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ABSTRACT: The homotropic and heterotropic interactions inEscherichia coliaspartate transcarbamylase
(EC 2.1.3.2) are accompanied by various structure modifications. The large quaternary structure change
associated with the T to R transition, promoted by substrate binding, is accompanied by different local
conformational changes. These tertiary structure modifications can be monitored by fluorescence
spectroscopy, after introduction of a tryptophan fluorescence probe at the site of investigation. To relate
unambiguously the fluorescence signals to structure changes in a particular region, both naturally occurring
Trp residues in positions 209c and 284c of the catalytic chains were previously substituted with Phe
residues. The regions of interest were the so-called 240’s loop at position Tyr240c, which undergoes a
large conformational change upon substrate binding, and the interface between the catalytic and regulatory
chains in positions Asn153r and Phe145r supposed to play a role in the different regulatory processes.
Each of these tryptophan residues presents a complex fluorescence decay with three to four independent
lifetimes, suggesting that the holoenzyme exists in slightly different conformational states. The bisubstrate
analogueN-phosphonacetyl-L-aspartate affects mostly the environment of tryptophans at position 240c
and 145r, and the fluorescence signals were related to ligand binding and the quaternary structure transition,
respectively. The binding of the nucleotide activator ATP slightly affects the distribution of the
conformational substates as probed by tryptophan residues at position 240c and 145r, whereas the inhibitor
CTP modifies the position of the C-terminal residues as reflected by the fluorescence properties of Trp153r.
These results are discussed in correlation with earlier mutagenesis studies and mechanisms of the enzyme
allosteric regulation.

Allosteric enzymes are characterized by the regulation of
their activity by effectors which bind to the enzyme at sites
different from the active sites. The description of the
signaling pathways connecting these sites, as well as the
relationship between local and global structure changes
related to how the effectors affect the active site properties,
remains a challenging problem in structural biology (1).

Aspartate transcarbamylase fromEscherichia coli(AT-
Case,1 EC 2.1.3.2), one of the paradigmatic allosteric

enzymes (2, 3), catalyzes the first step of the pyrimidine
biosynthetic pathway, the carbamylation of the amino group
of aspartate by carbamyl phosphate (4). This dodecameric
306 kDa protein consists of two catalytic trimers and three
regulatory dimers, (c3)2(r2)3, assembled with quasi-D3 sym-
metry. The isolated catalytic subunits (c3) carrying the active
sites are fully active, although devoid of regulatory properties
and cooperativity for substrate binding, whereas the regula-
tory subunits bear the binding sites for the nucleotide
effectors, but do not exhibit any catalytic activity (5). The
holoenzyme displays homotropic cooperativity between the
catalytic sites for the binding of the substrate aspartate
(6, 7). This phenomenon has been interpreted within the
framework of the seminal concerted two-state model pro-
posed by Monod, Wyman, and Changeux (8), i.e., a
reversible transition between a low-affinity T-state and a
high-affinity R-state. The crystal structures of these two states
of ATCase, the unliganded enzyme (T-structure) and the
enzyme complexed with the bisubstrate analogueN-(phospho-
noacetyl)-L-aspartate (PALA) (R-structure) (9-11), were
determined by Lipscomb and collaborators. The most
prominent movements of the T to R transition are a 10.8 Å
separation of the two catalytic trimers along the 3-fold axis,
a 12° mutual reorientation around this same axis, and a 15°
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rotation of the three regulatory dimers around the three 2-fold
axes. These movements are even about 30% larger in solution
as shown by comparing small-angle X-ray scattering data
to calculated scattering profiles (12). This global structure
change is accompanied by various tertiary structure modi-
fications, among which is the domain closure in the catalytic
chains related to the movement of the 240’s loop, a region
composed of residues 230c-245c. During this structure
transition, the different interfaces between the catalytic and
regulatory chains are remodeled. In the T-state, each regula-
tory chain interacts with two catalytic chains belonging to
different trimers, resulting in the r1-c1 and r1-c4 types of
interfaces (Figure 1). In the R-state enzyme, the r1-c4
interfaces disappear, whereas the r1-c1 type interface is only
slightly modified with respect to the T-state. Numerous
studies showed the allosteric nature of this enzyme whose
activity is feedback-inhibited by CTP and UTP, the end
products of the pyrimidine pathway, and stimulated by the
purine nucleotide ATP (6, 13). This heterotropic regulation
was first interpreted within the framework of the Monod-
Wyman-Changeux model (14, 15), ATP promoting the T
to R transition and CTP favoring the reverse. The experi-
mental uncoupling of the homotropic and heterotropic effects
led to the proposal of other mechanisms [reviewed by Herve´
(2) and Lipscomb (3)]. According to these models, the
nucleotide effectors promote local conformational changes
that are transmitted either to the catalytic sites (16-18) or

only to the interfaces between regulatory and catalytic
subunits (19). Their actions can also be viewed as indirect
effects transmitted through the interface of the regulatory
chains (20).

