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Because the hydrolysis of ferric ion makes it very insoluble in aerobic, near neutral pH environments, most species
of bacteria produce siderophores to acquire iron, an essential nutrient. The chirality of the ferric siderophore complex
plays an important role in cell recognition, uptake, and utilization. Corynebactin, isolated from Gram-positive bacteria,
is structurally similar to enterobactin, a well-known siderophore first isolated from Gram-negative bacteria, but
contains L-threonine instead of L-serine in the trilactone backbone. Corynebactin also contains a glycine spacer
unit in each of the chelating arms. A hybrid analogue (serine-corynebactin) has been prepared which has the
trilactone ring of enterobactin and the glycine spacer of corynebactin. The chirality and relative conformational
stability of the three ferric complexes of enterobactin, corynebactin, and the hybrid have been investigated by
molecular modeling (including MM3 and pBP86/DN* density functional theory calculations) and circular dichroism
spectra. While enterobactin forms a A-ferric complex, corynebactin is A. The hybrid serine-corynebactin forms a
nearly racemic mixture, with the A-conformer in slight excess. Each ferric complex has four possible isomers
depending on the metal chirality and the conformation of the trilactone ring. For corynebactin, the energy difference
between the two possible A conformations is 2.3 kcal/mol. In contrast, only 1.5 kcal/mol separates the inverted A-
and normal A-configuration for serine-corynebactin. The small energy difference of the two lowest energy
configurations is the likely cause for the racemic mixture found in the CD spectra. Both the addition of a glycine
spacer and methylation of the trilactone ring (serine to threonine) favor the A-conformation. These structural changes
suffice to change the chirality from all A (enterobactin) to all A (corynebactin). The single change (glycine spacer)
of the hybrid ferric serine-corynebactin gives a mixture of A and A, with the A in slight excess.

Introduction recognize the ferric complexes. After entering the bacterial
cell, iron is released via reduction, hydrolysis, or ligand
exchange mechanismsThe siderophore with the highest
known affinity for binding Fé&' is enterobactin, Figure

1),* produced by both some Gram-positive and several Gram-
negative bacteria likE. coli. Enterobactin has a high stability
(Ks = 10%9),5> with metal coordination at neutral pH through
*To whom correspondence should be addressed. E-mail: raymond@ the SiX catecholate oxygefsThis coordination leads to a

socrates.berkeley.edu. chiral iron center, which ia® in enterobactin. This chirality
T University of California, Berkeley.
* Pacific Northwest National Laboratory.

The importance of siderophores for the acquisition of iron
in microbes and the resulting bacterial pathogenicity is well
established Microorganisms use these low molecular weight
compounds to overcome the insolubility of3Feat pH 7
(~10"18 M).2 Specific receptor proteins on the cell membrane

(1) (a) Stintzi, A.; Raymond, K. N. Siderophore ChemistryMolecular (3) stintzi, A.; Barnes, C.; Xu, J.; Raymond, K. Rroc. Natl. Acad. Sci.
and Cellular Iron TransportMarcel Dekker: 2002. (b) Telford, J. U.S.A.200Q 97, 10691.
R.; Raymond, K. N. Siderophores. Gomprehensie Supramolecular (4) (a) O’'Brien, I. G.; Gibson, FBiochim. Biophys. Actd97Q 215, 393.
Chemistry Atwood, J. L., Davies, J. E. D., MacNicol, D. D., gte, (b) Pollack, J. R.; Neilands, J. Biochem. Biophys. Res. Commun
F., Eds.; Elsevier Science Ltd.: Oxfqrti996; Vol. 1, pp 245266. 197Q 38, 989.
(c) Winkelmann, GCRC Handbook of Microbial Iron Chelate€RC (5) (a) Loomis, L. D.; Raymond, K. Nnorg. Chem.1991, 30, 906. (b)
Press: Boca Raton, FL, 1991. Harris, W. R.; Carrano, C. J.; Raymond, K. Bl. Am. Chem. Soc

(2) Raymond, K. N.; Carrano, C. Acc. Chem. Red979 12, 183. 1979 101, 2213.

