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ABSTRACT. Among the fluorescer®seudomonaspeciesPseudomonas putida a rare case of a nitrogen-

fixing bacterium that transforms nitrogen into ammonia. When grown under iron-deficient conditions, it
produces two major pyoverdins: pyoverdin G4R and pyoverdin G4RA. Their primary structures have
been established using FAB-MS and one- and two-dimensiedal®C, and'H NMR on both the unlabeled
and®N-labeled compounds [Salah El Din, A. L. M., et al. (199&trahedron 5312539-12552]. The

two pyoverdins have a common chromophore derived from 2,3-diamino-6,7-dihydroxyquinoline. The
chromophore is bound to the linear heptapeptidep-L-Orn-D-3-thre0OHAspL-Dab-Gly+i-Sert-cyclo

OHOrn. Circular dichroism spectra suggest that the absolute configuration of the metal complex is
The three-dimensional structure in solution of pyoverdin G@&(lll) was determined after interpretation

of two-dimensionalH NMR spectra recorded at 283 and 303 K. The complex is tightly defined with a
compact structure with A absolute configuration. The site of complexation of the metal ion is found to

be located on the surface of the molecule, showing that the ion can be released without large conformational
changes, while the polar groups of the peptide chain, which may be responsible for the recognition of the
receptor, are placed on the opposite side of the overall shape. The three-dimensional structure of pyoverdin
G4R—Ga(lll) is compared with those of other pyoverdins, and the role of the structure in iron uptake is
discussed.

Iron is an essential element in many microorganisms. It Despite the abundance of iron in the earth’s crust (5%),
catalyzes electron transfer in reactions as critical and asits availability is severely limited by the very high insolubility
different as those occurring in the transport or the storage of iron(lll) at physiological pH. In the presence of oxygen,
of oxygen (hemoglobin and myoglobin) and in the metabo- iron(ll) is rapidly oxidized to iron(lll) which precipitates as
lism of hydrogen (hydrogenases), oxygen (peroxidase anda polymeric oxyhydroxide. The solubility product of ferric
catalase), or nitrogen (nitrogenases). It is also present in ahydroxide is extremely low (138 M%) such that, at physi-
number of flavoproteins and sulfur proteiry.( The redox  ological pH, the concentration of free iron(lll) is less than

potential of the Fe(llly-Fe(ll) system can vary from-490 10" M. This value is far too low to allow the growth of
(in the case of sulfur proteins) to 385 mV (for the cyto- aerobic microorganismsi).

chromes). This is why proteins such as ferredoxins can
catalyze the transfer of electrons, required for the energetic
metabolism of anaerobic bacteria, at very low potentials. In
contrast, iron porphyrins, such as cytochrome oxidase, which
probably control all aerobic life, have much higher redox
potentials 8).

Iron metabolism in microorganisms relies upon the bio-
synthesis of low-molecular mass compounds 32000 Da)
called siderophores5). These molecules are generally
secreted into the culture medium where they chelate iron-
(1) very strongly, thus solubilizing it. Following chelation,
the iron(lll) is transported into the cells using an ATP-
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Ficure 1: Primary structure of pyoverdin G4R (R NH,) and
G4RA (R= OH).

When fluorescenPseudomonaare cultivated under iron-
deficient conditions, they secrete a number of yellow-green,

water-soluble, fluorescent siderophores called pyoverdins.
These substances are chromopeptides with a molecular mas

of 1000-1500 Da (3). They possess a common chro-
mophore derived from 2,3-diamino-6,7-dihydroxyquinoline
bound to a peptidic moiety of-612 amino acids. This

peptide is identical for all pyoverdins produced by a given
strain but differs from strain to strain. The amino acids may

be neutral (glycine, alanine, serine, homoserine, glutamine,

and citrulline), acidic §-hydroxyaspartic acid, aspartic acid,
and glutamic acid), or basitN{-hydroxyornithine, ornithine,
lysine, 2,4-diaminobutyric acid, and arginine) and may occur
in either configuration. On the other hand, the chromophore
has the same configuratio8)(for all pyoverdins investigated
so far. For a given strain, the pyoverdins differ only in the
acyl substituent bound to the amino group on C3 of the
chromophore (see Figure 1), which may be derived from
succinic acid, malic acid, ar-ketoglutaric acid13), or from
many other diacids in the Krebs cycl&4].

Pyoverdins have a high affinity for ferric irorl%, 16),
forming very stable octahedral complexes. The three
functional bidentate groups involved in the complexation are
the catechol function of the chromophore and either two
hydroxamate functionsN®-acyl, N°-hydroxyornithines) or
one hydroxy acid (generally-5-threo-hydroxyaspartic acid)
and one hydroxamate (generatiyclo-N°-hydroxyornithine),
present in the peptide moiety.