To obtain a physical signature of the local conformational
changes related to the regulatory mechanisms of ATCase,
we used tryptophan fluorescence spectroscopy, a valuable
technique for exploring the events associated with ligand
binding. The tryptophan probe, which is very sensitive to a
wide variety of environmental conditions (21), yields struc-
tural and dynamic information about its surroundings. The
technique is especially relevant when mutant proteins with
a single tryptophan residue at the site of interest are available.
To meet this requirement, the natural ATCase tryptophan
residues at positions 209c and 284c were replaced with
nonfluorescent phenylalanines (22) before introducing a
tryptophan probe in the region being investigated. Thus, Trp
residues inserted at either position 153r or 145r in the
C-terminal part of the regulatory chain (Figure 1) enabled
exploration of the r1-c4 interface, which is supposed to be
involved in the cooperative and allosteric regulations (19,
23-25), especially in activation by ATP (26). The 240’s
loop, structurally related to the c1-c4 and r1-c4 interfaces,
supposed to play a crucial role in the formation of the high-
affinity active sites and the quaternary structure transition
(27), was probed through a tryptophan introduced at position
240c.

This work addresses two main questions concerning the
interfaces. Can the fluorescence signals be related to the T
to R structure transition, or are they only sensitive upon
substrate binding as shown for the 240’s loop in a previous
work (22)? Is it possible to gain some information about the
intramolecular signaling used to activate or inhibit the
enzyme activity upon effector binding to the regulatory
chain? Both questions were addressed by analyzing the
fluorescence properties of single-tryptophan mutants by
steady-state and time-resolved fluorescence measurements.

EXPERIMENTAL PROCEDURES

Chemicals.Carbamyl phosphate (lithium salt),L-aspartate,
adenosine triphosphate (sodium salt), and cytidine triphos-
phate (sodium salt) were purchased from Sigma Chemical
Co. Tris(hydroxymethyl)aminomethane (Tris) was from
Merck, andL-[U-14C]aspartate (300 mCi/mmol) was from
CEA-Saclay. PALA was a generous gift from V. Narayanan
and L. Kedda of the Drug Synthesis and Chemistry Branch,
Division of Cancer Treatment, National Institutes of Health,
Silver Spring, MD. Restriction enzymes were from New
England Biolabs. T4 polynucleotide kinase, T4 ligase, and
the Klenow fragment of DNA polymerase I were from
Pharmacia. The plasmid pUC 119 and the phage M13K07
were obtained from J. Messing (Rutgers University, Camden,
NJ).

Construction of Mutant ATCases, Enzyme Preparation,
and Assay.In the three mutant enzymes studied here, the
two naturally occurring tryptophans at positions 209 and 284
of the catalytic chain had been substituted with phenylala-
nines (W209F/W284F). Tyr240c, Phe145r, and Asn153r
were then replaced with tryptophans to obtain the W209F/
W284F/Y240cW, W209F/W284F/F145rW, and W209F/
W284F/N153rW enzymes, respectively. W209F/W284F/

FIGURE 1: Stereoviews of theR-carbon trace of the c1 (green), c4
(magenta), and r1 chains (black) in either the T-state (top) or R-state
(bottom). The other catalytic and regulatory chains were omitted
for the sake of clarity. The view is oriented perpendicular to the
C2 axis of the regulatory chain. CTP (dark blue) and the bisubstrate
analogue PALA (orange) are represented in space-filled forms as
well as residues Tyr240c (yellow), Phe145r (red), and Asn153r
(light blue). The coordinates of ATCase were taken from the Protein
Data Bank (71), entries 1RAI (T-state structure with CTP) (70)
and 1D09 (R-state structure with PALA) (62). The graphics program
WebLab ViewerLite 3.7 from Molecular Simulations Inc. was used.
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Y240cW was prepared by site-directed mutagenesis as
previously described (22). The kinetic and regulatory proper-
ties of the mutants in the regulatory chain had been studied
before in an otherwise wild-type ATCase context (26, 28).
The mutations were imported in the plasmid carrying the
W209F/W284F ATCase genes on 630 bpHpaI-SalI DNA
cassettes which had been verified by sequencing.

The wild-type and modified forms of the enzyme were
purified as previously described (22). The ATCase activity
was measured in 50 mM Tris-HCl buffer at pH 8.0, in the
presence of saturating (5 mM) carbamyl phosphate using a
radioactive assay (29). The stimulation of the enzyme activity
by the bisubstrate analogue PALA was tested in the presence
of 5 mM carbamyl phosphate and1/10 of the respective [S]0.5

values in the presence of increasing concentrations of PALA.
The relative activity in the presence of PALA is expressed
as compared to the reaction in the absence of this compound.
The percentage of stimulation or inhibition of ATCase
activity by the nucleotides is defined as the ratio of the
difference in activity of the enzyme in the presence and
absence of the effector, to the activity in the absence of the
effector.

Steady-State Fluorescence. Fluorescence emission spectra
were recorded at 20.0( 0.1 °C in 50 mM Tris-HCl buffer
(pH 7.0) on an SLM 8000 spectrofluorometer in the L-format
configuration. The fluorescence spectra were recorded with
both polarizers set in the vertical position. The excitation
and emission bandwidths were set at 4 and 2 nm, respec-
tively. The excitation wavelength was 300 nm. The fluores-
cence spectra were collected through an additional 1 M
CuSO4 filter (1 cm optical path). The rhodamine reference
signal was used to correct fluctuations of the excitation light.
Each fluorescence spectrumF(λ) was corrected for the
Raman scattering light and the background signal by
subtracting a corresponding buffer spectrumR(λ). To correct
any spectral shift, the spectra were normalized against NATA
spectraN(λ). Since the emission bandwidth is sufficiently
small, the center of gravity (in nanometers) of the emission
spectraF(λ) can be approximated by (30)