10.1021/ic025531y CCC: $22.00 © 2002 American Chemical Society Inorganic Chemistry, Vol. 41, No. 21, 2002 5475

Published on Web 09/14/2002



Bluhm et al.

OH
R4
o) R OH
" « Yoo
R2 (o} O o R1 = OH HN 0
(o)
R O\‘IR1 HN Yo ﬁ)
0 R, NH
1R =H) 2 (R, = CHy)

3 (Ry=H)
Figure 1. The siderophores enterobactit) @nd corynebactin2). The
synthetic analogugis a hybrid, composed of the serine trilactone connected
to the side chain of corynebactin.
is not essential for receptor recognition and transport through
the membrané,but it is necessary for the iron utilization
inside the microbial cell. The mirror image, ferric-enantio-
enterobactin complex, does not promote microbial grdiwth,
indicating the importance of chirality for iron uptake.

A related siderophore, corynebactif),(was described
recently? Two Gram-positive bacteriaCorynebacterium ferric complex diastereomer Amax[NM]  Ae [M~Lcm 1]
glutamicumandBacillus subtilusproduce corynebactin, the  “giopaciing A 553 Y
second example of a siderophore with a trilactone backbone. corynebactin2) A 545 +1.7
Corynebactin consists af-threonine units in contrast to  Serine-corynebactig A, slightly 520 +06
enterobactin, where-serine units are incorporated. Each ) )
corynebactin side chain also contains one glycine spacer. All ferric complexes ofl—3 reveal intense CD bands at
Recently, we described that the iron complexes of these two2/0 NM corresponding to the carbonyl amide in the ligand
closely related siderophores have opposite chirddity. (Figure 2, Table 1). The bands of ferric corynebactin and

Additionally, we prepared serine-corynebactin hybrid com- serine-corynebactin (350 nm) and ferric enterobactin (330

pound3 with a serine trilactone backbone and the coryne- nm) are due to the chiral trilactone scaffold. Two charac-
bactin side chains which has properties similar to both teristic ferric catechol transitions are observed in the visible

enterobactin and corynebac#t! Herein, we report the region at 435 nm and between 520 and 540 nm. These bands
circular dichroism spectra of Fe(lll) complexes with-3 arise from ligand-to-metal charge transfer (LMCT) transitions

and establish the observed chiralities to be fully consistent 2Nd are therefore sensitive to the chirality at the metal

. . . 14
with the results of conformational analyses performed with CeNter:
a molecular mechanics model. To confirm these results, molecular modeling of the ferric

complexes was carried out. MM3 calculations with an
extended parameter set were used to perform a conforma-
Remarkably, the ferric complexes of compourds3 all tional se.archqu the iron(lll)-corynebactin compljék.ﬁ'l'_he
show different circular dichroism spectra. After the ferric Search identified three low lying conformations wiGy
complexes were prepared from the solutions of the free SYmmetry (Figure 3, Table 2). A higher enei@ysymmetry
ligands in buffered water (pH 7) with equivalent amounts structure was also located. Interestingly, two of the conform-
of iron trichloride and purified with HPLG? circular ~ ©rs showed an inverted macrocycle with the carbonyl groups
dichroism measurements were obtaidgth contrast to the
A-iron(lll)-enterobactin complex, the ferric corynebactin (12) Ligands {~3) were dissolved in a mixture of 2 mL of water and 3
complex has a-conformation. Ferric serine hybrid analogue mL of methanol. The initial concentration of the complex was 0.5

mM. Ferric ion dissolved in 10 mM HCI was added to the solution to
3 appears to be a mixture - andA-isomers, with a slight make a 1:1 complex. A color change was observed, and the solution
excess OfA.

was centrifuged for 10 min (14000 rpm eppendorf) to remove solid
precipitate. Impurities were removed by preparative HPLC eluting with
H,O/MeOH (35:65), with a pressure of approximately 1000 psi and a

Figure 2. Circular dichroism spectra of ferric enterobactin, ferric
corynebactin, and ferric serine-corynebactin in waler= 22 °C.

