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Abstract: The siderophore enterobactin (Ent) is produced by many species of enteric bacteria to mediate
iron uptake. This iron scavenger can be reincorporated by the bacteria as the ferric complex [Fe"'(Ent)]3~
and is subsequently hydrolyzed by an esterase to facilitate intracellular iron release. Recent literature reports
on altered protein recognition and binding of modified enterobactin increase the significance of understanding
the structural features and solution chemistry of ferric enterobactin. The structure of the neutral protonated
ferric enterobactin complex [Fe"(HsEnt)]° has been the source of some controversy and confusion in the
literature. To demonstrate the proposed change of coordination from the tris-catecholate [Fe"'(Ent)]*~ to
the tris-salicylate [Fe'"(HsEnt)]° upon protonation, the coordination chemistry of two new model compounds
N,N',N'"-tris[2-(hydroxybenzoyl)carbonyl]cyclotriseryl trilactone (SERSAM) and N,N',N'-tris[2-hydroxy,3-
methoxy(benzoyl)carbonyl]cyclotriseryl trilactone (SER(3M)SAM) was examined in solution and solid state.
Both SERSAM and SER(3M)SAM form tris-salicylate ferric complexes with spectroscopic and solution
thermodynamic properties (with log 3110 values of 39 and 38 respectively) similar to those of [Fe"'(HzEnt)]°.
The fits of EXAFS spectra of the model ferric complexes and the two forms of ferric enterobactin provided
bond distances and disorder factors in the metal coordination sphere for both coordination modes. The
protonated [Fe"(HsEnt)]° complex (dre—o = 1.98 A, 024(0) = 0.00351(10) A2) exhibits a shorter average
Fe—0O bond length but a much higher static Debye—Waller factor for the first oxygen shell than the
catecholate [Fe"'(Ent)]>~ complex (dre—o = 2.00 A, 6%a(0) = 0.00067(14) A2). IH NMR spectroscopy was
used to monitor the amide bond rotation between the catecholate and salicylate geometries using the
gallic complexes of enterobactin: [Ga"(Ent)]*~ and [Ga"'(HzEnt)]°. The ferric salicylate complexes display
guasi-reversible reduction potentials from —89 to —551 mV (relative to the normal hydrogen electrode
NHE) which supports the feasibility of a low pH iron release mechanism facilitated by biological reductants.

Introduction human immune system which sequesters and inactivates sid-
erophores, has heightened this significadeunctionalization

to increase siderophore water solubility alters the iron transport
capability in a host organism and also the pathogenicity of the
producing organisri12Many species of Gram-negative enteric
bacteria such agscherichia coliand Salmonella enterica
%roduce and utilize the siderophore enterobactin (Ent) (Figures
"1 and 2)? Enterobactin is predisposed for iron binding, with

While enterobactin has been described as an archetype for,
siderophore-mediated iron transganhd much is known about
its selective affinity for Fe(lll), microbial synthesis, and
recognition3# recent research progress has opened new and
surprising aspects of this and related siderophores. Because th
growth of pathogenic bacteria depends on adequate iron supply
iron metabolism is a key determinant in bacterial diséage.

The recent discovery of siderocalin, a protein produced by the (6) Dertz, E. A.; Raymond, K. N. I€omprehensie Coordination Chemistry-
Il; McCleverty, J., Meyer, T., Eds.; Pergamon: Oxford, 2003; Vol. 8, pp

. . . . 141-168.
TUniversity of California, Berkeley. (7) Hantke, K.Curr. Opin. Microbiol. 2001, 4, 172-177.
* Lawrence Berkeley National Laboratory. (8) Raymond, K. N.; Dertz, E. A. litron Transport in Bacteria: Molecular
(1) Coordination Chemistry of Microbial Iron Transport. 75. Part 74: Dertz, Genetics, Biochemistry, Microbial Pathogenesis and EcqlGgygsa, J. H.,
E. A.; Raymond, K. NInorg. Chem.2006 128 In press. Payne, S. M., Eds.; ASM Press: Washington, DC, 2004; pp73
(2) Raymond, K. N.; Dertz, E. A.; Kim, S. Rroc. Natl. Acad. Sci. U.S.A. (9) Raymond, K. N.; Telford, J. R. IBioinorganic Chemistry An Inorganic
2003 100 3584-3588. Perspectie of Life Kessissoglou, D. P., Ed.; Kluwer Academic Publish-
(3) Earhart, C. F. Inlron Transport in Bacteria: Molecular Genetics, ers: The Netherlands, 1995; Vol. 459, pp-2%/.
Biochemistry, Microbial Pathogenesis and Ecolp@yosa, J. H., Payne, (10) Goetz, D. H.; Holmes, M. A.; Borregaard, N.; Bluhm, M. E.; Raymond,
S. M., Eds.; ASM Press: Washington, DC, 2004; pp -1336. K. N.; Strong, R. K.Mol. Cell 2002 10, 1033-1043.
(4) Walsh, C. T.; Marshall, C. G. liron Transport in Bacteria: Molecular (11) Fischbach, M. A,; Lin, H.; Liu, D. R.; Walsh, C. Nat. Chem. Biol2006
Genetics, Biochemistry, Microbial Pathogenesis and EcqlGggsa, J. H., 2,132-138.
Payne, S. M., Eds.; ASM Press: Washington, DC, 2004; pp3I/8 (12) Luo, M,; Lin, H.; Fischbach, M. A;; Liu, D. R.; Walsh, C. T.; Groves, J.
(5) Boukhalfa, H.; Crumbliss, A. LBioMetals2002 15, 325-339. T. ACS Chem. Biol2006 1, 29-32.
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— -3 Despite thorough literature precedéht?* confusion about
o coordination geometry at the metal center has persfsted.
Q ~ l( Previous studies suggested a structural change for the ferric
%(5\0' S enterobactin complex from a catecholate to salicylate geometry
NH NH HN o around the metal ion, where protonation occurs at the meta
I hydroxyl oxygen of the catechol, and coordination of Fe(lll)
N ?/ shifts from the two catecholate oxygens to the ortho hydroxyl
/!{)'5“\ oxygen and the amide oxygen (Figure 23§* The work
o S presented here confirms the solution and solid-state structural

alteration of ferric enterobactin upon protonation. Two analogues
of enterobactin based on the same serine trilactone scaffold,
SERSAM and SER(3M)SAM, reproduce the salicylate coordi-
nation environment of the protonated ferric enterobactin complex
(Figure 2). A variety of thermodynamic and spectroscopic

Ne coH measurements (UWvis, FTIR, NMR, EXAFS) of the catecho-
H 2~ Sl late [Fe'(Ent)P~, [GA"(Ent)P~, [F€"(TRENCAM)]®~ com-
! +H* | plexeg® and the salicylate analogues [REERSAM)P, [Fe'-
°\ —_— =Y (SER(3BM)SAM)P, [Fe!'(TRENSAM)P, and [Fé! (TREN(3M)-
Fe  -H" M SAM)]923 structurally characterize both coordination modes.
o/ o/ Corresponding data as well as DFT calculated structures were

obtained for the two protonated [EéH3ENt)]° and [G&l' (Hs-
Ent)]° complexes, establishing their common salicylate geom-
etry.

