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ABSTRACT. Tuberculosis is the leading cause of death worldwide from a single infectious disease. Search
of new therapeutic tools requires the discovery and biochemical characterization of new potential targets
among the bacterial proteins essential for the survival and virulence. Among them are the nucleoside
monophosphate kinases, involved in the nucleotide biosynthesis. In this work, we determined the solution
structure of adenylate kinase (AK) fromMycobacterium tuberculosigAKmt), a protein of 181 residues

that was found to be essential for bacterial survival. The structure was calculated by a simulated annealing
protocol and energy minimization using experimental restraints, collected by nuclear magnetic resonance
spectroscopy. The final, well-defined 20 NMR structures show an average root-mean-square deviation of
0.77 A for the backbone atoms in regular secondary structure segments. The protein has a central CORE
domain, composed of a five-stranded pargftedheet surrounded by severhelices, and two peripheral
domains, AMPbd and LID. As compared to other crystallographic structures of free form AKs, AKmt is
more compact, with the AMRB domain closer to the CORE of the protein. Analysis of ¥ relaxation

data enabled us to obtain the global rotational correlation time (9.19 ns) and the generalized order parameters
() of amide vectors along the polypeptide sequence. The protein exhibits restricted movements on a
picosecond to hanosecond time scale in the secondary structural regions with amplitudes characterized by
an average Bvalue of 0.87. The loop8l/al, f2/a2, 02/a3, o3/o4, adlB3, f3l05, ab/o7 (LID), a7/08,
andp5/09 exhibit rapid fluctuations with enhanced amplitudes. These structural and dynamic features of
AKmt may be related to its low catalytic activity that is 10-fold lower than in their eukaryote counterparts.

Adenylate kinases (AK&)re ubiquitous small enzymes, of the terminal phosphate group between ATP?Mgnd
which play a key role in the energetic metabolism and nucleic AMP. A sequence comparison of different AKs split them
acid synthesis1, 2). They catalyze the reversible transfer into two groups: short variants (with about 190 residues)
and long variants (between 214 and 238 residues) having
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trinucleotide, respectively, from the solvent during the
catalytic cycle 12). Another common trend of the AK
enzymes is the ATP binding motif, called the P-loop
(GXXGXGK, represented by residues-13 in AKmt), that
binds the phosphates of ATP. The AM#s defined by two
helices (2 ando3), and the LID domain is a variable loop
for the short forms and a four-stranded antipargfleheet

for the long ones. The length and structural organization of

Miron et al.

Proton chemical shifts were referenced relative to the water
signal, which resonates at 4.69 ppm from the sodium 2,2-
dimethyl-2-silapentane sulfonate (DSS) at 308'%\ and
13C references were set indirectly relative to DSS using the
frequency ratio 16). The NMR data were processed and
analyzed using Felix98 software (Accelrys, San Diego),
running on a Silicon Graphics Indigo workstation.

The final size of the HSQC matrix was 10241024 real

the LID domain is thus the main structural difference between points. The data have been multiplied by exponenta) (
the two classes. Comparison between free and complexedand /4 shifted sine-bell k1) functions before Fourier
adenylate kinase structures shows that the peripheral do-ransformation. For the 3-BPN TOCSY-HSQC and NOESY-

mains, AMPbd and LID, undergo large movements during
the catalytic cycle 13, 14).

HSQC spectra, the data were extended by linear prediction
in the indirect dimensions, zero-filled, and multiplied by sine-

Nowadays, tuberculosis is still considered a major public bell functions shifted byt/4 before Fourier transformation.

health problem, due to the emergence of multiple drug-

resistant strains and to the coinfection with HIV. AK is a
key enzyme in the metabolisrhg), and taking into account
that its catalytic properties are different from the eukaryotic

The ¢H, 1*N) 3-D spectra were acquired with 8000 and 1500
Hz spectral width fotH for N dimension, respectively. A
total of 128 complex points in thg dimension {H), 32
complex points in thé, (**N) dimension, and 2048 complex

AKs (6), one can hypothesize that this bacterial enzyme could points in the acquisitios dimension were collected.

be a new target for antituberculosis drugs. A better under-

standing of the structurefunction relationship of the AKmt
is thus of great interest.
In the absence of any structural information on short

