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Carrier-facilitated bulk liquid membrane (BLM) transport from an aqueous source phase through a chloroform
membrane phase to an aqueous receiving phase was studied for various hydrophilic synthetic and naturally occurring
Fe(lll)-siderophore complexes using first coordination sphere recognition. Iron transport systems were designed
such that two cis coordination sites on a hydrophilic Fe(lll) complex are occupied by labile aquo ligands, while the
other four coordination sites are blocked by strong tetradentate ligands (siderophores). The labile aquo coordination
sites can be “recognized” by a liquid membrane-bound hydrophobic bidentate ligand, which carries the hydrophilic
Fe(lll)-siderophore complex across the hydrophobic membrane to an aqueous receiving phase. The system is
further designed for uphill transport of Fe(lll) against a concentration gradient, driven by anti-port H* transport.
Three tetradentate siderophore and siderophore mimic ligands were investigated: rhodotorulic acid (H,L?*), alcaligin
(HoLA®), and N,N'-dihydroxy-N,N'-dimethyldecanediamide (HL®). Flux values for the transport of Fe(L¥)(OH,),* (x
= RA, AG, 8) facilitated by the hydrophobic lauroyl hydroxamic acid (HLHA) membrane carrier were the highest
when x = 8, which is attributed to substrate lipophilicity. Ferrioxamine B (FeHDFB*) was also selectively transported
through a BLM by HLHA. The process involves partial dechelation of ferrioxamine B to produce the tetradentate
form of the complex (Fe(H,DFB)(OH,),?*), followed by ternary complex formation with HLHA (Fe(H,DFB)(LHA)*)
and transport across the membrane into the receiving phase. Uphill transport of ferrioxamine B was confirmed by
increased flux as [H*]source phase < [H*]receiving phase- The membrane flux of ferrioxamine B occurs near neutral pH, as
evidence that ternary complex formation and ligand exchange are viable processes at the membrane/receptor
surface of microbial cells.

Introduction the siderophore then must chelate iron, forming an-iron

. h . . e i | siderophore complex. The irersiderophore complex then
Siderophore-mediated iron uptake is a complex process i ses to the surface of the cell where it is recognized by
which varies between different microbeSiderophores are 1 \ambrane receptor. Once recognized, the iron is trans-

Iow—m_oleculgr—we|ght organic co_mpound; that s;r;\ée to ported through the cell membrane, in some cases as the intact
selectively bind and solubilize iron in a multistep procgss. iron—siderophore complex, while in others the iron is

First, the siderophore is synthesized and released by the Ce"'released to a membrane-bound carrier. Finally, iron is

released to the cell interior, where it is used in various
essential metabolic functions.
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Figure 1. Structures of naturally occurring hydroxamic acid siderophores and a synthetic mimic used in this study.

binds iron-free pyoverdin and that iron transport through the bacteria through specific FSRPHowever, despite diversity
membrane involves displacement of the apo-siderophore byin the individual mechanisms, there are still features common
the Fe(lll)-bound fornT:® Another recent report describes a to multiple microbes. FSRPs are only expressed at high levels
shuttle mechanism for membrane iron transpo@momo- in iron-deficient media, and they all exhibit a TonB
nas hydrophile® which proposes Fe(lll) exchange between dependenc&:!

a number of environmental siderophore carriers and an apo- Desferrioxamine B (kDFB*; Figure 1) is a linear tri-
siderophore bound to an outer membrane receptor. This evenhydroxamic acid siderophore produced by some species
is followed by a receptor conformational change and of Nocardia and Streptomyce®¥ whose Fe(lll) complex
transport of the irofsiderophore complex into the cell. (FeHDFB'; Figure 1) crystal structure has recently been
Further evidence of microbial iron acquisition diversity determined?® The lipophilicity of HDFB™ and FeHDFB
comes from characterization of the over 20 separate outermay be increased through the attachment of a lipophilic
membrane ferric siderophore receptor proteins (FSRP)molecule, such as an ionophore. Noncovalent attachment of
identified for the recognition and transport of iresidero- an assortment of ionophores to ferrioxamine B has been
phore complexes through the outer membré&ré Gram- previously described in terms of hesgjuest complexation
negative bacteria are capable of producing multiple FSRPs,in the second coordination shéft:2> Some of these systems
even producing FSRPs specific for siderophores produced
by other bacteri& Many of the FSRPs are selective for more (14) Braun, V.Drug Resistance Updatek999 2, 363-369.
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were also utilized in bulk liquid membrane (BLM) transport which a hazardous metal is chelated by a lipophilic carrier

experimentgé28 molecule and concentrated into a solution for eventual
This report expands on our previous work by covalently compartmentalization and waste cleanup. An applicable
binding lipophilic hydroxamic acids directly to an iren lipophilic carrier molecule would exhibit metal selectivity

siderophore complex and transporting the resulting ternary and variable chelation strength that could be modulated by
complex across a BLM. We term this process BLM transport specific parameters, such as, pH, ionic strength, and tem-
facilitated by first coordination sphere recognition. This is perature.

