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FTIR spectra of the microbial siderophore, ferrioxamine B, and its nonchelated form (iron free;
desferrioxamine B) were studied to facilitate in-depth investigation on the undisrupted structure of
the siderophore and its interactions with the environment. Effects of iron chelation as well as those
of various levels of pH and temperature on the stereochemical structure of the free ligand and the
ferric complex were examined. The presence of a number of functional groups in these compounds
and the mutual interaction between them resulted in significant shifts and overlapping of their
characteristic absorption bands. Thermal and pH treatments combined with a comprehensive use of
curve-fitting analysis facilitated bands resolution. Absorption bands of all functional groups were
identified. The results imply that the compact and rigid structure of the ferric complex (ferrioxamine
B) is sustained by intense and specific intramolecular hydrogen bonds. Dehydration was the main
process observed at low temperature (25—60 °C). At 105 °C the free ligand form (desferrioxamine
B) had already begun to decompose, whereas ferrioxamine B exhibited stability. The thermal
destruction became acute at the 170 °C treatment for both molecules. The secondary amide groups
and the hydroxamate groups, which comprise the binding site for the Fe atom in the complex, were
found to be the most sensitive to the thermal degradation. Significant pH effects were observed only
for desferrioxamine B samples at pH 9, accompanied by partial decomposition, similar to that observed
at 105 °C. Deprotonation of desferrioxamine B was found to begin with the deprotonation of the
NHs* group. Characteristics of the rigid conformational structure of the ferric complex and the state
of the NH3* group, both assumed to play an important role in the recognition and uptake of the
siderophore by membranal receptors, were elaborated by means of FTIR and are discussed in detail.
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INTRODUCTION microorganisms (4). Various studies have demonstrated im-
provement in iron nutrition of plants when siderophores were
notwithstanding the abundance of this element in the earth’s used as an iron sourcé&<9). The microbial siderophore
crust (1,2). Low solubility of iron minerals leads to a very low ~ ferrioxamine B belongs to the important group of hydroxamate
concentration in the solution of calcareous and aerated &ils ( Siderophores (4). We chose this compound due to its high
To handle this shortage, microorganisms have developed aStability constant with iron over a wide range of pH valus)(
system based on secretion of siderophores. These low molecula@nd its stability against microbial degradation. This siderophore
weight chelates scavenge iron from the surroundings, and thenis Produced by soil microorganisnttreptomyceandNocardia

they are efficiently absorbed by its producer as well as other (10), and was found to be useful in supplying plants with iron.
The activity of ferrioxamine B has been extensively studied in

Iron deficiencies are common in large parts of the world,
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instrumental for the identification of the binding mechanism to

These aspects are extremely important in soils where the

Of H solid phases or other organic compounds, which could have an
fw J"W important effect on the function and reactivity of the siderophore.
HO ( (
/

AN siderophore most likely interacts with the solid phase. It could
. N also be applicable to other fields of science, such as medicine,
° A, 7 o where this siderophore is used for human health care.
Co O{i_/ \F"’/
r R | o/l o MATERIALS AND METHODS
o~ _‘g N \/@ A
Y w The methylsulfonate salt of the desferric form of the microbial
k o k siderophore ferrioxamine B (desferrioxamine B) was purchased as the
M\) medical reagent Desferal from Ciba-Geigy Ltd. (Basel, Switzerland)
< N and used in this study.
_/ Desferrioxamine B was dissolved in distilled water. The complex

. o . . . with iron (ferrioxamine B) was prepared by adding Fetl the free
Figure 1. Schematic diagrams of (A) desferrioxamine B, the free ligand ligand sol(ution with a 1()J% exgesz of iroﬁ and t%en centrifuged at

of the siderophore ferrioxamine B, and (B) ferrioxamine B, the ferric 106000gand filtered through 0.Lm filters, to remove iron colloids.
complex of desferrioxamine B. Solutions of both desferrioxamine B and ferrioxamine B were
prepared at four pH levels (4.0, 6.0, 7.5, and 9.0). The pH was adjusted
alkaline solutions (11). Upon Ee chelation, oxygen atoms of  with HCIO, and KOH to the desired level, and then the volume was
the hydroxamate groups bind to FEiqure 1B), the three adjusted with distilled water to obtain a concentration of 1.0 mM. The
hydroxyls are deprotonated, and three identical asymmetrical solutions were gently freeze-dried, ground, and kept in a desiccator.
chelation rings are formed, creating a distorted octahedron FTIR Spectra. Air-dried powders with KBr (for IR spectroscopy)
centralized by Fe. The open chain, ending with the;Ngroup, at 25°C were pressed into a disk and then reground gently and re-
has been found to point away from the Fe cent&)(The iron press_ed. This procedurg was applled to homogeneou's!y scatte_r the
complex (ferrioxamine B) obtains a wide and fairly flat examined substances in the disk. One hundred milligram disks

: ) - f composed of air-dried desferrioxamine B or ferrioxamine B (at pH
configuration of 5.5 A total thickness (12). In contrast with the values of 4.0, 6.0, 7.5, and 9.0), at various concentrations (0.5, 1.0,

linear open chain of the free ligand (desferrioxamine B), which o4 5 0 mg per disk) were prepared with KBr. The FTIR spectra were
exhibits exposed active sites, the ferric complex presents a rathefecorded using a Nicolet Magna-IR model 550. According to the resullts,
hydrophobic face apart from the NHgroup in the molecule  optimal concentrations of 0.5 and 2 mg per disk for desferrioxamine B
edge. and ferrioxamine B, respectively, were determined.