Structure Determination and Analysi®roton—proton
distance restraints were derived from peak intensities in the
3-D 5N NOESY-HSQC and from 2-D NOESY (itH,0)
experiments. Calibration of the peak intensities was done

bacterial AKs, one may ask whether the three-dimensional according to the known interproton distances in the secondary

structure of these enzymes is similar to the other well-
characterized AKs. In our previous studi€, (ve proposed
a structural model for AKmt (based on the NMR data and

structural elementsly). The NOE restraints were classified
in four classes: strong (1=8.0 A), medium (3.6-3.8 A),
weak (3.8-5.0 A), and very weak (5:06.0 A). Moreover,

secondary structure prediction), but the presence of severathe NOE restraints in secondary structure elements were

deletions in the sequence (particularly in the region corre-

sponding to the fifthj-strand) rendered uncertain the
prediction of the C-terminal structural arrangement. In

imposed to fall into the classical ranges for helical segments
(3.3—3.7 fordun(i,i + 1), 4.2-4.6 fordun(i,i + 2), 4.0-4.4
for dyn(i,i + 2), and 2.6-3.0 for dyn(i,i + 1)) and for the

addition, it is now commonly accepted that understanding j-strand structures (2-@.4 for dun(i,i + 1)). A number of

the functional mechanism, its modulation, and the structure-

hydrogen bonds involved in the secondary structural regions

based drug design requires a structural resolution higher thanvere also included as distance restraints by using an upper

the molecular modeling could actually produce.

and lower distance of 2.2 and 1.8 A for the-® pairs and

The aim of the present work was the determination of the 3.3 and 2.7 A for the N-O pairs.

three-dimensional structure of AKmt at atomic resolution and

investigation of its backbone internal dynamics. Analysis of
structural and dynamic properties of AKmt provides a
molecular basis for the explanation of significant enzymatic
differences relative to other eukaryotic counterparts.

MATERIALS AND METHODS

Sample Preparatioriniformly labeled recombinant AKmt
was overproduced iBscherichia colistrain Bli5/pHL20 €)
using M9 minimal medium containing 1.5 g/L 99%N)-
ammonium sulfate and 3.0 g/L 999%C)-glucose as the sole

The chemical shifts of the backbone nucl&CQg, 3CF,
IHo, and®N) were used in the computer program TALOS
(18) to predict the backbone torsigh andW angles. Only
the individual predictions labeled “good” and residues located
in the a-helix and -strand regions were included in the
structure calculation. Foa-helix and -strands, dihedral
angle values o = —60 (+30°) andW¥ = —30 (+40°) and
O = —130 *40°) andW = 135 (45°), respectively, were
used.

The structure determination was performed using 1809
NOE distance restraints of which 484 were intraresidue, 592

nitrogen and carbon source, respectively, and supplementedvere sequential, 423 were medium range, and 310 were long

with 100ug/mL ampicillin and 3Qug/mL chloramphenicol.
At an ODsgo0f 1.2—1.4, the culture was induced by addition
of isopropyl{3-p-thiogalactoside (1 mM final concentration)
and further incubated at 37C for 16 h. The protein was
purified as described earlie6) by a two-step procedure.
The purified AKmt was dialyzed extensively against am-
monium bicarbonate (50 mM) and lyophilized.

NMR Spectroscopyrhe NMR experiments were carried
out on an Unity 500 MHz Varian spectrometer and on a
Varian Inova 750 MHz spectrometer (European SON NMR
Large-Scale Facility, Utrecht) at 308 K. The NMR samples
at a concentration of 1.2 mM (pH 7.1) were obtained by

range (Table 1). An additional 159 distance restraints derived
from hydrogen bonds and 191 dihedral restraints were used.
The calculation of the structures was done using MD_Sched-
ule protocol of Discover (Accelrys, San Diego) running on
an SGI workstation. Starting from an initial extended
conformation, 100 structures were generated using a simu-
lated annealing approach, including a 30 ps high-temperature
phase (at 1000 K), followed by a cooling phase (down to
300 K) of 8 ps, and final energy minimizations. The NOE
distance restraints were used in this protocol with a force
constant of 32 kcal mol-A=2 ® and W dihedral angle
restraints were applied with a force constant of 30 kcal ol

dissolving the lyophilized protein in potassium phosphate A-2 Twenty final structures have been selected based on

buffer (50 mM) in 95%*H,0/5% ?H,O or in 100%2H,0.