in contrast to our previous BLM transport experiments, which

rely on second coordination sphere recognif®id® The Experimental Section

efficiency of carrier-facilitated BLM transport via first

coordination sphere recognition will be established in this  paterials. Chloroform (Mallinckrodt ChromAR, HPLC grade)
report by using two types of substrate complexes. The first was used for the liquid membrane, Mg(G)@(Perkin-Elmer) was
are Fe(Ill) complexes with labile aguated coordination sites used for ionic strength control, and Mg(@k(Aldrich) and HCIQ,
(Fe(L)(OHy),1) utilizing natural siderophore ligands such (Fisher, 70%) were used to adjust pH. All agueous solutions were
as rhodotorulic acid (isolated froRhodotorula pilimanag®-33 prepared with deionized water, and the pH was measured with a
H,LRA: Figure 1) and alcaligin (isolated fromlcaligenes ~ Corning 250 pH/ion meter equipped with an Orion ROSS pH
denitrificans KN3-J, Alcaligens xylosoxidans, Bordetella €lectrode filled with a 3.0 M NaCl solution.
pertussisandBordetella bronchisepticé 37 H,LA®; Figure N,N-Dihydroxy-N,N'-dimethyldecanediamide ¢H°), alcaligin

1) and the synthetic siderophore minNg\'-dihydroxy-N,N'- (H2L*¢), and rhodotorulic acid (kL*, Aldrich) were prepared and
dimethyldecanediamide @H8; Figure 1). The second type ~characterized as previously descritié& ™ A ferrioxamine B

are substrate complexes with labile aquated coordination sites” €HDFB'CIOs™) stock solution was prepared as previously
. . described® Lauric acid (Aldrich, 99.5-%) was used as obtained.
that are controlled by pH, such as ferrioxamine B. Both

- auroyl hydroxamic acid (HLHA, HN(OH)G£O)(CH,)10CHs) and
systems of substrate complexes use the hydrophobic lauroy! ctanoyl hydroxamic acid (HOHA, HN(OH)EO)(CHy)sCHs)

hydroxamic acid (HLHA) or octanoyl hydroxamic acid \ere prepared by reacting the appropriate acid chloride with
(HOHA) as a membrane carrier and rely upon Fe(lll) first hydroxylamine in the presence of agqueous sodium bicarbonate at
coordination shell recognition and ternary complex formation 0 °C under a N atmospheré®
to facilitate BLM transport. Methods. Aqueous solutions of Fefl(OH,),* were prepared

A pH gradient across the membrane provides a mechanismby dissolving an equimolar amount ol (x = 8, RA, AG) in an
for the “uphill” (against a concentration gradient) transport aqueous solution containing 0.112 M Fe(G¥9at pH 1.0 and
of the Fe(lll-siderophore complexes with anti-porttH  diluting to volume with 0.1 M Mg(CI@).. Mg(OH), was added to

transport. This allows for the efficient and complete com- adjust the pH, and the solution was filtered and characterized
partmentalization of iron. spectrophotometricallyifhax = 470 NM,emax = 1500-1900 cnt?

M~1).42 BLM transport experiments were carried out in a U-shaped

. take. it has furth . tal implicati Metal spectrophotometer cell fabricated in ho#&&€.Reproducible stirring
iron uptake, it has further environmental imphications. Metal 5,4 geometric consistency were utilized to minimize scatter in the

pollution is an ever more important problem with over two- §,x data. Stir speeds were kept constant at 960 rpm by a
thirds of all Superfund and DOD sites and roughly half of continuous-duty synchronous AC motor. Continuous absorbance
all RCRA and DOE sites requiring remediation for different readings of all three phases (source, membrane, and receiving) were
types of metal contaminatiofi.On the basis of the chemistry  obtained using a Beckman Acta Ill double-beam-is spectro-
presented here, it is possible to conceptualize a system inphotometer. The membrane layer consists of 4 mL of chloroform,
and the receiving and source phases each consist of 2 mL of aqueous

While this system is significant for modeling microbial

(26) Spasojevicl.; Crumbliss, A. L.J. Chem. Soc., Dalton Tran$99§ solution that were pipetted simultaneously into the cell. Flux values

4021-4028. , were calculated in units of mol crds~! from the initial slopes of
@7) ;2"55‘05018‘”’:"; Crumbliss, A. L.Inorg. Chem.1999 38, 3248~ the absorbance versus time traces. Data points in flux figures
(28) Wirggu, J. 1.; Crumbliss, A. L. Accepted for publicationdnChem. represent the average of one to three individual replications.

Soc., Dalton Trans Uncertainties in individual flux values range from 5% at small
(29) 59517"328’ %-9&6%5’10”“ S. R.; Raymond, K.JNAm. Chem. Soc.  yalues to 10% at larger values. A brief (ca. 40 min) induction period
(30) Car?ano,lc. J.: Raymond, K. N. Bacteriol. 1978 136, 6974 occurs while the solutions at the “membranes” (unstirred layers)
(31) Mueller, G.; Barclay, S. J.; Raymond, K. N. Biol. Chem.1985 reach steady-state conditions, and initial flux rates do not include

260 13916-13920. _ the data from this nonlinear induction period. Absorbance traces
2 %%eznliri%éel_sowa' Y. Raymond, K. N.. Biol. Chem.1985 260, also deviate from linearity after an extended period of time when
(33) Atkin, C. L.; Neilands, J. BBiochemistryl968 7, 3734-3739. the concentration in the source phase becomes depleted. Additional
(34) Nishio, T.; Ishida, Y Agric. Biol. Chem.199Q 54, 1837-1839. details are reported elsewhefes?

