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ABSTRACT: The conformation and dynamics of the ATP binding site of cytidine monophosphate kinase
from Escherichia coli(CMPKcoli), which catalyzes specifically the phosphate exchange between ATP
and CMP, was studied using the fluorescence properties of 3′-anthraniloyl-2′-deoxy-ADP, a specific ligand
of the enzyme. The spectroscopic properties of the bound fluorescent nucleotide change strongly with
respect to those in aqueous solution. These changes (red shift of the absorption and excitation spectra,
large increase of the excited state lifetime) are compared to those observed in different solvents. These
data, as well as acrylamide quenching experiments, suggest that the anthraniloyl moiety is protected from
the aqueous solvent upon binding to the ATP binding site, irrespective of the presence of CMP or CDP.
The protein-bound ADP analogue exhibits a restricted fast subnanosecond rotational motion, completely
blocked by CMP binding. The energy-minimized models of CMPKcoli complexed with 3′-anthraniloyl-
2′-deoxy-ADP using the crystal structures of the ligand-free protein and of its complex with CDP (PDB
codes 1cke and 2cmk, respectively) were compared to the crystal structure of UMP/CMP kinase from
Dictyostelium discoideumcomplexed with substrates (PDB code 3ukd). The key residues for ATP/ADP
binding to CMPKcoli were identified as R157 and I209, their side chains sandwiching the adenine ring.
Moreover, the residues involved in the fixation of the phosphate groups are conserved in both proteins.
In the model, the accessibility of the fluorescent ring to the solvent should be substantial if the LID
conformation remained unchanged, by contrast to the fluorescence data. These results provide the first
experimental arguments about an ATP-mediated induced-fit of the LID in CMPKcoli modulated by CMP,
leading to a closed conformation of the active site, protected from water.

CMPKs,1 like other nucleoside monophosphate kinases,
are key enzymes in the metabolism of nucleotides including
synthesis of RNA and DNA molecules (1, 2). CMPKcoli is a
monomeric protein containing 227 residues. It plays an
important role since it catalyses specifically the transfer of
phosphate from ATP to CMP. UMP is an extremely poor
substrate for this protein. To synthesize UDP,Escherichia
coli possesses a separated UMP kinase specific for UMP

(3). This is in contrast to UMP/CMP kinases from eukaryotes
which can phosphorylate both CMP and UMP with the same
efficiency. A second feature of CMPKcoli is its ability to
phosphorylate dCMP, which is a poor substrate for eukaryotic
UMP/CMP kinases. Third, binding of CMP enhances the
affinity of CMPKcoli for ATP or ADP, a property never
described in other NMPKs (4). Together with the presence
of a long insertion in the NMP binding domain (see below),
this allows consideration of CMPKcoli as an original NMP
kinase, the only CMPK with a known three-dimensional
structure (5).

The particular function of the CMPKcoli in the nucleotide
metabolic pathways in the bacteria aroused investigations
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of its structure and reactivity. The crystal structures of the
protein alone and complexed with CDP (5) exhibit strong
similarities with those of other NMPKs, characterized by a
central five-stranded parallelâ-sheet connected byR-helices
(6). The CMPKcoli enzyme differs however from the others
by the presence of one insertion of 40 residues inside the
NMPbind, leading to a particular topology with two subdo-
mains: a first one comprising three antiparallelâ-strands
and a second one including twoR-helices (5). The NMPbind

insert undergoes a large rearrangement upon CDP binding,
leading to a closed conformation protecting CDP from the
solvent. The region covering the ATP binding site (namely,
the LID) seemed to undergo also a conformational change
upon CDP binding (5), leading to a more “opened” structure.
CMP and dCMP provoke a similar structural change of the
LID (Bertrand and Briozzo, unpublished observations), which
could facilitate the phosphate donor binding. In agreement
with these observations, the presence of the phosphate
acceptor enhances the respective affinities of ADP, Ant-
dADP, and Ant-dATP by 1 order of magnitude (4). We
expect that binding of ATP provokes a further conformational
change of the LID, to protect the transferred phosphate from
water. Substrate-induced movements have been experimen-
tally evidenced for AMPKs (7-10) and more recently for
TMPK (11). Nevertheless, this expected effect of ATP
binding on the structure and flexibility of the CMPKcoli LID
region is still unknown, the crystallization of the binary or
ternary complexes of the protein with its substrates remaining
unsuccessful.