lowest energy and number of restraint violations (no distance
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Table 1: Restraint and Structural Statistics for the 20 Best Solution
Structures of AKmt

NOE restraints 1809
intraresidue 484 27%
sequential 592 33%
medium range (X |i —j| <5) 423 23%
long range|i — j| = 5) 310 17%
hydrogen bond restraints 159
dihedral angle restraints(W) 191

average number of restraint violations
violations per structurex0.5 A) none
dihedral angle restraint violations (0°) none

average rmsd. (A) from the average structure

helices 1, 2, 3,4, 5, 6, 7, 8, 9 apesheet 0.77
helices 1, 2, 3, 4, 5, 8, 9 arfisheet 0.55

all atoms 1.97

ensemble Ramachandran plot

residues in the most-favored region 84.6%
residues in additional allowed regions 11.5%
residues in generously allowed regions 1.9%
residues in disallowed regions 1.9%

aBackbone atoms (N, 'CC?).

violation larger than 0.5 A and no dihedral violation greater
than 10). The final structures were analyzed using the
Insightll and PROCHECK-NMR program49). The coor-

Biochemistry, Vol. 43, No. 1, 20089

sites) as a function of. shows a minimum that indicates
the best estimate af.

15N Relaxation AnalysisTo describe the motion of the
backbone'H-*N vector (from R, R, and NOE relaxation
data), we used the Lipari and Szak?,(23) model-free
approach where the spectral density functifm) of the
amide vector is expressed as

Jw) = 2/5[StJ(1+ 0’t ) + (1 — S/ + v’c?)]

where 1t = 1/te + 1l/z., 7e is the correlation time for fast
internal motion,z. is the global rotational correlation time,
and% is the generalized order parameter that is the measure
of the degree of spatial restriction of the vector fast motion.
It ranges from O to 1, with 0 indicating unrestricted internal
motions and 1 completely restricted internal motions.

An extended model-free spectral density function was
proposed24) for cases where internal motions occur on two
different time scales

Jw) = 2/5[STJ(1+ 0’ ) + (1 — I + 0™ ) +
(§ — SHrJ1+ o’r )]

dinates of the 20 best structures have been deposited in th§ here order paramete® = iSZ S and S describe the

Protein Data Bank, with the entry code 1P4S.
Backbone Amide'>N Relaxation Measurementshe

order parameter for slow (nanosecond) and fast (subnano-
second) internal motions, respectivety. = rtd/(t; + c)

nuclear relaxation experiments were performed on an Unity andzs = 7ad/(7s + 7¢), wheret; is the correlation time for

500 MHz Varian spectrometer at 308 K. TH# spin—Ilattice
(Ry), and spin-spin (R) relaxation rate constants, as well
as the NOE (steady-staft&H}-1°N nuclear Overhauser effect)

internal motion on a fast time scale ands the correlation
time for internal motion on a slower time scale.

were measured using sensitivity-enhanced pulse sequenceRESULTS AND DISCUSSION

with gradient selection provided by Kay et aR0j. The

NMR Analysis Almost complete!H, 3C, and**N reso-

spectra were acquired with 8000 and 1500 Hz spectral hance assignment of the AKmt spectra was obtained using

widths, 2048 x 128 complex points in thé=, and F;

double-labeled®N/**C samples and heteronuclear spectro-

dimension, respectively, and eight transients per FID. To gcopnic experiments at 308 R%). Resonances corresponding
obtain resolution-optimized spectra, the time data were i, residues G12-T15 that belong to the ATP binding P-loop

apodized with LorentzianGaussian and strwindow func-
tions in thet, andt; dimensions, respectively. The data were
zero-filled to generate a 2048 512 real point matrixes.
The R values were obtained from 12 experiments with 10
relaxation delays: 15.%?2), 31.4, 47.1, 62.8, 78.5, 94.2-
(x2), 109.9, 125.6, 157, and 188.4 ms. ThevBlues were
obtained from 11 experiments with nine relaxation delays:
10(x2), 80, 160, 250, 4506(2), 650, 800, 1000, and 1300

were not observed in NMR spectra and remained unassigned.
The combined analysis of secondary chemical shifti6f

13Ce, and3C# nuclei 26) and of short and medium range
NOEs (17) enabled us to locate the secondary structure
elements along the sequence. The protein contains nine
o-helices: oy (16—23), a, (33—41), a3 (46—54), o4 (62—