Although X-ray crystallography of the ferric complex of Thermal Treatments. FTIR spectra were recorded following
ferrioxamine B (12) supplied crucial information about this preparation at room temperature (25), and the KBr disks were then
molecule, the undisrupted structures of ferrioxamine B as well gradually heated overnight to 60, 105, and TZ0 The disks became
as desferrioxamine B, especially in natural environments, are °Padue after the thermal treatments, and they were thus re-pressed,
important factors, and they are still hard to detect. FTIR without reg_n_ndmg, to restore transparency.
spectroscopy is an easy and useful option that could be used Curve-Fitting. Curve-fitting was performed on the FTIR spectra

for the ch terizati fsid h dit dint " using the data processing software GRAMS/AI of Thermo Galactic. It
or the characterization of siderophore condition and INteractions  ¢oq e LevenbergMarquardt algorithm when the gradient is far from

with its environment (e.g., free ligand or iron complex; adsorbed the minimum, then switches to the Hessian matrix methods to determine
to a solid phase or free in solution). An efficient use of this the best possible solution when the algorithm reaches a minimum value
method requires a detailed analysis of the spectrum and peakof 2 Baseline corrections and analysis were performed over restricted
assignment to the various functional groups. Only a few papersranges of the spectrum. Among existing methods used to analyze and
have dealt with the FTIR spectra of ferrioxamine B, but none describe the exact line shape of FTIR peaks, we selected the Lorentzian
of them provided a Comprehensive interpretation of the spectra. |if.'le shape_, which is suitablc_e for spectroscopic data analysis and provided
Some of the studies provided a contradictory interpretation for Nighly satisfactory curve-fitted spectra. _

the same band1@, 14). Others marked general ranges of The Sawtzkch_)Iay smoo_thmg algo_rlthm, used in Root Mean
absorption (13), which included several bands, and did not Sduared (RMS) noise estimation, takes into account the number of data
enable the interpretation of the reaction of the various functional points within the width of the smallest peak. Fitting a few sharp peaks

der diff - | diti h in the presence of broad ones could result in an underestimation of the
groups under different environmental conditions, such as pyg noise, thus leading to artificially high levels of redugédvhereas

temperature and pH, and their interactions with other com- he solution is actually very good. This is the case in the spectra of
pounds. desferrioxamine B and ferrioxamine B (see, for exampigure 2).
Detailed studies that deal with hydroxamic acitls, (L6) and Indeed, very high values of reducg@iwere received. To resolve this
oximes (17) could serve as a reference for the hydroxamic problem in the present study, the RMS was graphically estimated over
groups. Still, the siderophore ferrioxamine B is much more @& narrow examined range, manually operating this option in the
complicated, and thus its FTIR spectra require special analysis.Program. A value 2 orders of magnitude lower was then manually
Mutual influences of the various functional groups significantly inserted to avoid possible overestimation of the RMS. noise. Soluthns
affect the frequency of characteristic bands. Also, a significant V&'¢ accepted only when they converged, good and highly reproducible
: . . .. . x?values were obtained, and the results were compatible with the known
overlap_plng of absorption bands t_akes place, due to multiplicity ¢ omical composition of the molecule.
of functional groups. To resolve this problem, we have employed
an extensive work using a curve-fitting technique. The response
of the various functional groups to different environmental
conditions, as well as iron chelation, was examined in this study. An example of the curve-fitting results, the spectrum of
Stereochemical implications and potential effects on the function desferrioxamine B at 2%C and pH 7.5 in the frequency range
of the siderophore are discussed. The interpretation of the FTIRof 3500—2500 cm?, is presented ifrigure 2. Data obtained
spectra, which is exhibited in this study, is expected to be at different pH values and thermal conditions and analyzed by