The diversity of these siderophores reveals large differ-
ences in their primary structures, not only in the nature of
the amino acids but also in the manner in which they are
connected. The peptidic moiety may be linear, partly cyclic
(17—20), or fully cyclic (21). These great structural differ-

1The terms “pyoverdin G4R” and “pyoverdin G4RA” refer to
uncomplexed,'®N-labeled (or unlabeled) succinamide (G4R) and
succinate (G4RA) samples, respectively. The suffixdze(lll) and

—Ga(lll) denote the complexed forms. Succinate or succinamide groups

are referred to as Suc, and the chromophore (2,3-diamino-6,7-
dihydroxyquinoline) is referred to as Chr. For the peptide chain, the
following abbreviations are used: Aspl;aspartic acid; Orn2-
ornithine; OHAsp3, b-f-threo-hydroxyaspartic acid; Dab4,-2,4-
diaminobutyric acid (in its cyclized carboxytetrahydropyrimidine form);
Gly5, glycine; Ser6|-serine; OHOrn7 - cyclo-N°-hydroxyornithine.
Formyl is referred to as Fo. Other abbreviations: CD, circular
dichroism; COSY, two-dimensional correlated spectroscopy; DQF-
COSY, double-qguantum filtered two-dimensional correlated spectros-
copy; FAB-MS, fast atom bombardment mass spectroscopy; HOHAHA,
homonuclear HartmarrHahn spectroscopy; NOESY, nuclear Over-

hauser enhancement spectroscopy; ROESY, rotating frame Overhauser

enhancement spectroscopy; rmsd, root-mean-square deviation.
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ences render the problem of characterization of the pyover-
dins highly complex such that a combination of powerful
techniques including two-dimensional NMR and FAB-MS

is required, to compensate for the lack of diffracting crystals
(13). They also explain the high specificity of these
siderophores for the strains which generate them, a specificity
achieved in the recognition step at the outer-membrane
receptor proteins. At present, nothing is known about the
nature of the amino acids or the steric features of the peptide
chain that govern the interactions of pyoverdins with their
outer-membrane receptors.

Although there is a number of primary structures of
pyoverdins reported, there are only two examples in the
literature of the three-dimensional structures of pyoverdins.
The first is that of the pseudobactin BXDon(lll) complex
determined by X-ray crystallography, establishingAa
absolute configuration for the iron(lll) compleX2); the

econd is the NMR solution structure of pyoverdin GM-II

a(lll) which shows a different isomer but retainsAa
absolute configuration2@).

Among the fluorescerPseudomonaspeciesPseudomo-
nas putidaG4R is a rare case of a nitrogen-fixing bacterium
that transforms nitrogen into ammonia. From the cultures
of this bacterium grown under iron-deficient conditions, two
major pyoverdins, pyoverdin G4RA and pyoverdin G4R,
were isolated, and their primary structure (Figure 1) was
elucidated using FAB-MS and two-dimensional NMR on
both unlabeled and®N-labeled molecules1j. They are
chromopeptides possessing the linear heptapeptiélsp-
L-Orn-p-3-threo-OHAsp+-Dab-GlyL-Seri-cycloOHOrn,
bearing a novel, natural amino acid that results from the
condensation ob-S-threo-hydroxyaspartic acid with-2,4-
diaminobutyric acid. The precise role played by this
additional tetrahydropyrimidine ring, located in the peptide
chain, in pyoverdin-mediated iron transport was not im-
mediately clear.

In this paper, we describe the three-dimensional structure
of the pyoverdin G4RGa(lll) complex, determined by
NMR spectroscopy, and analyze the features of the structure
responsible for iron complexation and those that may govern
receptor binding. The three-dimensional structure of py-
overdin G4R-Ga(lll) is compared with those of other
pyoverdins and siderophores.

EXPERIMENTAL PROCEDURES

Sample PreparationsThe strain, culture medium, isola-
tion and purification of the pyoverdins as free ligands, and
preparation of the pyoverdin G4He(lll) complex were as
reported by Salah El Din et all). Ferric pseudobactin B10
was prepared from pseudobactin isolated and purified from
cultures ofPseudomonaB10 according to Teintze et aR?).

Pyoverdin G4R (or G4RA) pure free ligand (25 mg) was
dissolved in 2 mL of distilled water and the mixture treated
with 5 equiv of 0.1 M gallium(lll) nitrate (1.15 mL). The
solution was kept fol h atroom temperature, and applied
on a CM-Sephadex column (1.0 cr112 cm), eluted first
with 0.05 M pyridine/acetic acid buffer (pH 5.0, 60 mL),
and then with a linear gradient of the same buffer (0.05 to
0.25 M, 2x 100 mL). The yield of pure complex was 20

