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ABSTRACT. In iron-deficient conditionsAzomonas macrocytogen@3 CC 12334 excretes a fluorescent
siderophore called azoverdin, which is composed of a six-amino-acid peptide chain linked to a chromophore.
Azoverdin chelates iron(lll) very strongly, solubilizing it and transporting it back into the cells using an
outer-membrane receptor. This compound is related to the pyoverdins, the peptidic siderophores of
Pseudomonasut differs in the site on the chromophore at which the peptide is covalently linked. This
feature identifies azoverdin as a member of a new class of pyoverdins: the isopyoverdins. We report the
three-dimensional structure of azoverdi@a(lll) in solution. The use of orientational constraints obtained
from the measurement of residual dipolar couplings using samples dissolved in a liquid crystalline medium
allowed us to define the absolute configuration of the metal complex, whick i§he structure is
characterized by a U-shape adopted by the peptide chain, with Haeetyl-N-hydroxyornithine side

chains adopting extended conformations in order to chelate the gallium ion. This conformation leaves a
large open space permitting access to the gallium ion. The structural consequences of the particular
isopyoverdin chemical structure are discussed in the context of the three-dimensional structures of other
pyoverdins.

Azomonas macrocytogefésa nitrogen-fixing bacterium  such asAzotobacter Klebsiella Azospirillum Azomonas
that transforms atmospheric nitrogen into ammoniia?j. etc., and in blue algae (cyanobacteria). These enzymes
Only a relatively small number of microorganisms termed possess two proteic compartments, one containing irort (Fe
diazotrophs ) are capable of carrying out this process, and protein) and the other either molybdenum and iron Mo
all other organisms depend directly or indirectly upon them Fe—protein) or vanadium and iron (vFe—protein). These
for their supply of nitrogenated compounds. This biological metalloproteins are all rapidly inactivated by molecular
reduction of atmospheric nitrogen into ammonia (nitrogen oxygen @).

fixation) is performed by a multimeric enzyme called  |ron metabolization by the microorganisms generally
nitrogenase which catalyzes the conversion of molecular requires the biosynthesis of low molecular weight compounds
nitrogen (N) into two molecules of ammonia (N (300—-2000 Da) called siderophoreS)( These molecules,
Nitrogenases occur iRhizobia bacteria living symbiotically ~ which are commonly excreted into the culture medium,
in some plants roots (beans, peas, alfalfa), in free soil bacteriachelate iron(lll) very strongly, solubilizing it and transporting
it back into the cells using an ATP-dependent high affinity
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8 Laboratoire de Chimie Microbienne. Azoverdin is a chromopeptide very closely related in

)1Abbrevi)ations: common amino acids, three-letter code; AcOHOrN, structure to pyoverdins, the peptidic siderophores of the
Ne-acetyl-N-hydroxyornithine; Chr, chromophore; Dab, 2,4-diami- i
nobutyric acid; DEAE, diethyl-aminoethyl; DQF COSY, double ﬂuﬁrescenpieuhdomonﬁ@)' I;yqveréldlps arez go(;np0§ed gf7
quantum filtered correlated spectroscopy; DHPC, 1,2-dihexasmeyl- a, uorescen C.romop ore 'erlve rom. ’ -'Iamlno- 07
glycero-3-phosphocholine; DMPC, 1,2-dimyristaytglycero-3-phos-  dihydroxyquinoline, bound via a carboxylic acid group to
phocholine; GARP, globally optimized alternating-phase rectangular the N-terminus of an oligopeptide of-@2 amino acids of

pulses; HMQC, heteronuclear multiple-quantum coherence spectros- ; Al s ; ;
copy; Hse, homoserine; HOHAHA, homonuclear Hartmahkiahn varying chirality and composition with a lineal@-17),

spectroscopy, HSQC, heteronuclear single-quantum coherence specPartially cyclic (18—26), or fully cyclic (27) backbone.
troscopy; NOESY, nuclear Overhauser enhancement spectroscopy; All these pyoverdins or pyoverdin-like siderophores pos-

RDC, residual dipolar coupling; rmsd, root-mean-square deviation; ; _ e s .
ROESY, rotating frame Overhauser enhancement spectroscopy; TTAB sess three iron(lll)-specific bidentate groups: the catechol

tetradecyltrimethylammonium bromide; CT-HMQC, constant-time het- group of the Ch.rqm()ph_ore: One.hydroxamat.e. group at the
eronuclear multiple quantum coherence spectroscopy. end of the peptidic chain, and either an additional hydrox-
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EXPERIMENTAL PROCEDURES

D-Hse 2
%
Lttes 1 o 5\ Loab3 0 D-AcOHOm4 /2 Sample PreparatiorBacteria were grown aerobically for
Ho X A - 48 h in iron-free Burk medium32) containing 0.2 g L?!

\/\)L"” NH|@ (**NH,),S0; and 1% mannitol (w/v) to replace glucos).