Figure 1. Ferric enterobactin (top) and the coordination shift from
catecholate (bottom left) to salicylate (bottom right) upon protonation.

three catecholate units attached to a serine trilactone scaffold
through amide linkages, and exhibits a very high affinity for
ferric ion (pFe= 34.3)13 The metabolism of this powerful iron Ligand and Metal Complex Synthesis. The two new
chelator is tightly controlled by the Fur (Fe uptake regulation) enterobactin analogues SERSAM and SER(3M)SAM were
protein? Much is known about the biosynthesis and TolC- synthesized by using identical methods, as shown in Scheme
dependent exportation of the apo-siderophore as well as thel. The serine trilactonelf was reacted with an excess of either
TonB-dependent FepA recognition of the enterobactin ferric 2-(benzyloxy)benzoyl chloride2) or 2-(benzyloxy),3-(meth-
complex3# The iron release mechanism from the ferric entero- oxy)benzoyl chlorideg), and triethylamine in THF. The crude
bactin complex to intracellular iron carriers occurs primarily tribenzyl-SERSAM 4) and tribenzyl-SER(3M)SAME) were
through enzymatic hydrolysis of the siderophore trilactone purified by separation on chromatography columns. Subsequent
backbone by the esterase F&&However, synthetic analogues hydrogenation over Pd/C under hydrogen pressure (1 atm)
of enterobactin, which are not susceptible to this specific provided pure SERSAME) and SER(3M)SAM 7) in good
hydrolysis, can be 5% as effective as enterobactin in delivering yields. The ligands were both combined with ferric chloride in
iron to the cell, and thus sufficient for growth promotiti’ methanol, with pyridine as a base, to provide the corresponding
This result implies the existence of a secondary pathway for neutral ferric complexes, [F§SERSAM)P and [Fé!'(SER(3M)-
intracellular iron release. While ferric enterobactin at neutral SAM)]°. Enterobactin (Ent) was also combined with Fe(agac)
pH cannot release iron by reducti&ht® protonation of ferric or Ga(acac)in methanol to afford the neutral protonated ferric
enterobactin makes reduction much ea&ig¢turthermore, low and gallic complexes, [FEH3ENt)]° and [G&'(HENt)]°, re-
pH binding of ferric enterobactin raises the question of whether spectively. Addition of KOH in the same reaction conditions
a second type of structure might be recognized by proteins allowed the isolation of the deprotonated catecholate ferric
involved in ferric enterobactin metabolism. Studies in progress ([F€" (Ent)P") and gallic ([Gd'(Ent)[?~) enterobactin com-
are investigating this issue. plexes. Electrospray mass spectrometry (ESMS) showed the
It has been shown that protonation of ferric enterobactin molecular peaks of the mononuclear 1:1 ligand to metal
occurs in three discrete one-proton steps upon acidification, complexes for all complexes. No peaks corresponding to

Results

resulting eventually in a triprotonated, neutral ferric complé®. ~ complexes having a 2:1 ligand to metal stoichiometries were
observed.
(13) Loomis, L. D.; Raymond, K. Ninorg. Chem.1991, 30, 906-911. FTIR and UV —Vis Spectroscopic Properties.The solid-
8‘513 E{,‘fkﬂ“_f‘r,‘gi;rfbé'gﬁ"%?Sﬂj;%;fb?'g:;cvcggﬁ?? %?7'&%“2.32?;1“5_32%0_ state infrared spectral data for SERSAM and SER(3M)SAM
2005 127, 11075-11084. _ ) exhibit a shift of the carbonyl amide stretching frequencies to
(16) Ecker, D. J.; Matzanke, B. F.; Raymond, K. N.Bacteriol. 1986 167, lower wavenumbers upon complexation witi#Fethe carbonyl
(17) Heidinger, S.; Braun, V.; Pecoraro, V. L.; Raymond, K.JNBacteriol. stretch of the free ligands SERSAM (1641 thhand SER-

1983 153 109-115.
(18) Cooper, S. R.; McArdle, J. V.; Raymond, K. Rroc. Natl. Acad. Sci.

U.S.A.1978 75, 3551-3554. (22) Pecoraro, V. L.; Harris, W. R.; Wong, G. B.; Carrano, C. J.; Raymond, K.
(19) Harris, W. R.; Carrano, C. J.; Cooper, S. R.; Sofen, S. R.; Avdeef, A. E; N. J. Am. Chem. S0d.983 105, 4623-4633.
McArdle, J. V.; Raymond, K. NJ. Am. Chem. Sod 979 101, 6097 (23) Cohen, S. M.; Meyer, M.; Raymond, K. N. Am. Chem. S0d.998 120,
6104, 6277-6286.
(20) Lee, C. W.; Ecker, D. J.; Raymond, K. Bl. Am. Chem. Sod.985 107, (24) Cohen, S. M.; Raymond, K. Nnorg. Chem.200Q 39, 3624-3631.
6920-6923. (25) Ratledge, C.; Dover, L. GAnnu. Re. Microbiol. 200Q 54, 881-941.
(21) Cass, M. E.; Garrett, T. M.; Raymond, K. 8. Am. Chem. Sod 989 (26) Stack, T.D. P.; Karpishin, T. B.; Raymond, K. NAm. Chem. So&992
111, 16771682. 114, 1512-1514.
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Figure 2. Enterobactin and its synthetic analogues: the catecholate TRENCAM and salicylate SERSAM, SER(3M)SAM, TRENSAM, and TREN(3M)-
SAM ligands. The coordinating oxygen atoms are indicated in red.

Scheme 1. Synthesis of the Two Salicylate Analogues of Enterobactin SERSAM and SER(3M)SAM
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(BM)SAM (1642 cnr?) shift to lower energy by 35 and 38 cth exhibits a deep red color resulting from ligand-to-metal-charge-
for their corresponding ferric complexes. These observations transfer (LMCT) transitions at = 446 nm ¢ = 3270 M1

are in agreement with those reported for similar salicylate cm™t), which does not correlate well with that of [FFgH3ENt)]°.
complexes and support the assignment of the salicylate modeThe presence of the methoxy groups in the deep purplé-{Fe
of coordinatior?® The metal enterobactin complexes also display (SER(3M)SAM)P (A = 502 nm,e = 3270 M1 cm™1) provides
characteristic IR frequencies, depending on their protonation a better spectroscopic model for [fFg:Ent)]°.13

states, as detailed in a previous sté@éigimilar infrared spectra Ligand Protonation Constants and Stability of Ferric

are observed for the corresponding ferric or gallic complexes. Salicylate Complexes.The stepwise proton association con-
In aqueous media, [F{SERSAM)P and [Fé¢'(SER(3M)- stants as defined by egs 1, 2, and 3 and the ferric complex
SAM)]° both show a strong absorption in the UV duettes* formation constant (eq 4) were determined by spectrophoto-
transitions at 304 nme(= 9520 Mt cm™1) and 312 nm{ = metric titrations for the two new salicylate ligands. Due to
9300 Mt cm™), respectively. However, [F§SERSAM)P limited solubility in water, SERSAM and SER(3M)SAM were

8922 J. AM. CHEM. SOC. = VOL. 128, NO. 27, 2006
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91 H .L+H"<HL K —i (1)
T [, LH
& . [H,L]
S 1.0 L+hH " <-HL Bpn="—"- 2
3 b Lo = T
d. [H nL] ﬂOIn
: — - 3
% 05 LM Poeen 3
MM +IL + hH <M LH, 3 __MaLH (4)
T ML H "
0.0

Spectrophotometric titrations, monitoring wavelengths be-
tween 250 and 700 nm, were also performed for ferric SERSAM
and ferric SER(3M)SAM from pH 5.5 to 2 and are shown in

Figures 3 and S1. Increasing the pH above 7 resulted in the
- complete disappearance of the charge-transfer band due to
_5 formation of iron hydroxide. The complexes are stable only in
'E neutral to acidic conditions. As the pH is lowered, the intensity
g of the LMCT band decreases and finally vanishes around pH
7: = 2. At low pH, the intenser—x* transitions resolve as a
b narrower bandX = 300 nm,e = 5025 M~ cmt andl = 314
nm, e = 7018 M~ cm for SERSAM and SER(3M)SAM,
respectively), the final spectrum being identical to the spectrum
calculated for LH species. The nonlinear least-squares refine-
0.0 ———F————T————T———— mentg” of the overall formation constantsigincluded in each
300 400 500 600 700 case the three protonation constants derived from spectropho-
A (nm) tometric titrations (Table 1) and the metal hydrolysis products,
Figure 3. Spectrophotometric titrations of SER(3M)SAM by KOH (top)  whose equilibrium constants were fixed to the literature vafues
and [Fé'(SER(3M)SAM)P by HCI (bottom) in waterl = 0.1 (KCI), T = (log f10-1 = —2.61, l0gB10» = —5.66, logBo_» = 2.86) and
25.0°C, | =1cm. X e
which do not absorb significantly.
Table 1. Refined Protonation and Ferric Complex Formation DFT Calculations on Catecholate and Salicylate Entero-
Constants for SERSAM and SER(SM)SAM* bactin Metal Complexes.The relative conformational stability
log i of the two most probable binding modes of protonated ferric
species mih SERSAM SER(3M)SAM enterobactin [P&(Hz:Ent)|° was investigated by molecular
LH 011 9.1 (1) 8.8 (1) modeling. Density functional theory calculatidhsvere per-
LH, 012 17.5(2) 16.7 (1) formed on the ferric and gallic complexes [R&nt)}-,
LHs 013 233(2) 233(2) [GaA'(Ent)-, cat-[Fé! (HsEnt)P, cat-[GA (HsENL), sal-[Fé! (Hs-