RESULTS
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0.5

| | \ \ | | : : i Table 1. Absorption Bands of the Curve-Fitted Infrared Spectra of
0.45 | | | | | | | | | 1 Desferrioxamine B?
| | | | | | | | 1
041 | | | | | | | | 1 frequency (wavenumber, cm=1)
0.35 : : : : : : : : 1 band assignment 25°C 105°C pH9
| | | | | | 1
° I I I I I I ! HOH stretch 3464 w, vbr 3540 vw, br
g % ! ! | ! ! ! ! NHS stretch 3410 m, br
g 0.25 | | | ) | | 1 3323 m, sp
2 : p : : : 1 N-H stretch secondary amide 3313vs,sp  3317s,sp 3309 m, sp
< o2 I I I I I 1 (hydrated)
: ! : 1 N—H stretch secondary amide 3266 m, br
0.15 | | . (unhydrous)
o1 ] ) ! ! O-H stretch 3149 s, br 3160s,vbr 3139 vs, vbr
' : : : C-N-H overtone 3096 w 3090 m 3093 w
0.05 NHs* stretch 3013 m 3015 m 3000 w, br
CHjsas. stretch 2967 w, sp 2966 m,sp 2966 w, sp
0 CHyas. stretch 2933vs,sp 2934 s, sp 2934 vs, sp
3500 3400 3300 3200 3100 3000 2900 2800 2700 2600 2500 NH3* sym stretch 2901 m 2902 s, br 2903 w
Wavenumbers (cm™) CHs symstretch 2875vw,sp 2868 w 2880 w
) ) . . CH_ symstretch 2856 m,sp 2856 m,sp 2857 m,sp
Figure 2. Curve-fitted spectrum of desferrioxamine B: the spectrum was NH5* overtones and combi- 2821 vw 2821w, br 2820w
recorded on KBr disks (25 °C, pH 7.5). Bold lines represent measured nation tones 2790m, vbr 2763 2734 m, br
spectrum and fitted line, which are overlapping. Gray lines represent the 2652 w 2657 2626 m, br
spectra assembling the fitted line as it was analyzed using GRAMS/AI 2535w 2544 2554w
software produced by Thermo Galactic. Peak values and appropriate 2488w
assignments are detailed in Table 1. 2430w
2393w
- . . . . 2285w
the curve-ﬂttlng t_echnlque are summarized for desferrl_oxamlne products of decomposition 1732w, vbr
B and ferrioxamine B spectra ifables 1and2, respectively. 1697 ww 1700 m 1699 s
The tables include band assignments, frequencies of maxima, 1671 m
relative band intensities, and band shapes. C=0 stretch (secondary amide) 1651 m 1649 s 1651s
-+ : : HOH deform 1634 s 1635 vw 1634 m
Effects .Of Fe . Chelation. A Pompa.mson of th? FTIR spectra C=0 stretch (hydroxamate) 1624 vs 1623 vs 1622 vs
of desferrioxamine B and ferrioxamine B (the iron complex) at - a5, deform 1608m, br 1605w, br 1607 vw
25°C and pH 7.5 is presented Figure 3. NH; in-plane deform 1596 w, br
The most conspicuous effect of the iron chelation on the g:“:: (Secongafy am!ge) iggim gg(l)m igg?m
spectra at the high-range frequencies is the appearance of EN syrgsgg?gmfry amide) 1551mbr 15472 1548a br
strong broad peak at 3443 cin(Figure 3A). Curve-fitting CHs 1463w, br ’
analysis of this range in the ferrioxamine B spectrum revealed CH, 1461 m 1459 m 1461 w
that it is composed of a few strong peaKsable 2, bands at C-—H vibrations: exact 1453 w 1453 m, br
3600—3350 cml). The frequency of the band assigned to the  location derives from 1436 w 1437w 1436 w
N—H of the secondary amide decreased significantly from a :‘dJaf_e”Ci’ of different ﬁigw ﬂi:"" ﬂizm
sharp peak at 3313 crhto a broad one at 3269 crhupon unctional groups W 1404w o6 w
iron chelation. 0O-H deform 1397 m 1397w,sp  1397s
The broad, nonsymmetrical peak at 3101 ¢ralong with CH; 1373w 1373w 1372m
the shoulder at 3140 crh (Figure 3) in the desferrioxamine B C~N stretch N-H bend 1271 1271 1271
spectra did not appear in the ferrioxamine B spectra, in which ﬁeconda,fy amide) 1254 1254 1254
. S o —N stretch 1181 1181 1181
a single peak at 3084 crh was exhibited. The curve-fitting 1163 1163 1163
analysis of this range revealed a strong and broad O—H peak 1134w 1134w 1134w
at 3149 cmt in the desferrioxamine B spectrigure 2; Table N-Ob 1009
1) that did not appear in those of ferrioxamine B, excluding a 989 989 986
very weak and broad trace peak seen in the latter spectrum at 964 964 964
25°C (Table 2). The C—NH overtone band of the secondary . _ .
amide was shifted from 3096 to 3084 chin a lower frequency 2 Relative band height (s, strong; m, medium; w, weak; v, very) and shape (sp,

sharp; br, broad) are described. The shape of bands with an average broadness

range (3050—2800 cm), a significant overlapping of the
ge ( ) g bping is not mentioned in the table. ® These bands were determined without curve-fitting.

absorption bands of the aliphatic groups and those of™NHl
the spectra of desferrioxamine B and ferrioxamine B was . )
exhibited. Therefore, the use of the curve-fitting technique to and the secondary amide groups, the amide Il baneNEH
study the effect of the different treatments on these groups wascoupling) of the latter, and the N group. The spectra of
inevitable. The peak assigned to €t 2967 cm?! in the desferrioxamine B exhibited very strong absorption at 1624
desferrioxamine B spectrum shifted to 2951 @énupon iron cm! with a shoulder at 1650 cm (Figure 3B). This strong
chelation Tables 1and2; respectively). The frequency of the peak shifted upon iron chelation to 1573 thin the ferriox-
NHs™ symmetric stretching band increased significantly from amine B spectrum and exposed the shoulder at 1650tcm
2901 to 2947 cm!, whereas the asymmetric stretching band which became an evident peak. The peak of medium intensity
remained unchanged. assigned to the amide Il band (GHH), which appeared at 1568
An intensive overlapping of vibrations was also exhibited at cm™! in the desferrioxamine B spectrum, was hidden in the
the range of 17081550 cntl. We have assigned these bands spectra of the ferrioxamine B by the strong peak of the
to the amide | band (C=0 stretching) of both the hydroxamate hydroxamic C=O Figure 3B).
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Table 2. Absorption Bands of the Curve-Fitted Infrared Spectra of

Ferrioxamine B2

frequency (wavenumber cm—1)

band assignment 25°C 105 °C pH 9
HOH stretch 3619 3617
3587 3586
3554 3555
3518 3521
3479 3482
3435 3439
3381 3384
N-H stretch (secondary 3269 vs, br 3274 s, br 3272 vs, br
amide)
Traces 3159 vw, vbr 3159 vw, br
C-N-H overtone 3084 m 3071s, br 3084 m
NHs* as. stretch 3012m 3013w 3009 m
CHgsas. stretch 2951 vw 2986 w 2951 vw
CH; as. stretch 2932 s, sp 2933 vs, 2931 vs, sp
NH3* sym stretch 2947 m, br 2939 m 2949 w br
CHs sym stretch 2872w, sp 2871w 2868 w
CH, sym. stretch 2858 m, sp 2859 m 2856 w, sp
NHs3* overtones and combi- 2817 w 2815m,br 2818w
nation tones 2752 w 2745w, br 2753 w
2653 w; 2646 w, br 2651w
2550 w 2545w, br - 2543w, br
product of decomposition 1708 vw, wbr 1701 vw, vbr
C=0 stretch out of phase 1665 m 1669 m 1666 m
(secondary amide)
C=O0 stretch in phase 1650 s 1650 m 1649 s
(secondary amide)
HOH deform 1638 m 1636 w 1635w
Traces 1625w 1622 w
C=0 stretch out of phase 1586 m 1586 m 1586 m
(hydroxamate)
C=O0 stretch in phase 1573 vs 1573 s 1573's
(hydroxamate)
NHs* sym deform 1550 m, br 1545m,br  1551m
CH; 1471w 1472 m 1472 m
CHs 1459 s 1461 m 1463 m
C—H vibrations: exact 1457 m
location derives from 1449 w 1450 w 1449 m
adjacency of different 1436 w 1438 w 1436 m
functional groups 1421w 1421 m,br  1422m
1411 vw 1413 m
Traces 1396 vw
CHs 1373 1373 1376 w, br
1360 1363 1362 vw, br
1351 m, br
C-N stretch N—H bend 1261 1260 1260
(secondary amide)?
C—N stretch? 1181 1181 1181
1139 w 1139 w 1139 w
N-0b 995 995 995
980 980 980