(35) Nishio, T.; Tanaka, N.; Hiratake, J.; Katsube, Y.; Ishida, Y.; Oda, J.
J. Am. Chem. S0d.988 110, 8733-8734.
(36) Moore, C. H.; Foster, L. A.; Gerbig, D. G., Jr.; Dyer, D. W.; Gibson, (39) Das, M. K.; Bose, P.; Roy, Nl. Chem. Eng. Datd 984 29, 345—

B. W. J. Bacteriol.1995 177, 1116-1118. 348.

(37) Brickman, T. J.; Hansel, J.-G.; Miller, M. J.; Armstrong, S. K.  (40) Smith, W. L.; Raymond, K. NJ. Am. Chem. S0d.98Q 102, 1252~
BioMetals1996 9, 191-203. 1255.

(38) Abbreviations: DOD, Department of Defense; DOE, Department of (41) Caudle, M. T.; Cogswell, L. P.; Crumbliss, A. Inorg. Chem1994
Energy; RCRA, Resource Conservation and Recovery Act; Superfund, 33, 4759-4773.
commonly used name for the Federal Comprehensive Environmental (42) Boukhalfa, H.; Brickman, T. J.; Armstrong, S. K.; Crumbliss, A. L.
Response, Compensation and Liability Act (CERCLA). Inorg. Chem.200Q 39, 5591-5602.
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Scheme 1
Region | § Region Ila Region IIb g Region 111 g Region IVa Region IVb g Region V
Bulk Solutionig Unstirred layer: | Unstirred layer: E Bulk solution: g Unstirred layer: Unstirred layer: § Bulk solution:
Source phase = Source phase Membrane phase E Membrane phase = Membrane phase | Receiving phase = Receiving phase
N J N J
e \ ~ / 2
Aqueous Organic Aqueous
Phase Phase Phase
Results water exchange for the Fe(IlOH,),"™ complexes relative

3+ 3,50,51; i i iti
General Considerations BLM transport experiments to Fe(OR)e™". First coordmanp shel'llrecognmon and
contain three phases which can be further broken down into MeMPrane transport occur through lipophilic terary complex

seven regions (Scheme 1). Relative concentrations can béi)réngtlorg:s lllustrated in reaction 1 (R —(CHg)eCH,
assigned to each region during the process of a species (M) (CH2)10CH).
being transported from region | to region V in Scheme 1. x n _ _
The concentration of M is constant throughout region | due {Fe(L)(OHy), }Xaq+{HN(OH)C( O)Rborg .
to stirring but decreases through region lla as M is extracted {Fe(L)(HN(O)CEO)R)} oy + H;O" + HO (1)
into region llb, causing an initial concentration jump in I fertioxamine B two iron coordination sites can be
region llb. As the distance from the interface of region lla
region b until it enters region Il and becomes constant, fing (reaction 2; log K= 0.94 (52)), a process that is
due to stirring. Region IVa is analogous to region lla, as the controlled by solution pH. At lower pH values the tris-
concentration drops until the interface with region Vb,
followed by an abrupt drop in concentration as M enters into
the dilute receiving phase (regions IVb and V). Regions I . . . .
: : hydroxamate) complex will begin to dissociate and the
lla and 1lb) and IV (IVa and IVb) consist of the unstirred (hy
I(ayers and) represe(nt “membra)n”és’With an estimated fraction of desferrioxamine B acting as a tetradentate ligand
thickness between 50 and 308,26 roughly 20 000 times increases. The tetradentate form of the complex can accept
the size of a microbial membrar’1e (5 nf) an incoming ligand to form a lipophilic ternary complex (eq
The basis for first coordination sphere recognition in our g%lio%rr;(rigaﬁgﬂ?’ h(;aspeab;onOf J\;?S?EOSOL?;tErZSni:n
experiments is the existence of two cis labile coordination P ' 9 ’
sites on the Fe(lll) center. Both hydrophobic membrane o+ _
carriers, lauroyl hydroxamic acid (HLHA, HN(OH)&Q)- {Fe(HDFB)(OH,),™ }aq + ClO; o9+ .
(CHy)1oCHg; Figure 1) and octanoyl hydroxamic acid (HOHA, {HN(OH)CEO)R} oy =
HN(OH)C(=0)(CH,)sCHs; Figure 1), are bidentate ligands {Fe(H,DFB)(HN(O)CEO)R), ClO, }ogt
and therefore need at least two coordination sites to recognize H,0". +H,0 (3)
an Fé* ion or complex. In the Fe()(OH,),* complex & = $7 aq " 12
AG, RA, 8) the tetradentate ligand(E") acts to block four Comparison of Membrane Carriers HLHA and HOHA.
coordl_natlon sﬂgs, leaving two c_oor_dlnatlon S|te_s occupied Two lipophilic mono(hydroxamic acids) were investigated
by labile water ligands, thus satisfying the requirement for ... respect to their ability to transport F&JlOH;)," (x =

available/labile coordination sites (Figure*t)?° The source AG, RA, 8) through a chloroform bulk liquid membrane.
of lability for the coordinated waters is the increased rate of Bot,h ca,rriers were effective. with flux values for HOHA