Fel 110 26 38 ) Ent)]°, and sal-[GH (H3Ent)]° where the prefixes “cat” and “sal”

a|] = 0.1 (KCI), T = 25°C. Figures in parentheses give the uncertainty designate the catecholate and salicylate possible binding modes.
determined from the standard deviation between three independent titrations The geometry of each complex was optimized with Jaguar at
the b3lyp/lacvp** level. The complete d-shell of t@rovides

titrated at low concentration by monitoring the spectral changes complexes with a lower spin-state than that of the equivalent
as a function of pH throughout the pH range of-41®.0. The ferric complexes, which facilitates the convergence of the
compounds were titrated only from low to high pH to avoid calculation. In the P& case, iguess: 10 and iacscf= 2 values
base-catalyzed hydrolysis of the backbéhin both cases, the ~ Were added to the default parameters to satisfy the SCF
intense UV absorption band of the salicylate functionality convergence criteria. Frequency calculations, which were
increases in intensity and shifts to longer wavelengths as thePerformed on all structures, verified that the optimized geom-
pH is increased to 10 (Figures 3 and S1). Factor anaRysfs etries were minima (no negative frequencies) on the potential
the titration curves (each data set comprising about 60 spectra€nergy surface. For both metals, the same trends were observed.
and 151 wavelengths for each replicate) indicated for each ligand The results indicate that the protonated salicylate binding mode
three sequential protonation equilibria corresponding todgg is energetically favored over the protonated catecholate mode
values reported in Table 1. The best nonlinear least-squaregWith a heat of formation difference of 10 keaiol™ (24
refinements were obtained with the models including four kcakmol™) in the ferric (gallic respectively) complexes;
species: B~, LH2-, LH,~, and LHs. The refined constants are geometric parameters and relative energies are summarized in
comparable to the values previously reported for the stepwise Tables 2, S2, and S3. As expectédhe calculated M-O bond

protonation of the tripodal TREN-based analogues TRENSAM
23 (28) Perrin, D. D.; Dempsey, B.; Hall, C. a., Ed. London, 1974.

and TREN(3M)SAM: (29) Jaguar 5.55.0.1 ed.; Schrodinger, L. L. C.: Portland, OR, 2003.

(30) Meyer, M.; Trowitzsch-Kienast, WRes. Deel. Phys. ChenR004 7, 127—

(27) Gans, P.; Sabatini, A.; Vacca, Ann. Chim. (Rome}999 89, 45—-49. 149.
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Table 2. Calculated Heats of Formation, Atomic Distances, and Bond Lengths for Different Binding Modes of Ferric Enterobactin

AH AH Fe—0qrtno Fe—Opneta Fe=Ocarbonyi average Fe-O
complex (hartrees) (kcallmol) distance (A) distance (A) distance (A) length (A)

[FE"(Ent)[B- —2571.497 —1613640 2.100 2.005 6.283 2.052
2.097 2.007 6.280
2.094 2.010 6.271

cat-[Fé' (HsEnt)]° —2573.279 —1614759 1.891 2.275 6.022 2.083
1.892 2.271 6.024
1.892 2.275 6.027

sal-[Fd" (HsEnt)]° —2573.295 —1614769 1.936 4.477 2.103 2.018
1.933 4.475 2.100
1.935 4.478 2.100

E[D;) E(Dy)

.3 A

AELURTO

eb

——

ed .
AEe?

a

d,2 a,

Figure 4. Calculated frontier molecular orbital energy level diagrams fot'[fEmt)*~ (left) and sal-[F& (HsEnt)]° (right).

lengths for [G# (Ent)P~ are substantially shorter than for [Fe"(Ent)P~ and sal-[F& (H3Ent)]°, are consistent wittDs
[FE"(Ent)*~. In both cases, the distances between the catecholsymmetric high-spin tiron complexes (Figure 4), with d-orbital
oxygen atoms and the metal ion are inequivalent. The distanceenergy levels that are significantly lower for sal-|HéizEnt)[°
between metal and the ortho catechol oxygen atogmdds than for [F¢'(Ent)P~. It has been shown previously that the
longer than the corresponding distance of the meta catecholbroad LMCT band in the absorption spectra of ferric tris-
oxygen atom Qets Which is consistent with the parameters catecholate complexes is composed of two overlapping,
obtained from the [V (Ent)?~ X-ray structure’® The M—O polarized, one-electron transitions; -& €2and g, — €232 The
bond lengths of the protonated models also vary significantly calculated energy difference between tHeoebitals of sal-
from the deprotonated catecholate model; the averag®OM  [Fe''(H3ENnt)]° and [Fe'(Ent)[?~ is AEes = 9.3 eV. This
bond distance is shorter for the salicylate (and longer for the corresponds té\Ae2 = 141 nm, causing the color change from
catecholate) protonated complex [NWH3Ent)]° than for deep red to violet upon protonation of ferric enterobattinast,
[M"(Ent)]*~. The assignment of the frontier orbitals, for both the LUMO orbital of the sal-[P&(HzEnt)]° model is primarily

(31) Karpishin, T. B.; Raymond, K. NA\ngew. Chem., Int. Ed. Endl992 31, (32) Karpishin, T. B.; Gebhard, M. S.; Solomon, E. |.; Raymond, KINAM.
466-468. Chem. Soc1991, 113 2977-2984.
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from the ligand’s electron density in proximity of the coordina- 10 |
tion sphere, and is 8.1 eV lower in energy as compared to that 5 . :;5 . 300 K
of the LUMO of [Fé'' (Ent)]3~, which displays electron density A ( '|| /\ {'|| f sl /|
only in the trilactone region. 0= |'| | l/ U ] \/"( 5! i \

EXAFS Spectroscopic Analysis.Samples of protonated s\ l'.J v ;:A 't,,:”‘-
[Fe" (HsEnt)]° and deprotonated [HgENt)B~ as well as the 10 ol |V \\i’“‘»:_.ﬁ
salicylate ferric complexes [F§SERSAM)P and [Fé'(SER- 121
(3M)SAM)]° were subjected to temperature-dependent (30, 100, N w0\ 200K
200, and 300 K) Fe K-edge extended X-ray absorption fine 0 f\ J '|| l” |\}‘n 8 | '|!_
structure measurements. The ferric complexes of TRENSAM, /\J \f \ lH g i: [ 1A
TREN(3M)SAM, and TRENCAM (Figure 2) were used as @, ‘J ; | 2;'?,\\ TR
model compounds for the salicylate and catecholate binding % -10 5 o |
modes, respectiveR?26The XANES spectra of the compounds 3¢ o S w2 100 K
were identical, as expected from the similar coordination 5 / |ﬂ|| I'“\ |\ oo
environments of the ferric ion in all complexes. Differences in 0 /\ | ‘I l,)l|| || J 'I'IP\ :] { '::
the EXAFS spectra were expected to be small since there is s "JI ||||I \ W le ' 4l I' ':J.f.,‘
only a slight change in bond distance between the-icatechol V 27y, ".-'I (W
oxygen and the ironamide oxygen (0.030.13 A). In fact, in -0 0 B
all complexes this distance is below the resolution limit of s S Jh 12] 0K
EXAFS (1/AK), where Ak is the usable dat&-range. The A i |\ ,ﬂ 1:_1 Al
temperature-dependent EXAFS data, however, allow the deter- 0 '\ |'| ||f UI /| \ PSE
mination of static DebyeWaller factors, which show differ- 5 \J Wy 4 f i\
ences in the positional disorder of the catechol and amide dol o i;’.“_u’_r ] }" _\":-f",_\‘:::.-,.m
oxygens, and are representative of the catecholate and salicylate 0 246 8101214 01 2 3 4 5 6
coordinations. EXAFS fits were extended to the second carbon k (&) R+ AR(R)

shell of the ferric Eompleﬁ?f.. Although goc.)d- quality data Figure 5. k-Space spectra (left), Fourier transforms (right, solid lines) and
extended to at lea&t= 12.0 in all cases, a limiteé-range r-space fits (right, dashed lines) of [IE€Ent)]>~ at 30, 100, 200, and 300

was Fourier transformed (9.0 A-1) because of temperature- K.