To get information on the structural change of the LID
domain upon binding of ATP and analogues to this protein,
we labeled the ATP binding site with a fluorescent derivative
of dADP (Ant-dADP), which is a high affinity ligand of the
E. coli enzyme (4). The anthraniloyl probes have been
introduced initially to label the nucleotide-binding site of
cyclic nucleotide phosphodiesterase (12). They present the
advantages of possessing a small extra size as compared to
the entire nucleotide and to provide a strong fluorescence
signal when bound to proteins (13). The fluorescence decays
of the bound probes are usually characterized by long lifetime
values of around 8-10 ns, a time-window that allows
separating quite easily its internal rotational motion from the
Brownian rotation of the entire protein (14). Ant-dADP
displays a dissociation constant for the CMPKcoli in the
micromolar range of concentration. It is removed competi-
tively by ATP (4). Binding of the fluorescent nucleotide to
the protein enhanced the fluorescence intensity by a factor
3-4 while the emission spectrum was slightly blue-shifted
(4). This strong binding and this large fluorescence enhance-
ment allowed us to use Ant-dADP to probe the dynamic
properties of the ATP binding site and to evaluate the
influence of CMP, dCMP, and CDP binding on these
properties. The present results evidence the inaccessibility
of the anthraniloyl ring to the aqueous solvent, either in the
presence or in the absence of CMP, CDP, or dCMP.
Molecular modeling of a complex of the protein with Ant-
dADP using the protein crystal structure shows, by contrast,
that the anthraniloyl moiety should be highly accessible to
water if no conformational change occurred. This suggests
that the expected ATP-induced conformational change of the
LID really occurs, either in the presence or in the absence
of the phosphate acceptor. Moreover, CMP binding further

alters the conformation and dynamics of the LID, leading to
a complete immobilization of the fluorophore in the ternary
complex. By contrast, dCMP and CDP display weaker
effects. These findings offer a molecular basis for the
understanding of the specificity of catalysis of this protein
and suggest an ordered mechanism of the enzymatic reaction.

MATERIALS AND METHODS

Chemicals.Ant-dADP was prepared according to pub-
lished procedures (4, 15). All chemicals were of the highest
grade commercially available.

Protein Preparation.CMPKcoli was purified as previously
described, and its activity was determined using a coupled
spectrophotometric assay (4, 16).

Steady-State and Time-ResolVed Fluorescence Measure-
ments.Steady-state fluorescence excitation spectra were
recorded between 250 and 400 nm (bandwidth 2 nm) on a
SLM 8000 spectrofluorometer. Fluorescence intensity and
anisotropy decays were obtained by the time-correlated single
photon counting technique from the polarized components
Ivv(t) and Ivh(t) on the experimental setup installed on the
SB1 window of the synchrotron radiation machine Super-
ACO (Anneau de Collision d’Orsay) (17). The excitation
and the emission wavelengths were selected, respectively,
by a double monochromator (Jobin Yvon UV-DH10, band-
width 4 nm) and by a single monochromator (Jobin Yvon
UV-H10, bandwidth 8 nm). A MCP-PMT Hamamatsu
detector (model R3809U-02) was used. Time resolution was
∼20 ps, and the data were stored in 2048 channels.
Automatic sampling cycles including 30 s accumulation time
for the instrument response function and 90 s acquisition
time for each polarized component were carried out until a
total number of 2-4 106 counts was reached in the
fluorescence intensity decay.

Data Analysis of Fluorescence Intensity and Anisotropy
Decays.Analyses of fluorescence intensity decays as sums
of exponentials were performed by the maximum entropy
method (MEM) (18, 19). Analysis of the polarized fluores-
cence decays were performed by the one-dimensional model
of the anisotropy, in which each lifetimeτi is coupled to
any rotational correlation timeθi (18, 20). Sets of 150 and
100 independent variables, equally spaced in log scale, were
used for the fluorescence intensity and anisotropy decays,
respectively.

A two-dimensionalΓ(τ, θ) analysis, essential to describe
the coupling between lifetimes and rotational correlation
times, was also used (18, 21-25). This analysis starts with
an initial model of theΓ(τ, θ) distribution as a “flat” map
where all the (τ, θ) are equiprobable. It allows the delineation
of the (τ, θ) associations with the less possible a priori
hypotheses. It is nevertheless intrinsically limited, since the
polarized fluorescence decays involve in their expressions a
time constant that is a harmonic meanκi betweenτi andθi:
1/κi ) 1/τi + 1/θi whereτi andθi can be exchanged without
any modification in theκi value, leading to construction of
iso-kappa curves. These iso-kappa contours are visualized
on the two-dimensional (τ, θ) maps by dotted lines. This
degeneracy is especially troublesome when short lifetimes
are coupled to long correlation times and conversely as
shown by simulations (18). Calculations in double precision
allows one to overcome this problem for a large part.
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For fluorescence intensity and anisotropy decay analysis
(with the one-dimensional model), computations were per-
formed on a DEC Vax station 4000/90. Two-dimensional
analyses were carried out on a DEC alpha computer Vax
7620 with a set of 1600 independent variables (40τ and 40
θ equally spaced in log scale). The programs including the
MEMSYS 5 subroutines (MEDC Ltd., Cambridge U. K.)
were written in double precision FORTRAN 77.