UV—VisibIe Spectroscopy Spectra were acquired on a
Kontron Uvikon 930 spectrophotometer (Kontron Intruments,
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Saint Quentin en Yvelines, France). The solvents were 0.1 Spectra were processed using the manufacturer’s software,
M acetate buffer (pH 4.0 and 5.0) and 0.2 M phosphate buffer UXNMR, and using Felix (version 2.1, Biosym Technolo-
(pH 7.2). gies, San Diego, CA). In each dimension, COSY data were
The extinction coefficient of ferric pyoverdin G4R at its multiplied by an unshifted sine bell function and HOHAHA,
absorption maximum was calculated from the absorbanceNOESY, and ROESY data by a 98hifted sine bell function
of an aqueous solution whose iron concentration was prior to zero-filling once and Fourier transformation.
measured by atomic absorption spectroscopy using either a HN Exchange Hydrogen-deuterium exchange was in-
Techtron 1200 or a Jobin-Yvon ICP 2500 instrumed)( vestigated simply by recording a one-dimensiditaspectra
The extinction coefficient of pyoverdin G4R was deduced at 283 K, immediately following dissolution inJD.
after titration of pyoverdin G4R free ligand at a given pH Coupling Constants and Dihedral AnglesCoupling
with a 102 M ferric chloride solution. The extinction constants un-n,) were measured on one-dimensional
coefficient of pyoverdin G4RGa(lll) at its absorption  spectra with 8K data points acquired and zero-filled to 16K
maximum was deduced after titration of pyoverdin G4R free points. Possible values @f angles were calculated from
ligand with a 102 M gallium nitrate solution. 3Jun—Ho Values using the Karplus relationshig4f and the
Mass SpectrometryMass sprectrometry was performed parameters of Pardi et al3%). ¢ angles derived from
on an Autospec 6F instrument equipped with an electrospray3Jun-no coupling constants were not introduced as constraints
source (Micromass, Altrincham, U.K.). The mobile phase during the structural calculations but used as a check on
was a mixture of HO/methanol (1:1) acidified with 1%  calculated structures.
acetic acid, at a flow rate of 14L/min. The sampling cone Stereospecific Assignment8Jy,—1s coupling constants
was at 50 eV, and the temperature of the sourcé@0The were classified as large or small, on the basis of the pattern
samples were dissolved in a mixture of®imethanol (1:1) of splitting of the Fu—Hp cross-peak in the COSY spectrum,
acidified with 1% acetic acid and injected using a rheodyn and, with the intensities of HNHf and Hu—H/3 ROE cross-

injector fitted with a 10uL loop. peaks, used to assign prochirgb Fesonances stereospecifi-
Circular Dichroism Measurements All spectra were cally, where possible3).
measured on a Jobin-Yvon CD6 instrument, af€5using Distance Constraints The intensities of cross-peaks in

1 cm optical pathway quartz cells (Hellma). Data points ROESY spectra of pyoverdins G4RAsa(lll) and G4R-

were recorded between 600 and 300 nm, every 1 nm, with Ga(lll) were measured. Data from the unlabeled pyoverdin
a time constant of 1 s. The results are the average of threeG4RA—Ga(lll) sample were used in the following experi-
repetitive scans, corrected for solvent contribution. The ment. An initial calibration based on the intensity of the
solvents were 0.1 M acetate buffer (pH 4.0 and 5.0) and 0.2 cross-peak between the aromatic protons of the chromophore,
M phosphate buffer (pH 7.2). The concentration of the Chr H4 and Chr H5, was tightened such that the distances
pyoverdin used in the measurements was>4.50° M, as corresponding to HN-Ha,; cross-peaks satisfied the permit-

determined by spectrophotometry. ted range. The upper limit for each constraint was set to
IH NMR Spectroscopy A similar set of TH NMR 15% greater than the calculated distance, for cross-peaks
experiments was carried out for each of the following involving HN resonances and aromatic resonances. A larger
pyoverdin samples dissolved in,®/1% PH1q-tert-butyl tolerance (20% of the calculated distance) was used in fixing
alcohol (CEA, Saclay, France): unlabeled pyoverdin G4RA the upper bound for constraints between aliphatic protons,
Ga(lll), >N-labeled G4R, ané#N-labeled G4R-Ga(lll). All since many of these cross-peaks are partially overlapped with