) * Azoverdin—Ga(lll) complex was prepared and character-
ized as described in Bernardini et dl5J. In brief, azoverdin
pure free ligand (21 mg) was dissolved in 2 mL of distilled
water and the mixture treated with 5 equiv of 0.1 M Ga-
(NO3)3*9H,0. The solution was kept fol h at room
temperature and applied first on a CM-Sephadex column C25
(20 x 1.5 cm) and then on a DEAE 25 Sephadex column
(20 x 1.5 cm). Both columns were eluted with 25 mM
pyridine/acetic acid buffer (pH 5.0). The yield of pure
complex was 9 mg, and the purity was checked by mass
spectrometry.

amate group or a hydroxycarboxylic acid group in the middle ~ Most NMR experiments were conducted on a sample
of the chain. These bidentate groups bind iron(lll) with containing 10.4 mM azoverdirGa(lll) in H,0:D,O 11:1
extremely high affinity giving very stable octahedral com- &t PH 3.6 and at 298 K. For residual dipolar coupling
plexes. The primary structure of azoverdin was first reported Measurements, DHPC and DMPC (Avanti Polar Lipids Inc.,
to be a chromopeptide with a chromophore derived from 2,3- Alabaster, AL) were dissolved together in a small volume
diamino-6,7-dihydroxyquinoline bound to a peptide chain Of buffer (10 mM phosphate, pH 6.5, 0.02% NaWith a

Ficure 1. Primary structure of azoverdin. Sites at which protons
could be stereospecifically assigned are indicated by asterisks.

containing two homoserines, one serine and twéxdroxy- 3:1 molar ratio. TTAB was added at 2.4 mM to increase
ornithines (5, 28). In addition, a new amidine type of amino  Picelle stability. The NMR sample was then prepared by
acid is present in the peptide chain:-6imino,3-hydroxy)- mixing one volume of bicelle to two volumes of siderophore

2-propyl-4-carboxy-3,4,5,6-tetrahydro-pyrimidine, resulting in solution.
from the condensation of one homoserine with 2,4-diami- NMR SpectroscopfNMR experiments were performed on
nobutyric acid (Dab). This chemical structure is reminiscent Bruker AMX 500 and DRX 600 spectrometers. Standard
of the pyoverdins, where a serinegeudomonas fluorescens two-dimensional proton experiments (DQEOSY 34),
CCM 2298 and CCM 2299), a glutamin®.(fluorescens ~ HOHAHA (35), NOESY (36), and off-resonance ROESY
ATCC 17400), a tyrosine (desferriferribact®, fluorescens  (37)) were modified to include nitrogen decoupling during
ATCC 13525 andP. chlororaphisATCC 9446) @4), or a t; andt, time domains. Decoupling during was achieved
hydroxyaspartic acidR. putidaG4R) (L7) are linked with by inserting a 180 pulse on*N in the middle of the'H
the 2,4-diaminobutyric acid. chemical shift evolution time, whereas decoupling during
Two primary sequences of azoverdin have been publishedacquisition was achieved using a GARP decoupling sequence
that differed in the sequence of the peptide chain and in the (38). The spectra were acquired in the phase-sensitive mode
site of covalent linkage on the chromophofi,(16). The (39), with a spectral width of 8012.82 Hz in both dimensions
use of a triple resonance HNCA experiment'éX-labeled ~ and a relaxation delay of 3 s. Solvent suppression was
azoverdin-Ga(lll) with 13C at natural abundance29) achieved using a WATERGATE sequencg0) Mixing
provided us with the connectivities required to confirm the times were set to 60 ms for the HOHAHA spectrum, 400
primary sequence proposed by Milchalkes) and allowed and 800 ms for the NOESY spectra, and 400 ms for the off-
completion of proton, nitrogen, and carbon assignments of resonance ROESY spectrum. For interproton distance mea-
azoverdin-Ga(lll). The gallium ion was used as a known surement, a NOE buildup experiment was performed by
isosteric diamagnetic substitute for iron(lll). In the primary recording a further set of eight™N-decoupled NOESY
sequence of azoverdin (Figure 1), the Dab residue is locatedeXperiments with mixing times ranging from 30 to 500 ms.
in the third position of the peptide chain which is bound to In these spectra, the spectral widths were set to 6024.86 Hz
the chromophore at position C-13. This unusual linkage point in both dimensions, and the relaxation delay was 2.5 s.
led to the definition of a new class of pyoverdin named Typically, 8 or 16 scans of 2K data points were acquired
isopyoverdins 16). for each of the 512, increments, giving a final matrix size
We report here the three-dimensional structure of azover-0f 2K x 1K. Processing was performed using XWIN NMR
din—Ga(lll) in solution. The usual set of distance constraints (Bruker) or FELIX 2.1 (Accelrys Inc., Burlington, MA)
derived from interproton nuclear Overhauser effects (NOE) software. Typically, 98-shifted squared sine-bell apodization
was complemented by orientational constraints obtained fromwas applied prior to Fourier transform in both dimensions,
the measurement of residual dipolar couplings using samplesexcept for the DQFCOSY spectrum where an unshifted
dissolved in liquid crystalline medi&0, 31). Together with sine-bell was used in both dimensions for resolution en-
dihedral angle values derived from coupling constants, thesehancement.
data allowed us to define a unique conformation out of the HN ExchangeSlowly exchanging amide protons were
16 possible conformations of the chiral center around the identified from a series of NOESY spectra with a mixing
gallium ion. The specific structural features of azoverdin  time of 200 ms recorded at 298 K after addition of@to
Ga(lll), the first reported structure of an isopyoverdin, are the lyophilized sample.
discussed and compared to those of other pyoverdins for Coupling Constant Measurementd.y—nq coupling con-
which three-dimensional structures are known. stants were measured from a set of 13 constant-time two-
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dimensionaltH->N CT-HMQC-J spectra4l), with constant geometry were applied, using a soft NOE energy function.
times ranging from 8 to 32 ms with 2 ms increments. Spectra The resulting structures were then refined with 6000 steps
were recorded in phase-sensitive mode, using the States-TPPfior cooling to 100 K from an initial temperature of 2000 K.
method 42), with spectral widths of 7002.8 and 5000 Hz in  All constraints were included at this stage using a square-
the F2 and F1 dimensions, respectively. The relaxation delaywell NOE energy function. Structures were visualized using
was set to 2.5 s, and the water resonance was suppresseflOLMOL 2.6 (47).