Molecular Modeling of the CMPKcoli Complexes with Ant-
dADP. Models of the three-dimensional structure of the
complexes of CMPKcoli with Ant-dADP were constructed
using the X-ray crystal structures of the ligand-free CMPKcoli

(PDB code 1cke) or of its complex with CDP (PDB code
2cmk) (5) and that of the UMPKdict/ADP/CMP/AlF3 complex
(PDB code 3ukd) (26), both proteins sharing strong structural
homologies. The same procedure as that described for the
modeling of the ternary trypsin/chymotrypsin/PSTI-V com-
plex from pea seeds was used (27). In a first step, the
structures of CMPKcoli and of UMPKdict were superimposed
using only the core of the five-strandedâ-sheet, with the
procedure implemented in the O program (28). Then, the
Ant-dADP molecule was placed in the CMPKcoli structure
in a similar way as the ADP molecule in the UMPKdict/ADP/
CMP complex. Two structural characteristics were im-
posed: theâ-phosphate and the adenine moiety positions.
Theâ-phosphate of the Ant-dADP was placed at the S1 site
of the ligand-free CMPKcoli structure (5), since a sulfate ion
always occupies this position when the NMPKs crystallize
in the absence of phosphate donor ligand and in the presence
of ammonium sulfate (29-31). Theâ-phosphate is present
at this site in the crystal structures of NMPKs complexed
with ATP analogues (8). The adenine moiety was oriented
along with the R157 side chain, a strongly conserved residue,
as observed in the structures of other complexes of NMPKs
with phosphate donor analogues (32, 33). The same proce-
dure was performed to model the CMPKcoli/CDP/Ant-dADP
complex beginning from the X-ray structure of the CMPKcoli/
CDP complex (5) and the UMPKdict/ADP/CMP/AlF3 com-
plex. The two models were finally energy-minimized to
eliminate improper atomic overlaps and poor geometry, with
the procedure implemented in XPLOR (34).

RESULTS

Spectroscopic Properties of Ant-dADP and of Ant-Me in
Water and in Organic SolVents.The environment strongly
affects the spectroscopic properties of the anthraniloyl
chromophore. The lowest energy absorption band of Ant-
Me displays a maximum at 327 nm in water. It shifts to 339-
340 nm in less polar protic solvents such as MeOH and EtOH
(not shown) and further to 342-343 nm in aprotic polar
solvents such as DMSO and DMF, while the absorption
spectra in the apolar solvent cyclohexane displays a maxi-
mum at 333 nm (not shown).

The fluorescence intensity decays of both Ant-Me and Ant-
dADP in water are described by one major excited-state
lifetime of 1.9 ns and by a minor subnanosecond one (0.2-
0.5 ns) (Figure 1, panels A and B and Table 1). The identity
of both decays rules out any contribution of stacking
interactions between the anthraniloyl and the adenine rings,
which were formerly assumed to occur in water to explain
the short excited-state lifetime of the fluorescent nucleotide

(35). The fluorescence intensity decay in D2O is also
multiexponential and evidences a characteristic isotopic effect
on the major long lifetime of around 25% (Table 1).
Deuterium isotope effects on fluorescence have been inter-
preted as evidence for excited-state proton-transfer reactions
(36). These observations suggest therefore a mechanism of
quenching by water involving a proton exchange between
the anthraniloyl excited-state and the aqueous solvent. In
agreement with this conclusion, the fluorescence intensity
decays in organic polar solvents are monoexponential and
display much longer excited-state lifetime values than in
water (Table 1). The largest values are observed in the
strongest aprotic polar solvents DMF and DMSO.