FeHDFB + H,0" + H,0 == Fe(H,DFB)(OH,),”" (2)

(43) Visser, H. C.. Reinhoudt, D. N.: de Jong,Ghem. Soc. Re 1994 slightly highe_r t_han f_or HLHA und_er identicz_i! conditions
23, 75-81. (Figure 2). This is attributed to the slight solubility of HOHA

(44) Alberts, B., Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson, J. D.  jn water, whereas HLHA has no measurable solubility in
Molecular Biology of the CellGarland: New York, 1989. uti d f he d iled fl
(45) A cis geometry for the coordinated aquo ligands is required for the adueous solutions. HLHA was used for the detailed flux

first coordination sphere recognition process described here. Crystal- measurements reported here instead of HOHA, due to the

lographic data are available for Fé®)(OH,),, which demonstrate a : o :
cis geometry® Crystal structures are not available for FE{)(OHb)s importance of restricting the carrier to the membrane phase.

or Fe(L8)(OHy),, although ESI-MS data confirm that under our Influence of pH. BLM transport of Fe(K)(OHy)," using
conditions these complexes exist as monoiron as opposed to diiron HOHA and HLHA is sensitive to the pH in both the receiving

species and are most likely in cis configurations for steric reaofis. .
(46) Hou, Z.; Sunderland, C. J.; Nishio, T.; Raymond, K.JNAm. Chem. and source phases. The top two curves of Figure 2 represent

So0c.1996 118 5148-5149. _ flux data sets for Fe@)(OH,)," using HOHA as the carrier
“7) gsélgdlli’l_'v'éﬂg.smve”s' R. D.; Crumbliss, A.Itorg. Chem.1994 with source phase pH 5.0 (top curve) and 2.4 (middle curve).
(48) Caudle, M. T.; Stevens, R. D.; Crumbliss, A.lhorg. Chem.1994

33, 843-844. (50) Swaddle, T. W.; Merbach, A. Ehorg. Chem1981, 20, 4212-4216.
(49) Spasojevicl.; Boukhalfa, H.; Stevens, R. D.; Crumbliss, A.lborg. (51) Birus M.; Kujundz¢, N.; Pribanic M. Prog. React. Kinet1993 18,

Chem.2001, 40, 49-58. 173-271.
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Figure 2. Flux of Fe(L8)(OHy)2" with HLHA and HOHA carriers as a
function of the aqueous receiving phase pH, and with HOHA carrier as a
function of the difference in aqueous source and receiving phase pH
(inset): @) [HOHA]mem = 1.5 mM and pHource5.0; (¥) [HOHA] mem =

[HLHA] og (mM)

Figure 3. Flux of Fe(X)(OHp):" as a function of lauroyl hydroxamic
acid (HLHA) membrane carrier concentration, whee=t L8, LRA (inset),
LAC (inset): @) Fe(L8)(OHy)," and pHource2.2; (¥) Fe(LA®)(OHy),™ and
PHsource4.8; (a) Fe(LRA)(OHy)2™ and pHource4.8; @) Fe(LRA)(OH,),™ and
PHsource 2.2. Source phase conditions: 0.1 M Mg(G)§ 1.5 mM

1.5 mM and pHource2.4; @) [HLHA] mem= 1.5 mM and pHource2.4. Source
phase conditions: 0.1 M Mg(Clp, 1.5 mM Fe(l8)(OHy),*, pH 2.4 or
5.0. Membrane phase conditions: 1.5 mM HLHA or HOHA. Receiving

Fe(L)(OH)2t, pH 2.2 or 4.8. Membrane phase conditions: [HLE&}=
0—10 mM. Receiving phase conditions: 0.1 M Mg(G)® pH 0.5. Solid
lines are drawn to show the trends in the data.

phase conditions: 0.1 M Mg(Cl}, pH 0.5-3.5. Solid lines are drawn to
show trends in the data.
concentration of the Fef)(LHA) ternary complex was