klssing a low power presaturation pulse. The intensities of the A ot of 82 constraints derived from NOE buildup curves
N-proton correlation peaks were measured using FELIX a5 ysed to define interproton distances, applying standard

2.1 software, andJun-+o values were extracted from a pseudoatom corrections where required. Of these constraints,
nonlinear fit of the time-dependent intensities using MAT- 36 \ere intraresidue, 19 sequential, and 27 longer-range.

LAB software (The MathWorks Inc., Natick, MAfJv-s  coordination of the Ga(lll) ion was defined using distance
coupling constants were measured using @ NOESY experi-.,straints between each of six oxygen atoms (Chr 06
ment recorded withoudfN decoupling in the F1 dimension Chr 07, ACOHOM4 ®, AcOHOM4 ¢, ACOHOM6 G, ’
(43). The %y values were estimated from the relative  »coLOmG 1) and the metal ion. Improper angle definitions

displacement of the two HNH cross-peaks corresponding ere ysed to fix the Galll) ion in chelating group planes.

to the_a and spin states of the nitrogen. On? bOt i Coordination geometry was imposed by three improper
coupling constants were measured using“ak’H HSQC angles between coordinating oxygen atoms (two oxygen

spectrum recorded without nitrogen degouplmg du_r!ng atoms from the same chelating group and two at the opposite
acquisition. The spectrum was recorded using the Sensitivity ije of the octahedron) set ta54.8 (+15°). Distances

enhanced echo-antiecho schemd) (with spectral widths d -

. : . . ere set to cover the range of values found in
of 8012 and 3000 Hz in F2 and F1 dimensions, respectively. f:r)G/:tg)llov;raph?c studiesvof sideroph%res: ;/:Bz.lso AL_jA I
The YJy-n values were measured on the relevant F2 Cross-¢ e constant of 50.0 kcal.mdiA-2 was applied to all
sections of the HSQC specirum in XWIN NMR. Residual distance constraints. Distances between pairs of coordinating

(ljipolar Co‘;p"”g contributions were obtaingd by megsuring oxygen atoms on adjacent vertexes of the octahedron were
JIn-n and 3Jyn—pe values for the sample dissolved in the set todo o = 2.85+ 0.10 A.

DHPC/DMPC containing buffer at 308 K (nematic phase).
The isotropic phastly-n and3Jun-re Values were measured RESULTS
on a sample dissolved in water at 305 K.

Distance Constraintdnterproton distance constraints were Resonance Assignmeissignments ofH, 5N, and*3C
obtained from the initial rate of the NOE cross-peak intensity resonances of azoverdiGa(lll) have been reported previ-
buildup curves. The measured buildup rates were translatedously 29). The use of a triple resonance HNCA experiment
into distances using the rate observed for the cross-peakrecorded on &°N-labeled sample allowed us to establish
between the aromatic protons H4 and H5 of the chromophorethat the primary sequence of azoverdin was indeed that
as a calibration distance. A tolerance169.3/~0.4 or£0.5 published by Michalke et al.1¢). The chemical structure
A was assigned to the distance value according to the qualityof azoverdin (Figure 1) differs from other pyoverdin
of the buildup curve. The upper bound of distances involving structures by the peptide anchoring point to the chromophore.
pseudoatoms was increased by 0.5 A. In azoverdin, this anchoring point is located at position C13

Structure CalculationsMost calculations were carried out ~ ©f the chromophore, whereas it is located at position C11 in
on Compagq bi-processor EV&00 MHz computers using other pyoverdin structures. This structural difference led to
standard protocols (sa, refine, accept) in X-PLOR 3.85). ( the definition of a new class of pyoverdins named iso-
The standard topology and parameter files (topallhdg.pro andpyoverdins {6).
parallhdg.pro) were modified to allow definition of the The analysis of HN-H and Hx—Hp distances, together
chromophore and the nonstandard residues of azoverdinwith 3Jy,-1s and 3Jy—ns coupling constants, allowed the
homoserines, Nacetyl-N-hydroxyornithines and 2,4-di-  stereospecific assignment of four sets of khethylene
aminobutyric acid. Nonbonded parameters for the Ga(lll) protons. Thus, the Biprotons of residues Hsel §4: 1.84
ion were set to the same values used for iron atoms in ppm; H32: 1.88 ppm), Dab3 (A1: 2.16 ppm; H$2: 2.37
standard X-PLOR parameters sets (the radii of the two ions ppm), AcOHOrn4 (H$1: 1.76 ppm; H2: 1.89 ppm) and
are similar). AcOHOMG (H31: 1.62 ppm; HB2: 1.84 ppm) were assigned

For calculations using residual dipolar coupling constraints, stereospecifically. During the course of the structure calcula-
the set of starting structures was refined using XPLOR-NIH, tion, it was possible to further assign stereospecifically the
in which pseudopotentials for dipolar coupling constraints Hy protons of Hse2 (k1. 3.64 ppm; H2: 3.69 ppm) and
are incorporated4@). The alignment tensor orientation is Dab3 (H/1: 2.66 ppm; H2: 2.81 ppm) and the &iprotons
represented by a four-atom pseudomolecule, placed at 100f AcOHOrn4 (H1: 3.80 ppm; H2: 3.35 ppm) and
A from the complex, whose bonds correspond to the three ACOHOr6 (H1: 3.34 ppm; H2: 3.73 ppm).