2 Relative band height (s, strong; m, medium; w, weak; v, very) and shape (sp,
sharp; br, broad) are described. The shape of bands with an average broadness
is not mentioned in the table. © These bands were determined without curve-fitting.

Curve-fitting of the ferrioxamine B spectrunirgble 2)
revealed that absorption bands of both types &fCC(that of
the secondary amide and the hydroxamate groups) were splitand ferrioxamine BRigure 5A; Table 2) due to dehydration.
upon iron chelation into two bands due to out-of-phase and in- Water bands in the lower frequency range of both desferriox-
phase vibrations (1665 and 1650 chand 1586 and 1573 cmh
respectively). Another striking effect of iron chelation at this 105 °C thermal treatmentT@bles 1and2). As a result, the
range was the disappearance of the OH deformation band atshoulder at 1650 cnt in the desferrioxamine B spectra became

1396 cnt! (Figure 3B). The CN-H stretching vibration, which
splits into two bands at 1271 and 1254 ©nin the desferri-
oxamine B spectrum, shifted and merged at 1261 cim that
of ferrioxamine B Figure 3B). The band at 1163 cm that
was exhibited in the desferrioxamine B spectrég(re 3B;
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Figure 3. FTIR spectra of desferrioxamine B and ferrioxamine B recorded
at 25 °C, pH 7.5. The KBr disks contained 0.5 and 2 mg of dry powder,
respectively: (A) spectrum in the range of 4000-400 cm~%; (B)
magnification of the 1750-900 cm~! range. Major peak wavenumbers
are indicated. Dotted lines refer to major peaks in the desferrioxamine B
spectrum, which are significantly affected by the Fe3* chelation.

Table 1), assigned to one type of CN vibration, disappeared in
the spectra of ferrioxamine B (Figure 3Bable 2). Small peaks

in the range of NO at 956990 cnt ! were shifted and elevated

in the spectrum of ferrioxamine B compared to those bands in
the spectra of desferrioxamine B.

Thermal Treatments. The spectra following the 60C
treatments exhibited intermediate trends of changes obtained
by comparing the 25C treatments to those heated to 1%
and were, therefore, omitted from the figures and tables to
simplify the data presentation.

The most prominent effect of the thermal treatments of 60
and 105°C on the higher range of the spectra was the
elimination of water bands in the range of 36850 cn* in
the spectra of both desferrioxamine B (Figure 4Rable 1)

amine B and ferrioxamine B decreased as well, following the

more prominentKigure 4B). Indeed, curve-fitting revealed that
this band already existed in the spectra af@5Table 1) but
was not observed due to overlapping with water bands.

A new peak evolved at 1700 crh(Figure 4B; Table 1) in
the spectrum of desferrioxamine B following the 10&
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Figure 5. Effects of thermal treatments (25, 105, 170 °C) on FTIR spectra

1700 1600 1500 1400 1300 1200 1100 1000 800

Wavenumbers (cm‘1)

Figure 4. Effects of thermal treatments (25, 105,170 °C) on FTIR spectra
of desferrioxamine B, obtained at pH 7.5. The KBr disks contained 0.5

of ferrioxamine B, obtained at pH 7.5. The KBr disks contained 2 mg of
dry powder: (A) spectrum in the range of 4000-400 cm~%; (B)
magnification of the 1750—900 cm~! range.

mg of dry powder: (A) spectrum in the range of 4000-400 cm~; (B)
magnification of the 1750-900 cm™* range. the desferrioxamine B spectrurRigure 6). The most striking
ones were wide bands, which appeared in the range of-2600
5800 cnt; changes in the range 1760620 cnt?! resembling

the effect of the 108C treatment (Figure 8) on the desferri-
oxamine B spectrum (appearance of new bands at 1699 and
1671 cnt! and an emphasis of the shoulder at 1650 Yinthe

peak at 1398 cm and the area around it being significantly
amplified; the peak at 1271 crh declining and the range of
1010—-960 cm?! being elevated (Figure 7Table 1). Small
changes in the range of 76010 cnt! appeared in the
desferrioxamine B spectrum at pH 9, as well as in that of
ferrioxamine B (Figures 6and 7). Curve-fitting analysis
revealed a few more details upon comparison of desferrioxamine
B spectra obtained at pH 7.5 andBaple 1): peaks of Ni"

treatment. This band had already appeared as a small shoulde
at 25 and 6C°C. In contrast, in the ferrioxamine B spectra it
was not evident even following the 10& treatment (Figure
5B; Table 2). However, shifts of the C—NH of the secondary
amide and NH" absorption bands, resulting from these thermal
treatments, were more significant for the ferrioxamine B spectra
(Tables 1and?2).