71), as (92—102), o (117—124), a7 (135-144), 0 (148

159), andoayg (170-178) and fives-strands: 51 (2—6), 2

ms. The cross-peak intensities were evaluated as peak(28_30)153 (81-84), B4 (109-114), andBs (160-164). The
heights, and the uncertainties were determined from duplicateﬂ5 strand is one residue shorter thangincoli AK but has

spectra and from the standard deviation of the base-plan€he same length as in AK1. Identification of the interstrand

noise. The Rand R values were obtained by fitting the

long range NOEs between backbone prothagi,j) andd,-

experimental data with a two parameter monoexponential (i,j) enabled us to define unambiguously the five-stranded

equation. The heteronucledgtH}->N NOE values were

determined from the ratios of the intensities of the peaks in

parallel 5-sheet topology.
Three-Dimensional Structur&he structure was calculated

the spectra acquired in the absence and presence of protofysing a simulated annealing protocol under the Discover

saturation.

Determination of the @erall Rotational Correlation Time.
The global rotational correlation tintg of the molecule was
estimated using a recent approa2f) designed to minimize
the effects of the slow motions. From the &d NOE values

(cvff) force field, based on 1809 NOE restraints and 191
dihedral angle restraints. The final 20 structures of AKmt,
shown in Figure 1A, were chosen for their low total potential
energy and best agreement with the experimental restraints.
The corresponding restraint and structural statistics are given

(less affected by the slow motions) obtained for amides in in Table 1. The root-mean-square deviation (RMSD) for the
the secondary structure elements and using an arbitrary valuéest superposition of the 20 final structures is 0.77 and 1.97
for 7., the R, values were calculated and compared with the A when using the backbone heavy atoms in regular structural
experimental data. The? for R, (summed over the selected elements or all the atoms, respectively. The regularity of the
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CORE

Ficure 1: (A) Stereoview of the best superposition of the final 20 structures of AKmt using the backbone atom’s éNd ©) in
secondary structural elements (with the exception of hetiesndo.7). (B) Ribbon diagram of the tertiary structure of the AKmt, represented
using the best structure in the ensemble and the MOLSCRIPT soft®@relfe LID and the AMPbd domains are in yellow and magenta,
respectively. Secondary structure elements are in blueiteeet) and in red (the-helices).

protein conformations was assayed using the PROCHECK-the segments A11-G14, P6861, G166-D169, and G126-
NMR program {9). More than 84.6% of thé andW angles A130 (the LID loop) display few NOEs as compared to the
in all structures were found in the most favored regions of other structural elements. The LID and the helicgsand
the Ramachandran plot, 11.5% of the angle pairs corresponda; that anchor the LID domain to the CORE of the protein
to additional allowed regions, and 1.9% were placed in are less defined due to a lower number of long range NOE
generously allowed regions. restraints. No detectable contacts with the CORE of the
In agreement with the distribution of the NOE restraints protein were observed for the LID domain (excepting the
along the sequence, the structure of some protein regions idinkers o and a7), and this explains the poor precision of
less defined, as reflected in the backbone atom RMSD valuesits spatial orientation. The poor definition of the peripheral
relative to the average structure (Figure 2). The residues indomain, together with the connecting helices, is well-



Solution Structure of Adenylate Kinase frolh. tuberculosis Biochemistry, Vol. 43, No. 1, 20041

P-loon _AMPb LID structural and dynamical analysis were performed at pH 7.1,
= U g T o O g where the amide proton exchange is considerably increased
B1 al B2 o2 o3 od B3 o5 B4 o6 o7 o8 BS o9 X p ) g ) R y :
45 In compensation, working at a more physiological pH allows
A) a more reliable comparison between the structural and the