orthogonal alignment axes. The pseudo complex orientation  stryctural ConstraintsThe relatively small size of azover-

is allowed to float freely during the structure calculation since din—Ga(lll) (one chromophore and six amino acids) gave

the direction of the alignment tensor is not known a priori. gnly few long-range distance constraints, which are critical
First, a simulated annealing protocol was applied perform- for the structure determination. To overcome this limitation,

ing 12 000 steps at high temperature (2000 K) and 12 000 a careful analysis of nuclear Overhauser interactions between

steps during cooling to 100 K, with a time step of 1 fs for the protons was undertaken (Figure 2A). The NOE between

dynamics. Only constraints defining the coordination site the protons H4 and H5 of the chromophore (used as a



Azoverdin Solution Structure Biochemistry, Vol. 41, No. 41, 20022491

A 7 T T T T T Table 1: Experimental Restraints and Structural Statistics for the
Family of 18 Calculated Structures of AzoverdiGa(lll)
or Restraints for Calculation
total NOE restraints 82
5| | intraresidue 36
sequential|f —j| = 1) 19
~ medium range (K |i —j| < 4) 15
»E 4T 1 long range i — j| > 4) 12
z 2 hydrogen bond restraints 2
gg N i dihedral angle restraints 19
== residual dipolar couplings
Dnn 5
2r DHNHO. 5
Structure Statistiés
1t . rmsd from idealized covalent geometry
bonds (A) 0.0097 0.0002
o ) ) ) ) ) ) bond angles (deg) 1.207.0.0079
0 01 02 03 improper torsions (deg) 2.0481 0.0075
o NOE restraints (A) 0.0955 0.0026
Mixing time (s) dihedral angle restraints (deg) 0.6489.0024
B 3 residual dipolar couplings (hz) 0.35570.0214
' ' ' " " ' ' ' " final energies (kcal.mok)
Etotal 192.94+ 3.0
Ebonds 13.6+ 0.7
Eangles 57.5+ 0.7
Evaw 9.9+0.8
Enoe 374+ 20
Eroc 21.6+ 0.6
»E Coordinate Precisidr(A)
25 rmsd of selected heavy atofns 0.21
Eé & Structure statistics refers to the ensemble of 18 structures with the
lowest energy from 30 calculated structureemsd between the
ensemble of 18 structureSSelected heavy atoms are backbone,
chromophore without succinate residue, 2,4-diaminobutyric acid, and
both N’-acetyl-N-hydroxyornithines and the gallium(lll) ion.
3 \ \ \ \ \ , , , , Table 2: Coupling Constants and Residual Dipolar Couptings
0.05 0.07 0.09 0.11 0.13 ET X YOS U U
Dephasing time (s) 298 K 305K 308K 305K 308K
Ficure 2: (A) NOE buildup curves from NOESY spectra with residue no(b|_||<;§|Ie3 no(b|_||<;§lles b'((ﬂ)es no(b|_||(;(§lles b|(<|:_|ezll)es
mixing times of 30, 60, 100, 150, 200, and 300 ms. Data shown
are for Chr H4/Chr H5 £), Dab3 H/AcOHOrn4 HN @), and L-Chr 4.0 4.9 7.6 95.9 88.3
Dab3 H32/AcOHOrn4 HN @). (B) Time evolution ofH-15N peak L-Hsel 5.5 5.4 8.5 93.7 99.5
intensities for residues AcOHOrn4mY and AcOHOMmG6 @) D-Hse2 4.2 4.1 0.0 93.8 97.6
measured on th&H-15N CT-HMQC-J spectra. The fit is indicated ~ L-Dab3 (HN) 3.8 4.1 7.7 95.6 112.7
by a solid line. L-Dab3 (HNY) - - - 97.1 91.0
p-AcOHOrn4 7.5 8.2 9.6 92.3 107.1
. . . . p-Ser5 45 4.6 7.3 93.0 100.5
reference for the distance calibration) was negative, and, .acoHorne 75 6.5 5.2 91.5 95.1

linearity of the buildup curve for mixing times lower than - - .
L . . . . 2 The first column shows coupling constants measured on the original
100 ms indicated that the two-spin approximation could give sample, from a series 0fN-tH CT-HMQC spectra. For all other
an accurate estimate of the cross-relaxation rate. Taking arcolumns, measurements were made in 10 mM phosphate buffer, pH
interproton distance of 2.42 A between these protons, the6.5, 0.02% NaN at 305 K without phospholipidic bicelles, and at 308
buildup rate gave a rotational correlation time of 1.0 ns for K with %h?SPhO"p'd',C bgillfs'gHTNﬁH&é:SUpllng CO”S(;f]‘msf were
. . . . measured from a series - - spectra andJyy from
azpverd!wGa(lll). .AII mterproton distances were calibrated 15N-1H HSQC spectra F2 cross-sections.
using this correlation time. Errors on the distances were set