As opposed to the moderate effects, which resulted from the
thermal treatments at 25, 60, and IG5 that of 170°C caused
an advanced level of destruction of the molecular structure. As
a result, the structures of both desferrioxamine B and ferriox-
amine B became very similaFigures 4 and5). The double
peak of C-H at 2937 af‘d 2862 cni remained stable._The NeW  at 3000, 2903, 1607, and 1548 ctinwere significantly
peak _that appeared in the spectrum of desferrioxamine B decreased, and, instead, new peaks assigned o ayigeared
following the 105°C treatment became very strong, followed at 3323 3410. and 1596 ch
by a peak of medium intensity at 1666 cinTypical peaks of ’ ’
the amide and hydroxamate groups disappeared. The shoulde
at 1547 cnmt, assigned to Nkt, which was better distinguished
after the heating to 108C, remained as an individual peak in The molecule of the siderophore ferrioxamine B contains
this region following the treatment of 17@. The peak at 1400  several functional groups. The FTIR absorption bands of these
cm~t was dramatically enhanced in the spectra of both desfer- groups overlap significantly, thus complicating the interpretation
rioxamine B and ferrioxamine B. of the spectra. To overcome this complication, the spectra were

Effect of pH. In the lower range (47.5), the pH had no curve-fitted. In the Results section we have described the effects
effect on either desferrioxamine B or ferrioxamine B (Figures of the various treatments (iron chelation, thermal treatments,
6 and 7, respectively). At pH 9 various changes appeared in and different pH conditions) on the spectra. The differential

biscussion
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Figure 6. Effects of pH (4, 6, 7.5, 9, at 25 °C), on FTIR spectra of
desferrioxamine B. The KBr disks contained 0.5 mg of dry powder: (A)
spectrum in the range of 4000-400 cm~1; (B) magnification of the 1750—
400 cm~1 range.
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Figure 7. Effects of pH (4, 6, 7.5, 9, at 25 °C) on FTIR spectra of
ferrioxamine B. The KBr disks contained 0.5 mg of dry powder: (A)
spectrum in the range of 4000-400 cm~; (B) magnification of the 1750—
400 cm~! range.

very stable at all treatment3dbles 1and?2). Due to the rigid
structure formed by the iron chelation, the=O vibration splits

reaction to these treatments enabled us to assign most of thénto two bands, in-phase and out-of-phase, in the ferrioxamine
peaks to the appropriate functional group. The following B spectrum; the first is at 1665 crhand the other remains at
discussion refers to the spectrum of desferrioxamine B at 25 1650 cn?! (Table 2).

°C and pH 7.5, as a reference, and specifies the changes Another strong band (amide Il band) in the range of 1515
following the various treatments. The absorption intensities in 1570 cni! results from the NH bending vibration coupled with
the spectra of ferrioxamine B were lower, compared to those that of G—N stretching, when hydrogen is in the trans position
in the desferrioxamine B spectra (note the different concentra- to the carbonyl17). At 25°C this band appears in the spectrum

tions of desferrioxamine B and ferrioxamine B in the KBr disks

for the spectra presentedkigure 3), due to the restricted and

rigid molecular conformation of the iron complex.
Secondary Amide [R—C(=0)—NH—-R]. There are two

of desferrioxamine B at 1568 crh(Figure 3) and shifts upon
dehydration to 1562 cmt (Figure 4). When the hydrogen of
secondary amides is forced into the cis position, due to ring
formation, this absorption is shifted to near 1430 ¢rand the

secondary amide groups in the ferrioxamine molecule. They carbonyl absorbs strongly at 1695 cth{17). This did not occur
make up part of the residual chain of the hexadentate ligand, upon Fé™ chelation, and thus it is assumed that the hydrogen

but they are not included in the chelation ring itséligure 1).
According to the literature, the amiglearbonyl stretching

remains at the trans position in the chelation ring. As no
significant change is expected in this band upon iron chelation,

absorption (amide | band) is the broadest in the carbonyl family the disappearance of the peak-&t560 cnT! and the significant

and is positioned between 1695 and 1615 trin dry samples

increase of the peak at 1576 chexhibited in the spectra of

of secondary amides in an open chain, this bond absorbs at derrioxamine B Figure 3) were surprising. The shift of the=€

wavenumber of~1640 cnt! (17). We assigned the shoulder at
1650 cnrl, which is fused into the stronger peak of the
hydroxamate group at 1624 ciand revealed upon dehydration
(Figure 4), to that G=O bond. Upon F& chelation, the
hydroxamate band shifts from 1624 chto a lower frequency,
thus exposing the absorption band at 164850 cnt! in the

O band of the hydroxamate group from 1624 to 1576 tdue
to iron chelation, which hides the amide Il band around 1560
cm1, provides an explanation.

The curve-fitting work revealed that the-@®IH bending
vibration at 1568 cm! in the desferrioxamine B spectra splits
into two peaks at 1571 and 1564 chy(Table 1). The same

ferrioxamine B spectra (Figure 3). This band was found to be interaction (C—N—H) should give rise to another small peak
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in the range of 1275 55 cnt! (amide IIl), which is chiefly have shown broadening of the bands of the C=0 vibration and
C—N stretching coupled with in-plane-NH bending (18,19). a frequency decrease of 40—60 chupon chelation of F&
Indeed, two small peaks at 1271 and 1254 tmppeared in (16, 23). X-ray crystallography of solid siderophores has also
the desferrioxamine B spectrutffigure 3b; Table 1). This split shown a decrease in the distance of C to N and an increase in
could be attributed to the different strengths of the hydrogen C=0 distance following iron complexatio24—28). The same
bonds as suggested for the amide group of alachlor by Nassereffect has been proposed for the ferrioxamine B structi2g, (

et al. (20). We could not find a distinct band assigned to the but the C to N distance of the hydroxamic group in the free
C—N-—H interaction in the range of 159550 in the curve- ligand (desferrioxamine B) has not been measured yet. The
fitting analysis for the ferrioxamine B spectra. It is assumed results of our study support this assumption. Indeed, the
that this amide Il band is completely hidden due to the overlap frequency of the €0 absorption decreased significantly from
and similar shape of the peaks of the strongesOCbsorption 1624 cnrt in the desferrioxamine B spectrum to 1586 and 1573
bands. However, the aforementioned peaks, assigned as them™tin the ferrioxamine B spectrum, and its intensity was lower
amide Il band of the secondary amide, merged into one peak(Table 2). Here, as well as for the amide group, the@

at 1261 cmtin the ferrioxamine B spectrunkigure 3B; Table vibration splits into two bands due to the rigid structure of the
2). This result implies that the organized rigid structure of complex with iron.