Spectroscopic Characteristics of Ant-dADP Bound to
CMPKcoli. The fluorescence intensity of Ant-dADP is
increased∼4 times upon binding to CMPKcoli. A blue shift
of the maximum of emission of∼10 nm (4) and a red shift
of the maximum of absorption (not shown) and of the
excitation spectra of∼10 nm are observed (Figure 2). The
fluorescence intensity increase upon binding of the inhibitor
to the protein is completely accounted for by the appearance
of a long excited-state lifetime of 6.8 ns (Figure 1, panel
C), of the order of the values measured in nonaqueous polar
solvents. Two shorter lifetimes, with values similar to those

FIGURE 1: Excited-state lifetime distribution of the fluorescence
intensity decays of (A) Ant-dADP 4µM in water; (B) Ant-Me 4
µM in water; (C) Ant-dADP (3.8µM) in the presence of CMPKcoli
(10.8µM) without CMP; (D) Ant-dADP (3.8µM) in the presence
of CMPKcoli (10.8µM) with CDP 1 mM; and (E) Ant-dADP (3.8
µM) in the presence of CMPKcoli (10.8 µM) with CMP 1 mM.
MEM analysis as a sum of exponentials was performed on the
fluorescence intensityT(t) reconstructed from the parallel and
perpendicular polarized componentsIvv(t) and Ivh(t) as described
in the legend of Table 1. Excitation wavelength: 340 nm; emission
wavelength: 425 nm for the anthraniloyl derivatives in buffer and
410 nm in the presence of CMPKcoli.
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of Ant-dADP and of Ant-Me in water, are also present. CMP
binding to theE. coli enzyme provokes an increase by 28%
of the long excited-state lifetimeτ3 value (up to 8.7 ns) and
of its amplitude (Figure 1, panel E, and Table 2). CDP
(Figure 1, panel D) and dCMP provoke smaller increases of
the lifetime values by around 13 and 7%, respectively, and
weak amplitude changes (Table 2). No fluorescence reso-
nance energy transfer between the Trp residue (W31) and
the anthraniloyl ring can be evidenced on the fluorescence
excitation spectrum, the weak extra band observed at 285
nm in the CMPKcoli/Ant-dADP complex being also present
for Ant-dADP in ethanol at low temperature (Figure 2). It
seems to be an intrinsic spectroscopic property of the probe
interacting with the solvent.

Accessibility to the SolVent of the Anthraniloyl Group in
the CMPKcoli/Ant-dADP Complexes.We have estimated the

degree of exposure to the aqueous solvent of the anthraniloyl
group of Ant-dADP bound to CMPKcoli by time-resolved
fluorescence quenching experiments using acrylamide, a
water-soluble molecule (37, 38). These measurements were
performed on Ant-dADP free and bound to CMPKcoli in the
presence and in the absence of 1 mM CMP. The Stern-
Volmer plots obtained with the intermediate lifetime (τ2 ≈
2 ns) and with the long one (τ3 ) 6.8 ns without CMP and
8.7 ns in the presence of 1 mM CMP) are linear (Figure 3).
The Stern-Volmer constantKsv and the calculated bimo-
lecular quenching constantkq, corresponding toτ2, display
respective values almost identical to that of free Ant-dADP
in water. This strongly suggests that this lifetime population
is due to the free inhibitor. By contrast, theKsv values,
corresponding to the long lifetime population, are∼3 times
smaller, and the calculated bimolecular quenching constant

Table 1: Fluorescence Intensity Decay Parameters of Ant-dADP
and of Ant-Me in Different Solventsa

solvent
fluorescent

probe
τ1 (ns)b

C1
b

τ2 (ns)
C2

τ3 (ns)
C3

water Ant-dADP 0.2 1.9 10.5
0.13 0.86 0.01

methanol Ant-dADP 3.2 7.3
0.01 0.99

ethanol Ant-dADP 1.36 7.52
0.01 0.99

water Ant-Me 0.4 1.9
0.23 0.77

D2O Ant-Me 0.6 2.4
0.20 0.80

methanol Ant-Me 1.9 7.4
0.01 0.99

ethanol Ant-Me 7.6
1

THF Ant-Me 7.6
1

DMF Ant-Me 8.1
1

DMSO Ant-Me 9.0
1

cyclohexane Ant-Me 0.1 4.9
0.02 0.98

a MEM analysis was performed on the fluorescence intensityT(t)
reconstructed from the parallel and perpendicular polarized components
Ivv(t) andIvh(t) such asT(t) ) Ivv(t) + 2âcorrIvh(t) ) ∫0

∞R(τ)exp(-t/τ)dτ.
τ is the excited state lifetime,R(τ) is its amplitude, andâcorr is the
correction factor accounting for the difference in transmission of the
vertical and horizontal components (58). Experiments were performed
at 20°C. b τi andCi (italicized numbers) are, respectively, the values
of the center and of the normalized amplitude of each lifetime peak.

FIGURE 2: Steady-state fluorescence excitation spectra of Ant-
dADP. Emission wavelength: 420 nm; broken line: Ant-dADP in
water at room temperature; plain line: Ant-dADP in the presence
of CMPKcoli at room temperature; dotted line: Ant-dADP in ethanol
at 173 K.