with the wavelengthλi sampled over the entire emission
spectrum in 0.5 nm intervals. The fluorescence emission
spectra of the different enzymes in the presence of PALA,
CTP, or ATP were directly corrected for dilution and inner
filter effects. This correction factor was calculated from
measurements of the fluorescence emission of a NATA
solution containing the same concentration of substrate
analogue or effector. To compare the CG of the enzymes
measured in different experiments, their position was cali-
brated against NATA. This explains the 8 nm shift for the
W209F/W284F/Y240cW mutant as compared to a previously
published result (22). The bisubstrate analogue PALA was
used to titrate the active sites. Since the concentration of
active sites used in these experiments was∼2000-fold higher
than the dissociation constant of PALA for the wild-type

enzyme (KD ) 30 nM) (31, 32), assumed to be close to that
of the mutant enzymes on the basis of the comparison of
the [S]0.5 for aspartate, virtually no PALA was left free in
solution. Thus, the fractional saturation functionYh can be
directly related to the concentration of PALA added.

Time-ResolVed Fluorescence Measurements. Fluorescence
decay was assessed by the single-photoelectron counting
method (33). All experiments were carried out using a
picosecond laser system as an excitation source. The ap-
paratus consisted of a mode-locked, cavity-dumped dye laser
system (rhodamine 6G), synchronously pumped by an Ar+

laser, providing 10-15 ps pulses at 0.8 MHz. Using a
double-harmonic generator, the samples were excited at 300
nm, and emitted photons were detected at 350 nm, with a
Jobin-Yvon H10 monochromator with a bandwidth of 16
nm, by a microchannel plate photomultiplier (Hamamatsu
R1564U). The instrumental response was 80-100 ps (full
width at half-maximum). Further details of the laser spec-
trometer have been published elsewhere (34), as the optical
and electronic parts of the instrumental setup (35). The
fluorescence of 1 mL samples was measured in a 5 mm×
10 mm quartz cuvette. Data forIvv(t) andIvh(t) were stored
in separate memories of a plug-in multichannel analyzer card
(Canberra) in a Deskpro 286E microcomputer. Time sam-
pling was 25 ps per channel, and 2048 channels were used
to store the decays. The correction factorG for the polariza-
tion bias was determined from the depolarized fluorescence
of NATA at 20 °C under identical optical conditions (36).
Routinely, 5× 106 to 5 × 107 counts were stored for the
Ivv(t) fluorescence intensity decay. The instrumental response
function was determined by measuring the light scattered
by a Ludox solution close to the emission wavelength.

Data Analysis. Data analysis of the total fluorescence
intensityI(t) and fluorescence anisotropyA(t) was performed
by the quantified maximum entropy method (MEM) (37-
39) using FAME5 and FAME-QT programs (MEDC Ltd.).
After excitation by a vertically polarized pulse of light, the
fluorescence intensity at timet after the start of the excita-
tion is

whereIvv(t) and Ivh(t) are the two polarized components of
the fluorescence intensity at timet, Eλ(t) is the temporal shape
of the instrumental function,X denotes a convolution
product, andR(τ) is the lifetime distribution, i.e., the number
of fluorophores with lifetimeτ.

A lifetime domain spanning 150 values equally spaced
on a logarithmic scale between 0.01 and 15 ns was routinely
used. A channel of a null lifetime corresponding to the
scattered light was added. Up to 200 iterations were run for
these analyses. The center〈τj〉 of a single classj of lifetimes
over theRi(τi) distribution is defined as

the summation being performed on the significant values of
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Ri(τi) for the j class.Cj is the normalized contribution of the
lifetime classj:

RESULTS

Rationale for the Construction of the Modified ATCases.
The steady-state kinetic properties of the tryptophan-free
mutant W209F/W284F, in which both naturally occurring
Trp residues at positions 209c and 284c are replaced with
Phe residues, are nearly identical to those of the wild-type
enzyme, except for a slight decrease in the affinity for the
substrate aspartate and ATP activation (Table 1). Substituting
a defined residue within this neutral mutant protein with a
fluorescent Trp allowed us to trace eventual static or dynamic
conformational changes in the close vicinity of the probe,
related to substrate or nucleotide binding. In this study, we
focused on the interface between the 240’s loop of the
catalytic chain and the C-terminal region of the regulatory
chain. This interface is ruptured during the cooperative
transition (Figure 1) and appears to be involved in the
allosteric regulation of the enzyme by nucleotides. Therefore,
the modifications in the fluorescence properties upon sub-
strate analogue or nucleotide effector binding were studied
in the three mutant proteins W209F/W284F/Y240cW, W209F/
W284F/F145rW, and W209F/W284F/N153rW.

Kinetic Properties of the Mutant ATCases.The kinetic
parameters as deduced from the saturation curves of the
mutant enzymes are presented in Table 1. Replacing Tyr240c
with a Trp in the W209F/W284F background causes a
decrease in both the maximal velocity and the affinity for
aspartate, the homotropic interactions being conserved.
W209F/W284F/N153rW and W209F/W284F/F145rW mu-
tants have steady-state kinetic properties which are very
similar to those of wild-type ATCase despite a slight decrease
in the Hill coefficient for the latter one, accompanied by an
increase in its affinity for aspartate. In the presence of a low
concentration of aspartate, the bisubstrate analogue PALA
increases the rate of the reaction by promoting the T to R
transition (31). The extent of this stimulation of the activity
of the mutant enzymes by PALA is presented in Figure 2.
The mutants containing a Trp residue in either position 145r
or 153r exhibit an enhanced activity in the presence of this
compound, though to a lesser extent for the W209F/W284F/

F145rW ATCase. W209F/W284F/Y240cW requires a 3-fold
higher concentration of PALA than the wild-type ATCase
to reach a similar stimulation, a result which is consistent
with the higher [S]0.5 value for aspartate of this mutant. Taken
together, these kinetic data indicate that all three modified
enzymes are able to undergo the T to R transition.

