the signal has to be trans-
mitted via the allosteric-Zn, R1-C1, R1-C4, and/or R1-alloste-
ric/R6-allosteric interfaces. These effects would lead to domain
movements of C and R chains which, however, would be far
smaller than those during T-R transition, namely, the separa-
tion of the catalytic trimers by less than 1 A. A direct signal
could be transmitted via the allosteric-Zn and C-R interfaces,
but indirect signaling is also proposed. In the R state, CTP
binding might influence the R1-Cl interface and thereby de-
crease the trimer separation in the R state. These movements
should affect the C1-C4 interface, leading to changes in the
L240s loop and the active site. As a consequence, the R state
is destabilized (94). In the T state, CTP binding stabilizes this
conformation even further without affecting trimer separation
due to steric hindrance, but it influences residues in the active
site. ATP increases trimer separation by influencing these in-
terfaces in the opposite way, which destabilizes the T state. In
the R state, this influence of ATP might well perturb (stabilize)
this structure even further (94). It was found that in an unli-
ganded T state, ATP or CTP binding can change the orienta-
tion of the active-site residue Arg229 and that interactions
around the L.240s loop are weakened (61, 62).

The structure of unliganded ATCase is known only to 2.6-A
resolution (44), and no structure has been determined for
unliganded CM. High-resolution structures for both enzymes
would facilitate the construction of models for the allosteric
mechanism. In addition, only a mutant version of CM was
crystallized in complex with the activator tryptophan. Equilib-
rium dialysis and kinetic studies showed that tyrosine is unable
to bind to this variant whereas tryptophan binding can be
detected. This suggests that the enzyme is locked in an R-like
state and that tryptophan binding has no influence on enzyme
activity. The mutant enzyme structure does not answer the
question whether tryptophan induces the full transition to the
R state or super R state in the wt enzyme. However, it might
well be that, as in ATCase, the activator as a single ligand is not
able to shift the equilibrium fully toward the R state but that
the substrate is required to form the ultimate high-affinity
high-activity super R state. It cannot be excluded that even
when only tryptophan is bound the wt enzyme resembles the T
state. Whether the allosteric inhibitor has a destabilizing effect
on the high-affinity state of CM is not clear either. The pres-
ence of the T-super R state, however, shows that structural
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changes occur at least in the allosteric domains, although the
catalytic domains seem to remain in the super R state. These
changes require a flexible hinge region which connects the
allosteric and regulatory domains. This flexibility might be an
indirect reminder of the probable origin of both domains as a
result of an evolutionary gene duplication event. The mixed
states which are found in different CM cocrystals might be
consistent with the nucleotide perturbation model of transition
in ATCase. According to that model, the activator tryptophan
shifts the equilibrium from the T to the R state and further
stabilizes the super R state induced by the substrate. Tyrosine
slightly destabilzes the R-like state by formation of the T-super
R state, but it strongly stabilizes the T state. Also, the other
models can explain some characteristics found for CM. The
further structural rearrangements occurring upon binding of
the transiton state analogue might also be addressed by the
primary-secondary-effect model. Effector binding might cause
a primary effect, while substrate binding leads to the secondary
effect, namely, the transition to the super R state. Finally, the
effector-modulated transition model accounts for the broader
structural changes induced by tryptophan binding to CM. No
direct signal transduction pathway has been found for this
effector yet, but it seems to modulate activity by influencing the
subunit interface or global energy of the protein conformation.

LESSONS LEARNED FROM THE MODEL
SYSTEMS AND THE DAWN OF A NEW PARADIGM
FOR ALLOSTERY

Regulation of gene product activity by allostery is a central
dogma within the field of biochemistry, and allosteric proteins
acting as molecular amplifiers are widespread in nature. Since
its first description, much knowledge concerning the mecha-
nisms contributing to allosteric regulation has accumulated.
Naturally, model systems have emerged in which the basic
principles that constitute allostery were defined and scruti-
nized. The first polypeptide on which the basic principles of
homotropic and heterotropic interactions were applied was
hemoglobin. Although hemoglobin is not an enzyme, the avail-
ability of numerous mutants with single-amino-acid substitu-
tions and the existance of a solved X-ray structure led to its
establishment as a paradigm of allostery. Among the numerous
enzymatic activities, the E. coli ATCase system has emerged as
a proper model for allosteric mechanisms. Here we have sum-
marized the knowledge and insights gained over the past 10
years for another metabolic enzyme, ScCCM. For ScCM, a mul-
titude of data has been determined, complemented by a variety
of solved crystal structures defining different allosteric states.
With respect to ATCase, ScCM offers additional advantages
for general research on allostery. Its dimeric structure comes
up to the smallest unit possible for allosteric transitions and
cooperativity. In fact, ScCCM displays the whole spectrum of
allostery like cooperativity and negative or positive effects me-
diated by homotropic as well as heterotropic ligands. Thus,
both model systems, ATCase and ScCM, have the capacity to
improve and support our present-day view of allosteric mech-
anisms.