dependent changes in the spectra occurring in the region of 10 637 .
A-L. These changes did not seem to affect the fits for the first M0des**’ For atoms positioned further ths A away from

two shells and cannot be attributed to spin-crossover effects the iron center, the competition between noise and back/multiple

since Mssbauer and EPR experiments have confirmed the high- SCattering contributions becomes non-negligii¢herefore,

spin state of the ferric enterobactin and analogues complexes®™Y the first oxygen-coordination shell and the second carbon-

from 4 K to room temperaturé 3 Due to the shork-range coordination shell were studied. Analysis of the temperature
employed, there were only a few degrees of freedom availabledeDendence of the mea.m—square relatllve displacement (MSRD)
(11 in most cases) for varying the fitting parameters. The allowed the dete.rrryna'uon of the static Debydaller (osaf)
analysis focused on fitting the first two shells and relied on component, by elimination of the temperature-dependent thermal

i . 39
parameters obtained from crystal structures of the ferric disorder DebyeWaller componentdi»’) (eq 5

complexes of the model compounds, [FERENSAM)P, [Fe!- K2 e) B
(TREN(3M)SAM)P, and [Fé!(TRENCAM)]3~.23.26 The final o () = 56y COt 2—1?) Og=—— (5)
parameters were determined on the basis of low residuals and ket ke

robustness of the fits. Special attention was paid to parameter
correlation, specificallyHo, R, C3) and @, ¢2, CN) which are
highly correlated among each other. In general, these correlation

welre avout:jek():ll.bz f('jX'fn 9 patrr? mete;vla lues |terat(;vel)ll a?hd USING eftective bond-stretching force constant. Kagpace and-space
values established Irom the model compounds. In the Sameq o .3 are shown in Figure 5 and-S2 Results of fits to the

manner, the robustness of each parameter was established. Th ata are summarized in Table 3. The temperature-averaged
best EXAFS fltshfor the three mlodel compounds were obtained 005 between the iron center and the first-shell oxygens
at 200 K, and the experimental parameters were in very good ;. the second-shell carbons display consistent trends for
agreement with those determined by X-ray diffraction at 172 50 opojate vs salicylate coordination. The salicylate!'fFe
K.2326 Multiple temperature data were fit using an Einstein (SERSAM)P, [Fe' (SER(3M)SAM)P, [Fe" (TRENSAM)P, and
model, which considers the pair of absorber and baCkscatterer[Fe'”(TREN(3M)SAM)]° complexes have shorter F© bond
atoms as an independent oscillator with frequemgy and IS gigtances and longer F€ distances than their respective

particularly suited for monitoring intramolecular vibrational .otacholate analogues, [ENt- and [Fé'(TRENCAM)J*-.

The Einstein characteristic temperatide was established
for each compound, indicative of the overall DebyWaller
Sactor for the shell as a function of temperature, and of the

(33) Paulsen, H.; Grunsteudel, W.; Meyer-Klaucke, W.; Gerdan, M.; Grunsteudel, (36) Sevillano, E.; Meuth, H.; Rehr, J. Bhys. Re. B 1979 20, 4908-4911.
H. F.; Chumakov, A. |.; Ruffer, R.; Winkler, H.; Toftlund, H.; Trautwein, (37) Stern, E. AX-ray Absorption Wiley: New York, 1988.

A. X. Eur. Phys. J. B2001, 23, 463-472. (38) Scherk, C. G.; Ostermann, A.; Achterhold, K.; lakovleva, O.; Nazikkol,
(34) Pecoraro, V. L.; Wong, G. B.; Kent, T. A.; Raymond, K. NAm. Chem. C.; Krebs, B.; Knapp, E. W.; Meyer-Klaucke, W.; Parak, FE@r. Biophys.
S0c.1983 105 4617-4623. J. 2001, 30, 393-403.
(35) Spartalian, K.; Oosterhuis, W. T.; Neilands, JJBChem. Physl975 62, (39) Boyce, J. B.; Bridges, F.; Claeson, T.; Nygren,Rfys. Re. B 1989 39,
3538-3543. 6555-6566.
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Table 3. EXAFS Averaged Fit Results for the First-Shell Oxygens and Second-Shell Carbons at All Temperatures?@

complex shell CN d(A) o (R?) o? static (A?) Ok (K)
[FE"(Ent)E- FelO 6.0 2.00 0.005% 0.0008 0.0006% 0.00014 490t 10
Fe/C 6.0 2.82 0.0052 0.0009 0.00044t 0.00047 566t 42
[Fe' (Hzent)P FelO 6.0 1.98 0.0074 0.0006 0.0035% 0.00010 548t 10
Fel/C 6.0 2.83 0.004% 0.0009 0.00064: 0.00024 523t 17
[Fe'' (SERSAM)P FelO 6.0 2.00 0.010Z 0.0015 0.0059% 0.00039 505+ 32
Fe/C 6.0 2.91 0.0042 0.0007 0.00225- 0.00065 473k 27
[FE'"(SER(3BM)SAM)P FelO 6.0 1.96 0.0103 0.0009 0.00628& 0.00026 559 28
FelC 6.0 2.94 0.009% 0.0001 0.0039% 0.00072 508t 47
[FE'"(TRENCAM)J3- Fe/O 6.0 1.99 0.002% 0.0008 0.00213 0.00013 497 10
Fel/C 6.0 2.79 0.004% 0.0006 0.0005% 0.00027 612+ 29
[FE'"(TRENSAM)° Fe/O 6.0 1.97 0.0084: 0.0012 0.00366- 0.00021 476+ 15
FelC 6.0 2.95 0.006% 0.0002 0.0006%# 0.00019 450t 9
[FE'(TREN(3M)SAM)° Fe/O 6.0 1.96 0.016%2 0.0004 0.00636- 0.00017 515+ 15
Fel/C 6.0 2.94 0.005% 0.0009 0.0002% 0.00032 472+ 17

aCN is the coordination numbed, is the interatomic FeO and Fe-C distance £0.01 A). Other parameters established from the analysis were for:
[FE'"(TRENCAM)]®~, S? = 0.77 andAEy = —3.47; [Fd'(TRENSAM)®, S? = 0.86 andAEy = —3.60; [F&'(TREN(3M)SAM)]°, S? = 0.87 andAE, =
—1.46; [Fé'(Ent)P*~, S? = 0.87 andAE, = —3.63; [F¢'(H3Ent)l°, S? = 0.86 andAE, = —3.76, [F&'(SERSAM)P, S? = 0.87 andAE; = —4.19;
[FE"(SER(3M)SAM)P, S? = 0.87 andAE; = —2.25.
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Figure 6. Einstein model fits of first-shell oxygens for: [HETREN(3M)- 8 -
SAM)]O, [Fe! (SERSAM)P, [F€'" (SER(3M)SAM)P, [Fe' (TRENSAM)],
[FE"(H3EN)°, [FE" (Ent)*~, and [Fé!'(TRENCAM)]3~ from top to bottom. 7
The triprotonated species [ftéH3ENt)]° also exhibits shorter o 61
Fe—O and longer FeC bonds than [F&(Ent)]>~, consistent e sl
with conversion to salicylate coordination. The static Debye
Waller factor @s@f) was determined from Einstein model fits a4 F
to the temperature-dependent EXAFS data (Figure 6). The 3] S
salicylate compounds [HESERSAM)P, [F€'"(SER(3M)- ;
SAM)]°, [FE"(TRENSAM)P, and [Fé'(TREN(3M)SAM)P 72 74 7.0 69 68 67 66 65