The influence of ATP and CTP on the rate of the reaction
catalyzed by the mutants is presented in Figure 3. All three
mutant enzymes studied here have a similarly decreased
sensitivity to ATP, suggesting that the residues at these
positions are involved in the mechanism of ATP regulation
either directly or indirectly (26, 40, 41). The three mutant
enzymes show no alteration of their response to the allosteric
inhibitor CTP. The comparison of the kinetic results pre-
sented here to those obtained with mutant ATCases harboring
the same substitutions at position 240c, 153r, or 145r, but
in an otherwise wild-type context (26), confirms that
replacing both naturally occurring Trp residues at positions
209c and 284c with Phe residues does not significantly
perturb the enzyme kinetic and regulatory properties.

Steady-State Fluorescence.The steady-state fluorescence
emission spectra of the three modified forms of ATCase
differ as shown by their respective center of gravity (Figure
4A). The corresponding values are<355 nm which is the
standard of the NATA tryptophanyl moiety in a buffer
solution (42). The center of gravity of the W209F/W284F/
F145rW mutant is blue shifted by about 4 nm as compared
to those of the other two mutant enzymes, in accordance
with the more buried position of this residue in the r1-c4
interface (Figure 1). The fluorescence emission spectrum of
the W209F/W284F/Y240cW ATCase is red shifted by 4 nm
upon PALA binding, this change being directly proportional

Table 1: Kinetic Parameters of the Wild-Type and Modified Forms of ATCasea

Vm [S]0.5 (mM) nH PALA (ra) ATP (%) CTP (%)

wild type 24.2( 0.5 16.3( 0.5 2.8( 0.2 3.9 240 65
W209F/W284F 28.3( 1.1b 25.7( 1.2b 2.6( 0.2b 3.7b 160 60
W209F/W284F/Y240cW 15.7( 0.5b 52.1( 2.4b 2.3( 0.2b 3.4b 155 60
W209F/W284F/N153rW 28.9( 1.0 20.6( 0.9 2.4( 0.2 3.9 135 60
W209F/W284F/F145rW 32.5( 2.2 10.6( 0.9 2.1( 0.2 1.9 135 60

a These parameters were calculated as described in Experimental Procedures through a computer fit by a nonlinear least-squares procedure to
either the Hill equation or the Michaelis-Menten equation.Vm is the maximal velocity expressed in millimoles per hour per milligram of protein.
nH is the Hill coefficient. PALA stimulation is expressed as relative activity (ra). The values correspond to the highest level of stimulation observed
when the reaction velocity in the absence of PALA is made 1.b Taken from previous work (22).

Cj )

∑
i1

i2

Ri(τi)

∑
i)1

i)150

Ri(τi)

(4)

FIGURE 2: Stimulation of the ATCase reaction by PALA. The
reaction was performed as indicated in Experimental Procedures:
(]) wild-type ATCase, (b) W209F/W284F/Y240cW, (2) W209F/
W284F/N153rW, and (9) W209F/W284F/F145rW.
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to the extent of saturation of the active sites (22), whereas
the fluorescence intensity decreases by∼20% (Figure 4).
Saturating amounts of CTP do not significantly modify the
fluorescence properties of this mutant, whereas ATP reduces
the relative fluorescence intensity by only 5%, close to the
limit of the accuracy of the present measurements. The fluor-
escence spectrum of the W209F/W284F/N153rW ATCase
is not modified upon PALA binding. CTP induces a red shift
of ∼2 nm and increases the relative fluorescence intensity
by 18% as compared to that of the unliganded enzyme
(Figure 4). The modifications induced by ATP are minor.
The fluorescence spectrum of the W209F/W284F/F145rW
ATCase is peculiarly sensitive to the binding of the bisub-
strate analogue as shown by a 4 nmincrease in the center of
gravity, indicative of an enhanced exposure of the Trp residue
to solvent, and a nearly 40% decrease in the total fluores-
cence intensity (Figure 4). Both nucleotides increase the
fluorescence intensity by 5%, but only CTP induces a 1 nm
red shift of the center of gravity.

Titration of the Structure Transition of W209F/W284F/
F145rW ATCase with PALA. The 4 nm red shift signal upon
PALA binding and the major decrease in the fluorescence
intensity of this enzyme have been used in titration experi-
ments with this bisubstrate analogue. Since virtually all the
PALA added in a substoichiometric amount is bound to the
enzyme, the saturation functionYh can be directly related to
the concentration of PALA added (see Experimental Proce-

dures). As shown in Figure 5, the titration of W209F/W284F/
F145rW with PALA indicates that the change in the level
of exposure of the Trp residue to solvent precedes the
saturation functionYh and reaches its maximum when an
average of four active sites out of six are occupied. Such a
variation is expected for a cooperative enzyme if the probe
reports on theRh-state function, which is the fraction of
molecules in the R quaternary structure, and is indeed
observed when monitoring the quaternary structure change
by small-angle X-ray scattering (22, 43).