Table 2: Fluorescence Intensity Decay Parameters of Ant-dADP
Unbound and Complexed with CMPKcoli

a

sample

τ1 (ns)b

C1
b

I1
c

τ2 (ns)
C2

I2

τ3 (ns)
C3

I3 〈τ〉 (ns)d

Ant-dADP 0.22 2.0 10.4 1.83
0.13 0.86 0.01
0.01 0.94 0.05

CMPKcoli/Ant-dADP 0.31 2.0 6.8 4.41
no CMP 0.04 0.44 0.52

<0.01 0.20 0.80
CMPKcoli/Ant-dADP 0.17 2.2 8.7 5.74

1 mM CMP 0.21 0.18 0.61
<0.01 0.07 0.93

CMPKcoli/Ant-dADP 0.82 2.4 7.3 4.37
1 mM dCMP 0.15 0.40 0.45

0.03 0.22 0.75
CMPKcoli/Ant-dADP 0.74 2.3 7.7 4.58

1 mM CDP 0.15 0.38 0.47
0.02 0.19 0.79

a Ant-dADP concentration: 3-3.8 µM; CMPKcoli concentration:
10.8µM; excitation wavelength: 325 nm; emission wavelength: 425
nm for free Ant-dADP and 410 nm in the presence of CMPKcoli;
temperature: 20°C. b τi andCi (italicized numbers) are, respectively,
the values of the center and of the normalized amplitude of each lifetime
peak.c The partial intensitiesIi (italicized numbers) of each lifetime
species were calculated asIi ) (Ciτi/〈τ〉). d The mean excited-state
lifetime was calculated according to〈τ〉 ) ∑iCiτi.

FIGURE 3: Stern-Volmer plots of time-resolved acrylamide
quenching of Ant-dADP fluorescence in water (3.8 mM) and in
the presence of CMPKcoli (10.8µM) (b) τ2 of Ant-dADP in water
(regression coefficient: 0.999); (4) τ2 of Ant-dADP in the presence
of CMPKcoli without CMP (regression coefficient: 0.989); (2) τ2
in the presence of CMPKcoli with CMP 1 mM (regression coef-
ficient: 0.964); (0) τ3 in the presence of CMPKcoli without CMP
(regression coefficient:0.983); (9) τ3 in the presence of CMPKcoli
with CMP 1 mM (regression coefficient: 0991).
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kq values are 1 order of magnitude smaller than the respective
values for the free inhibitor (Table 3). Estimation of the
solvent accessibility from this value according to Johnson
and Yguerabide (39) leads to a surface area of around 5%
with respect to that of free Ant-dADP. The bound Ant-dADP
is therefore almost fully shielded from contact with the
solvent in the CMPKcoli both in the absence and in the
presence of CMP.

Rotational Dynamics of Ant-dADP Free and Bound to
CMPKcoli. The experimental fluorescence anisotropy decay
curve of the probe bound to the protein exhibits an irregular
pattern with a fast decrease followed by a slope inversion, a
slow increase to a maximum and then a slow decay to zero
(Figure 4). The fluorescence anisotropy decay is therefore
nonexponential and cannot be adequately described by the
classical one-dimensional model associating each lifetime
with each rotational correlation time, resulting in poor fitting
parameters: high chi-square value and nonrandom pattern
of the deviation function (not shown). Acrylamide quenching
experiments suggested that the 2 ns lifetime component likely
characterizes the free fluorescent nucleotide, whereas the long
lifetime is due to the bound nucleotide. Therefore, fast
rotations are likely associated more specifically with the short
lifetimes, and conversely, slow Brownian rotation is associ-
ated specifically to the longest lifetime.

Thus, we performed a two-dimensional (τ, θ) analysis of
the polarized fluorescence intensity decays. This analysis
starts without any a priori association between lifetimes and
correlation times and the MEM program converges toward
the most probable solution giving the correlation peaks. The
deviation functions for each polarized decay component
display a much more regular pattern: randomly dispersed
around the zero value (not shown) and chi-square values
close to the expected value of 1.0. As expected from the
visual inspection of the experimental decay curve, the two-
dimensionalΓ(τ, θ) maps of the rotational correlation times
θi versus the excited-state lifetimesτi show a systematic