dynamic properties studied here and the biological function.
Finally, for peak superposition reasons, the cross-peaks
corresponding to Y86, E98, L120, L124, K125, 1137, V143,
D146, V165, and E170 could not be accurately quantified
and were not taken into account in the dynamics analysis.
5N longitudinal relaxation rate constants;JR°N transverse
relaxation rate constants R and{*H-1*N} heteronuclear
NOE values for the remaining amide groups in AKmt are
1 16 31 46 61 76 91 106 121 136 151 166 181 plotted as a function of the residue number in Figure 3. The
5 R: and R profiles are relatively uniform along the sequence.
Except G7, which is close to the P-loop region, the measured
R: and R values are within the range 2.1 and 7.6
16.6 st respectively. Larger deviations from the mean
values (1.6 and 11.0°g respectively), associated with a
significantly increased uncertainty, are observed around the
P-loop, the LID domain, as well as in the3/o4 andf5/a9
loops. The heteronucledtH->N} NOE values, which are
very sensitive to the high-frequency internal motions, are
L e S B — — grouped around 0.6, with very small values (down to 0.2)
1 16 31 46 61 76 91 106 121 136 151 166 181 in the LID domain. The second helix of the AMPbd domain
Residue and the consecutive loop show higher internal dynamics in
FK?URIEt'Z: (A) D]istrit;ytionfof N(?ES Usett):i in(é)KBﬁ ts.téui:_ture]( the picosecond time scale, relative to the residues in the
calculation as a function ot residue numboer. Istribution o CORE of the protein, but smaller than for the residues in
E;'Z backbone RMSD for the 20 NMR solution structures with the LID domain. This suggests that rapid local motions in
pect to the average coordinates. . ) . .
the AMPbd domain are less effective than in the LID domain.
illustrated by the fact that the RMSD for the backbone heavy This is in contrast with the dynamics of the AKe in the free-
atom coordinates in secondary structure elements improvesorm (29, 30, for which the{'H-*N} NOE data indicate
considerably (from 0.77 to 0.55 A) when helicesanda; that the rapid motions are comparable in the two domains.
are ignored. Atomic coordinates from the best of the final 20 NMR
Similarly to other AKs, AKmt is a globular protein with  structures were used to calculate the relative ratio of the
ana/p fold organized into three domains: CORE, AMPbd, principal components of the inertia tensor: 1.00:0.83:0.74.
and LID (Figure 1B). The CORE domain representing the The result shows that the protein is roughly spherical,
main scaffold of the structure includes the five-stranded suggesting that its overall rotation is only slightly anisotropic.
parallels-sheet (in blue), surrounded by heliaesando,— To confirm this hypothesis, we used the relaxation ratio
oo (in red). Thea, and oz helices (in magenta) and their RJ/R; to test whether axially symmetric or fully anisotropic
connecting loops define the AMPbd domain, spanning tumbling models may give a better fit to the experimental
residues T31 to V59. As in the short cytosolic vertebrate data than the isotropic model. The TENSOR prograd),(
variants (AK1), the LID domain is reduced to only 10 having the atomic coordinates of AKmt and thgm ratio
residues (K125-D134), forming a highly flexible loop (in for the residues located in secondary structural elements (that
yellow). are assumed to be more rigid) as inputs, was employed to
Backbone Internal Dynamicbluclear™N relaxation data  evaluate the relative reliability of various rotational models
were analyzed for 149 backbone amide groups of the 174(32). The axially symmetric and fully anisotropic rotational
nonproline residues of AKmt. Amide resonances correspond-diffusion tensor models give no statistically significant
ing to the ATP binding P-loop (G10-K13) and to neighboring improvement in the/? value over the isotropic model. The
residues (G14, T15, Q16, A17, and K19) were not observed latter model was thus retained as a good description for the
in the HSQC spectrum, probably due to an intermediate overall motion of the molecule.
exchange (on the NMR time scale) between several confor- The second step in the analysis of th relaxation data
mations in the absence of any bound liga@@d)( It is worth under the Lipari and Szabo formalism was the determination
noting that the corresponding residues in AK1c remained of the overall rotational correlation timg of AKmt. From
unassigned even in the presence of the strong inhibitor Ap5A the R/R; ratio (33, 34), 7. was initially estimated to be 8.74
(28), suggesting that the substrate binding in this region does+ 0.02 ns. To minimize the effect of eventual slow exchange
not change dramatically the dynamics behavior. In addition, processes, a second procedu?d)(was equally used to
the amide protons of residues R129 and A130 (from the LID estimate ther.. The value thus obtained was 9.#90.05
domain) as well as T31, S61, S116, and M168, which belong ns, which is close to the previous estimation and agrees quite
to loop regions and are highly exposed to the solvent, may well with the molecular size and isotropy of the protein.
have a fast exchange with water protons, explaining their According to this value, AKmt appears to be more compact
absence from the HSQC spectrum. We should mention that,than the ligand-free AKer{ = 15.1 ns) and closer to the
due to solubility problems, the assignment as well as the shape of the Ap5A-bound AKer{ = 11.6 ns) 85). It is