NMR measurements were taken at 283 and 303 K and atothers. Lower bounds were set to zero for all constraints
500 MHz ¢H frequency) on a Bruker AMX 500 spectrom-  derived from spectra.
eter. Structure Calculations All calculations were carried out
Standard two-dimension&H scalar and dipolar coupling on IBM RS/6000 machines, using standard protocols (sa,
experiments were carried out in the phase-sensitive mode refine, accept) in X-PLOR 3.137). The standard topology
using time-proportional phase incrementation (TPRB),( and parameter files (topallhdg.pro and parallhdg.pro) were
with a spectral width of 6024 or 6579 Hz in both dimensions modified to allow definition of the chromophore and the
and a relaxation delay of 3 s. COS%6) and DQF-COSY nonstandard residues of the pyoverdin. Nonbonded param-
(27) spectra were recorded with presaturation of the water eters for the Ga(lll) ion were set to the same values used
signal during the relaxation delay; HOHAHA2&, 29), for iron atoms in standard X-PLOR parameter sets (the radii
NOESY @0), and ROESY 81) spectra were recorded with  of the two ions are similar). Analysis of sets of calculated
suppression of the water signal using a WATERGATE structures was carried out using in-house X-PLOR scripts
sequence 32) prior to acquisition. For the HOHAHA  and FORTRAN programs. Structures were visualized using
experiment, a spin-locking rotating frame field strength of Insight (Biosym Technologies).
ca. 8.5 kHz and a mixing time of 80 ms were used; NOESY A total of 119 distance constraints, derived from 80 ms
spectra were acquired with mixing times between 25 and ROESY spectra, were used as upper limits on interproton
400 ms, and ROESY spectra were recorded with a rotating distances, with no lower limit specified, and applying
frame field strength of ca. 2.5 kHz and a mixing time of 80 standard pseudoatom corrections where requi&l (Of
ms. Pulse sequences for experiments witN-labeled these constraints, 78 were intraresidue, 32 sequential, and 9
samples were modified by the addition of 28@focusing other. Where cross-peaks to both resonances of unresolved
15N pulses at the center of thigevolution period and GARP  prochiral pairs were observed, both constraints were set to
decoupling 83) during acquisition. In most cases, 32 the longer distance with no correction. Coordination of the
transients of 2K data points were acquired for each of the Ga(lll) ion was defined solely by distance constraints
512t; increments. between each of six oxygen atoms (Chr O6, Chr O7,
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OHAsp3 OG1, OHAsp3 OD1, OHOrn7 O, and OHOrn7 OE) 3T
and the metal ion, with no imposition of coordination —
geometry; distancesl.—o) were set to cover the range of 'e
values found in crystallographic studies of siderophores T°
(22) 2.04+0.04 A, except fodGa—oHOrn7OE which was set E
to 1.98+ 0.04 A. A force constant of 50.0 kcal mélA—2 g
was applied to all distance constraints. 300 400 600
Initial calculations were carried out with no stereospecific
assignments and no dihedral angle constraints. Resulting _ _ _ ) _ )
structures were analyzed for consistency with stereospecificl'.: iGuREe 2. Circular dichroism spectra of ferric pseudobactin (thin
. . . ine) and pyoverdin G4RFe(lll) (thick line).
assignments and dihedral angles derived from spectra. The
distance constraint list was revised to include stereospecific
assignments, and a set of 100 structures was generated wit
the modified set of constraints. In a further series of
calculations, all 16 possible octahedral configurations of the
three bidentate ligands around the metal ion were explored;
distances between pairs of coordinating oxygen atoms on
adjacent vertexes of the octahedron were sépte = 2.83
+ 0.3 A, and one improper angle was defined to set the
chirality of the coordination sphere. For each of the 16
configurations, a set of five structures were calculated and
the energies of each family analyzed.

wavelength (nm)

yoverdins 13, 14, 40) and indicate that the configuration
f the asymmetric carbon atom C11 bound to the chro-
mophore isS.

The circular dichroism spectrum of the pyoverdin G4RA
Fe(lll) complex has been measured at three pH values,
namely 4.0, 5.0, and 7.2. No difference was found between
the three spectra which show the same positive Cotton effect
between 310 and 405 nm with a maximum at 360 rxa (
= 1.7 Mt cm™) and the same two negative Cotton effects
between 405 and 600 nm with a minimum at 440 rixa €
—0.8 M~ cm™?) and a shoulder at 540 nm¢é = —0.3 M !
RESULTS cm™1) (1). It exhibits some similarities with the spectrum

of ferric pseudobactin, showing a comparable intense positive

Characterization of the Py@rdin G4R-Ga(lll) Complex Cotton effect in the 316405 nm range (ferric pseudobactin
The UV—visible spectrum of the pyoverdin G4RGa(lll) has a maximum at 400 nm) and the same negative Cotton
complex exhibits a maximum at 408 nmyds = 21 500 M effect at 440 nm. It differs at higher wavelengths; the weak
cml) at pH 5.0. Blue fluorescence is observed upon negative Cotton effect shown by pyoverdin G4Re(lll)
excitation of the solution at 364 nm in contrast to the above 475 nm (Figure 2) compared to the weak positive
nonfluorescent iron complex. Magnetic electrospray mass Cotton effect shown by ferric pseudobactin BAP)( and
spectrometry performed on th#N-labeled pyoverdin G4R pyoverdin GMIEFe(lll) (23) in the same range suggests
Ga(lll) complex gave signals at 1153 and 1155 mu, that pyoverdin GARFe(lll) is predominantly in & absolute
characteristic of the two isotopes of galliuffGa and’'Ga, configuration.
and confirming the 1:1 stoichiometry of the complex. Assignment ofH ResonancesAll resonances in théH