show a similar pattern in that the oxygeg.¢ values (and to a
lesser extent the carbei.f values) are much larger than those
observed for the catecholate compounds'[fEnt)[*~ and
[FE"(TRENCAM)]3-, indicating a larger positional disorder in
these shells. In the same manner, dg? values are larger for
[FE" (H3ENL)]° than for [Fd' (Ent)]*~. Furthermore, the Einstein  Acidification of the complex resulted in drastic changes in the
characteristic temperatur@s: are greater for the oxygen shell  chemical shifts of the various protons (Figure 7). Least-squares
than for the carbon shell for all salicylate compounds, whereas refinements of the chemical shifts variation produckd yalues
the opposite trend is seen for the catecholate compounds.  similar to those obtained spectrophotometricalllt{p= 5.05-
Structural Characterization of Gallic Enterobactin by (1), PKaz = 4.19(1), a3 = 2.93(1))*3 More importantly, the
NMR. Previous spectroscopic studies have shown that the coordination shift happens during the third protonation of the
gallium complex of enterobactin exhibits the same behavior complex. Indeed, a major upfield shift followed by an inflection
upon acidification as ferric enterobactihTo provide more point at pD~ 3.3 is observed for the protons,ldnd H. in the
information on the coordination shift, the protonation steps of proximity of the amide carbonyl oxygens, at low pD values
this diamagnetic complex were followed Byl NMR. TheH (below the secondKy). As determined with DFT calculations,
NMR titration was conducted from pB 9.6 to 2.4 in RO. both of these sets of protons should point toward the periphery
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8 (ppm)
Figure 7. Variation of the!H NMR chemical shift as a function of pD for
gallic enterobactin (symbols). Solid lines represent the fitted data. Dashed
lines designate theky values of the complex.
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Figure 8. 2D *H NMR NOESY spectrum of [GAENE~ (0.1 M) in 2
DMSO-ds, tm = 0.7 s. Selected NOEs are indicated in red. 6
of the molecule, in the same direction as the carbonyl oxygens : I:E:‘sams‘” .
in the case of [GA(Ent)]*~ and opposite that direction for 114 SER(3M)SAM v
[Ga'(H3ENt)°, and should be sensitive to a rotation of the amide v SERSAM
bond. Precipitation of the protonated gallic enterobactin occurred 4 .
when the pD value reached 2.4. The precipitate was filtered, Z 3 N
rinsed with water, dried, and dissolved in DMSI@to be 3 ’
identified as the complex [WHH3ENt)°, using*H and 13C _E ) : A
NMR. The C NMR chemical shifts in DMSQls are also 1 v .
indicative of a salicylate shift. Indeed, as the catecholate 1. e’ .
complex [Gd'(Ent)]*~ is protonated to [G&(HIENt)]°, the Wb, as
amide carbonyl peak is shifted downfield from 168.7 to 180.1 0 aa
ppm, whereas the benzoyl meta carbon peak displays an upfield o 10 20 30 40 50
shift of 9.1 ppm?® Furthermore, 2D-gradient NOESY experi- 12 102

. . sweep rate)’” (m\/s
ments were performed in DMS@;-on the two gallic complexes ) ) ( P rate) " (mVis)
Figure 9. Cyclic voltammogram of [F&(TREN(3M)SAMI® at 50 mV/s

i1l 3— I 0 (Fi
[Gal (Ent)] and. (G4 (H3_E.nt)] .(F'gure 8). Spectra were (top), reduction wave for [F§SER(3M)SAMP at different scan rates: 2000
collected at a variety of mixing times{ from 0.15 to 1 s) to to 25 mV/s for spectra 1 to 8 (middle), sweep rate dependence of the
observe the growth of the NOE signals. The rate of the NOE reduction current peak for all complexes (bottom).

cross-peak intensity growth is inversely proportional to the sixth ferrocene as a standard (Figure 9). Quasi-reversible signals

power of the distance between nuclei (Figure 95_)0.\5 centered at-991,—919,—797, and-529 mV/0.01 M AgNG
suggested by the DFT calculated structures, the amide bondwere found for the iron complexes of TRENSAM, TREN(3M)-
rotates upon acidification, which causes the intensities of the SAM, SERSAM, and SER(3M)SAM, respectively. In all cases
cross-peaks between the amide proton and the benzoyl orthGy, peay separation between the cathodic and the anodic waves
proton or one pf the ser;_él-pl_rotons _to increase significantly. is independent of the sweep rate in the range BI0 mV/s,
These correlations are highlighted in Figure 8. and the peak currenfeis a linear function of the square root
Electrochemical Characterization of Ferric Salicylate of the sweep rate, indicating diffusion-limited reduction pro-
Complexes.Due to the low solubility of these neutral complexes cesses (Figure 9). The half-wave potential vs NHE in water can

in water, the cyclic voltammograms of the salicylate analogues be estimated by eq &EX2_ (H,0), E¥ «(S), AGy, andang*

. . . o P NHE AgH/A
of ferric enterobactin were recorded in acetonitrile, using stand for the estimated reduction potential (vs NHE) in water,

the measured reduction potential vs the Pleskow electrode in

(40) Llinas, M.; Wilson, D. M.; Neilands, J. BBiochemistryl973 12, 3836—
3843

(41) Kumér, A.; Wagner, G.; Ernst, R. R.; Wutrich, K.Am. Chem. So4981, (42) Gagne, R. R.; Koval, C. A.; Lisensky, G. ldorg. Chem198Q 19, 2854
103 3654-3658. 2855.
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Table 4. Reduction Potential Values for Relevant Natural Siderophores and Synthetic Analogues

complex EY2 (mVINHE) complex EY2 (mVINHE) complex EY2 (MVINHE)
[Fe(TRENSAM)] —551 [Fe(TREN(3M)SAM)] —450 [Fe(TRENCAM)] —1040%
[Fe(SERSAM)] -357 [Fe(SER(3M)SAM)] -89 [Fe(Ent)] —990#
[Fe(TRENHOPO)] —435% [Fe(ferrichrome A)] —446'8
[Fe(hopobactin)] —342% [Fe(ferrioxamine B)] —454'8

the organic solvent, the free energy change of transfer of Ag
from water to the organic solvent, and Agpn activity in the
reference compartment, respectively. Th&; values (-23.2
kJ molt for acetonitrile) have been tabulated by IUPAT.

El%llliE(HZO) = E,lA/gz+/Ag(S) + El?lHE(Angv H,0) —
{AG, + RTIN a,,.}INF = Exrpg(S) + 440 mV (6)
The reduction potentials for the ferric complexes '"fFe

(TRENSAM)P°, [Fe''(TREN(3M)SAM)P°, [Fe!'(SERSAM)P,
and [Fé!'(SER(3M)SAM)P were calculated using eq 6 and are

Table 5. Thermodynamic Parameters of Enterobactin

log K
H3Ent— Ent+ 3H" —22.053
Fe* + Ent— [Fe'' (Ent)[*~ 4913
[FE"(Ent)]F~ + 3HT — [Fe" (H3ENt)]° 10.973
Fett + HiEnt— [Fe (H3Ent)]° 37.92

in similar conditions. In both cases, the salicylate binding mode
was found to be substantially lower in energy than the
catecholate coordination for triprotonated complexes. The
calculated d-orbital energy levels were consistent with the
LMCT energy shift observed in the absorption spectra of

reported in Table 4. These experimental values are much highefFell(Ent)P- and its protonated fori# Moreover, as established
than those observed for the corresponding catecholate siderohy the EXAFS and NMR analyses of the respective ferric and

phore complexes [F§TRENCAM)]3~ and [Fé! (Ent)[?~.44 The

gallic complexes, the average metakygen bond lengths

ligands built on a serine trilactone scaffold form ferric complexes shorten upon protonation; this trend is consistent with the
with higher reduction potentials than the equivalent TREN-based calculated parameters of the protonated salicylate models as
compounds. This trend has been observed earlier with hydroxy-opposed to the elongation of bonds found for the protonated

pyridonate enterobactin analogués.
Discussion

Salicylate Ferric Complexes as Model Compounda/Nhat

catecholate models. The EXAFS experimental results showed
a higheros£(0) parameter value for salicylate complexes than
for the corresponding catecholate ones, describing an environ-
ment with a higher static disorder in the first coordination shell

is the structure of protonated ferric enterobactin and how might oxygen around the metal center. Indeed, for the salicylate-
the change in structure alter recognition and function? The poyng compounds, the coordinating oxygen atoms are no longer
SERSAM and SER(3M)SAM ligand systems were designed to g phenolate oxygens, three of them are carbonyl oxygens.
explore the structural and spectroscopic features of a tris- Another set of key parameters is noticeably different in both

salicylate ligand built around the enterobactin triserine backbone. ¢oordination modes: in the catecholate coordination, the Ein-

A previous study had demonstrated the validity of the salicylate stein characteristic temperatu@g is greater for the carbon shell
coordination with the TREN-based analogues TRENSAM and tnan for the oxygen shell, as opposed to the salicylate binding