Over the pHs investigated, the flux is greater with a higher recorded as a function of time in the membrane phase at
pH in the source phase and a lower pH in the receiving phase various membrane phase HLHA concentrations and displayed
UV—vis spectra of all three phases were obtained at thetwo distinct profiles (Figure S2, Supporting Information).
conclusion of each transport experiment. The wavelength Data at low [HLHAL4 exhibit a saturation profile, while at
maximum was 428 nm in the membrane phase and 467 nmhigh [HLHA] . @ steady buildup of iron complex concentra-
in both the source and receiving phases, consistent withtion is observed in the membrane phase.
tris(hydroxamate) coordination, FEJIHN(O)C=O0O)R), and A low level of transport was observed for FE(OH,),"
bis(hydroxamate) coordination, Fe&J(OH,),", respec- in the absence of a carrier, probably due to some degree of
tively.>3 hydrolysis to form the more hydrophobic species Fg(L
The data presented in Figure 2 are consistent with anti- (OH,)(OH) (pKa(Fe(L8)(OH,),") = 6.36)%* This is consistent
port proton transport; i.e., Hions are transported in the with the observation that a background flux increases with
opposite direction as the Fe(lll) complex. Under conditions increasing source phase M.
where pheceiving < PHsource the excess [H] in the receiving The BLM transport of both Fe(*)(OH,),* and Fe(lA°)-
phase is used to drive the transport of B@QH,)," “uphill” (OH,),* facilitated by the carrier HLHA show appreciable
against a concentration gradient. Figure S1 (Supporting flux values, even at low HLHA concentrations (Figure 3).
Information) presents absorbance traces as a function of timeéWhen the pH of the source phase was increased (all other
for all three phases (aqueous source, organic membraneyariables held constant) from 2.2 to 4.8 for the F¥(L
aqueous receiving) for a BLM transport experiment, where (OH,)," system, the flux rates increased by approximately
the initial concentration of Fe@(OH,)," is the same inthe 1 order of magnitude (data not shown). Figure 3 illustrates
aqueous source and receiving phases; [H60H,)>"]aq source a modest increase in flux for FE{E)(OH,)," relative to
= [Fe(L8)(OH.)2Maq rec FE(L®)(OH,)," is transported against  Fe(LR**)(OH,),*. As was observed with Fef)(OH,),,
a concentration gradient (“uphill”), and aft8 h less than  transport of both Fe(®®)(OH,)," and Fe(I?*)(OH,),* oc-
1% of the original complex remains in the source phase. curred against a concentration gradient and+¥is spectra
BLM Transport of Fe(L ¥)(OHy)." (x = AG, RA, 8) by of the membrane and receiving phases demonstrate wave-
HLHA. BLM transport flux for Fe(E)(OH,)," (x = AG, length maxima at 428 and 467 nm respectively. The
RA, 8) was found to vary with the concentration of HLHA
in the membrane phase at constant pH and ionic strength(
(Figure 3). For Fe(RA)(OH,)," and Fe(IA®)(OH,),* the flux
increased with [HLHAJ,; up to 10 mM, the concentration
range covered. For FefI(OH,)," the flux increased to a
maximum at [HLHAL, ~ 1.5-2.0 mM, followed by a
decrease over the concentration range investigated. The

54) Caudle, M. T.; Caldwell, C. D.; Crumbliss, A. Inorg. Chim. Acta
1995 240, 519-525.
(55) For a series of experiments with a source phase containing 1.5 mM
Fel8(OHy),* and 0.1 M Mg(CIQ); and a receiving phase containing
0.1 M Mg(ClOq); at pH 1.0, the following background flux values
were obtained at various source phase pH values (flux, mMairs2;
source phase pH): 0.14 10719 2.0; 0.17x 10719, 3.0; 0.24x 10719,
4.0; 0.37 x 1071, 5.0. In these experiments the spectrum of the
membrane phase shoWsax = 421 nm € = [1.54(5)] x 10 cm™!
M~1), consistent with the presence of F&(OH,)(OH) in the
membrane phase. This background flux represents from 8 to 28% of
the measured fluxes reported here for first coordination shell carrier-
facilitated membrane transport.

(52) Schwarzenbach, G.; SchwarzenbachHily. Chim. Actal963 46,
1390-1400.
(53) Caudle, M. T.; Crumbliss, A. Unorg. Chem1994 33, 4077-4085.
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06 port H transport. The experiments with lauric acid showed
* no pH dependence. No flux of FeHDFBor any of its
0.5 1 . . .
“ partially hydrolyzed species was observed in the absence of
€04 | a carrier. These data support FeHDEBBLM transport
o through lipophilic ternary complex formation, FefbFB)-
EO-S- (LHA)*, and not ion pairing.
x
F021 ¢ Discussion
E 0.1 B First Coordination Shell Recognition and Transport
. of Fe(L¥)(OH,),* (x = AG, RA, 8). The overall flux under
0.0 ' ' ‘ ' ' a given set of conditions depends on the thermodynamics
0 2 4 6 8 10 12 . .
[HLHA] org (mM) of the extraction of the substrate of interest from the source
Figure 4. Flux of ferrioxamine B as a function of lauroyl hydroxamic phase (SCheme_ 1, regions | and lla) into the membrane phase
acid (HLHA) membrane carrier concentration®)(pHrec 0.5; (&) pHrec (Scheme 1, regions lIb, 1ll, and 1Va) and the back-extraction

7.h4. Solid Iir&g_s represent the linear regression fit to the data points. Sourcefrom the membrane phase into the receiving phase (Scheme

Merbrams, F')tl'q‘;gse' cgﬁ:Lciit’i\g ng/;lg([ﬁtf%i A;}5=001n1'\8 r';‘ﬁﬂ(ﬁg';s;'v iﬁ: pzhgé e 1 regions IVb and V). Equations< describe the extraction

conditions: 0.1 M Mg(ClQ)z, pH 0.5 or 7.4. of Fe(LX)(OH,),;" by HLHA into the membrane phase, where
LX2" represents ®A2-, LAG 2~ and 182 .23

absorbance versus time trace of the membrane phase for the <

transport of the Fe®*)(OH,)." (Figure S3, Supporting Fe(LX)(OH2)2+aq+ ClO, 5o+ HLHAorgé

Lng:;gewict)g)nrgslg\lltgﬁnlg g}ﬁ buildup of iron in the membrane Fe(L)(LHA) g + HCIO, ,q+ 2H,0,4 (4)