association between the short-lived excited-state population
and the fast rotating component (∼150 ps) (Figure 5, panels
A, B, and C). Conversely, the long-lived excited state
population, characterizing the bound probe, is mainly as-
sociated with the Brownian rotational motion of the protein
(Figure 5, panels B and C). A peak of weak amplitude
associating the long lifetime and a fast rotation (θ ∼ 150
ps) is present (Figure 5, panel B). This suggests that the
bound probe is slightly mobile in the binding site. A
wobbling angle of rotation of∼20° is calculated from the
Γ(τ, θ) coefficients of the long lifetime componentτ3

using: [Γ(τ2,θ3)/Γ(τ2,θ2) + Γ(τ2,θ3)] ) (1/2)[cosωmax(1 +
cosωmax)]2, an expression similar to that used for monoex-
ponential fluorescence decays (40). The bound fluorescent
nucleotide becomes completely immobile in the ternary
complex with CMP (Figure 5, panel C). CDP and dCMP,
which did not display any large effects on the lifetime value,
decrease the wobbling angle of rotation of the bound Ant-
dADP by only∼50% (not shown).

Modeling of the CMPKcoli Complexes with Ant-dADP.
Crystallization of any binary (CMPKcoli/phosphate donor) or
ternary (CMPKcoli/phosphate donor/phosphate acceptor) com-
plexes remains unsuccessful despite continuous efforts.
Therefore, we decided to model the CMPKcoli/Ant-dADP
complex to locate the Ant-dADP in the phosphate donor
binding site and to estimate its accessibility to the solvent.
We compared our model to the structure of UMPKdict with
substrates, which exhibits a closed conformation of the LID
domain (26), to propose a likely conformation of the LID in
the CMPKcoli/Ant-dADP and CMPKcoli/Ant-dADP/CMP
complexes.

The superimposition of the crystal structures of CMPKcoli,
CMPKcoli/CDP, and of UMPKdict complexed with substrates
and AlF3 suggests that the CMPKcoli LID region is flexible
(Figure 6, panel A). TheR-helix 7 of the ligand-free
CMPKcoli superimposes well with the correspondingR-helix
of UMPKdict. It is rotated in the CMPKcoli/CDP structure with
a maximum shift of 8 Å at position 164. The loop connecting
R-helices 7 and 8 adopts an opened conformation in both
CMPKcoli and CMPKcoli/CDP structures. In UMPKdict, this
loop wraps around the ATP substrate, allowing the arginine
residue R131 to interact with theâ- andγ-phosphate groups
of ATP (41). This suggests that the LID region of CMPKcoli

could move upon ATP (Ant-dADP) binding to reach a
similar position as in UMPKdict.

In the molecular model of the CMPKcoli/Ant-dADP
complex constructed with CMPKcoli without phosphate
acceptor (1cke), the adenine ring of Ant-dADP is sandwiched
between the R157 and the I209 side-chains (Figure 6, panel
B). This structural feature characterizes all known UMP/
CMP kinases (26, 32, 42, 43). The equivalent residues are
R127 and V178 in UMPKdict and R138 and V189 in
UMPKyeast. This structural motif, sandwiching the adenine
ring between a basic residue and a hydrophobic side chain,
is also present in other NMPKs. For instance, R119 and V202
occupy equivalent positions in AMPKcoli (44). The corre-
sponding residues in TMPKcoli are R149 and L193 (11). By
the way, recent site-directed mutagenesis experiments con-
firm the importance of the R149 residue for the binding of
ATP and Ant-dADP to TMPKcoli (unpublished results).

The â-phosphate of the fluorescent nucleotide is bound
to the P-loop (Figure 6, panel B), where it undergoes

Table 3: Acrylamide Quenching Constants for Ant-dADP Unbound
and Complexed with CMPKcoli

a

sample
lifetime

species (ns)
Ksv

(M-1)
kq × 109

(M-1 s-1)

Ant-dADP τ2 2.1 3.7 1.8
CMPKcoli/Ant-dADP τ2 2.0 3.2 1.6

τ3 6.8 1.3 0.19
CMPKcoli/CMP/Ant-dADP τ2 2.1 3.9 1.9

τ3 8.8 1.3 0.15
a Temperature 20°C.