TREN(3M)SAM bound to hard metal cations such ag'Fand
AlI®T.28 As anticipated, the IR and UWis spectra of the [F&-
(SERSAM)P and [Fé' (SER(3M)SAM)P complexes exhibited
similar features to those of [E§TRENSAM)]° and [Fé'-
(TREN(3M)SAM)]° respectively?® which corroborates the
formation of tris-salicylato complexes. In addition, the 3-meth-
oxy-substituted [P&(SER(3M)SAM)P proves to be the best
spectroscopic model for the protonated'[fdsEnt)|° complex,

mode. The metatoxygen bond strengths are comparable for
both coordination modes, whereas the deformation vectors
corresponding to the metatarbon shell have a larger contribu-
tion in the salicylate geometry. This causes the matatbon
force constants to be weaker in the salicylate case and therefore
affects the relative value of the carbon shell Einstein temper-
ature. NMR characterization of the gallic complexes of entero-
bactin also confirmed the hypothesis of a switch to salicylate

as emphasized by the nearly identical UV spectra of the two ¢qordination upon protonation. Acidification of the catecholate
species. The formation constants determined for both new [Ga" (Ent)~ complex results in rotation of the amide bonds

salicylate ferric complexes [F€SERSAM)P and [Fé'(SER-
(BM)SAM)]° correlate very well with the calculated hypothetical
formation constant of the triprotonated [IR¢isEnt)°, as shown

to permit binding of the metal ion to the carbonyl oxygens. The
IH and*3C magnetic resonance peaks are therefore shifted down-
or upfield depending on the proximity of the nuclei to the

by the gquations dep.icte.d in Table 5 and therefore confirm that gallium center. The intensities of the NOE cross-peaks for each
the salicylate coordination mode is an excellent model for complex provide relative measurements of the distances between

[Fe" (H3ENnt)[0.13:2
Structural Studies of the Catecholate and Salicylate
Coordinations. The density functional theory calculations

conducted on ferric and gallic enterobactin complexes in the

the nuclei and show that the amide protons approach the benzoyl
ortho proton as well as the sergtproton as the change from
catecholate to salicylate coordination occurs.

Reduction Potentials of Ferric-Salicylate ComplexesA

deprotonated and fully protonated states imply that these closelysecondary mechanism for iron release by enterobactin relies on
related metal cations are subject to the same type of coordinationihe hypothesis that protonation of ferric enterobactin increases

(43) Marcus, Y.Pure Appl. Chem1983 55, 977-1021.

(44) Rodgers, S. J.; Lee, C. W.; Ng, C. Y.; Raymond, Kimarg. Chem1987,
26, 1622-1625.

(45) Meyer, M.; Telford, J. R.; Cohen, S. M.; White, D. J.; Xu, J.; Raymond,
K. N. J. Am. Chem. S0d.997 119 10093-10103.
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its reduction significantly1° The reduction potentials of the

salicylate analogues of ferric enterobactin (Table 4) are well
within the range of biological reductants and much higher than
those typically observed for the corresponding catecholate
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siderophores. It is noteworthy that the reduction potentials a white solid. Yield: 0.28 g (30%)H NMR (400 MHz, CDC}): ¢

observed for the hydroxamate siderophores ferrichnrome A and4.20 (ddJ = 6.8 Hz,J' = 4.4 Hz, 3H), 4.37 (dd) = 4.4 Hz,J = 6.4

ferrioxamine B are in the same range (Tablé¥Jhe triserine Hz, 3H), 5.06-5.11 (m, 9H), 6.96-7.58 (m, 24H), 8.15 (dJ = 1.6

trilactone stabilizes the ferrous over the ferric state compared HZ: 3H), 8.54 (dJ = 6.8 Hz, 3H). (-)-FABMS: m/z892.6 (MH").

with the TREN scaffold® this trend is also seen in the salicylate Anal. Ca'c‘?' (Found) for GHegNsO12CHiOH: C, 67.60 (67.78); H,
compounds, since the reduction potentials of [[RERSAM)P 5:35 (5.22); N, 4.55 (4.35).

. N,N’,N"'-Tris[2-benzyloxy,3-methoxy(benzoyl)carbonyl]cyclot-
I
and [Fé (SEI;((SM)S,ZII\/I)P are higher thg\n those of e riseryl Trilactone, Tribenzyl-SER(3M)SAM (5). Tris(N-hydrochloride-
(TRENSAM)J” and [FE/(TREN(SM)SAM)]". L-serine) trilactone (0.371 g, 1.0 mmol) was suspended in 40 mL of

dry and degassed THF and cooled in an ice/water bath. Solutions of
2-(benzyloxy),3-(methoxy)benzoyl chloride (1.38 g, 5.0 mmol) in 10
Enterobactin is inactivated in human serum by nonspecific mL of THF and triethylamine (1.01 g, 10.0 mmol) were added
binding to human serum albumin and is bound by the human simultaneously dropwise via syringes over 10 min into this suspension
immune protein siderocalin more Strong|y than by FepA, the while stirring under nitrogen. The mixture was allowed to warm to
bacterial receptor for the siderophdr®.Recent studies have ~ 0om temperature and stirred overnight. It was then filtered, concen-
shown that enzymatic functionalization of enterobactin makes }\r/laefg?_" al‘:’f;';ido:g azllécacogrﬁlbi(l:‘l(ggn;r;'dag\?ai)g::ti;v'tt: Ze;v"ﬁb"sond
wat_er-soluble de_rlv_atlves that evade th_ese_ tfap3At low pH, Yield: 0.62 g (63%)2H NMR (400 MHz, CDCl): & 3.91 (s, 9H),
ferric enterobactin is protonated, remains intact, and undergoes4.02 (dd,J = 8.0 Hz,J' = 2.8 Hz, 3H), 4.15 (dd) = 4.4 Hz,J = 6.4
a mgrked structural change. The E.XAFS and NMR structural Hz, 3H), 4.87-4.92 (m, 3H), 5.09 (M, 6H), 7.077.45 (m, 21H), 7.64
studies reported here show that ferric enterobactin goes througftdij = 6.4 Hz, 3H), 8.47 (dJ = 7.2 Hz, 3H). (F)-FABMS: m/z982.5
a change from the catecholate coordination of'[fEnt)]*~ to (MH*). Anal. Calcd (Found) for €HsiN:Ois: C, 66.05 (65.92); H,
a salicylate mode of binding for [I&H3Ent)]° upon protonation. 5.23 (5.48); N, 4.28 (4.63).
The new synthetic hexadentate trilactone-based analogues N,N',N"-Tris[2-(hydroxybenzoyl)carbonyl]cyclotriseryl Trilac-
SERSAM and SER(3M)SAM form tris-salicylate ferric com- tone, SERSAM (6). Absolute ethanol (14 mL) was added to a
plexes as do the previously made TRENSAM and TREN(3M)- suspension of tribenzyl-SERSAM (275 mg, 0.3 mmol) in 100 mL of
SAM chelators. These salicylate analogues of enterobactin areethy! acetate. The solution was hydrogenated over 10%®(55.0
excellent spectroscopic and thermodynamic models for the M9) atroom temperature and atmospheric hydrogen pressure for 24 h.
triprotonated [F@ (H3Ent)]° complex. In addition, they exhibit The reaction mixture was filtered over Celite, washed with acetone_,
reduction potentials high enough to be in the range of those of and evaporated under vacuum. The product was collected as a white

biological red P .  ferri bacti powder. Yield: 177 mg (88%)H NMR (500 MHz, MeOD¢,): ¢
iological reductants. Protonation of ferric enterobactin generates 4 ¢4 (m, 6H), 5.03 (tJ = 5.0 Hz, 3H), 6.88 (m, 6H), 7.38 (§,= 8.0

a large change in coordination mode and a corresponding overally, 31 7.78 (d,J = 8.0 Hz, 3H).2C NMR (500 MHz, MeODél):
alteration in molecular shape and charge, as well as a weakeneg 52 2 64.5, 115.6, 116.8, 119.0, 128.6, 133.7, 158.8, 168.6, 169.2.