following a visual inspection of the buildup curves. For high- a precision of 0.1 Hz (Figure 2B and Table 2). When more
quality buildup curves, the upper and lower distance errors than one ® dihedral angle value corresponded to the
were set to 0.3 and 0.4 A, respectively, whereas larger measuredJqn_+q coupling constant (as for AcOHOrN4, Ser5
boundaries were used when significant deviations from and AcOHOrn6), the appropriate values were determined
linearity of the buildup curve were observed. All sequential during preliminary structure calculations. Additional struc-
HN—Ha distances were determined with high precision, tural constraints were obtained from hydrogen exchange
providing an accurate set of structural constraints on the analysis. Two-dimensional proton spectra recorded shortly
peptide backbone and more specifically on thelihedral after dissolution of azoverdinGa(lll) in DO showed the
angle. The folding of the peptide chain around the gallium persistence of two resonances which were assigned to the
ion was well constrained by 27 medium- and long-range HN of AcOHOrn6 and the HN of Dab3. Hydrogen bonding
distances (Table 1$J4n-ne coupling constants were mea- partners were identified in early stages of the structure
sured using constant-tiniél-1>N HMQC-J experiments to  calculations.
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Structure calculation strategy.he relative position of the

Wasielewski et al.

The assessment of the chirality of the two AcOHOrn

three bidentate coordinating groups around the gallium ion residues required additional structural information. We

defines the absolute configuration of the chiral center.

therefore decided to use orientational constraints from

Assuming an octahedral geometry of the coordination sphere,residual dipolar couplings (RDCs) in order to address this
16 configurations should be considered: eight coordination question. Residual dipolar couplings have proven to be very

isomers with a\ chirality and their eight mirror images with
A chirality (10). In the examples of pyoverdins for which

useful in defining the chirality of an asymmetric center in
numerous case#9). {Jn-n and3Jyn—na coupling constants

structures have been determined by NMR, a significant were measured in a sample that was weakly oriented in a
number of the possible geometries were excluded on the basidiquid crystalline medium (Table 2). Since some of the

of steric hindrance. In azoverditGa(lll) however, two of

3Jun—Ho coupling constants were slightly affected by tem-

the three coordinating groups are located at the end of longperature, the coupling constants measured in the absence of

AcOHOTrn side chains, allowing greater flexibility. Circular

DMPC:DHPC at 305 K were used as isotropic reference

dichroism spectra have been used to determine the absolut&alues. The quadrupolar splitting of the deuterium signal

configurations (A or A) of siderophoresi4, 48), and the
analysis of CD spectra of azoverdifre(lll) (15) suggested
that the isopyoverdin adopted a predominamlyonfigu-
ration. To avoid any bhias in the structure determination of
the gallium complex, we performed simulated annealing

from D,O (10 Hz at 308 K) indicated that the transition to
the nematic phase was successfully achieved, and the
variations in théJy—y coupling constants values showed that
partial orientation of azoverdinGa(lll) molecule was ob-
tained. The proton and nitrogen chemical shifts in tHe

calculations using the 16 possible coordination isomers as*®N HSQC spectra recorded with and without DMPC:DHPC

starting points. For each of the 16 isomers, 30 initial

bicelles were similar, indicating that the structure of azover-

structures were generated by constraining a perfect octahedin—Ga(lll) peptide was not affected by the phospholipids.

dron around the gallium ion using distance and dihedral angle The use of RDC data in structure calculations requires an
constraints. These starting structures were subsequentlyestimate of the axial and rhombic components of the
subjected to a simulated annealing procedure where experirientation tensor, usually obtained by analyzing the distribu-
mental interproton distance constraints as well as dihedraltion of a large number of RDC values for vectors sampling

angle constraints were included as quadratic potential func-many different orientations3(). This approach fails for

tions. A final energy minimization step was applied before

azoverdin-Ga(lll) due to the low number of NH vectors.

selecting the final structures. The selection criteria were: no The rhombicity was therefore estimated from the inertia

distance violation greater than 0.4 A and no angle violation
greater than 5

Of the 16 possible isomers, only isomé-4 led to

accepted structures, with a mean total energy of 76.6

kcal.mol* (Table 3). All other geometries led to overall
energies that were at least 1.6 times higher thanAhe
isomer and gave no accepted structures.

Structure Assessment Using Residual Dipolar Coupling
Constants.The primary sequence of the azoverdin peptide
chain contains AcOHOrn residues with both and b
configurations of their @, the configurations being deter-
mined by gas chromatography of O-methyl, N-pentafluoro-
propionyl derivatives of amino acids after total hydrolysis
(15). However, the ambiguity in the sequential location of

the two AcOHOrn enantiomers remained since no experi-

tensor eigenvalues calculated using the initial set of structures
to be 0.52. The axial component was subsequently refined
using a grid search procedure, and the best fit was obtained
for a value of—16 Hz. The value of the axial component of
the orientation tensor for RDC calculated frofdn—ro
coupling constants were deduced from this latter value.
For each HN-Ha vector, a calibration factor was applied
to take into account the interproton distance determined from
analysis of the NOE buildup. Since no sign determination
of the RDC contribution was possible for interproton vectors,
only absolute values of the coupling constants measured in
the anisotropic phase were considered. A second round of
structure calculations was undertaken using the same protocol
as above, but including the RDC constraints as an additional
harmonic potential term in the energy functios0). The
RDC values measured for Hsel were not considered for this

mental evidence was provided to discriminate between the second calculation since specific dynamical averaging at the

sequenced-AcOHOrn4p-Ser5+-AcOHOrn6 andL-Ac-
OHOrn4p-Ser5-AcOHOrN6. In the calculation presented
above, the former sequence published by Michalke el6). (

