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Abstract: Acinetobacter haemolyticus is an antibiotic resistant, pathogenic bacterium responsible for an
increasing number of hospital infections. Acinetoferrin (Af), the amphiphilic siderophore isolated from this
organism, contains two unusual trans-2-octenoyl hydrocarbon chains reminiscent of a phospholipid structural
motif. Here, we have investigated the membrane affinity of Af and its iron complex, Fe—Af, using small
and large unilamellar phospholipid vesicles (SUV and LUV) as model membranes. Af shows a high
membrane affinity with a partition coefficient, Kx = 6.8 x 10°. Membrane partitioning and trans-membrane
flip-flop of Fe—Af have also been studied via fluorescence quenching of specifically labeled vesicle leaflets
and 'H NMR line-broadening techniques. Fe—Af is found to rapidly redistribute between lipid and aqueous
phases with dissociation/partitioning rates of kot = 29 s™* and kon = 2.4 x 10* M~1 s71, respectively. Upon
binding iron, the membrane affinity of Af is reduced 30-fold to Ky = 2.2 x 10* for Fe—Af. In addition,
trans-membrane flip-flop of Fe—Af occurs with a rate constant, k, = 1.2 x 102 s~1, with egg-PC LUV and
a half-life time around 10 min with DMPC SUV. These properties are due to the phospholipid-like
conformation of Af and the more extended conformation of Fe—Af that is enforced by iron binding.
Remarkable similarities and differences between Af and another amphiphilic siderophore, marinobactin E,
are discussed. The potential biological implications of Af and Fe—Af are also addressed. Our approaches
using inner- and outer-leaflet-labeled fluorescent vesicles and *H NMR line-broadening techniques to discern
Af-mediated membrane partitioning and trans-membrane diffusion are amenable to similar studies for other
paramagnetic amphiphiles.

Introduction iron deficiency in the ocearid.Three suites of amphiphilic

Although iron is one of the most abundant elements on earth, Siderophores, marinobactins, aquachelins, and amphibactins,
its microbial bioavailability is limited due to the extremely low with lipopeptide-like structures were characterized from different
e . . . . i i 14 it i i ili
solubility of iron(lll) oxides under aqueous aerobic conditidRs. ~ 0ceanic strain> Thus, it is apparent that amphiphilic
To surmount this problem, most bacteria secrete siderophoresSiderophores play important biological roles in bacterial iron-
small organic molecules with a high affinity for iron(Ify: acquisition in a variety of iron-deficient circumstances.
Among the hundreds of known siderophores, there is a small Acinetoferrin @f as indicated in Figure 1) is a citrate-based
subfamily ofamphiphilicsiderophores that typically contain a am;;h|ph|llc siderophore produced Byinetobacter haemolyti-
hydrophilic iron-binding headgroup and one or two hydrophobic CUS the most prevalent proteolytic species of the ubiquitous
side chains. The first amphiphilic siderophores to be identified () | ynch, D.; O'Brien, J.; Welch, T.; Clarke, P.; Cuiv, P. O.; Crosa, J. H.;
were the mycobactinsSeveral classes of amphiphilic sidero- . 8’Eonnﬁll_,SNI-kJ.kaacterI\C(Jl_-ZYOOIh '%183T25\7/€r2585't Efometals1994 7
phores have been isolated from a large number of terrestrial ™ 17&01’76? arakibara, ., Toshida, 1., famamoloEbmeta '
bacterigf 11 It was recently reported that marine microorganisms (8) Persmark, M.; Pittman, P.; Buyer, J. S.; Schwyn, B.; Gill, P. R.; Neilands,

.. . . J. B.J. Am. Chem. S0d.993 115 3950-3956.
also adopt similar siderophore-mediated strategy to overcome (g Risse, D.; Beiderbeck, H.; Taraz, K.; Budzikiewicz, H.; Gustine,ZD.

Naturforsch, C: Biosci. 1998 53, 295-304.