Conclusion

iron binding affinity. (+)-FABMS: m/z 622 (MH"). Anal. Calcd (Found) for €H27N3O12
_ . 0.5EtOH: C, 55.77 (55.79); H, 4.53 (4.31); N, 6.29 (6.05). IRL749
Synthesis. GeneralAll chemicals were obtained from commercial N,N',N"-Tris[2-hydroxy, 3-methoxy(benzoyl)carbonyl]cyclot-

suppliers and were used as received. The starting materials-tris(  riseryl Trilactone, SER(3M)SAM (7). Absolute ethanol (14 mL) was
hydrochloridet-serine) trilacton® (1), 2-(benzyloxy)benzoyl chlo-  added to a suspension of tribenzyl-SER(3M)SAM (610 mg, 0.6 mmol)

ride?324 (2), 2-(benzyloxy),3-(methoxy)benzoyl chlorfdé* (3), as in 100 mL of ethyl acetate. The solution was hydrogenated over 10%
well as the ligand enterobactinand the ferric complexes [Pe Pd—C (122 mg) at room temperature and atmospheric hydrogen
(TRENCAM)J*~, 28 [Fe" (TRENSAM)’, 2 and [F&'(TREN(3M)SAM)P, pressure for 24 h. The reaction mixture was filtered over Celite, washed

were prepared according to procedures described in the designatedvith acetone, and evaporated under vacuum. The product was collected
references. Flash silica gel chromatography was performed using Merckas a white powder. Yield: 300 mg (70% NMR (500 MHz, MeOD-
40—70 mesh silica gel. Melting points were taken on ‘&Biumelting ds): 0 3.87 (s, 9H), 4.64 (dd] = 4.0 Hz,J = 11.5 Hz, 6H), 5.03 (t,
apparatus and are uncorrected. All NMR spectra were recorded atJ = 5.0 Hz, 3H), 6.84 (tJ = 8.0 Hz, 3H), 7.10 (dJ = 8.0 Hz, 3H),
ambient temperature on Bruker FT-NMR spectrometers at the NMR 7.40 (d,J = 8.0 Hz, 3H).»*C NMR (500 MHz, MeOD¢): 6 53.9,

Laboratory, University of California, Berkeley. Microanalyses were 56.8, 66.0,116.2,117.8, 120.2, 121.8, 149.3, 149.6, 169.4, 179:6.
performed by the Microanalytical Services Laboratory, College of FABMS: m/z 718 (MLi*). Anal. Calcd (Found) for 6HasN3Ois: C,

Chemistry, University of California, Berkeley. Mass spectra were 55.70 (56.06); H, 4.67 (5.01); N, 5.90 (5.50). IR:1748 s, 1642 s,
recorded at the Mass Spectrometry Laboratory, College of Chemistry, 1586 s, 1530 s crt.

University of California, Berkeley. Infrared spectra were measured using  [Fe'" (SERSAM)] (8). To a degassed MeOH solution of SERSAM
a Thermo Nicolet IR Avatar 370 Fourier transform spectrometer-UV ~ (74.4 mg, 0.11 mmol) was added anhydrous Eg@9.4 mg, 0.12

—~

visible absorption spectra were taken on a Varian Cary 306-U¥ mmol) and 0.12 mL of pyridine. The solution immediately turned dark

spectrometer. red, with rapid precipitation of the product as red powder. After the
N,N',N"-Tris[2-(benzyloxybenzoyl)carbonyl]cyclotriseryl Trilac- reaction mixture was stirred fol h under nitrogen, the solid was

tone, Tribenzyl-SERSAM (4). Tris(N-hydrochloridet-serine) trilac- collected by filtration, washed with cold MeOH, and dried overnight.

tone (0.371 g, 1.0 mmol) was suspended in 40 mL of dry and degassedYield: 76 mg (91%). Mp> 300 °C. (+)-ESMS: m/z 697.1 (M +
THF and cooled in an ice/water bath. Solutions of 2-(benzyloxy)benzoyl Na]*). Anal. Calcd (Found) for H24FeNsO12-H20-CH3OH-0.5HCI:
chloride (1.23 g, 5.0 mmol) in 10 mL of THF and triethylamine (1.01 C, 48.93 (48.66); H, 4.04 (3.73); N, 5.52 (5.13). IR1751 s, 1606 s,

g, 10 mmol) were added simultaneously dropwise via syringes over 1574 s, 1534 s cnt.

10 min into this suspension while stirring under nitrogen. The mixture  [Fe" (SER(3M)SAM)]° (9). To a degassed MeOH solution of SER-
was allowed to warm to room temperature and stirred overnight. It (3M)SAM (100 mg, 0.14 mmol) was added anhydrous F€22.7 mg,
was then filtered, concentrated, applied to a silica gel column, and eluted0.14 mmol) and 0.55 mL of pyridine. The solution immediately turned
with 96:4 CHCI./MeOH. Fractions were combined and evaporated to dark purple, with rapid precipitation of the product as purple powder.
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After the reaction mixture was stirredrf@ h under nitrogen, the solid
was collected by filtration, washed with cold MeOH, and dried
overnight. Yield: 68 mg (63%). Mg 300°C. (+)-ESMS: m/z765.0
([IMH] ). Anal. Calcd (Found) for &HssFeNsO15:0.5H,0: C, 51.25
(51.00); H, 4.04 (4.42); N, 5.43 (5.36). IR 1754 s, 1604 s, 1580 s,
1536 s cm™.

[Fe" (Ent)]®~ (10). To a degassed MeOH solution of enterobactin
(50 mg, 0.075 mmol) was added a solution of Fe(acé2§.4 mg,
0.0750 mmol) in degassed MeOH. The solution immediately turned
dark purple. A KOH solution in MeOH (0.225 mmol) was then added

Titration Solutions and Equipment. Corning high performance
combination glass electrodes (response to][Was calibrated before
each titratiom)® were used together with either an Accumet pH meter
or a Metrohm Titrino to measure the pH of the experimental solutions.
Metrohm autoburets (Dosimat or Titrino) were used for incremental
addition of acid or base standard solutions to the titration cell. The
titration instruments were fully automated and controlled using LabView
softwareX® Titrations were performed in 0.1 M KCI supporting
electrolyte under positive Ar gas pressure. The temperature of the
experimental solution was maintained at 26 by an externally

via cannula, and the solution turned deep red. The solution was takencirculating water bath. UVvisible spectra for incremental titrations

to dryness and applied to a Sephadex LH-20 column in MeOH. The
ferric complex eluted as a single red band, which was dried in vacuo
to afford a deep red powder. Yield: 42 mg (58%). Mp300 °C.
(—)-ESMS: m/z 360.2 (M + H]?"). Anal. Calcd (Found) for &Hai-
FeKaNzOs5-4H,0-2MeOH: C, 39.51 (39.61); H, 3.83 (3.70); N, 4.32
(3.95). UV—vis (5% DMAA in H,O): 1 = 498 nm ¢ = 5700 M
cm1), 338 nm € = 15100 Mt cm™). IR: v 1752 s, 1606 s, 1582 s,
1539 s, 1462 s, 1440 s, 1256 (sh), 1218 stm

[Fe" (H3ENt)]° (11). To a degassed MeOH solution of enterobactin
(50 mg, 0.075 mmol) was added a solution of Fe(acé2$.4 mg,
0.0750 mmol) in degassed MeOH. The resulting mixture immediately

turned dark purple. It was then evaporated to dryness and applied to a

Sephadex LH-20 column in MeOH. The ferric complex eluted as a
single purple band which was dried in vacuo to yield a deep purple
powder. Yield: 33 mg (61%). Mp: 171173°C. (—)-ESMS: m/z721.1
(IM — H]7). UV—vis (5% DMAA in H,0): 2 = 309 nm ¢ = 9000
M~tcm™). IR: v1754 s, 1640 s, 1620 s, 1584 s, 1547 s, 1442 s, 1222
s cnTh

[Ga" (Ent)]®>” (12). To a degassed MeOH solution of enterobactin
(66.9 mg, 0.1 mmol) was added a solution of Ga(ac€.7 mg, 0.1
mmol) in degassed MeOH. The solution turned slightly yellow. A KOH
solution in MeOH (0.3 mmol) was then added via cannula. The solution
was stirred for 24 h under i\ taken to dryness, and applied to a
Sephadex LH-20 column in MeOH. The gallic complex eluted as a
single yellow band which was dried in vacuo to afford a yellow powder.
Yield: 51 mg (60%). Mp> 300°C. *H NMR (500 MHz, DMSO¢):
0 3.74 (d,J = 11.5 Hz, 3H), 5.07 (m, 3H), 5.16 (d,= 11.5 Hz, 3H),
6.03 (t,J = 7.5 Hz, 3H), 6.18 (dJ = 1.5 Hz, 3H), 6.64 (dJ = 1.5
Hz, 3H), 11.88 (m, 3H).<{)-ESMS: vz 810.0 (M — K] 7). UV—vis
(5% DMAA in H,0): 1 = 346 nm ¢ = 14500 Mt cm™). IR: v

were recorded on a Hewlett-Packard 8452a spectrophotometer (diode
array). Solid reagents were weighed on a Metrohm analytical balance
accurate to 0.01 mg. All titrant solutions were prepared using distilled
water that was further purified by passing through a Millipore Milli-Q
reverse osmosis cartridge system. Titrants were degassed by boiling
for 1 h while being purged under Ar. Carbonate-free 0.1 M KOH was
prepared from Baker Dilut-It concentrate and was standardized by
titrating against potassium hydrogen phthalate using phenolphthalein
as an indicator. Solutions of 0.1 M HCI were similarly prepared and
were standardized by titrating against sodium tetraborate to Methyl Red
endpoint.