Number of NOEs

0

B)

Backbone RMSD

0
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Ficure 3: 5N Ry, R, and NOE relaxation parameters, obtained at 500 Ntizarmor frequency and 308 K, plotted as a function of the
residue number of AKmt. The secondary structure elements of the protein are also indicated.

worth noting that an alternative analysis of #fid relaxation With this last estimation for the global correlation time,
data in AKe uncovered a much shorter correlation time (at we used the Lipari and Szabo model-free appro2eh13)

the nanosecond time scale) for the two domains involved in to derive the microdynamic parameters. In a simpler ap-
catalysis 85). proach, we considered only three microdynamical parameters
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Ficure 4: (A) Order parameters {5of the backbone HN vectors in AKmt. The secondary structure elements, defined by the present
NMR experiments, are indicated at the top of the figure. (B) Effective correlation tighéof slower internal motions for AKmt.

(the order parameter’She internal correlation time,, and less restricted as compared with the LID fragment of the
the exchange contribution g, assuming that the time AKe. It should be noted that this domain is larger in AKe
constant of the fast motions is much smaller than the global and includes a four-stranded antiparajtesheet, while in

correlation time. The obtained generalized order parameter,AKmt it is represented by a small 10 residue loop. Some
<, is plotted as a function of the residue number in Figure residues (G7, L58, V59, V90, G166, T167, D169) belonging
4A. Mean& values calculated for each secondary structural to the two nucleotide binding sites of the protein also exhibit
element vary between 0.82 and 0.89, falling in a range typical a higher amplitude fast motions{ values under 0.8),

for the well-defined secondary structure of protei$)( probably related to the functional role that these residues
Similar order parameterS® were found for the free-form  play in the catalytic process.
AKe (29). 52,02, 04, 3, a5, a6, a8, anda9 exhibit more Unusually, the residues in the C- and N-terminal ends of

homogeneous order parameters, whie(the second half),  the AKmt display a similar amplitude of the fast movement
p4, o7, and 5 have systematically lower values. The as the residues im-helical andpj-strand elements. The
amplitude of the fast internal motions (inversely proportional restrained movement of these segments should be correlated
to &) is significantly higher in the loops connecting the with their well-defined structure and multiple van der Waals
secondary structural elements and especially in the LID and contacts with the protein CORE.

B5/a9 loops. Particularly lowe® values (down to 0.64) were In the case of 17 residues (G7, 126, K44, N79, V90, E91,
noted in the loop representing the LID domain, significantly K94, M99, E117, R127, G128, D134, 1137, R140, G166,
smaller relative to the corresponding values in apo-AR3. ( T167, and M169), it was noted that the exchange contribution
This means that the fast internal motions in this domain are Rey, Which represents an additional contribution to the
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transverse relaxation rate, takes significant higher positive betweena5 and 4 in AKmt. The E. coli enzyme has a
values relative to the majority of the residues-@ls ™). This remarkably longer LID domain (27 more residues than AK1)
parameter reflects particular movements of the protein and additional five residues relative to AK1 betwedhand
backbone on a much slower time scale (microseconds tof5. Despite this important sequence variation, comparison
milliseconds) and is usually conceived as local or regional of the present NMR structure with the available X-ray
conformational exchanges or aromatic side chain flipping. structures1—9, 38—40) shows that the secondary structure
The largest B term (16.6 s') corresponds to G7, the only elements and their tertiary assembly are well-conserved.
residue in the P-loop observable in HSQC spectra. TogetherSuperposition of the present NMR structure of AKmt to AKe
with broadened NMR signals coming from contiguous and AK1p, using the heavy backbone atoms in the CORE
residues (G10-K13) in the ATP binding loop, this suggests secondary segments, gives an RMSD of 2.4 and 3.7 A,
strongly that the P-loop region displays conformational respectively. Inclusion of the twa-helices ¢2 anda3) that
motions on the slower time scale. Similar conclusions could define the AMPbd domain results in a degradation of the
be drawn for some residues in the LID af#/a9 loops structural fit: RMSD rises up to 4.1 and 4.3 for AKe and
(R127, G128, D134 and G166, T167, M169, respectively) AK1p, respectively. It is readily observed that the AMPbd
that are involved in binding or protecting the phosphate donor domain in AKmt is in closer contact with the CORE of the
(ATP). High R« terms were also noted for three other protein as compared to AKe and AK1 free-forms (Figure
residues belonging to the4/o6 loop, helixa7, and helix 6). Comparative analysis of X-ray structures of AKe in apo
o8 (E117, 5.3; R140, 7.7; and M168, 7.2 srespectively). and holo forms revealed that the AMPbd helices and
Their localization in the three-dimensional structure shows especially the LID domain undergo large spatial movements
that they also belong to the cavity harboring ATP. We can upon ligand binding 7). Surprisingly, when the three-
therefore conclude that various structural elements playing dimensional structure of AKmt (CORE and AMPbd) is
key roles in the trinucleotide binding display slow confor- superimposed to the structure of the AKe in complex with
mational dynamics that could be relevant for the enzyme Ap5A (a bisubstrate analogue), the RMSD goes down from
function. 4.1 to 2.6 A, indicating that the relative position of the
Relaxation parameters were also analyzed in the frame ofMononucleotide binding domains in apo AKmt are rather
an extended approach4) that takes into account additional ~ Similar to that observed in the holo state of other AKs.
slower internal motions, on the order of magnitude of the  The decreased accessibility for the mononucleotides in the
global rotational diffusion time. Two order parameters are AKmt should have significant consequences on the catalytic