BLM Transport of Ferrioxamine B by HLHA. In K

contrast to HLRA, H,LA®, and HL8, H,DFB* is a hexa-  Fe(L)(OHy)," ,q+ CIO, ,,=— Fe(L)(OH,), CIO, 4 (5)

dentate ligand which fully satisfies all of the coordination

sites of Fe(lll), leaving no labile aquated coordination sites Fe(LX)(OH2)2+CIO4_ + HLHA Ko

for the formation of a ternary complex. At very low pH o o

values the Fe(HDFB)complex completely dissociates in a Fe(L)(LHA) org + HCIO, o9+ 2H,0,4 (6)

four-step proces¥ %8 Ligand dissociation will partially K ' = KK %

proceed at pH 2 so that 3.6% of the ferrioxamine B will be ex d™a

present as the tetracoordinate species, providing an Fe(lll) the extraction of the iron complex into the membrane

complex with two labile water molecules present for first phase (eq 4) is dependent upon two steps. The first is an
coordination sphere recognition (egs 2 and 3). Measurableion_pairing or distribution process (eq 5), which is primarily

quxe_s are obtainc_ed at [FeHDF&q source = 50 MM an.d driven by the lipophilicity of both the complex and the
physiological pH in the receiving phase, although higher ., nterion. The second step is ternary complex formation

values were obtained when the receiving phase was mor€yenendent on the equilibrium described by eq 6. When the
acidic (Figure 4). The influence of source phase pH on the yigtinytion and ternary complex formation equilibria (egs
flux was examined and exhibited a modest increase with 5 4 6) are established rapidly, the diffusion of the ternary

increasing_pH (Figure S4, Supporting Information). Apsorb- complex (Fe(k)(LHA) o s presented above or FeHFB)-
ance readings in the membrane phase showed a buildup OELHA) *o @s presented below) in the unstirred portion of

Fe(lll) in the membrane phase. The influence of the identity the membrane will control the overall flux. Under these
of the Fe(lll) che_Iating group (re.cognition agent) of the .4 itions eq 8 relates the flux (mol cfs™) to the
carrier was examined by comparing qu>§ rates for_ HLHA extraction constanKey, the diffusion coefficient for the
and t.h'e parerjt carboxylic aC|d,.Iaur|c acid, .under |d¢nt|cal complex assembly in the membrane solveBt.d;), the
conditions (Figure S5, Supporting Information; [cartigf]  gitfusion layer thickness in region Ibl) the carrier

= 1.5 mM, pHource3.0, pHec 1.0-3.2, [Fe(HDFB)aq source  concentration in the membrane phase ([HLE4] and the

= 25 mM, [Mg(ClOy)z]aq= 0.1 M). The fluxes with HLHA .5 complex concentration in the aqueous source phase
as the carrier range from3 to >5 times greater than for ([Fe(L)(OH2)z"Tag sourch. 2

the corresponding values using lauric acid. In addition to

having larger flux values, the experiments with HLHA as  flux = Kex (Dorgl/)HLHA] org[Fe(LX)(OHz)z+]aq source (8)

the carrier exhibited a pH dependence with the highest flux

at the lowest receiving phase pH values, indicative of anti- The dependence of the flux on the pH of the source phase
can be described as a perturbation of eq 6, which illu-

(56) Monzyk, B.; Crumbliss, A. LJ. Am. Chem. Sod982 104, 4921~ strates the competition of protons and Fe(lll) for the
4929. ) . e

(57) Birus M.; Bradic Z.; Krznarig G.; Kujundé, N.; Pribanic M.; hydroxamic acid carrier ligand (HLHA or HOHA). As the
\1/\/Oilok5ins, P. C.; Wilkins, R. G.Inorg. Chem.1987 26, 1000~ pH of the source phase is increased, the equilibrium shifts

(58) BatinicHaberle, I.; SpasojeVid.; Crumbliss, A. L.Inorg. Chem1994 toward 'ron. complex formatlon n th_e mgmbrane phase,
33, 3151-3158. corresponding to a shift toward the right in eq 6, and an
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increase in flux. This is consistent with the data presented Scheme 2 predicts linear or saturation behavior for
in Figure 2. Fe(LX)(OHy)," flux values with increasing HLH4q con-

For maximum flux, all of the equilibria in question must centrations, as illustrated in the inset to Figure 3 for
be favorable and rapidly established for large extraction of Fe(LA®)(OH,)," and Fe(R*)(OH,),*. The behavior il-
the iron complex from the aqueous source phase into the|ystrated in Figure 3 for Fe@(OH,)," up to~2 mM HLHA
membrane phase and out of the membrane phase into thgwhich corresponds to an 8:3 HLHA to FEJ{OH,)," molar
aqueous receiving phase. The dependence of flux on the pHratio), where a maximum flux is reached, is accommodated
of the receiving phase can be attributed to shifts in the py Scheme 2. The subsequent decrease ifREH,);" flux
equilibrium of the back-extraction into the receiving phase. 55 the carrier ligand to metal complex ratio reaches 3:1 or
At low receiving phase pH the flux values are greatest graater requires inclusion of eq 12b as a parallel process to

(Figure 2), as expected if ternary complex formation is
responsible for the transport of F&J{OH,),*. As the pH is
lowered, the stability of the ternary complex decreases due
to proton competition for LHA, as well as enhancing the
proton-dependent second-order kinetics of ternary ligand
dissociation. Consequently, low receiving phase pH favors
increased formation of the hydrophilic F&[{OH,),* com-
plex and, ultimately, increased flux values.