Incremental Spectrophotometric Titrations. The protonation
constants of SERSAM and SER(3M)SAM as well as the formation
constants of their respective ferric complexes were determined by
spectrophotometric titration due to solubility issues. Solutions were
assembled from a weighed portion of compound and the supporting
electrolyte solution (containing no more than 4%NN-dimethylac-
etamide), with resulting ligand (or complex) concentrations between
50 and 10Q:M. Constant buffering of the solution was assured by the
addition of NH,CI, Hepes, and Mes buffers (5G0M). The solutions
were incrementally perturbed by the addition of either base (KOH,
ligand titrations) or acid (HCI, complex titrations) titrant, followed by

a time delay for equilibration (90 s for protonation stugigsh for
ferric complex titrations). An average of 480 data points were
collected in each ligand titration, each data point consisting of a pH
measurement and an absorbance spectra over the pH range 4.5 to 10.
An average of 25 data points was collected over the pH range5250

for the ferric complexes. All absorbance measurements used for
calculation of formation constants were less than 1.05 AU.

Data Treatment. All results presented are the average of at least

1754 s, 1612 s, 1587 s, 1540 s, 1468 s, 1445 s, 1257 (sh), 1217 sthree independent titrations. All equilibrium constants were defined as

cm .

[Ga (H3ENt)]° (13). To a degassed MeOH solution of¢H
(enterobactin) (66.9 mg, 0.100 mmol) was added a solution of Ga-
(acacy (36.7 mg, 0.100 mmol) in degassed MeOH. The resulting
mixture turned slightly yellow. It was then evaporated to dryness and
applied to a Sephadex LH-20 column in MeOH. The gallic complex
eluted as a single band which was dried in vacuo to yield a beige
powder. Yield: 45 mg (61%). Mp= 186—187°C.*H NMR (500 MHz,
DMSO-ds): 6 3.96 (br d,J = 10.5 Hz, 3H), 5.07 (br, 3H), 5.16 (d,
= 9.0 Hz, 3H), 6.29 (1) = 7.5 Hz, 3H), 6.57 (br, 3H), 7.01 (br, 3H),
8.89 (br, 3H), 11.22 (br, 3H}3C NMR (400 MHz, DMSO¢g): 6 57.6,
62.8, 114.3, 118.7, 119.5, 124.2, 145.8, 163.6, 180.1, 1853. (
ESMS: m/z 734.1 (M — H]"). UV—vis (5% DMAA in H,0): 1 =
304 nm € = 9000 Mt cm™). IR: v 1754 s, 1641 s, 1620 s, 1586 s,
1548 s, 1451 s, 1220 s ch

Solution Thermodynamics.Ligand protonation and complex for-

cumulative formation constantgn according to eq 2, where the
ligands are designated as L. Stepwise protonation constafifsnay

be derived from these cumulative constants according to eq 3 (describes
proton association constants). Nonlinear least-squares refinement of the
protonation and formation constants was accomplished using the
program pHaBd’ The proton concentration was allowed to vary in the
spectrophotometric studies, and all other concentrations were held at
estimated values determined from the volume of standardized stock or
the weight of ligand (measured to 0.01 mg). Refined concentrations
were within 5% of the analytical values. For spectral titrations, all
species formed with the ligands L were considered to have significant
absorbance to be observed in the t\W's spectra.

DFT Calculations. Computational studies were conducted at the
Molecular Graphics and Computation Facility, College of Chemistry,
University of California, Berkeley. Density functional theory calcula-
tions were performed using lacvp**-b3lyp parameters for geometry

mation constants were determined using procedures and equipmen@Ptimizations, with the computational software JaguafSFar a better

following previous description&; 48

(46) Cohen, S. M.; O'Sullivan, B.; Raymond, K. Korg. Chem.200Q 39,
4339-4346.

(47) Johnson, A. R.; O'Sullivan, B.; Raymond, K. Norg. Chem.200Q 39,
2652-2660.

(48) Xu, J.; O'Sullivan, B.; Raymond, K. Nnorg. Chem.2002 41, 6731~
6742.
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localization of the minima, the original coordinates before optimization
were established from the crystal structures df (#nt)[>~ (JOSLOS)
and [Fe¢'(TRENSAM)]° (HAKQAL) found on the Cambridge data-
base?33t

(49) Gans, P.; O'Sullivan, Bralanta200Q 51, 33—37.
(50) LABVIEW 5.0.1 ed.; National Instruments Corp.: Austin, TX.
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Extended X-ray Absorption Fine Structure Measurements. Protonation constants were determined by nonlinear least-squares
EXAFS data were collected on the sector 20 bending magnet beamlinerefinement using the program HypNMRvith an estimated uncertainty
at the Advanced Photon Source (APS), Argonne National Laboratory, in chemical shift of 0.01 ppm and corrected for the deuterium effect
llinois, U.S.A. To prevent contamination by higher harmonics, a after the refinement according to the correlationég= 0.32+ 1.044
harmonic rejection mirror with an energy cutoff of 11.2 keV was placed log KH 28
in the X-ray beam. A slightly detuned Si(111) monochromator double-  NOE Growth Rates. Samples of [GA(En)P- and [G& (HEND)°
crystal was used to collect iron K-edge (7112 eV) spectra and the X-ray \yere prepared as 0.1 M solutions in DMS#- Two-dimensional
beam was defined using 1 mm 8 mm slits in front of the first ion NOESY spectra were recorded at 348.1 K on a Bruker Avance AV
chamber. Samples were run as powders mixed with boron nitride (1: 500 gpectrometer, with varying mixing times (150, 300, 400, 500, 600,
6) in transmission mode o= 15 A"%. Nitrogen was used in allion 764 g50 and 1000 ms). NOE cross-peak intensity was plotted versus
chambers with 10% helium added in the firstion chamber. Transmission mixing time @m). Using the diagonal peaks for each proton as

: 5 X .
spectra were analyzed using RSXAP? anr-space fitting and data  otorences the relative NOE growth ratefor the distances of interest
reduction suite of programs. The pre-edge absorption was removed byCould be evaluated, according itgs = rxy x (0xy/oag)Y64L

fitting the transmission data to a Victoreen formula, and the resulting | hemical i I ¢
spectra were normalized to unity at the post-edge step. The post-edge Electrochemical MeasurementsCyclic voltammograms of 0.3 mM

background was removed by subtracting the isolated atom absorptionferri(? complex solutions in acetonitrile containing O..l M tetrabutylam-
(u0), obtained from a series of cubic splines. After this subtraction, Monium hexafluorophosphate (Fluka, electrochemical grade) as sup-

choice of an energy origirEg) and conversion from energy space to porting electrol.yte were rgfzorded ona BAS100A electrochemical
photoelectron wavevector space, selekfedeighted spectra are shown analyzer. Working and auxiliary platinum electrodes were used with a
in Figures 5 and S2. An increase in coordination numhgmould be freshly prepared Pleskow reference electrode (0.01 M Agh®.1
expected to increase the amplitude in a linear manner &t\allues, M N(t-Bu)s-PFs in CH:CN/Ag). The half-wave potentials were also
whereas an increase in disorde) would attenuate the EXAFS signal ~ Measured against the ferrocinium/ferrocene internal reference electrode.
exponentially and the effect would increase exponentiallyinsreases.
The fitted range ok values was 2.513.1 A2 for the data collected
at 20 K with anr-space fit from 1.2 to 3 A, giving 14 total degrees of
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pD—*H NMR Spectroscopic Titration. A combination electrode
(Corning) filled with 3 M KCI (Corning filling solution) was calibrated
in water by a strong acid/strong base titration. A solution of 1 mM
[GA"(Ent)F~, 0.1 M KCI, and 1 mM 3-(trimethylsilyl)-1-propane-
sulfonic acid (DSS) shift agent inJD was prepared and titrated by
addition of DCI with values of pD calculated according to the
relationship pD= 0.4+ pH .28 Aliquots of 0.450 mL each were retrieved
after each DCI addition’H NMR spectra of each aliquot were
performed on a Brucker Avance AV-500 MHz equipped with a TBI
probe, using a pulse angle of 9@nd 128 scans per sample. Chemical
shifts were referenced to theHz—Si peak of DSS (0.000 ppm).
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