now consideredS? for the fast picosecond internal motions palrame_tersth pat;tlc?lgrlyl/ n rilatlorl to the corr:esdponddl?r?
and § for slower nanosecond time scale internal motions values In other bacterial or eukaryolic enzymes. indeed, the

- apparenK, of AKmt for AMP, measured at 30C and pH
(faster than I but slower than It), characterized by the . . .
correlation timers. For simplification, the exchange term is 7.4 @), is about 5 times greater than for ATP, while the

considered to be negligible in this case. The selection of the corresponding parameters are almost equal in AK1 and AKe,

; - _ ; This difference is mainly due to a significant increase of the
residues for which the extended model-free approach is moreKm value for AMP in AKmt relative to AKe and AK1 (by

appropriate was performed using Monte Carlo simulations. 5.5 and 2.4 times, respectively). Therefore, the catalytic

Twenty-five residues (Figure 4B) of AKmt (for which the X SO .
experimental data were in the 95% confidence limits of the properties reflect a significantly decreased affinity for the
mononucleotide in the pathogenic bacteria.

model) exhibit slow motions on the nanosecond time scale, . ; : .
Loop or domain motions are widely recognized as key

with correlation times between 0.75 and 1.68 ns. They are . : :
essentially associated with the AMPbd domain,diéehelix elements in the ca_talyt|c m_echamsm of many enzymes.
' ' Usually, these relatively flexible structural segments con-

and the contiguous C-terminaB helix ands5 strand. The ] . ; o
9 4 tribute to the creation of a kind of tunnel, directing the

.i yalqes are slightly lower tha[:if,zlf.or _aII these re3|du§S, substrates from the solvent to the active site, and then, by
indicating that the backbone flexibility is largely determined .
subsequent catalysis-coupled movements, they close the

by the nanosecond motions. ; : T '
. ) . ) cavity and isolate the reactive intermediates from the
In conclusion, the internal dynamics analy§|s showed that solvolysis @1). A more rigid or persistently closed confor-
the well-structured ba_ckbone of ap_o-AKmt is animated by mation of the active site cavity could slow the kinekig,
several type of motions, at various time scales from constant of the substrate binding or over-stabilize the
picoseconds to milliseconds. In the fast movement regime, yransition state, thus decreasing the enzymatic efficiency
the larger amplitudes are associated almost exclusively with (42—44). The closer conformation of the AMPbd domain

the LID domain, while the nanosecond mobility is rather and its reduced amplitude for the fast motion components

detected in the ATP binding region, could be related to the catalytic activity relative to other known AKs.