(1) Albrecht-Gary, A. M.; Crumbliss, A. LMet. lons Biol. Syst1998 35, (10) (a) Stephan, H.; Freund, S.; Beck, W.; Jung, G.; Meyer, J. M.; Winkelmann,
239-327. G. Biometals1993 6, 93—100. (b) Stephan, H.; Freund, S.; Meyer, J. M.;
(2) Boukhalfa, H.; Crumbliss, A. LBiometals2002 15, 325-339. Winkelmann, G.; Jung, QLiebigs Ann. Chem1993 43-48.
(3) (a) Ratledge, C.; Dover, L. GAnnu. Re. Microbiol. 200Q 54, 881—941. (11) Groves, J. TProc. Natl. Acad. Sci. U.S.£003 100, 3569-3574.
(b) Raymond, K. N.; Dertz, E. A.; Kim, S. ®roc. Natl. Acad. Sci. U.S.A. (12) (a) Martinez, J. S.; Carter-Franklin, J. N.; Mann, E. L.; Martin, J. D,;
2003 100 3584-3588. (c) Bluhm, M. E.; Kim, S. S.; Dertz, E. A; Haygood, M. G.; Butler, AProc. Natl. Acad. Sci. U.S.R003 100, 3754~
Raymond, K. NJ. Am. Chem. So2002 124, 2436-2437. 3759. (b) Martinez, J. S.; Zhang, G. P.; Holt, P. D.; Jung, H. T.; Carrano,
(4) (a) Roosenberg, J. M.; Lin, Y. M.; Lu, Y.; Miller, M. Zurr. Med. Chem. C. J.; Haygood, M. G.; Butler, AScience200Q 287, 1245-1247.
200Q 7, 159-197. (b) Bergeron, R. J.; McManis, J. S.; Franklin, A. M.; (13) Levitt, M. H. Spin Dynamics: Basics of the Nuclear Magnetic Resonance
Yao, H.; Weimar, W. RJ. Med. Chem2003 46, 5478-5483. (c) Bergeron, John Wiley & Sons: Chichester, New York, Weinheim, Brisbane,
R. J.; Wiegand, J.; McManis, J. S.; Bussenius, J.; Smith, R. E.; Weimar, Singapore, Toronto, 2001.
W. R.J. Med. Chem2003 46, 1470-1477. (d) Bergeron, R. J.; McManis, (14) (a) Xu, G. F.; Martinez, J. S.; Groves, J. T.; Butler,JAAmM. Chem. Soc.
J. S.; Bussenius, J.; Brittenham, G. N.; Wiegandl. Med. Chem1999 2002 124, 13408-13415. (b) Xu, G. F. Synthesis and Analyses of
42, 2881-2886. Materials at Interfaces: From Organic Soft Materials to Inorganic Hard
(5) Francis, J.; Macturk, H. M.; Madinaveitia, J.; Snow, G. Biochem. J. Materials. Ph.D. Thesis, the Department of Chemistry, Princeton University,
1953 55, 596-607. 2002, Chapter 8.
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O OH O Moreover, accumulated knowledge here will further help the
HO. N/\/\N NSO development of new drugs based on siderophores and their drug
H COOH conjugateg:20.21
)j\/\/\ /\/\)/& The iron-chelating groups oAf consist of onex-hydroxy
Acinetoferrin (A carboxylic acid within its citrate subunit and two hydroxamates
o OH O appended to aminopropyl skeletal linkers. These chelating and
HO. N/\/\N NSO structural features of thg citrate subuni_tAﬁ are also adopted _

H COOH by other citrate-based siderophores (Figure 1), such as schizo-
kinen27.28:30.31 rhizobactin-102%, arthrobactir?’3? aerobac-
tin,24252%nannochelirt326and petrobactid? A novel structural
feature ofAf lies in the two unusuatirans-2-octenoyl hydro-