ferrioxamine B enables onIy one form of hydrogen bond with Due to the resonance assumption, the appropriate C—N
this group. This assumption is strengthened by the observationabsorption frequency was supposed to increase significantly
of other characteristic absorption bands of this group: secondaryaccording to a rise in its double-bond character=(Q.
amides have a single N—H stretching vibration, which absorbs Absorption of the &N bond in amides as well as amines groups
in the high wavenumbers range, #8335 cn? (17). This is usually appears in the range of 1175—1055 &rfL7). Three
attributed to the sharp band, which appears in the desferriox- peaks were evident in this range in the spectra of desferriox-
amine B spectra at 3313 cth(Figure 3A; Table 1). In the amine B at 1134, 1163, and 1181 cmUpon Fé* chelation,
ferrioxamine B spectra the frequency of this band significantly the band at 1163 cm disappeared (Figure 3Tables 1and
decreased to 3269 crh (Figure 3A; Table 2). Because  2). We believe that the frequency of this vibration increased
secondary amide groups do not participate in the formation of due to the resonance in the chelation ring. Its new location may
the chelation ring itself, this effect can be attributed only to be hidden by the strong absorption of the sS@doup. The
changes in its proximal environment. The significant shift and intensification of the resonant form following ¥echelation is
broadness of the peak at 3269 cmmply that very specific  significant for the function of the siderophore, because it
hydrogen bonds were taking place. We believe that the fixed enlarges the negative charge on the carbonylic oxygen, thus
spatial structure of ferrioxamine B facilitates the formation of strengthening the metal binding.

highly specific intramolecular ponds. A hydrogen bond between  The (N)—OH stretching band in oximes absorbs in the range
the N-H of the secondary amide and theG of the hydrox-  of 3450-3030 cm! (17). This vibration was attributed to the
amate is proposed as a reasonable site for this interaction basegige conspicuous band, which appeared at 3149dm the

on steric considerations. An overtone of the lC—H interaction desferrioxamine B spectruriigble 1). It was found to be very

of the secondary amide group should appear-8075 cnr* sensitive to the environmental conditions as revealed by the
(17). This band is attributed to a peak at 3096 &nin effects of the different pH levels and thermal treatments, due
desferrioxamine BRigure 2; Table 1) and shifts, here as well, o the reactionary character of the OH group. This band is absent
to 3084 cn* in the ferrioxamine B spectrunTéble 2). The iy the spectrum of ferrioxamine B due to its deprotonation.

frequency of the latter decreased to 3071 €following heating Absorption of the bending vibration of the (NDH group is

in the 105°C treatment, implying that water reduced the strength expected in the range of 1420330 cnt! (18). Disappearance

of the abovementioned specific hydrogen bond. The secondaryof the peak at 1396 cni from the spectrum of ferrioxamine B

amide group was not significantly affected by pH in the (Figure 3; Tables 1and2) suggests its assignment to the {N)

examined range. O—H bending vibration. The N-O stretching vibration in oximes
Hydroxamate Group —[R—C(=0)—N(OH)—R]. The fer- gives rise to a strong absorption band at 18830 cnt!. This

rioxamine molecule contains three hydroxamate groups. Upon peak splits at times into several bands (17). Earlier studies of

deprotonation of the hydroxyls, the molecule becomes a hydroxamic acids found this band at 965 and 99000 cnt?!

hexadentate ligand highly specific for¥e The Fé™ binds to (15, 16). Only weak absorption bands were shown at this range

both oxygen atoms of each hydroxamate grdiip 22), creating in our spectra, implying that the absorption was indeed split
a distorted octahedroii?). The absorption band of the carbonyl into two peaks at 989 and 964 ctnin the desferrioxamine B
in tertiary amides appears in the range of 164640 cnt! and spectrum (Figure 3;Table 1). The N—O bond is expected to

is sharper and stronger than that of secondary amitiés (  strengthen upon iron chelation, and thus this vibration is
Studies of hydroxamic acids found the strong carbonyl absorp- expected to intensify and its frequency to increase. Indeed, peak
tion in the wider range of 17601595 cn1?! (15). Indeed, the frequency and intensity were enhanced and appeared in the
sharp and very strong absorption of the hydroxamieCC ferrioxamine B spectra at 995 and 980 ¢hiFigure 3; Table
appeared at 1624 crh in the desferrioxamine B spectrum 2). The same increase in NO frequencies was found in studies
(Figure 3; Table 1). of FTIR spectra of hydroxamic acids (183).

The Fé* is bound to the desferrioxamine B molecule via A medium-strong peak evolved at 1700 cinfollowing

the two oxygen atoms of each hydroxamate group, releasingtreatments at 105C as well as at pH 9igure 8). In the latter

the hydroxyl H. Thus, we expected the disappearance of the (pH 9), this effect was more drastic; it was accompanied by
OH band due to deprotonation, as well as changes in @ C another new peak at 1671 cfnand an evident weakening of
C—N, and N—O absorption bands. As a result of the resonancethe intensity of the hydroxamic carbonyl peak (1624622

in the chelation ring, the absorption oD is expected to cm~1) compared to that of the secondary amide carbonyl at 1650
decrease significantly due to the rise in its single bond Q3 cm L. The peak at 1700 cm became very strong, for both
character. Indeed, studies of FTIR spectra of hydroxamic acids desferrioxamine B and ferrioxamine B, at 170, as did the
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1.2

— Measured (Figure 7; Table 1), probably due to the effect on the adjacent
—Fitted Cc=0 group.