functional role of the corresponding segments in the recogni-  The more compact structure of AKmt provides also a
tion and reversible binding of the trinucleotides. structural explanation of the relative structural stabilities,
Biological Implications As shown by MULTALIN mul- observed in various AK%( 45). Experimental observations
tiple sequence alignmer®]), AKmt exhibits 45% sequence indicated that the midpoinfl{,) of the heat-induced coopera-

identity with AKe and about 30% identity with the cytosolic tive transition of apo AKmt (64.8C) is 12°C higher than
chicken (AK1c) or porcine (AK1p) adenylate kinases (Figure that of AKe (52.5°C), closer to the value observed with
5). The loopsa6/a7 anda8/35 are four and two residues AKe/Ap5A complex (61.1°C). While Ap5A shifts theTy,
shorter, respectively, than in the short forms (AK1lc and value for AKe by 9°C, it shows only a marginal effect on
AK1p). In addition, a four residue insertion may be noted AKmt (2 °C) (6). This is in agreement with the previous
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Ficure 5: Sequence of AKmt aligned to the AKe and cytosolic muscle adenylate kinases (AK1p from porc and AK1c from chicken). The
secondary structure of AKmt derived from the NMR data is indicated on the bottom of the sequences. The residues found to play an
important role in the catalytic function of the AK1c and AKe are indicated by a black and red star, respectively.

structural comparison showing that AKmt is more compact NOE contacts with the adenine ring in AK1c/Ap5A complex
than AKe in the free form and is more similar to the AKe/ (28), but its role is thought to be rather related to the
Ap5A complex. As the short form AK1 or the AKe construct interaction witho-phosphoryl group. Another close residue,
lacking the LID domain 46) do not exhibit high thermal K21 (K13 in AKmt), plays a critical role in the catalytic
stability, we can assume that the AMPbd domain, and its process and is involved in the proper orientation of the
position relative to the protein CORE, play an important role -phosphate group of MgATP48). Many more residues
in the structural stability of mononucleotide kinases. were found to interact with the AMP moiety. Studies on
The validity of the previous analysis of the structure/ AKlc showed that L66 and V67 form a hydrophobic cap,
stability/function relationships among AK of various origins in interaction with the adenine ring of AMRY). These
requires an assessment of sequence differences and thehighly conserved residues correspond to L58 and V59 in
eventual consequences on the catalytic activity. Site-directedAKmt. Other residues, like T39, L43, G64, V72, and Q101
mutagenesis4(/, 48), NMR (28), and X-ray studies9) of (28) were shown to have NOE contacts with the adenine or
the AK complexes provided a wealth of information allowing sugar protons of AMP. The side chains in corresponding
the identification and characterization of the residues playing positions in AKe (Figure 5) show also multiple contacts with
a critical functional role, mainly in AMP/ATP binding and the mononucleotide, as shown by the analysis of the
phosphate transfer. Among the residues lying around the ATPcrystallographic structure of the complex AKe/Ap58).(
moiety, only T23 (conserved in AKmt) was shown to have Therefore, in contrast with ATP, the adenosine of the AMP
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Ficure 6: Ribbon representation of the best NMR structure of

AKmt (in red) superimposed on the crystal structure of cytosolic
muscle adenylate kinase AK1p (A) and on the crystal structure of
AKe (B) (in blue). The superposition was optimized using the

backbone atoms (N,'CC®) in the secondary structure elements of

the CORE of the proteins.

10.

exhibits more interactions with the enzyme, an observation
that could be related to the higher specificity for the
nucleotide monophosphates. Site-directed mutagenesis ex-
periments and enzymatic assa¥$,(49—52) also revealed
that residues belonging to the D84-R88 fragment of AKe
are critically involved in maintaining the structural integrity
and/or the catalytic function of the protein. This segment,
as well as the individual side chains mentioned earlier, is
highly conserved in all known isoforms of AKs, including
AKmt. Therefore, conformational factors, as those controlling

the accessibility to the AMP binding pocket revealed by the 15,

present work, rather than sequence alterations, should explain
the difference in enzymatic parameters of the pathogenic
bacteria.

Conclusion The results presented in this paper represent
the first structure of an AK from a pathogenic bacterium.
The high-resolution structure obtained in solution and at
physiologically relevant pH provides a useful structural basis
for understanding the specific functional properties of the
enzyme and for the exploration of possible specific inhibitors.
The present analysis suggests that the AMP binding domain
plays a determinant role in the catalysis and structural
stability of the protein. Further NMR analysis of the AKmt
in complex with the bisubstrate analogue Ap5A will provide
a deeper insight into the substrate-induced conformational
changes and intermolecular contacts.

21.
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