FIGURE 4: Experimental fluorescence anisotropy decayA(t) of Ant-
dADP (3.8 µM) with CMPKcoli (10.8 µM) in the presence of 1
mM CMP. A(t) ) [Ivv(t) - âcorrIvh(t)/Ivv(t) + 2âcorrIvh(t)]. âcorr is
the correction factor defined in the legend of Table 1.
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interactions with the main chain nitrogens of residues 15 to
18 and with theεNH2 of Lys18. The anthraniloyl ring
encounters residues 157 to 164 ofR-helix 7. It points toward
the entrance to the active site cavity. The CO and NH2 groups
are maintained in the gauche-gauche conformation as
observed for the 3′-O-anthraniloyladenosine either in the
crystals or in solution (45). Nevertheless, it undergoes
contacts with few side chains, in particular L160 and Q161.
The aromatic ring is exposed to the solvent (Figure 6, panel
B). Calculation of the accessibility of the van der Waals
surface of the anthraniloyl ring to a spherical probe (radius
1.4 Å) shows a relative solvent-accessible surface of 33%
in the CMPKcoli/Ant-dADP complex. It increases to 45% in
the CMPKcoli/CDP/Ant-dADP complex. For such an acces-
sibility, the bimolecular quenching constant value for acryl-
amide should be of the order of∼109 M-1 s-1, 5-6 times
larger than the value we observed experimentally. To protect
the anthraniloyl moiety from the solvent, a conformational
change of the LID region likely occurs upon binding of the
ATP analogue.

This ATP-induced conformational change of this region
could explain the observed protection by ATP of CMPKcoli

against proteolytic cleavage by trypsin at position R158 (4).
In this movement, this arginine residue could move near the
phosphate groups in the complex with ATP, in a similar
position as R131 in the structure of the UMPKdict/ADP/CMP/
AlF3 complex (41).

DISCUSSION

We show in this work that Ant-dADP is a powerful tool
allowing, due to its fluorescence properties, one to measure
the dynamics of the ATP binding site of CMPKcoli as well
as its accessibility to the aqueous solvent. Thus we obtained
the first set of experimental data about the expected changes
induced by the phosphate donor on the structure and
dynamics of the ATP binding site of this protein. The time-
resolved fluorescence intensity measurement allows an easy
separation of the excited-state lifetimes specific of the free
and of the protein-bound Ant-dADP, which are both present
owing to its relatively highKd values (in the micromolar
range) even in the presence of CMP. Then, the accessibility
to the solvent of Ant-dADP can be specifically monitored
using the quenching technique by acrylamide, a water-soluble
reactant. The fluorescence anisotropy decays moreover
evaluate separately the rotational parameters of both the free
and the protein-bound Ant-dADP, and MEM analysis is able
to describe the specific associations between lifetimes and
correlation times. In these conditions, we are thus able to
measure the fast internal motion of the bound probe and the
Brownian motions of both the protein and the free probe.

Binding to CMPKcoli strongly affects the spectroscopic
characteristics of Ant-dADP. The excited-state lifetime
displays a much larger value in the protein-bound state than
in water, an observation also reported in other nucleotide
binding proteins (13, 14, 46-48). The absorption and the
excitation spectra of the bound Ant-dADP shift to longer
wavelengths with respect to the spectra in water. Less protic
solvents than water and to a larger extend aprotic polar
solvents, display similar effects. The first excited state energy
level is lower in organic polar solvents and its lifetime is
longer, like in the protein-bound state. This bathochromic
effect could be due to the existence of an additional

FIGURE 5: Two-dimensionalΓ(τ, θ) plots resulting from the MEM
analysis of the polarized fluorescence decays of Ant-dADP. (A)
Ant-dADP (3.8 µM) in water; (B) Ant-dADP (3.8µM) in the
presence of CMPKcoli (10.8µM) without CMP; (C) Ant-dADP (3.8
µM) in the presence of CMPKcoli (10.8µM) with 1 mM CMP. The
fit was performed on the polarized fluorescence intensity decays
Ivv(t) and Ivh(t) using their classical expressions:Ivv(t) ) (1/3)∫0

∞

∫0
∞Γ(τ, θ)e-t/τ(1 + 2Ae-t/θ)dτdθ andIvh(t) ) (1/3)∫0

∞∫0
∞Γ(τ, θ)e-t/τ

(1 - Ae-t/θ)dτdθ. Γ(τ, θ) is the relative proportion of emittor with
lifetime τ and correlation timeθ, andA is the intrinsic anisotropy
whose value is 0.34 as measured in vitrified glycerol at-80 °C.
Excitation wavelength: 340 nm; emission wavelength: 410 nm.
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resonance in the sixth-member ring possibly formed with
the CO and the NH2 groups on the benzene ring (49). This
configuration may be favored by the major gauche-gauche
conformation of these CO and NH2 groups observed either
in water solution or in the crystal of Ant-adenosine (45).
This might facilitate the formation of an intramolecular

H-bond, which could be in competition with the aqueous
solvent. Quenching of the aqueous solvent by a mechanism
involving a proton transfer is likely according to the observed
isotopic effect of D2O (36).