P, NH3™ Group. The NH™ group is the most difficult to
identify unequivocally in the FTIR spectrum of ferrioxamine
B. This group exhibits a strong and broad absorption band in
the range of 2800—3000 crh frequently termed the “am-
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g e monium band”. This band consists of symmetric and asymmetric

£ — e stretching vibrations (1&9). According to other researchers it

é — 1622 can reach 3200 cm (30). It is accompanied by overtones and
— 1607 combination tones at 2862000 cnt!. The ammonium band
1596 overlaps with the strong CH absorption bands, and thus it cannot

be completely recognized in the spectra of desferrioxamine B
and ferrioxamine B. Using curve-fitting, its bands were recog-
nized at 3013 and 2901 crhin the desferrioxamine B spectrum
and at 3012 and 2947 crhin the ferrioxamine B spectrum.
The different locations of ammonium bands imply stronger
hydrogen bonds of this group with exposed functional groups
i —— Measured along the linear molecule of desferrioxamine B compared to
i o Fited those in the ferrioxamine B molecule. At the latter, these
: functional groups are gathered around the iron center, creating
! strong intramolecular bonds, whereas thesNHt the end of
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| bonds through the free terminal NHwith the rather hydro-
phobic outer face are less intensive. Due to the high reactivity
s of NH3™, it is very sensitive to environmental conditions. Its
— 1605 absorption may change significantly according to the water
content of the sample, pH, and adjacent functional groups. These
effects were more prominent in the spectra of ferrioxamine B
— 1561 (Table 2) than in those of desferrioxamine Bable 1). Here,
547 as well, the difference could be related to the strong bonds
formed by NH* with other functional groups in the desferri-
oxamine B molecules compared to that group in ferrioxamine
B molecules, which mainly reacts with the solution components.

) ) . . , Symmetric and asymmetric bending vibrations of tare
Figure 8. Curve-fitted spectra of desferrioxamine B (0.5 mg) recorded in usually exhibited in the region of 1575—1600 chas well as

KBr disks: (A) obtained at pH 9.0, 25 °C; (B) obtained at pH 7.5, after 1500—1550 cmt (18, 29). In some instances, only one band
heating to 105 °C. Bold lines represent measured spectrum and fitted appears (30). A broa{d peak, which appeared, in the desferriox-
line, which are overlapping. Gray lines represent the spectra assembling amine B spectrum at 1608’cr3n(TabIe 1), was assigned to
the fitted line as it was analyzed using GRAMS/AI software produced by this group. A relatively broad band obser\;ed at 1550 twas
Thermo Galactic. Peak values are listed on the right. related to the N group as well. At pH 9, absorption
intensities of the Nit" stretching vibrations at 3013 and 2901
cmtin the spectrum of desferrioxamine B were reduced and
new bands appeared at 3410 and 3323’crmhese bands are
characteristic of the NK(29) formed due to deprotonation of
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medium peak at 1666 cnh (Figures 4Band5B). Because the
170 °C treatment caused complete destruction of hydroxamic
and amide groups, it is suggested that the new peaks, which
appeared in the 105C and pH 9 treatments, represent partial NHs*. The peak at 1608 cm was also reduced, whereas a
degradation of the desferrioxamine B molecule under these oy one appeared at 1596 chimplying the appearance of
conditions. Changes were also observed in the region between\iy, A decrease in absorption of this group at pH 9 was
1460 and 1375 cnt in the spectrum of desferrioxamine B at  gpserved only in the desferrioxamine B spectrum, whereas the
pH 9 (Figure 7B). Because the exact location of—€ ferrioxamine B spectrum remained unchanged. This observation
absorption bands in this region depends on their chemical s in accordance with their protonation constants at 8.3 and 10.4,
environment 29), the changes exhibited in this range in the respectively (11). These results indicate that the deprotonation
spectrum of desferrioxamine B at these conditions are in of desferrioxamine B begins with the NHgroup. The state of
accordance with the degradation of certain functional groups. the NH;* group is expected to be significant to the siderophore
The hydroxamic carbonyl appeared to be more sensitive to highfunction because the cationic tail may play an important role
levels of temperature and pH. A lack of a proton donor in both in the recognition of ferrioxamine B by its host membrane
treatments (due to dehydration and alkaline conditions, respec-receptors, as suggested by some researchers (e.g31rafxl
tively) may be a catalyzing factor for this process. 32).

The OH deformation band at 1397 ciis enhanced at pH C—H Interactions. Bands of the aliphatic chains were
9 as well (Figure 7). The intensity of the OH stretching band relatively stable under all examined conditions in both desfer-
was not reduced, although it shifted to a lower frequency, rioxamine B and ferrioxamine B spectra. The most striking
implying stronger hydrogen bonds. Therefore, we concluded bands of these bonds were €bbserved via a typical double
that the OH groups do not yet undergo deprotonation at pH 9. peak resulting from a symmetrical and nonsymmetrical stretch-
The intensity of the N-O stretch vibration was strengthened at ing of methylene at about 2930 and 2860 ¢énCH; absorption
pH 9, and a new band appeared in its region at 10091cm is responsible for the weaker shoulders exhibited by curve-fitting
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as smaller peaks around 2960 and 2870%(Rigure 2; Tables

1 and?2). In contrast to the other stretching vibrations of CH,
the asymmetric peak of GHthanged upon Fe chelation and in
relation to water contentT@ble 2). This reaction is in
accordance with its adjacency to the hydroxamate grbigu(e

1). A series of peaks, which appeared in the range of 470
1406 cnt! (Tables 1and?2) were attributed to different CH
vibrations derived from the proximity of different functional
groups. The enhanced peak-at460 cnt! was attributed to
CHs attached to the C=0 group (29). This association with the
Fe-binding center is the reason for the relatively large difference
in this region between the desferrioxamine B and ferrioxamine
B spectra.