Circular Dichroism The solution structure of pyoverdins spectra of each of the samples could be assigned in a
is characterized by the absolute configuration of the coor- straightforward manner by applying the sequential assign-
dination sphere, the configuration of the asymmetric carbon ment method pioneered by Wuich (41) to a combination
atom C11 bound to the chromophore, and the amino acidsof COSY, HOHAHA, NOESY, and ROESY spectra, to
and finally the conformation of the peptide chain. Sixteen confirm the unique spin systems of the pyoverdin G4R
possible octahedral configurations of the three bidentate structure.
ligands around the metal ion, namely eightand eightA, Assignments of pyoverdin G4R free ligand (Table 1) are
have to be considered a priori, although many of them could close to those published previously for pyoverdin G4RA (
be generally excluded for steric hindrance reasons. ThesSimilarly, comparison of the assignments (at 283 K) of
absolute configuration of the sphere of coordination can be pyoverdin G4RA-Ga(lll) (data not shown) with those of
established by CD spectroscopy. pyoverdin G4R-Ga(lll) (Table 1) shows no major changes

It has been observed that tide coordination isomers of  in chemical shifts between these two complexed samples.
triacetylfusarinine observed in the crystalline state isomerized Only the Suc H. and H3 and Chr H4, H5, and H8
upon dissolution into the predominaatisomers 89). In resonances are shifted slightly, and the Sdarhide protons
the crystalline form, ferric pseudobactin occurs as\a  appear for the latter sample at 7.59 and 6.82 ppm. A weak
coordination isomer, and the CD bands due to the chargeset of secondary resonances could be observed for Chr H11,
transfer absorption are qualitatively similar to those presentedH12, and H13 and OHAsp3 HN and Ser6 HN, in HOHAHA
by triacetylfusarinine C. Therefore, one cannot exclude a spectra of pyoverdin G4RGa(lll). Spectra acquired at 303
priori the occurrence of an equilibrium between theand K showed that these do not result from a conformational
A coordination isomers in solution. equilibrium, but probably from small amounts of pyoverdin

The circular dichroism spectrum of pyoverdin G4R as a G4RA arising from the slow hydrolysis of pyoverdin G4R
free ligand is highly pH-sensitive. At pH 4.0, positive Cotton  (19).
effects are observed at 365 and 380 nm. At pH 5.0, the Differences in*H chemical shifts (at 283 K) between
Cotton effects remain positive, showing a decrease in their complexed pyoverdin G4RGa(lll) and uncomplexed py-
intensities, while at pH 7.2, the maxima are shifted to higher overdin G4R are, however, considerable (Table 1 and Figure
wavelengths (380 and 400 nm). These results are compa-3). The dispersion of chemical shifts of the HN resonances
rable to those reported for pseudobactin B29) @nd other over 2.5 ppm in the spectra of the complex, whereas in the
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Table 1: Assignment ofH Resonances for Pyoverdin G4R and Pyoverdin GER(II) at 283 K in HO/1% PH1q)-tert-Butyl Alcohol?
chemical shift (ppm)

HN Hot HB Hy Ho He AS (ppb K1)
Suc 9.70 2.66 259 - 7.59, 6.82 -9.0
- 2.68 259 - - -
Aspl 8.70 4.63 2.83,2.63 -9.5
8.85 438 2.73,2.63 ~7.0
om2 8.52 4.16 1.81,1.72 1.65 3.04,2.92 7.66 -9.5
8.37 4.15 1.58,1.54 1.46 2.83 - —6.0
OHAsp3 9.22 5.16 4.78 ~4.0
8.82 5.06 4.42 -8.0
Dab4 9.56 4.19 1.89,1.81 2.91,1.71 8.12 ~4.0
- 4.16 2.03,1.91 3.36, 3.02 - -
Glys 10.44 4.63,4.04 - —45
8.32 3.87 —4.5
Ser6 8.30 4.28 3.79 -5.5
8.38 4.32 3.74 -7.0
OHOrn7 8.45 4.68 2.06, 1.65 1.90,1.84 3.47 ~45
8.45 432 1.87,1.66 1.82,1.77 3.54,3.48 —6.0

chemical shift (ppm)

H4 H5 H8 H11 H12 H13 H14
Chr 7.67 6.73 6.46 5.58 2.61,2.20 3.51,3.16 8.03
7.78 7.05 6.77 5.49 2.59,2.26 3.55,3.27 852

a Data for pyoverdin G4RGa(lll) is in bold type; that for pyoverdin G4R free ligand is in normal type. Changes in chemical shifi.@8fppm
are underlined.