The most intriguing question which can be asked is whether
one unifying model can account for allostery in general. Basi-
cally, three generalizing descriptions for allosteric transitions
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have been developed to date: MWC, KNF, and the unifying
model by Eigen. Homotropic transition of the transcarba-
moylase has been investigated conclusively, and this enzyme
has provided direct structural evidence for a concerted alloste-
ric transition as described by the MWC model. For the CM,
detailed analyses of the allosteric transition on substrate bind-
ing in the absence of heterotropic ligands are still missing and
therefore no conclusive classification of this allosteric behavior
of ScCM is possible. On the other hand, very accurate conclu-
sions have been drawn concerning the principles for hetero-
tropic effects acting on both enzymes. Here, the two-state
model as provided by the MWC theory proves to be insuffi-
cient. Five distinct structures were solved for the yeast CM that
represent different allosteric states. Additionally, several inter-
mediate states have been created by modification of the
Thr226 trigger. Most interestingly, the coexistence of different
allosteric states for separate domains within the same molecule
has been demonstrated by binding of a transition state ana-
logue in the presence of either effector. This flexibility accounts
for an induced-fit mechanism of allosteric transition. As stated
above, a clear differentiation seems necessary, with the MWC
theory frequently applying to homotropic effects whereas het-
erotropic transitions may be described appropriately by the
KNF model. It is conclusively evident that to date no simpli-
fying principle is sufficient to completely describe either allo-
steric enzyme and that further refinements will have to be
made to elucidate their allosteric behavior completely.
Detailed analysis of the allosteric binding sites of ScCM and
ATCase provides insights into how small ligands are differen-
tiated on the protein surface. As with tyrosine and phenylala-
nine binding to ScCM, highly specific interactions and contacts
contribute to the molecular recognition of the differing hy-
droxyl group. When different heterotropic effectors are con-
cerned, a common mechanism for signal transduction can be
deduced. Expansion and contraction, respectively, of the allo-
steric site is transduced by conformational changes to the dis-
tant active site. There the creation of a high-affinity cavity is
essential for catalytic turnover. Both model enzymes demon-
strate in an extraordinary way how allosteric signals are trans-
mitted across a protein structure. While allosteric signal trans-
duction of inhibition can be followed along a distinct structural
pathway in ScCM, this is not possible for the positive effect of
the activating ligand. The opposite is true for ATCase, in which
activation but not inhibition follows a defined path from the
allosteric to the active site. In conclusion, it is obvious that
different routes within an oligomeric enzyme transmit different
allosteric responses. Additionally, different means of intra- and
intermolecular signal transduction are possible in a nonexclu-
sive manner, like long-range effects that may alter the global
protein structure or defined rearrangements along distinct
amino acid side chains. The uncoupling of allosteric activation
and inhibition as demonstrated for both enzymes supports this
view of distinct signal transduction pathways. The existence of
molecular switches that enable allosteric transition is of special
interest. For both enzymes, a triad of residues has been iden-
tified that contribute to the T-R transition and support one
allosteric state, respectively. Loop regions that function as mo-
lecular hinges for the movements of domains relative to each
other were also identified, and all these elements contribute to
a general understanding of the common mechanisms for allo-
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steric transition. The overall structure of allosteric proteins is
delicately balanced in such a way that small changes can shift
the quaternary structure toward T or R states. This means that
transmission of heterotropic and homotropic signals does not
necessarily follow distinct pathways and that substitutions sup-
posed to act in a specific manner in a signaling pathway might
also affect the global protein structure in some cases.

As outlined above, the common theory of two major allo-
steric states that coexist within a dynamic equilibrium in the
absence of effectors is unlikely and must be refined toward a
more dynamic model. In 1965, Monod et al. already stated that
their “model offers only an over-simplified first approximation
of real systems, and it may prove possible in some cases to
introduce corrections and refinements . ..”. ScCM represents
an excellent real system capable of almost all aspects of al-
lostery. Especially when taken in combination with its textbook
counterpart E. coli ATCase, the knowledge gained from ex-
periments with ScCM contributes to a refined understanding
of the basic principles that underly allostery. ScCM signifi-
cantly differs from transcarbamoylase by the fact that regula-
tory and catalytic domains reside on the same polypeptide
chain. A gene duplication and fusion event has been proposed
as the evolutionary event underlying this assembly. Thus,
ScCM is well suited as appropriate model enzyme for studying
the evolution of an allosteric mechanism. Furthermore, the
knowledge about CM in general is quite extensive, and by
comparison with its numerous prokaryotic or eukaryotic coun-
terparts, ScCCM will provide further conclusions on how accel-
eration of a pericyclic reaction can be achieved and regulated.
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