A driving force for the membrane transport process is the

pH difference between the receiving and source phases,

which can be used to compartmentalize iron by uphill
transport. This is demonstrated in Figure S1 (Supporting
Information), where the iron concentration is initially the
same in both the source and receiving phases, but BLM
transport still occurs against this iron concentration gradient
until all (>99%) of the iron is moved into the receiving

eq 12a in Scheme 2. This process in eq 12b becomes
Fe(L)(LHA),, + 2 HLHA, = Fe(LHA); ,, + H,LY,, (12b)

increasingly efficient as the membrane HLHA concentration
increases beyond the 8:3 [HLHAJto [Fe(L8)(OH,);aq source
ratio. Fe(LHAY is very lipophilic and will reside exclusively

in the membrane phase. The absorbance vs time traces in
Figure S2 add additional support for inclusion of reaction
12b in Scheme 2 at high HLHA concentrations, since
Fe(LHA); formation will create a buildup of iron in the
membrane phase, as is observed. At the lowest HLHA
concentration (Figure S2, dotted line) a gradual buildup is
observed, followed by a leveling off after approximately 90
min. This same behavior is seen at slightly higher concentra-

phase. When the iron complex concentration reaches a steadgions (Figure S2, dashed line), but at high HLHA concentra-

state in the membrane, the flux into the membrane from the
source phase is balanced by an equivalent flux out of the
membrane into the receiving phase. This is illustrated in
Figure S1 for the region where the membrane phase
absorbance is nearly constant with time (34@000 s), at
which point the flux values are 6.8 10 *and 7.8x 101!

mol cn? s~ for entry into the receiving phase and exit from

the source phase, respectively. Considering experimentaIFe(”I) over that of HLE.

tions (Figure S2, solid line) the absorbance increases steadily
with time, corresponding to a buildup of Fe(LHA) the
membrane phase.

The fact that flux data for Fe{)(OH,),™ (x = AG, RA)
do not exhibit a maximum over the HLHA concentration
range used in our study suggests reaction 12b is not operative,
consistent with the higher affinity of #1A¢ and HLRA for
The small increase in flux for

uncertainty and the fact that steady-state conditions were onIyFe(LAG)(OH2)2+ over Fe(I*4)(OHs),* may be attributed to

approximated, we can state that the flux out of the source
phase and that into the receiving phase are equivalent. Thes
data, taken with the pH dependence data, lead to Scheme

(counterions, CI@, have been omitted for clarity, % 8,

AG, RA, and the subscripts I, Il, etc. refer to the regions

defined in Scheme 1).

Scheme 2

Fe(L)(OH,),", = Fe(L)(OH,),", )

Fe(L)(OH,),", + HLHA =

Fe(L)(LHA), + H;0", + H,0; (10)
Fe(L)(LHA), = Fe(L)(LHA),, (11)
Fe(L)(LHA),, = Fe(L)(LHA),, (12a)

Fe(L)(LHA),, + H,0", + H,O,, =
Fe(L)(OH,), \, + HLHA,, (13)
Fe(L)(OH,), y = Fe(L)(OH,), " (14)

5768 Inorganic Chemistry, Vol. 42, No. 18, 2003
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the stronger binding affinity of alcaligin for Fe(lll) (pFe 23.0
s 21.9)42959 further minimizing competition from the
nonproductive reaction (eq 12b). Differences in hydrophi-
licity between Fe(E®)(OH,)," and Fe(I?*)(OH,),* may also

be a factor.

The larger flux for Fe(B)(OH,)," relative to Fe(RA)-
(OHy)," and Fe(lA®)(OH,)." is likely due to the higher
hydrophilicity of the latter two complexes brought about by
the ligand backbone amide and hydroxyl groups. This will
decreas&y' in reaction 5 (data not shown). Ternary complex
formation in reaction 6 is expected to be comparable for
all three substrate complexes, which when taken with
the decrease in reaction 5 leads to a decreas&cih
and consequently flux for Fef€)(OH,)," and Fe(l?*)-
(OHy):" (eq 8).

First Coordination Sphere Recognition and Trans-
port of Ferrioxamine B. The extraction process of
ferrioxamine B into the membrane phase can be described

(59) Hou, Z.; Raymond, K. N.; O’Sullivan, B.; Esker, T. W.; Nishio, T.
Inorg. Chem.1998 37, 6630-6637.
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by egs 15-17, analogous to eqs—5, and consequently eq Scheme 3

7 applies. n o+

Fe(HDFB)', + H,O", + H,O, = Fe(H,DFB)(OH,),*",
(18)

Kex
Fe(HDFB)',,+ ClO, ,,+ HLHA ,,,~—

Fe(HDFB)(LHA)* CIO, oy, (15) Fe(H,DFB)(OH,),”", + HLHA + ClO, , =

Fe(H,DFB)(LHA)"ClO, , + H,0", + H,0, (19)