A e B ‘ The chemical shifts of HN resonances are expected to
e, o decrease as the temperature is raised, as the hydrogen
- [ & bonding environment is altered?). “Random coil” values
oo " of temperature coefficients for the 20 natural amino acids
P45 3 - (43) lie in a tight range betweer7.0 and—8.4 ppb K,
- = g except for those for aspartic acid§.4 ppb K1) and tyrosine
SRS E

(—9.3 ppb K). Values that are smaller in magnitude than
random coil values are sometimes taken as an indication of
involvement in intramolecular hydrogen bonding and/or
55 F 55 inaccessibility to solvent4@), but care must be taken in
P 0 Ay oo oo . interpreting such results since they are also affected by
X . . E (ppm)

. 3 ROESY . ‘ din GAR /1% PHyd conformational exchange processes.
IGURE 3: spectrum of pyoverdin in®/1% PHaq)- . .
tert-butyl alcohol in the uncomplexed (A) and complexed (B) forms.  FOr the pyoverdin G4R free ligand, only the temperature

uncomplexed form the corresponding resonances covere o_?fficient for the_ HN resonance of Gly5 is low-4.5 ppb
only 1.0 ppm, is a clear indication of the structure of the .)’ all oth_er§ lying close to random coil values (Taple 1.)'
peptide chain around the aromatic chromophore. Among Thls'may indicate some small degree Qf.structurlng in
the most notable changes in chemical shift are those of thesolutlon. In contrast, the temperature coefficients of the HN
Dab4 Hy, Gly5 HN, and Gly5 H resonances, although resonances of complexed pyoverdin G4Ba(lll) show

changes of0.2 ppm are also observed for the resonances Jreater variability (Table 1). While random coil values are
of Chr H5 and H8, Aspl H, OHAsp3 HN and H, and not available for the nonstandard residues, the temperature

OHOrM Hu (Table 1). In the complexed form, the Dabé coefficients for OHAsp3, Dab4, Gly5, Ser6, and OHOrn7

— 1 i
Hy resonances are separated by 1.2 ppm as opposed to O.WOUId appear to be low4.0 10 5.5'ppb K™). suggesting
ppm in the uncomplexed form, while the GlySo-eso- some protection from exchange with the solvent for these
nances, degenerate in the uncomplexed form, have chemica ! Protons. In contrast, the values for Suc, Aspl, and Ormn2

i — 1
shifts that differ by 0.6 ppm in the complexed form. Also are high 9.0 to —9.5 ppb K )- Thg value fpr Suc HN
of note is the observation of Dab4dthe Nd atom is not may be due to a greater lability resulting from its attachment

protonated under similar conditions in the free ligand. to the aromatic system of the chromophore. Those for Aspl

Effects of TemperatureThe assignments for uncomplexed and Orn2 may indicate conformational exchange.
pyoverdin G4R show no significant differences between 283  Hydrogen ExchangeNo HN resonances were observed
and 303 K, other than for the HN protons. Similarly, N @ spectrum recorded immediately after dissolution of
assignments at 303 K for complexed pyoverdin G4Fa- uncomplexed pyoverdin G4R in;D. Two such resonances
(Il) show no major changes from those at 283 K, for the Persisted, however, in the spectrum of pyoverdin G-
chemical shifts of alfH nuclei other than the HN protons ~ (Ill), when dissolved in BO. These resonances were
(data not shown). The pattern of cross-peaks in ROESY assigned to the HN protons of OHAsp3 and Gly5.
and NOESY spectra is unchanged, indicating that the tertiary Indications of Tertiary Structure ROESY spectra of
structure of the complex is not perturbed greatly over this pyoverdin G4R free ligand (Figure 3) contain only in-
temperature range. traresidual and sequential connectivities, indicating a largely

i 150
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Ficure 4: Superimposition of the set of 20 structures with the lowest overall energies of the pyoverdinGadlR) complex.

Table 2: Statistics for the Family of 20 Calculated Structures of chain all lie within 30 of expected values (determined from

Pyoverdin G4R-Ga(lll)? 3Jun-Ha coupling constants), with the exception of that of
Ecoc (kcal mof?) 48.18 (0.44) Asp1, for which thep angle of around 53:0ss not expected
Eponas(kcal mol?) 8.94 (0.20) to give rise to a coupling constant f8 Hz. The average
Eangle(slgkc?-l m%l) 12.83 ((8.28)) pairwise rmsd for the set of 20 structures is low, reflecting

impr (KCal MO| . . i ini
B (kcal mol ) 0,60 (0.12) good (?onvergence into a nar.row energy minimum.
Edistance constrainis(Kcal mot™?) 15.70 (0.53) Tertiary Structure of Pygerdin G4R-Ga(lll). If the Ga-
maximum violation (A) 0.296 (0.023) (1) ion is considered as the center of the complex and the
pairwise rmsd (A) 0.186 (0.071)