Table 1. Circular Dichroism Results of Ferric Complexes

Results and Discussion
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flow rate of 10 mL/min. The intensity of the eluent was measured at
254 nm. The colored fraction of each ligand was collected.

The pure fraction collected from HPLC was measured by-uig
spectrophotometry (Cary 300 Scan). The concentrations of the ferric
compounds were approximately 0.066 md/= 15000 M~ cm™! at

330 nm). The CD spectra of the complexes were measured using a
Jasco J-810 spectrometer.
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Molecular Modeling of Ferric Complexes

Figure 3. Csz symmetry structures located by conformational searches of
Fe** complexes with corynebactir2),

Table 2. Conformations and Energies of the Ferric CompleXasd

ferric complex diastereomer energy [kcal/mol] macrocycle
2a A 0.0 inverted
2b A 2.3 normal
2c A 3.6 normal
2d A 11.3 inverted

Figure 4. Cgz symmetry sturctures located by conformational searches of
Fe™ complexes with serine corynebactid).(

Table 3. Conformations and Energies of the Ferric Comple3asd

ferric complex diastereomer energy [kcal/mol] macrocycle
3a A 0.0 inverted
3b A 15 normal
3c A 3.9 inverted
3d A 5.1 normal

Table 4. Conformations and Energies of the Corynebactin Trilactone
Macrocycle without Side Chains

trilactone structure method energy [kcal/mol]
normal MM3 0.0
inverted MM3 2.3
normal pBP86/DN* 0.0
inverted pBP86/DN* 3.2
Figure 5. Cz symmetry structures located for ¥ecomplexes with

enterobactin ).

Table 5. Conformations and Energies of the Ferric Complekasc

ferric complex diastereomer energy [kcal/mol] macrocycle
la A 0.0 normal
1b A 2.1 normal
1c A 2.2 inverted

represent smaller populations in solution. The CD spectrum
of ferric 2 confirms this result showing an intense band for
the ferric A-corynebactin complex2j.

These structures were then re-optimized with MM3 after
removal of the methyl groups to yield the analogdtis
symmetry structure8a—d for the serine corynebactin-Fe-
(I complex. The iron(lll)-serine-corynebactin complex also
has four stable conformers (Figure 4, Table 3). Similar to
2a, the lowest energy conformeBa, contains an inverted
trilactone ring. In contrast to the conformers of corynebactin,
3b (+1.5 kcal/mol) isA and contains the normal trilactone
ring. The next isomer3c (+3.9 kcal/mol), is alsa\, but

pointing toward the metal ion. For both stereoisomers, the contains the inverted trilactone backbone. The highest energy
conformer with the inverted backbone has a lower energy conformer (5.1 kcal/mol) is againA, but contains the

than the “normal” one with the CO groups pointing outside.
This “normal” structure was already known from the
vanadium(IV)-enterobactin compléBoth A-conformer2a
and 2b have the lowest energy of all four structures2of
The A-isomers2c and2d are higher in energy and therefore

normal trilactone ring. Removal of the methyl groups appears
to dramatically destabilize th& conformer with the normal
trilactone ring. In this case, the energy difference between
the lowest lying A form is not as large as it is for
corynebactin. This smaller energy difference is consistent
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Table 6. Calculated Structural Features of Lowest Energy Structures for the Ferric Compleke2, @ind 32

Bluhm et al.