FIGURE 3: Influence of the nucleotide effectors on the activity of
ATCase and its modified forms. The influences of ATP (A) and
CTP (B) on the rate of reaction were determined, and the
percentages of stimulation were calculated as described in Experi-
mental Procedures: (]) wild-type ATCase, (b) W209F/W284F/
Y240cW, (2) W209F/W284F/N153rW, and (9) W209F/W284F/
F145rW.

FIGURE 4: Position of the center of gravity (A) and relative intensity
(B) of the fluorescence emission spectra of the mutant ATCases.
The relative fluorescence is based upon integration of emission
spectra in the presence (F) and absence (F0) of either ATP (5 mM),
CTP (5 mM), or PALA (3.3 × 10-4 M) as described in
Experimental Procedures: hatched bars, W209F/W284F/Y240cW;
gray bars, W209F/W284F/N153rW; and black bars, W209F/
W284F/F145rW.

FIGURE 5: PALA titration curves of W209F/W284F/F145rW
ATCase (0, center of gravity;9, relative fluorescence intensity).
The experimental conditions are described in Experimental Proce-
dures. The dashed line corresponds to the saturation functionYh.
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Time-ResolVed Fluorescence.Time-resolved fluorescence
is particularly sensitive to the details of the local environment
of a fluorescent chromophore and can provide information
about local structure microheterogeneity which is not ac-
cessible by steady-state fluorescence.

(a) W209F/W284F/Y240cW ATCase.The normalized
fluorescence intensity decays of the W209F/W284F/Y240cW
ATCase are presented in Figure 6A, and the corresponding
pre-exponential coefficients are reported in Table 2A for the
various experimental conditions. Fluorescence lifetime dis-
tributions obtained with the W209F/W284F/Y240cW enzyme
display three main components centered at 0.67 (18%), 2.6
(34%), and 5.3 ns (48%), respectively. Occasionally, a longer
lifetime of ∼8 ns, having a relative contribution of less than
5%, could be found. Since the associated error bars to the
surface and the centroid of this peak are very large, this minor
component is regarded as artifactual and no longer presented
in the results below. At saturating concentrations, PALA
decreases the longest lifetimeτ3 by 1.1 ns, and the relative
proportion of the two lifetimes,τ2 andτ3, are almost inverted
as compared to those of the unliganded enzyme (Table 2A).

As a direct consequence, the mean lifetime decreases by
29%. The same kind of analysis was performed on the
catalytic subunits of W209F/W284F/Y240cW. A lifetime
distribution similar to that of the holoenzyme is observed,
comprising three principal peaks around 0.67 (17%), 2.4
(24%), and 4.7 ns (59%). When PALA binds, only the
proportions of both longer lifetimes,τ2 and τ3, change in
the same proportion as for the holoenzyme, resulting in a
decrease in the mean lifetime of 14%. Binding of saturating
amounts of either nucleotide, ATP or CTP, to the holoen-
zyme has no major effect on the fluorescence intensity decays
(Figure 6A). Data analysis shows that the fluorescence mean
lifetime is decreased by 7% in the presence of ATP and that
τ3 is slightly increased in the presence of CTP as compared
to the unliganded enzyme (Table 2A). These parameter
changes may result from subtle local structure changes upon
ATP or CTP binding.

(b) W209F/W284F/N153rW ATCase.The fluorescence
decay curves of W209F/W284F/N153rW enzyme are de-
scribed by four lifetimes, centered at 0.3 (14%), 0.7 (25%),
2.8 (35%), and 6.2 ns (25%) (Figure 6B and Table 2B). A
very short lifetime between 20 and 55 ps, at the limit of the
resolution of our experimental setup, has been found under
the different experimental conditions. However, as its relative
contribution to the fluorescence intensity does not exceed
1%, we did not further consider this very short lifetime.
Addition of saturating amounts of either PALA or ATP did
not change the fluorescence decay (Figure 6B) or the lifetime
distribution parameters (Table 2B). The binding of CTP
results in a 9% decrease of the mean lifetime due essentially
to a slight shortening ofτ3 andτ4. The discrepancy between
these minor changes and the pronounced modifications of
the steady-state fluorescence emission spectrum in the
presence of CTP can be explained by the disappearance of
a static quenching from a neighboring residue.

(c) W209F/W284F/F145rW ATCase.The fluorescence
decay curves (Figure 6C) of W209F/W284F/F145rW AT-
Case are represented by four different lifetimes, centered
around 0.13 (37%), 0.4 (22%), 2.1 (27%), and 3.5 ns (14%)
(Table 2C). A shorter lifetime around 20 ps was observed
as for the former mutant and considered artifactual. The
marked reduction in the lifetime values of this enzyme as
compared to both previous mutants, although Trp145r is
relatively protected from the solvent (Figures 1 and 4), arises
from dynamic quenching of neighbor residues. In the
presence of the bisubstrate analogue PALA, all fluorescence
lifetimes are shortened and their respective contributions are
modified, resulting in a 42% decrease in the mean lifetime
(Table 2C). Both nucleotides significantly modify the lifetime
distribution of the enzyme, in a manner similar though not
identical to the binding of PALA. The major difference
between the nucleotide effectors ATP and CTP with regard
to the fluorescence decay curves concerns the disappearance
of the shorter lifetimeτ1 in the presence of ATP. Thus, the
environment changes in the vicinity of residue 145r are
distinctly related to the various ligands that are tested.