aromatic bicycle as forming a horizontal plane to its left
a All values are means calculated over the set of 20 structures, except(Figure 5), the first peptide bond drops almost vertically

the pairwise rmsd which is the mean of all 190 pairwise fits. Fits were down off the chromophore. The chain sweeps around in a
carried out using the carbon atoms of the two aromatic rings of the )

chromophore and the nitrogen and carbonyl carbon atoms of the peptidic/€ft-handed manner, placing Aspl and Orn2, with their
backbone. The standard deviation is given in parentheses. oppositely charged side chains disposed outward into solu-

tion, before arriving at a point below the metal ion, where

unstructured peptide chain. Coupling constatds () are ~ OHASP3 provides two coordinating oxygen atoms. The H
all intermediate, characteristic of averaging between con- Protons of Dab4 clearly lie in very different magnetic
formers. environments, due to the ring current effects of the aromatic

The ROESY spectra of pyoverdins G4R&Sa(lll) and rings, thus accounting for the large difference in their
G4R-Ga(lll) were essentially identical in all respects. This chemical shifts. The tetrahydropyrimidine ring serves to
confirms that the replacement of OH by Bbh the succinate redirect the chain such that it then turns in a right-handed
substituent of the chromophore has no effect on the tertiary direction and upward to bring the ring of OHOrn7 into
structure of the pyoverdingallium complex. Since the  position for completing the coordination of the metal ion.
former experiment did not requiféN decoupling, it was  As for the Dab4 Hf protons, the Gly5 kd protons experience
used for quantification of cross-peak intensity. A number differing magnetic environments; one lies close to Chr H5,
of distance constraints extracted from ROESY spectra (Figurealmost in the plane of the aromatic rings, while the other is
3) indicate tight packing of the peptide chain around the rigid more distant and below the plane.

chromophore. In particular, Chr H8 is close to Orni&,H The H proton of Dab4, labile in pyoverdin G4R free
OHAsp3 HN, and Dab4 bl while Chr H5, across the ring  |igand, is directed inward toward the coordinating oxygen
from Chr H8, forms cross-peaks with both GlySaH  atoms, as are the HN protons of the neighboring residues,
resonances. In the complex, valuesdfv-ro were found  OHAsp3 and Gly5. These latter two HN protons were those
to be large for Asp1, OHAsp3, and OHOrn7, suggesting that gpserved to exchange slowly inta®, although inspection
these residues may adgptconformations ¢ ~ —120° for of the structure does not reveal hydrogen bonding partners
L-amino acids). for either proton.

Structure Calculations The simulated annealing protocol, Th lex is a tiahtly defined  structure: onl
used to calculate three-dimensional structures consistent Withth € comp e.)é IS a ughtly ('at;]r)e ' ggmpﬁc. struc durte, only
the chemical structure of pyoverdin G4&&a(lll) and with € succinamide group, ornithin€ sideé chain, and, 1o some

the distance constraints derived from ROESY spectra extent, the ring of OHOrn7 are less well-defined. The metal

produced a single set of structures of the complex. Of 100 lon ‘? protec_ted _by t_h_e structure of the chr_omophc_)re and the
runs, only two were rejected at the final stage because Ofpept|de chain, r|g|d|f|ed by t_he Dab64 residue in its cente_r.
poor covalent geometry. None of the structures had viola- ONlY Petween the side chains of OHAsp3 and OHON7 is

tions of the distance constraints greater than 0.5 A. A set e metal ion less shielded.

of 20 structures with the lowest overall energies is shownin ~ Alternative Configurations Mean total energies for
Figure 4, and the breakdown of energetic terms is given in alternative configurations were between 1.33 and 6.1 times
Table 2. Analysis of the distance violations in this set of that of the structure presented above. This control excludes
final structures shows that the largest violations in each the possibility of having systematically found a false
structure do not exceed 0.4 A, and in all cases arise from minimum in the calculations. The correct structure has a
intraresidue constraints on either the aliphatic cycle of Chr absolute configuration, in accord with the circular dichroism
or the side chain of Orn2. Meap angles for the peptide  spectrum.
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FicurRe 5: Stereoviews of ball-and-stick and line representations of the tertiary structure of the pyoverdiG@@dR) complex. Only the
heavy atoms of the residues in the vicinity of the chelation center are detailed: the chromgphgdepxyaspartic acid, andyclo-N°-
hydroxyornithine. The main peptide chain is represented by a ribbon going throughxthes@tions. The succinate residue on C3 of the
chromophore is not represented in the ball-and-stick model. In the line representation, all the heavy atoms are shown.