complex Fe-Oortho Fe—Ometa O—Fe—0O Fe—O—C Fe—O—C—C N—H----O=C N—H-**Ogrtho
la 2.016 2.022 80.4 112.6 5.2 na 1.77
1b 2.033 2.039 79.0 113.7 2.5 na 1.79
1c 2.014 2.021 80.4 112.4 7.0 na 1.75
2a 2.012 2.016 81.7 111.6 49 2.00 1.82
2b 2.010 2.017 81.3 111.5 8.7 na 1.76
2c 2.011 2.019 81.4 111.2 6.6 na 1.78
2d 2.015 2.014 81.8 111.3 -1.0 2.16 1.83
3a 2.012 2.017 81.6 111.6 4.9 2.01 1.80
3b 2.010 2.019 81.3 111.7 6.3 na 1.77
3c 2.012 2.013 81.8 111.4 1.1 2.35 1.82
3d 2.009 2.015 81.5 1115 7.5 na 1.77

aUnits: distances in angstroms, angles in degrees. Ortho and meta designations refer to the catecholate oxygen atom position with respect to the amide
substituent. The ©Fe—0 value refers to the intrachelate angles only.

with a mixture of theA and A chiralities, with only a slight  for the unfavorable inversion of the trilactone ring. Because
excess ofA, as visible in the CD spectrum. enterobactin only contains one set of amide hydrogens and

Further calculations were done to evaluate the relative these are involved in the hydrogen bonding with drtho
stability of the normal and inverted forms of the corynebactin oxygen of the catechol, inversion of the CO moieties is
macrocyclic ring. The side chains were replaced by hydrogendisfavored because no stabilizing hydrogen bonds can be
atoms (R = R, = H). The geometries were optimized with  formed.
the molecular mechanics calculations using the MM3
progrant® and with density functional theory calculations
(pBP86/DN*) using the MacSpartan programWithout the
side chain, the normal trilactone macrocycle is energetically
favored by 2-3 kcal/mol (see Table 4). Perhaps the greater
flexibility of the glycine containing arms allows for the
inversion of the macrocycle to achieve a conformation
recognized by Gram-positive bacteria. The effect of stereo-
specificity of the serine corynebactin analogue on receptor
recognition is currently being investigated.

In prior work !¢ we reportedA- and A-conformations for
the iron(lll)-enterobactin complex with the normal macro- ‘ ¢ "
cycle. Here, we attempted to locate the inverted macrocycle Calculations on the isolated macrocycle show that, in the
forms for enterobactin. Either thA- or A-forms of the absence o_f S|de_cha|ns, the inverted conformer is orig 2
[Fe(catecholatg)®~ complex were attached to the inverted kcal/mol higher in energy than the normal conformer. The

triserine enterobactin backbone and then optimized with the Nverted macrocycle conformer seendrand3 appears to
MM3 model (Figure 5, Table 5). This approach yielded an be stabilized by hydrogen bonding between the macrocyclic

inverted A-form. However, repeated attempts to locate an CO 9roups and amide NH hydrogen bond donors in the

inverted A-form were unsuccessful. side chains.

Additional hydrogen bonds formed from the inversion of ~ Acknowledgment. This work was supported by a Feodor
the trilactone are seen in the calculated structures (see Tabld-ynen grant for M.E.B. from the Alexander von Humboldt
6). All normal and inverted structures contain hydrogen foundation, an Environmental Management Science Program
bonds between the three amides anddtteo oxygen atoms ~ Grant (64947) for B.P.H. from the U.S. Department of
of the catechol moieties. However, the inverted structures Energy, and Grant Al11744 from the National Institutes of
of 2 and3 also contain hydrogen bonds between the second Health.
set of amides attached to the trilactone ring and the inverted  sypporting Information Available: Cartesian coordinates for
CO moieties. This additional stabilization may compensate the calculated compounds—c, 2a—d, and3a—d. This material
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Summary

The CD spectra of ferric complexes of enterobactijy (
corynebactin?), and the serine-based analogB8gquggest
differing chiralities at the metal centers. This behavior has
been confirmed by conformational analysis using an extended
MM3 model’® In full agreement with experiment, the
modeling results predick chirality for 1, A chirality for 2,
and, upon removal of the methyl substituents from the
macrocycle, a decreased energy gap betweerthad A
forms of 3. The calculations also reveal that the lowest energy
forms of 2 and3 have an inverted macrocycle conformation.
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