Anisotropy Decays.The fluorescence anisotropy decays
were measured under the same conditions described above,
in the presence and absence of ligands. A single rotational
correlation time without any evidence for internal flexibilities
in the nanosecond domain was found for the three enzymes
studied here. In addition, ther0 values of initial anisotropy

FIGURE 6: Normalized total fluorescence intensity decays of
ATCase and its modified forms [(A) W209F/W284F/Y240cW, (B)
W209F/W284F/N153rW, and (C) W209F/W284F/F145rW] either
unliganded (black) or in the presence of 5 mM ATP (red), 5 mM
CTP (green), or 3.3× 10-4 M PALA (blue). The flash (magenta)
is the instrumental response function. One channel equals 25 ps.
The experimental conditions are described in Experimental Proce-
dures.
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at time zero were close to 0.3, as expected for immobilized
tryptophans excited at 300 nm (44).

DISCUSSION

Most insights into the cooperative T to R structure
transition and the heterotropic regulation of ATCase were
obtained by steady-state kinetics of the wild-type and
numerous mutant enzymes, X-ray crystallography, and
complementary methods sensitive to quaternary structure
changes. In contrast to hemoglobin with its four hemes, for
instance, no single intrinsic reporter groups exist in ATCase
and, therefore, relatively few studies were based on tech-
niques sensitive to local conformational changes (45-48).
Here we used steady-state and time-resolved fluorescence
spectroscopy of single-tryptophan ATCase mutants to in-
vestigate microenvironment changes related to the coopera-
tive and allosteric regulation of the enzyme. The fluorescence
lifetimes of tryptophan residues in proteins are very sensitive
to the proximity of quenchers, especially peptide bonds and
different amino acid side chains (49, 50). The fluorescence
decay of this residue is often multiexponential (51) and is
generally interpreted in terms of a protein conformational
heterogeneity (52) due to either the existence of conforma-
tional substates (53, 54) or the presence of discrete species
undergoing a slow exchange (53). In the particular case of
ATCase, an additional degree of complexity in the time-
resolved fluorescence signals can arise from the dodecameric
and slight asymmetric nature (3) of this enzyme. Indeed, each
particular mutant actually contains six tryptophans which
might exist in slightly different environments.

CooperatiVe Transition.The three mutant enzymes inves-
tigated here contain a single Trp residue per r-c unit, at
either position 240c, 145r, or 153r, and remain cooperative
as shown by the respective Hill coefficient values. Further-
more, the bisubstrate analogue PALA, known to promote
the T to R transition, activates the three enzymes. Thus, on
the basis of steady-state kinetic measurements, the three
mutants are able to undergo the T to R transition. This has
already been established for the W209F/W284F/Y240cW

enzyme using small-angle X-ray scattering (22). Due to
cooperativity, this quaternary structure transition is complete
when only an average of four of six active sites are occupied
by PALA, as observed for the wild-type enzyme (43).

The movement of the 240’s loop has been assumed to play
a critical role in the formation of a high-affinity active site
and thus in the quaternary structure transition and the domain
closure of the remaining free catalytic sites (55). This
statement has been questioned by monitoring the local
changes in the 240’s loop upon PALA binding. Indeed, the
fluorescence signals of the W209F/W284F/Y240cW mutant
holoenzyme, as well as its related catalytic subunits devoid
of any cooperativity, are in direct proportion to the active
site saturation and not to the cooperative T to R structure
transition (22). A simulation of this transition predicted that
the closure of the two catalytic domains occurs when the
quaternary structure changes are almost complete (56). The
absence of a strict linkage between the quaternary structure
transition and the movement of the 240’s loop was subse-
quently confirmed by the crystal structures of the isolated
catalytic subunits, obtained either in the absence or in the
presence of PALA (57, 58). The 240’s loops in the
unliganded catalytic subunits, which exhibit high-affinity
active sites, adopt a conformation similar to the T-state
structure of the holoenzyme, while they adopt an R-like
conformation in the presence of PALA. A corollary of these
results should be the existence of a state of the holoenzyme,
albeit scarcely populated in the case of the wild-type enzyme,
in which the catalytic chains would present an open T-like
conformation within an R-state quaternary structure. Some
mutants in which the c1-c4 interface has been destabilized
could well adopt a structure of this kind.

The properties of the tryptophan probe at position 145r
are of potential interest for the study of the T to R transition.
Indeed, its fluorescence properties are extensively modified
upon PALA binding as shown by the steady-state and time-
resolved fluorescence measurements. The increased level of
exposure of the tryptophan to the solvent as revealed by the
red shift of the fluorescence spectrum results from the

Table 2: Effects of Ligand Binding on the Fluorescence Intensity Decay Parameters of the Mutant W209F/W284F/Y240cW, W209F/W284F/
N153rW, and W209F/W284F/F145rWa

(A) Mutant W209F/W284F/Y240cW
Trp240c τ1 (ns) (c1) τ2 (ns) (c2) τ3 (ns) (c3) ø2 〈τ〉 (ns)

unliganded 0.67( 0.05 (18( 1%) 2.6( 0.3 (34( 10%) 5.3( 0.4 (49( 10%) 1.08 3.60
with PALA 0.65( 0.03 (18( 1%) 2.3( 0.3 (52( 16%) 4.2( 0.8 (30( 15%) 1.09 2.57
with ATP 0.67( 0.04 (20( 1%) 2.4( 0.2 (31( 7%) 5.0( 0.5 (49( 12%) 1.16 3.33
with CTP 0.69( 0.08 (19( 2%) 2.8( 0.4 (39( 12%) 5.9( 0.5 (42( 12%) 1.07 3.70