When Ant-dADP is bound to CMPKcoli, it is therefore
shielded from the aqueous solvent either in the absence or

FIGURE 6: Conformational change of the LID domain and binding of Ant-dADP. (A) Backbone superimposition of ligand-free CMPKcoli
(PDB code 1cke, magenta), CMPKcoli/CDP (2cmk, blue), and UMPKdict/ADP/CMP/AlF3 complex (3ukd, green), using only the core of the
five-strandedâ-sheet: helixR7 from ligand-free CMPKcoli superimposes well to the corresponding helix of UMPKdict. For CMPKcoli/CDP
the whole structure is shown, and for the two other structures only the region fromR7 to R8, which includes the LID, is shown. The
phosphate acceptor and donor sites are labeled CMP and ATP, respectively. (B) Model of the CMPKcoli complex with Ant-dADP (ball-
and-stick, yellow sticks). Same orientation as in panel A, enlarged view. Side chains of residues sandwiching the adenine ring are emphasized
through ball-and-stick representation: R157 and I209 from CMPKcoli (magenta, labeled), and the two equivalent residues R127 and V178
(green) from UMPKdict. Figure drawn using MOLSCRIPT (59, 60).

15876 Biochemistry, Vol. 39, No. 51, 2000 Li de la Sierra et al.



presence of CMP. This is in agreement with the weak
quenching of the protein-bound Ant-dADP fluorescence by
the water-soluble quencher acrylamide. A good agreement
between accessibility of the anthraniloyl ring calculated from
the three-dimensional structure and acrylamide quenching
efficiency has been observed in other cases such as in the
myosin motor domain ofDictyostelium discoideum(46).

Modeling of the CMPKcoli/Ant-dADP complex suggests
that the anthraniloyl moiety should be solvent-accessible if
no structural change was occurring in the LID domain. An
ATP-induced conformational change of the LID, screening
the nucleotide phosphate donor from the solvent, is therefore
likely and could account for the spectroscopic data of Ant-
dADP bound to CMPKcoli. In this respect, specific ATP-
driven changes of secondary structure of CMPKcoli and
CMPKsubtilis were observed by infrared measurements (50),
although it was not possible to ascribe these changes to
specific protein regions such as the LID or the NMP binding
site or both.

This conformational change of the LID domain was
directly observed in the crystal structure of only a few other
nucleotide kinases such as AMPKs (9, 51, 52) and more
recently like TMPKs (53, 54), where the LID adopts a closed
conformation in the complexes of these proteins with ATP
analogues. In the case of AMPK, ATP binding closes the
LID domain but to a lesser extent than in ternary complexes
where the NMP binding site is occupied (51). The phosphate
acceptor therefore provokes an additional conformational
change, which has been also detected by time-resolved
fluorescence energy transfer measurements (55, 56). Sig-
nificant changes in the protein mobility have been also
suggested by the temperature B-factor values both in the LID
and the NMPbind regions between the free and the bound
states of the AMPK protein (10).

CMP induces similarly a further change of the LID in the
CMPKcoli/Ant-dADP complex, which suppresses the fast
mobility of the ATP fluorescent analogue and tightly locks
the catalytic site. The crystallographic data show that binding
of CDP (or CMP or dCMP) leads to a closed conformation
of the NMPbind region and to a more opened conformation
of the LID when the ATP site is unoccupied. The CMP-
induced opening of the LID would favor ATP or ATP
analogues to bind more efficiently to the CMPKcoli/CMP
binary complex as previously observed (4). The present
fluorescence data suggest that the binding of ATP to
CMPKcoli leads to a closure of the LID. The further
rigidification by CMP would prevent the escape of ATP from
the ternary complex during the phosphorylation process. The
minor rigidification induced by CDP (as compared to CMP)
would lead to an easier removal of ADP.

CONCLUSIONS

Ant-dADP, used as a reporter of the dynamic state of the
ATP binding site of CMPKcoli, suggests the existence of a
conformational change of the LID region provoked by the
binding of the phosphate donor. This region probably wraps
tightly around ATP and leads to its complete inaccessibility
to the solvent, even in the absence of CMP. Moreover, the
phosphate acceptor CMP provokes a complete immobiliza-
tion of the ATP fluorescent analogue. The product CDP
exhibits a weaker effect. Such substrate-induced fit leading

to a protection of the active site from the aqueous solvent is
the mechanism by which kinases avoid hydrolytic activity
(6, 57). These observations, together with the increase of
the affinity of the phosphate donor analogues induced by
CMP (4) suggest that the enzymatic reaction of CDP
production proceeds by a mechanism in which the ternary
complex CMPKcoli/CMP/ATP is formed sequentially by first
binding of CMP followed by ATP.
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