chromophore-peptide junction, as suggested by line broaden-
ing of some resonances (Figure 5B), may affect their
accuracy. The results for the 32 topologies (b6isomers

was assumed. To confirm the chirality of the AcOHOrn and 16oL isomers) are shown in the Table 3. The consistency
residues in the sequence, additional structure calculationshetween distance, angular and orientational data is compatible
were performed with the alternate primary sequence. Thewith a unique topology: theA-4 geometry of thebL
same structure calculation protocol was used for both primary sequence. For this set of structures, very good agreement
sequences (referred hereaftemasor Lb, depending onthe  between experimental and calculated RDC values was
order in the sequence of tleandL isomers of ACOHOrn),  observed (Figure 3), while distance constraints were also
and the results of this second set of structure calculationssatisfied. No accepted structures were obtained forthe
are also presented in Table 3. Of the 16 coordination topology. RDC constraints are less well satisfied, and
geometries, onlyA-7 fitted the experimental NOE and violations of NOEs are observed. The chirality of the amino
dihedral angle constraints and led to accepted structuresacids in the sequence was thus confirmed. The angle between
Despite a slightly higher overall energy level (84.4 kcal ol the main axis of the inertia and orientational tensors was
this calculation showed that an azoverdi®@a(lll) model found to be 20.1 (Figure 4), suggesting that the rotational
based on the-AcOHOrn4o-Ser5p-AcOHOrM6 sequence  diffusion restriction was mainly due to steric interactions
topology could equally fit our experimental constraints. between the molecule and the bicelles.
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Table 3: Summary of AzoverdinGa(lll) Calculation Resulés

A ISOMERS | «D-L» SEQUENCE | «L-D» SEQUENCE A ISOMERS |«D-L» SEQUENCE |«L-D» SEQUENCE
06 0 0 06 0 0
oL4 fyor 1860 + 1839 755 + 1113 oY |04 681 + 1052 1274 £ 1514
K A ) A
oe4 =7 0es 0 0 OcoNd - Oe4 0 0
ore 588 + 191 526 + 55 o6 803 £ 277 1924 + 1376
06 0 0 06 0 0
ot fyor 238.0 = 16.7 347.3+ 66.7 Sl 177.4 £2.1 332.7+29.4
~ : . A_z -~ .'! A—2
ce4 7oL 0 0 OL6NT  Oc4 0 0
e 358.1 + 37.9 745 x 381 o6 540 x 613 1854 + 1129
06 0 0 06 0 0
Ged Tyo7 910 + 1576 134.9 + 13.1 Sl PP 671+ 769 527 + 327
K A-3 23 A-3
ocs 7 oes 0 0 Oe6NT - OL4 0 9
4 e o 825 + 668 389.6 = 70.4 oce 2048 + 1927 532+ 92
06 06
23 0 0 0
O Tor 76.6 + 18.6 484 + 307 el P 310.5+8.1 215.1+0.3
A4 X A-4
H . 18 0 H 0 0
o4 = oce 191.8+4.2 900 + 794 oLes o O 487 £ 23 599 + 176
06 06
0 0 0 0
R S 309.1 + 3.6 126.6 + 1.3 T \oee 125.8 + 0.6 491 + 128
x  Ab Xk A5
: 0 0 - 0 0
oce S 0c4 ol Yors
oyt 632 + 302 429 +0,1 . 272.9+3.9 739 = 54
06 06
0 0 0 0
S I 347.3 + 3.4 192.6 + 1.7 oy [\ Ce6 137.5 £5.3 325.2 + 332.4
. A6 X)) A6
ote v oc4 0 0 OLANG T 016 0 0
o 1728 + 713 510 £ 28.3 s 241.0 = 28.3 608 x 423
06 06
0 0 0 18
SN S 218.7+2.8 1024 + 1518 o7Y ,0c8 227.8 £2.2 84.4+ 14.1
K AT K) AT
Oco o0 4792129 830 2 169 LS Toeo 4165832 386.6.20.1
Ot 4 * * Oe 4 0+ . 0 0.
06 06
0 0 0 0
N S 237.1+26 137.8 £ 0.7 O7Y .08 166.2% 1.5 2288+24
x A8 K A-8
! 0 0 ' 0 0
o0 o 416 +98 448 + 1 O O° 33121125 439 + 105

@ The number of accepted structures (out of 30 structures generated) and the average overall energy of the five best structures are shown for each
coordination isomer, for calculations without (first and second line in italic) and with RDC data (last two lines). Results in bold indicate accepted
isomers. The use of RDC allowed geometric ambiguities that remain with classical NMR constraints to be removed and confirmed the compatibility
of NMR data with a unique topology, th&-4 geometry of theoL sequence.