(B) W209F/W284F/N153rW

Trp153r τ1 (ns) (c1) τ2 (ns) (c2) τ3 (ns) (c3) τ4 (ns) (c4) ø2 〈τ〉 (ns)

unliganded 0.32( 0.10 (14( 5%) 0.7( 0.1 (25( 5%) 2.8( 0.1 (36( 3%) 6.2( 0.3 (25( 2%) 0.99 2.78
with PALA 0.20( 0.09 (16( 6%) 0.7( 0.1 (25( 5%) 2.8( 0.4 (35( 6%) 6.2( 0.6 (24( 6%) 0.99 2.68
with ATP 0.28( 0.18 (11( 9%) 0.7( 0.2 (28( 9%) 2.8( 0.4 (37( 8%) 6.2( 0.6 (24( 6%) 1.05 2.75
with CTP 0.22( 0.22 (17( 8%) 0.7( 0.3 (26( 10%) 2.5( 0.3 (31( 8%) 5.9( 0.3 (26( 6%) 1.08 2.53

(C) W209F/W284F/F145rW

Trp145r τ1 (ns) (c1) τ2 (ns) (c2) τ3 (ns) (c3) τ4 (ns) (c4) ø2 〈τ〉 (ns)

unliganded 0.13( 0.02 (37( 4%) 0.40( 0.04 (22( 2%) 2.1( 0.1 (27( 3%) 3.5( 0.2 (14( 2%) 1.09 1.19
with PALA 0.08( 0.05 (31( 4%) 0.20( 0.04 (35( 3%) 0.77( 0.07 (15( 5%) 2.5( 0.1 (19( 1%) 1.06 0.69
with ATP 0.21( 0.01 (48( 4%) 0.78( 0.10 (14( 1%) 2.3( 0.1 (38( 2%) 1.10 1.08
with CTP 0.06( 0.02 (23( 11%) 0.25( 0.01 (37( 6%) 0.97( 0.09 (10( 2%) 2.3( 0.1 (30( 5%) 1.05 0.89

a τj values are the barycenters of the lifetime classj, andcj values are the normalized areas over each class.〈τ〉 is the mean lifetime.
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disappearance of the r1-c4 interface in the R-state structure
(Figure 1). The concomitant decrease in the fluorescence
intensity and in the mean lifetime might result from an
increased level of quenching of the tryptophan by its
intrachain peptide bond and the surrounding water (49, 59).
However, we cannot attribute a particular lifetime to either
the T- or R-state conformation. Most interestingly, the
titration in the presence of PALA shows that this change in
exposure to solvent of Trp145r reaches its maximum when
only an average of four out of six active sites are occupied.
Thus, the modifications of the fluorescence signal of the
W209F/W284F/F145rW mutant upon PALA binding are
related to theRh-state function. The tryptophan in position
145r constitutes therefore an ideal probe for investigating
the kinetics of the cooperative structure transition (60, 61),
or the temperature and pressure effects on the conformational
equilibrium using fluorescence spectroscopy.

Steady-state and time-resolved fluorescence properties of
the W209F/W284F/N153rW ATCase are not significantly
affected by PALA binding, indicating that no major structure
modification occurs in this region during the T to R structure
transition, a result that was not expected on the basis of a
recently refined R-state structure (62). This 2.1 Å resolution
structure obtained in the presence of PALA (PDB entry
1D09) firmly establishes the backbone trace of the C-terminal
part of the regulatory chains (Figure 7). As far as the last
three regulatory chain residues are concerned, it departs from
the previously determined X-ray structures, either T or R
(63), which suffered from weak electron density maps in
this region. In the new structure (1D09), the 150r-153r
region is more extended, enabling the formation of an ionic
bond with the side chain of Lys34r instead of the formerly
described bond with Lys28r and reinforcing the hydrophobic
interactions between Val150r, Leu151r, and Ala152r and
residues Val108r, Leu107r, and Val106r, which are part of
the hydrophobic interface separating the allosteric and zinc
domain of the regulatory chain (Figure 7). Such a change in
position of more than 10 Å for the C-terminal carboxyl
between this R-state structure (1D09) and the unliganded
T-state structure (6AT1) should have a measurable effect
on the fluorescence properties of Trp153r, contrary to our

experimental results. Therefore, we propose that the last three
residues of the regulatory chain adopt in the unliganded
enzyme a position similar to that described in the recent
R-state structure (62). Only an improved crystal T-state
structure will give a definite answer to that issue. We cannot
formally exclude a bias in our data due to the more
hydrophobic nature of the Trp residue, as compared to
Asn153r, which could stabilize interactions with the hydro-
phobic residues in the allosteric-zinc interface independent
of the T to R transition. However, this explanation is not
consistent with the results obtained in the presence of CTP
(see the next section). It is interesting to note that mutants
in which Val106r and Leu151r had been substituted with
bulkier residues, Trp and Gln, respectively, exhibit reduced
cooperativity and an enhanced affinity for aspartate as if the
T-state is destabilized (3). Mutagenesis studies further
established that the deletion of the last two residues of the r
chain abolishes cooperativity (25, 26), a situation similar to
that encountered with the pAR5 mutant in which the last
eight residues of the regulatory chain had been replaced with
a new sequence of six residues (64). Small-angle X-ray
scattering studies demonstrated that in the absence of
substrates the quaternary structure of this latter mutant is
between T and R and that carbamyl phosphate alone causes
a shift toward the R-state (65). The substitution of Asn153r
with a glycine or with a tryptophan does not affect the kinetic
parameters of the enzyme, and its deletion only reduces
cooperativity (26). The firm conclusion of all those studies
is that the presence of the last two residues is necessary to
stabilize the T-state, regardless of their nature, probably
through some indirect interaction with the adjacent r1-c4
interface.