Water in the Sample. Water peaks are prominent in the
higher wavenumber range. In the desferrioxamine B spectra,
they appear as a single broad band at 3464c{Rigure 2;
Table 1), which disappear upon thermal dehydration. In the

Siebner-Freibach et al.

results from the &0 bond, indicating that coupling between
the carbonyl and nitrogen in the hydroxamate and amide groups
was interrupted. A strong band in the G-bending region near
1400 cnt! may indicate enhancement of the hydroxyl absorp-
tion due to detachment from the carbonyl of the hydroxamate
group. However, because the-® absorption changed signifi-
cantly or vanished under these conditions, it is hard to determine
whether the 1400 cni band results from the N—OH vibration

or is a product of a molecular disintegration. Bands of theHC
stretching were retained in the spectra of this treatment, but the
bending bands in the lower range (1470406 cnt?), which
derived from an association with different functional groups,
were partially impaired. This change was most prominent for
the strong CH peak at~1460 cn1?, which was significantly
affected upon heating to 17@ due to its association with the
hydroxamate group. From the existence of the characteristic
broad absorption at 3018 and 1545 ¢mit appears that the

ferrioxamine B spectrum the appearance of the water bands wasyH;+ group was not impaired.

completely different. A series of medium-to-strong bands
revealed by the curve-fitting analysis at 3668850 cnt?!
(Table 1) creates a strong broad band in the spectrum of
ferrioxamine B (Figure 3A). It seems that the ferrioxamine B
molecule, having a compact and rigid structure, binds the water
molecules in a more structured manner than that of the linear
and polar molecule of desferrioxamine B.

Absorption bands of both the-eN—H overtone of the amide
group and the Nkt symmetric stretching were significantly
affected in the ferrioxamine B spectra by water dehydration,
indicating that hydrogen bonds were strengthened by the loss
of water. The possible role of water in the stabilization of the
molecular structure needs a further examination, as previously
discussed. In the lower range, the water band at 1635 aiso
decreased significantly upon thermal dehydratibaljes 1and
2). According to this band, water loss is more drastic from
desferrioxamine B than from ferrioxamine B.

Sulfonic Group (CH3SO;7). The sulfonic group is not an
integral part of the molecule, but rather a counteranion to the
desferrioxamine B cation, and exhibited prominent bands series
in all of the spectra shown in this work. The peak series that
begins at 1240 crit and reaches its peak at 1195 ¢nbelongs
to this group. Another significant band was exhibited by this
group at~1058—1053 cm? (Figure 3).

Thermal Treatment at 170 °C. As opposed to the minor
effects of the 25105 °C thermal treatments, that of 17C
resulted in a decomposition of the molecular structures of both
desferrioxamine B and ferrioxamine Bigures 4and5). The

resemblance between the products of the decomposition for bothT

molecules implies the loss of the iron center, which stabilizes
the structure of the iron complex and disintegration of the same
bonds in both instances, rather than an accidental disruption.
The changes, which took place upon heating, were very helpful
in our effort to achieve definitive peak assignments. Peaks
involved in the C-N—H bond of the secondary amide, such as
at 3311, 1568, and 1271 crin the desferrioxamine B spectrum
(Figure 4) and at 1560 and 1261 crhin that of ferrioxamine

B (Figure 5), disappeared after heating to 170. The same
occurred for the strong peak of the hydroxamic group at 1624
cmtin the desferrioxamine B spectrum and at 1586 and 1573
cm™tin that of ferrioxamine B. Bands in the-N and N—O
region were reduced significantly or disappeared. As already
mentioned, a very strong peak appeared in the spectra of
desferrioxamine B and ferrioxamine B, following heating to 170
°C, at 1700 cm! followed by another significant peak at 1666
cmL. According to its location, the peak at 1700 chprobably

Summary. The goal of this study was to elaborate the FTIR
spectra of the siderophore ferrioxamine B, in its free and iron-
bound configurations, to develop an easy tool for diagnosing
the state of these molecules. A comparison of the results of the
various pH and heating treatments enabled us to assign most
of the significant bands to the appropriate vibrations. Identifica-
tion of some characteristic absorption bands, especially those
of NH3™, required the use of curve-fitting analysis. The full
clarification of the FTIR spectra of the desferrioxamine B and
ferrioxamine B molecules achieved in this study provides crucial
information on the condition of each functional group. Our data
facilitate the distinction between the free ligand and the iron
complex. Using the analysis of the FTIR spectra we have found
various characteristics of a highly stabilized molecular structure
of the ferric complex of the siderophore. These characteristics
are useful for the study of different environmental conditions’
impact, as well as interactions with other materials, on the
stability of the iron—siderophore complex. Changes in the
conformation of the ferric complex and the pendent tail with
the terminal NH™ can affect the ability of microorganisms and
plants to use the siderophore as an iron source. The interaction
of the functional groups in the open chain of the free ligand
could significantly influence its ability to bind the metal and
create a stable complex. All of these aspects can be analyzed
in detail using FTIR spectra and their proposed interpretation.
High levels of pH and temperature caused a partial decomposi-
tion of the desferrioxamine B molecule and especially of the
hydroxamic groups, which hold the iron in the ferric complex.
hese effects have to be considered in further investigation and
potential utilization of the siderophore. The FTIR analyses
proposed provide an attractive tool for studying the siderophore
behavior in neutral environments.
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