A final check on the consistency between the three- the backbone heavy atoms). The molecule is characterized
dimensional model of azoverdirGa(lll) and the experi- by a U-shape, with the residues Hsel and Ser5 located at
mental NOE data set was provided by a careful analysis of the lower corners of the U. The peptide backbone, which is
back-calculated NOESY spectra (Figure 5). Whereas no always located on the same side of the chromophore, forms
inconsistencies between experimental and back-calculateda surprisingly large cradle and the two AcOHOTrn side chains
NOESY spectra (Figure 5A) could be found for thie 4A adopt an extended conformation in order to chelate the
family, the theoretical spectrum calculated for e 7A gallium ion. This particular conformation of the coordination
family (Figure 5C) displayed several NOEs that were not center leaves a large open space, permitting access to the
observed, in particular, that between the side chain of bound ion. The N-terminal corner of the U is stabilized by
AcOHOrn6 and the H5 proton of the chromophore ring.  a hydrogen bond between the oxygen atom of the carbonyl

Tertiary Structure of Azegerdin—Ga(lll) Complex.The group bound to C13 of the chromophore and thesHixhide
three-dimensional structure of azoverdi@a(lll) is shown proton of Dab3, and its C-terminal corner is stabilized by a
in Figure 4, and the internal coordinates are provided in Table hydrogen bond between the carbonyl group of AcOHOrn4
4. The conformation of the peptide backbone and the sideand the amide proton of AcOHOrn6. Both these amide
chains of residues involved in the coordination of the gallium protons were seen to exchange slowly intgDDThe three
ion are defined with a high precision (rmsd of 0.21 A for polar hydroxyl groups of Hsel, Hse2, and Ser5 are exposed
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2 . . . ; ; chirality of the Gx atoms of the two AcOHOrn residues.

A This latter question was addressed by the use of residual
dipolar coupling constants. The use of NMR data recorded
on molecules dissolved in chiral liquid crystalline media to
define the geometry of a chiral center was recently proposed

for 1 and applied to small organic molecule49). The results
obtained on azoverdinGa(lll) provide the first evidence that
sl | RDC data can be used to define the absolute configuration

of amino acids present in a peptide of known structure.
Although orientational constraints obtained from a single
orientation of Hi—H, and N-Hy vectors were sufficient to
define the geometry of the azoverdiGa(lll) complex, it

st 1 should be noted that more vectors could be used in the case
of siderophores with more flexible peptide chains. Of
particular interest are the vectors located in the vicinity of
the gallium ion, such as #+N. or N.—C; and N—C, if a
I5N/13C-labeled sample is available. The lifetime of azover-

Experimental RDC (Hz)
o

B 1 din—Ga(lll) dissolved in the liquid crystal medium did not
allow us to record data for any additional vectors, but the
ok | use of other anisotropic media such as strained polyacryl-

amide gels %2) may allow us to overcome this problem.

The absolute configuration of the sphere of coordination
can be established by CD spectroscopy. The seleated
configuration for of azoverdinGa(lll) which results from

or *E 1 our set of NMR is in agreement with the interpretation of
the CD spectral features of azoverdiRe(lll) (15) which
sl | presents large similarities with the spectrum of ferric

pseudobactin, showing a comparable intense positive Cotton

effect at 400 nm. However, no positive Cotton effect at

o . . s © s " higher wavelength is observed in contrast to those shown
Calculated RDC (Hz) by ferric pseudobactin B1A.0) and pyoverdin GMH-Fe(lll)

_ _ (14) in the same range, suggesting that like pyoverdin 64R
Ficure 3: Measured and calculated dipolar coupliiBg-y (a ; . . .
and®Drn+o (@) for (A) the accepted struFétures of t%e»gﬁ fgn%ily)/ Fe(lll) (48), azoverler Fg(lll) complex is predominantly in
and (B) the lowest-energy structures of the of tbeA7 family. a A absolute configuration.
The star indicates the-AcOHOMG residue, of which 3DHNHa Since azoverdinGa(lll) is the first reported three-
data display a significant discrepancy between experimental and
calculated values.

dimensional structure of an isopyoverdin, it is of particular
interest to compare the structural consequences of this
to the solvent and probably contribute to a favorable solva- isomery. The four known structures of peptidic siderophores
tion energy. The alignment of these three hydroxyl groups are shown in Figure 6 with the chromophore orientation
constitutes a striking feature of the azoverd@a(lll) identical in the four molecules. A first striking difference
structure and plays a probable role in receptor recognition. that emerges from this comparison is the path traced by the
peptide backbone relative to the plane defined by the
DISCUSSION chromophore and the gallium ion (Figure 6). In all sidero-
The solution structure of azoverdiGa(lll) presented in ~ phores in which the peptide chain is bound to C11 of the
this paper represents the fourth three-dimensional structurechromophore, the backbone remains below the plane, surfac-
of a peptidic siderophore at atomic resolution and the third ing to position the chelating ligands correctly to bind the
structure of a gallium complex obtained by NMR (for review, metal ion. The opposite chirality at the C13 atom defines a
see Folschweiller et al51). Two characteristic features of ~reversed initial direction of the peptide chain in isopyover-
the azoverdin siderophore required the use of enhanced NMRdins. The peptide chain remains above the plane, dipping
methodology to obtain an accurate structure. First, in below only at the C-terminus to allow AcOHOrn6 to chelate
azoverdin, two of the chelating groups are located at the endthe metal ion correctly. The position of the peptide chain
of the long AcOHOrn side chains. The high degree of relative to the gallium ion defines another specific feature
flexibility introduced by the four dihedral angles of these of the azoverdir-Ga(lll) structure. For pyoverdin structures,
side chains rendered the definition of the chirality of the ion the peptide chain is wrapped around the gallium ion, whereas
coordination center difficult. Second, the azoverdin is the peptide chain is located far from the ion in azoverdin
characterized by a different linkage site of the peptidic moeity Ga(lll), leaving a large open space for solvent accessibility.
to the chromophore, and ambiguities in the primary structure The two siderophores which contain a Dab residue (azoverdin
of this peptide were present at the beginning of this study. and thePseudomonas putidayoverdin G4R) share the same
The production of®N-labeled azoverdinGa(lll) allowed A absolute configuration, whereas the coordination centers
us to remove most of the ambiguities on the primary of pseudobactins B10 and GMII are characterized Ay
sequence of the peptid®9), with the exception of the  geometries. However, the observed geometry of the three
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A