Influence of the Allosteric Effectors.In the work presented
here, we did not investigate the possible influence of the
nucleotides on the T to R equilibrium (43, 66), but rather
tried to obtain a physical signature of the structural perturba-
tions induced by both nucleotide effectors, especially at the
interfaces between regulatory and catalytic chains in the
T-state. X-ray crystallography showed that ATP, in the
absence of substrates, increases the separation of the catalytic
trimers by 0.4 Å and weakens the r1-c4 interface, whereas

FIGURE 7: Closeup stereoview of the allosteric-zinc interface in the regulatory chain after superposition of the zinc domains from the
T-state structure in the presence of CTP [PDB entry 1RAI (black)] and the R-state structure in the presence of PALA [PDB entry 1D09
(red)]. The orientation of the molecule is similar to that used in Figure 1.
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CTP has no measurable effect on the separation of the trimers
or on the r1-c4 interface (67). The global conformational
changes are consistent with the view that ATP and CTP act
on the conformation of the regulatory dimer, which then
controls the separation twist of the catalytic trimers (20).
The nucleotide effects must transit through the interface
between the allosteric and zinc domains of the regulatory
chain to reach the interface with the catalytic subunits.

(a) ATP ActiVation.The environment of Trp153r does not
seem to be modified upon ATP binding as far as can be
concluded from the fluorescence data. However, binding of
ATP results in subtle changes in the fluorescence lifetime
distributions of the tryptophan probe at either position 240c
or 145r. These observations cannot be ascribed to a major
structure rearrangement, as observed with the 240’s loop or
the r1-c4 interface upon PALA binding (3, 68), but merely
reflect local changes in the side chain orientations of some
neighboring residues. A cluster of amino acid interactions
involving residues 146-149 of the regulatory chain and
residues 242-245 of the catalytic chain was identified as
one of the structural features involved in the transmission
of the ATP regulatory signal (19, 26). The involvement of
the r1-c4 interface in ATP activation was further confirmed
by the properties of chimeric ATCases (40, 41). In the
unliganded ATCase enzyme, the guanidinium group of
Arg229c, a residue involved in aspartate binding, has been
shown by X-ray crystallography to reorient toward the
catalytic site upon ATP binding (3). This manifestation of
the primary effect of ATP was assumed to be relayed by
the 240’s loop through the r1-c4 interface. The fluorescence
data obtained with the Trp probes at positions 145r and 240c
can readily be interpreted within this scheme, acting through
a primary effect on the active site. X-ray solution scattering
studies conducted in the presence of substoichiometric
amounts of PALA showed that ATP does not shift the T to
R equilibrium toward R (18, 43), and equilibrium isotope
studies demonstrated that ATP essentially acts by increasing
the binding rate constantkon of aspartate (69).

(b) CTP Inhibition.Contrary to ATP binding, the presence
of the feedback inhibitor CTP does not modify the fluores-
cence properties of Trp at position 240c. On the other hand,
the level of solvent exposure of the fluorescence probe at
position 153r and to a minor degree at 145r is increased
upon CTP binding. Thus, the environment of the C-terminal
region of the regulatory chain has to be changed to some
extent by the inhibitor nucleotide. However, the available
crystal structures of the T-state, either unliganded (6AT1)
or ligated to CTP (1RAI), do not show significant conforma-
tion changes in the C-terminal part of the regulatory chain,
except if one admits that in the absence of any ligand the
last three residues of the regulatory chain adopt a conforma-
tion close to that recently described for the R-state (1D09)
(62). Only the binding of CTP would allow the C-terminal
region to retract slightly from the hydrophobic interface as
described in the high-resolution data of ATCase complexed
to CTP (1RAI) (70). This movement could facilitate a minor
closure of the allosteric-zinc interface, which is known to
participate in the regulatory mechanism (26, 63), and the
stabilization of the T-state. The nature of the side chain of
residue 153r does not interfere with CTP inhibition; however,
deleting the last two C-terminal regulatory chain residues
abolishes CTP inhibition and greatly reduces the level of

ATP activation, an observation which is to be expected for
an enzyme with a destabilized T-state (26).

In the work presented here, we demonstrate that the T to
R transition can be monitored by the fluorescence properties
of a Trp probe at position 145r close to the r1-c4 interface,
thereby opening the way to investigation of the dynamics
of this structure transition by spectroscopy. ATP activation
induces local conformational changes at the r1-c4 interface
which are further transmitted to the catalytic site without
acting directly on the T to R transition. CTP inhibition
involves, at least in part, direct effects on the T to R transition
mediated by hinge bending motions of the allosteric and zinc
domains of the regulatory chain.
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