— Kd —
Fe(HDFB) ,,+ ClIO, ,,= Fe(HDFB)',CIO 16
( Ja ¢ e ( J:C0: o (16) Fe(H,DFB)(LHA)*CIO, , == Fe(H,DFB)(LHA)“CIO,
Ka
Fe(HDFB)'CIO, 4, + HLHA ;= (20)
Fe(H,DFB)(LHA) "CIO, o (17) Fe(H,DFB)(LHA)*CIO,”,, = Fe(H,DFB)(LHA)"ClO, ",
(21)

These steps illustrate the distribution of ferrioxamine B re(H,DFB)(LHA)"CIO, |, =
between the source and membrane phases and ferrioxamine " _
B ternary complex formation with HLHA in the membrane Fe(HDFBY CIO, \ +HLHA,, (22)
phase. The distribution of ferrioxamine B into the membrane Fe(HDFB)',, = Fe(HDFB)' 23)
phase is small (eq 18 = 3.1 x 104 M~* 29 due to the v v
hydrophilicity of the pendant ammonium group and the two

backbone amide moieties. The ternary complex is charged, <o o1 dependence on the flux. Reactions 18 and 19 have
unlike th.e. tetradentate Ilgapds, requiring ion pairing with a opposing pH dependencies. Our experimental design is
hydrophilic perchlqrate anion. The failure to record flux p5sed on ferrioxamine B ring opening at low pH to create
values under conditions comparable to those for thefe(L o Jabile coordinated water ligands on the Fe(lll) center
(OHy)," systems is most likely due to the hydrophilicity of (FeH,DFB(OH,)2"), analogous to the Fe{)(OH,)," sys-

the complex along with the Fe(lll) complexation competition tems. At pH 2, 3.5% of ferrioxamine B acts as a tetradentate
between HLHA and the third hydroxamate group on des- igand ((3.6 x 1073)% at pH 5)52 but low pH also makes
ferrioxamine B, HDFB™. chelation of Fe(lll) by HLHA less favorable. However, the

The pH dependence of the flux values can be used to mono(hydroxamic acid) was able to compete with ferriox-
eliminate ion pairing of LHA with ferrioxamine B as a  @mine B at higher pH values, as evidenced by the increasing
possible parallel path to ternary complex formation. If HLHA flux values as the source phase pH was increased from 2.5
were only acting as a lipophilic counterion (LHJ then to 4.5. ThIS may be gttnbuted in part to the excess HLHA
the flux values should be independent of the pH of the source©Ver ferrioxamine B in the membrane phase.
phase below pH 6. This is because 99.8% of the HLHA T'he receiving phase pH is important for the release of
molecules will be protonated at pH 6Kp= 8.63)8° Figure ferr'lpxamm'e B from the membrane phase. Low pH values
S4 shows a dependence of the flux on the source phase pHicilitate dissociation of the Fe¢BFB)(LHA)™ ternary
Additional evidence against ion pair formation comes from complex to releas_e _the hydrophll_lc Fe(HDI-’f&))mplex Into
Figure S5, where lauric acid is used as a carrier. Lauric acid the aqueous receiving phase (Figure 4). Itis noteworthy that
cannot compete with the third hydroxamate group of the fqrmatlon of a ternary c_omplex and transport of ferri-
H4DFB* for the first coordination sphere of Fe(lll). All flux oxamine B through an organic membrane phase occurs most

| ded using lauri id be attributed to | readily when the source phase pH is near its physiological
values recorded using fauric acid can be atlributed 1o 1on , 5,,q (Figure S4). Furthermore, flux is appreciable af.pH

pairing and not first coordination sphere extraction and 7.4 (Figure 4). Although the biological relevance of these
transport. The fact that an approximately 4-fold increase in ,pseryations remains to be established, it does confirm the
flux is observed when using HLHA and that a pH depend- japjlity of ligand exchange/ternary complex formation as
ence is observed only for HLHA supports first coordination important steps in membrane transport associated with
sphere recognition and transport (Scheme 3). There shouldsjderophore-mediated iron bioavailabilfty?

be no pH dependence for ion pairing, since the pH is

significantly lower than the I§, values for the binding  Conclusions

groups. Flux va]ues shou.ld ir)crease at Iov.ver. receiving phase It has been demonstrated that a variety of tetradentate and
pH valu.e.s for f'rSt_ coordmaﬂon sphere binding, as low pH hexadentate iron complexes with labile aquated coordination
will facilitate ferrloxamlng B release fr(?m the tgrnar){ sites can be transported across a hydrophobic membrane
complex. Scheme 3 describes the mechanism of ferrioxamine,sing first coordination sphere recognition by a bidentate
B transport via ternary complex formation with HLHA, jron chelator. These complexes can be transported against a
where the subscripts correspond to the regions defined inconcentration gradient to the extent tha®9% of the

Scheme 3 is consistent with a relatively modest source

Scheme 1. complex can be moved from the source phase to the receiving
phase. This uphill transport is driven by the pH differential
(60) Boukhalfa, H.; Crumbliss, A. L. Unpublished observations. between the source and receiving phases. A summary
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Figure 5. Summary schematic representation of carrier-facilitated BLM transport off&H,).;" and FeHDFB utilizing first coordination sphere
recognition.
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