FIGURE 4: (A) Stereoview of the family of 18 accepted structures of azover@ia(lll) (rmsd for backbone atoms 0.21 A). Ball-and-

stick representation of the tertiary structure of azover@a(lll). (B) Only heavy atoms are represented, together with Dab3 EiN
AcOHOrn6 HN protons, both involved in hydrogen bonds (dashed lines). The orientation tensor is shown with the OZ main axis drawn in
bold.
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Ficure 5: Comparison of experimental and back-calculated NOESY spectra for azov&alftil). The HN—Ha region of the experimental
NOESY spectrum (mixing time of 200 ms) is shown in panel B, between the back-calculated spectiadofpanel A) and.p-A7 (panel

C) structures. Extra peaks ib-7A are indicated by arrows—) and serve to confirroL-A4 as the correct structure of azoverdiBa(lll).
Additional peaks in both panels A and C are indicated by asterisks and involve protons of the nonaromatic cycle of the chromophore.

bidendate groups around the metallic ion of the two former involvement in specific interactions with the receptor is
siderophores defines two different isomefs4 and A-6, doubtful.

respectively. A further comparison of the two molecules that  One striking structural feature of azoverdiGa(lll) is the
contain a Dab residue sheds light on the structural role of alignment of the three hydroxyl groups of the Hsel, Hse2,
this residue which results from the condensation of an aminoand Ser5, which may be a specific feature recognized by
acid with 2,4-diaminobutyric acid. In pyoverdin G4R the azoverdin receptor. A review of pyoverdin sequenggs (
Ga(lll), the sequence Dab45ly5 has an important structural ~ shows that hydroxylated residues are present in high
role in reversing the direction of the peptide chain. In frequency. While certain of these side chains may be
azoverdin-Ga(lll), the Dab also plays a major conforma- involved in metal ion chelation, others may play a role in
tional role in stabilizing the first turn of the peptide chain, defining siderophore specificity at the receptor. Despite the
as indicated by the protection of it$)jproton. The structural  availability of three crystallographic structures of siderophore
role of this particular residue is thus reinforced, and its direct outer membrane receptors FhuA, FepA, and Fes2-66)
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Table 4: Statistics on Dihedral Angkes

residue @ (deg) y (deg) x1 (deg) x2 (deg) x3 (deg) x4 (deg)
Chr 56.2+0.1 82.6+ 0.2 52.9£ 0.1 —16.7£0.2 - -
Hsel —55.6+0.1 80.8+£ 0.1 —167.8£0.2 —132.8£0.2 - -
Hse2 158.6£ 0.1 —173.8£ 0.5 170.7£52.3 138.9+ 49 - -
Dab3 91.1+ 0.0 157.5+ 0.0 59.7£ 0.2 —56.0+£0.3 26.2+ 0.5 2.8+0.5
AcOHOrn4 —170.0£0.1 177.1+0.1 106.6£ 0.4 139.9+£ 0.1 49.1+0.1 —160.5£0.1
Ser5 31.8:0.3 40.3+ 0.6 —34.1+44.3 - - -
AcOHOrn6 —61.4+£0.2 - 70.4+0.2 168.3+ 0.02 119.9+ 0.1 163.8+ 0.2

aFor the chromophore, dihedral angjesandy. are defined by M, Cis, Ciz, Ci1 and by Gs, Cip, Ci1, Ny, respectively. For the Dab3 residue,
dihedral anglegz andy, are defined by g C,, Ns, C and by G, Ns, C', NH, respectively.

A

Ficure 6: Comparison of the structure of azoverdi@a(lll) with the three known pyoverdin structures: stereoviews of (A) azoverdin
Ga(lll), (B) pyoverdin G4R-Ga(lll), (C) pyoverdin GMI-Ga(lll) and (D) ferric pseudobactin. The four structures are presented such that
the chromophore is in the same orientation.

and four pyoverdin and isopyoverdin structures, the structural Ga(lll) exploited several NMR techniques which were
basis of the specificity of pyoverdin-receptor recognition developed for protein applications, such as the triple reso-
remains an open question. nance HNCA experiment and the use of orientational
The structural features of azoverdi®a(lll) emphasize  constraints. We have shown that residual dipolar couplings
the structural diversity of this class of siderophores. This is may be obtained from pyoverdin molecules dissolved in
a direct result of the known diversity of the peptide sequencesbicelle media. The use of this kind of structural information
of pyoverdins. The structural work performed on azoverdin  may be extensively developed in the future to speed up the
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structure determination process of these small peptides which 26. Wong-Lun-Sang, S., Bernardini, J. J., Hennard, C., Kyslik, P.,
is currently rather time-consuming. By analyzing the struc- D€l A and Abdallah, M. A. (19967 etrahedron Lett. 373329~
tures of many siderophores, we aim to Qefllne common Yang, C. C., and Leong, J. (198)ochemistry 2335343540,
features that form a general basis for bacterial iron transport

Linget, C., Collinson, S. K., Azadi, P., Dell, A., Page, W. J., and
and understand the specificity of particular siderophores for Abdallah, M. A. (1992)Tetrahedron Lett. 331889-1892.
their own receptors.

29. Wasielewski, E., Abdallah, M. A., Kyslik, P., and Kieffer, B.
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