DISCUSSION chlororaphisATCC 9446. These strains produce pyoverdins
which are structurally very closely related?. fluorescens
ATCC 13525 andP. chlororaphisATCC 9446 produce
mixtures of pyoverdins with identical structure®4). P.
aeruginosaATCC 15692 has a very closely related structure

The requirements oPseudomonabacteria for iron are
fulfilled by a remarkable mechanism, involving the biosyn-
thesis of small but intricate molecules (pyoverdins) able to

complex Fe(lll), and systems for secretion, recovery, inte- L : . . :
riorization, and reduction. The most striking feature of the (18, 19), with identical chelating bidentate groups, minor

pyoverdins is their high affinity for Fe(lll). For pyoverdin alterations to the peptide sequence, and a change in stereo-

G4R in particular, this is achieved in a most economical Chemistry of one of the hydroxyornithines.

manner, in terms of molecular size. Consequently, the structural requirements for the interac-
The role and the nature of the amino acids which do not tion of each of these pyoverdins with their respective

participate in the coordination of iron(lll) and the steric receptors are sufficient for the recognition process, and these

requirements for the interaction of the complexed pyoverdins siderophores are interchangeable. To date, this is a unique

with the outer-membrane receptors are not yet clear. Thecase.

iron uptake process takes place in two steps: recognition of e chromophore represents the common feature between
the complex by the receptor, very strongly influenced by pgeydomonagsyoverdins, probably indicating a biosynthetic
the nature of the three bidentate groups (cathechol andpaihay conserved through evolution. The variability of the
a-hydroxyaspartic and hydroxamic acids) and their location 5 ¢iq or amide substituent on C3 of the chromophore suggests
in the peptide chain, and then transport Into the obd),( that it has little importance beyond protection from hydrolysis
dependent on the nature of f[he other residues. _In Fhe Caseyt an aromatic free amine group to a hydroxyl group and
of Ngurospora cra;sayhe cyclic nature of the pgpt|de IS not plays no role in binding of the complexed pyoverdin to its
[ﬁgus'?ggrgorhtg; 2‘821'n%fft;h?hgigfgiglngﬂ??srﬁg'f;sg;r receptor. The peptide chain that provides the two additional
P P ptor, Yvidentate ligands to complex Fe(lll) is unique to each species

for the subsequent transpods). e T s
. . . . of Pseudomonasndicating a specialization by each bacteria
Concerning pyoverdins, results from cross-feeding experi- _, . ; . : ; .
of its pyoverdin. This chain must contain the residues

ments for seven fluoresceRseudomonastrains have shown . . S .

that the pyoverdin-mediated iron transport systems are strictlyreqUIred to ."’?C.h'e"e coord|nat|o_n of th? metal ion and to
strain-specific for a majority of themdg, 47). Although confer specificity, on complexation, for its own receptor.
the pyoverdins produced by different strains are very similar  Comparison of the three known pyoverdin structu (

in their overall structure, small differences in the nature and 23) (Figure 6) shows that the coordination is not achieved
location in the peptide chain of one or two amino acids, in the same manner in all pyoverdins; while pseudobactin
which are not involved in the coordination of the metal, are B10—Fe(lll) and pyoverdin GMH-Ga(lll) haveA configu-
important enough to determine the specificity. However, in rations about the metal ion, pyoverdin G4Ra(lll) has a
very few cases, this specificity seems to be less strict, as forA configuration. Furthermore, the manners in which the two
pyoverdins fromPseudomonas aeruginogal CC 15692, latter molecules complex their metal ion aeandA of the
Pseudomonas fluoresceA3CC 13525, and®’seudomonas  same isomer.
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Ficure 6: Comparison of the three known pyoverdin structures: stereoviews of ferric pseudobact22)Apyoverdin G4R-Ga(lll)
complex (B), and pyoverdin GMHGa(lll) complex (C) (23). The representations of the ball-and-stick views are the same as those in
Figure 5.

The pyoverdin G4R peptide chain is short, with a minimal enabled detailed structural and dynamic characterization of
number of residues between those that complex the metalthese molecules in their uncomplexed and complexed states.
ion, and the three residues between OHAsp3 and OHOrn7The dynamic behavior of pyoverdin G4R, as free ligand and
structured by the tetrahydropyrimidine ring of Dab4. Pseudo- complex, will be discussed elsewhere, in light of the three-
bactin B10 also contains three residues between its twodimensional structure presented here.
peptidic coordinating residues, but these form a more flexible
sequence-Ala-p-allo-Thr-L-Ala. Pyoverdin GM-IIl, onthe =~ ACKNOWLEDGMENT
other hand, has longer, more flexible segment#la-p-
Lys-Gly-Gly, between the chromophore and the hydroxy- di
aspartic acid, ant-GIn-p-Ser+-Ala-p-Ala-p-Ala-L-Ala,
between the two coordinating residues, that appear to hav
little to do with metal binding. If this latter sequence is
involved in receptor binding, then what features of the
pyoverdin G4R-Ga(lll) determine its binding to its receptor? REFERENCES
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