Acinetoferrin]2 (Af12) carbon chains, in contrast to the rest of the known amphiphilic
siderophores that only include a single hydrophobic chai.
“ o oH O H The NMR structure of galliumAf that we have recently
\/\/\N oon ”/\/\/ reported shows that this special arrangement of the two

hydrophobic chains imAf changes dramatically upon metal
binding3®> Our goal with the current studies was to establish
how the molecular structures &ff and Fe-Af relate to their
HO membrane dynamic properties.
In this work, we describe our studies of the membrane
dynamics of acinetoferrinAf) and its iron complex (FeAf)
in phospholipid vesicles as a model membrane. A large
difference between the membrane affinitiesAdfand Fe-Af
is observed with a 30-fold lower partition coefficient for the
Rhizobactin-1021 n=1, R'=H, R?>=CHj-, R3=AX" """ latter. Fe-Af also shows a rapid partitioning/dissociation
Schizokinen  n=1, R'=H, R*=R*=CHj- between the lipid and aqueous phase, with a half-life time in
the millisecond scale, and facile membrane permeability through
phospholipid bilayers, with a half-life time around 10 min. We
Aerobactin =3, R'=COOH, R*R’~CH- interpret these membrane properties to result from the more
Namnochelin A n=3, R'=COOMe, RZ:R3:N@ extended orientation of the twinans2-octenoyl hydrocarbon
chains of Fe-Af, in contrast to that ofAf. This unusual
construction of the hydrophobic segments Ad plays a
significant role in its special membrane properties that could
Acinetobactegenust® An increasing number dkcinetobacter be related to the bacterial iron access. The membrane dynamics
mediated hospital infections and outbreaks have been reportecbf amphiphilic siderophores and devising methods to determine
recently since these organisms are highly resistant to manythem will be important for understanding these aspects of
antibiotics in common use, includirfijlactams, macrolides, and  bacterial iron acquisition.
quinolones:*"18Af secreted by Ainetobacterand its derivative,
acinetoferrin imide, is able to cross-feed irorMgcobacterium
paratuberculosisand Mycobacterium tuberculosiswo patho- Reagents and Materials All reagents were obtained from available
genic strains that are responsible for Crohn’s disease and lethafommercial sources and used without further purification unless
tuberculosis in humans, respectivéThe emergence of these mentioned otherwise. 1,2-Dimyristoghglycero-3-phosphocholine
infections and their corresponding multidrug resistances make (20) willer, M. J.; Malouin, F.Acc. Chem. Re€.993 26, 241—249.
it important to understand théf-mediated iron transport. ~ (21) Lin, Y. M. Helquist, P.; Miller, M. J.Synthesis-Stuttgat999 1510~

*@E

0 1 0
R N
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Arthrobactin =~ n=3, R':H, R’= 3:CH3-

Figure 1. Structures of citrate-based siderophores.

Experimental Section

1514.
(22) (a) Barbeau, K.; Zhang, G. P.; Live, D. H.; Butler, A.Am. Chem. Soc.

(15) In a previous papéf,the equatiorkopdks = (a0 — 1)[(Ky x [vesicle])/Kx 2002 124, 378-379. (b) Bergeron, R. J.; Huang, G. F.; Smith, R. E.; Bharti,

x [vesicle]+ [water])] + 1 was used instead of eq 2. The additional term N.; McManis, J. S.; Butler, ATetrahedron2003 59, 2007—2014.

k' x [vesicle] in eq 2 is to correct for the variation in the ionic strength ~ (23) Bergeron, R. J.; Phanstiel, @.Org. Chem1992 57, 7140-7143.

with varied lipid concentrations. As shown in Figure S3, the relative iron- (24) Gibson, F.; Magrath, D. Biochim. Biophys. Actd969 192, 175.

acquisition rateslk,dk,) dropped rapidly after initial addition of lipid (25) Harris, W. R.; Carrano, C. J.; Raymond, K. N.Am. Chem. Sod.979

vesicles €2 mM lipid vesicles), and then a slow decreas&gfk,, with 101, 2722-2727.

increased lipid concentrations (from 2 to 15 mM) was observed. We assume (26) Kunze, B.; Trowitzschkienast, W.; Hofle, G.; Reichenbach] Hintibiot.

that the latter part is due to the variation in the ionic strength with varied 1992 45, 147-150.

lipid concentrations. Therefore, a new tetkhx [vesicle], as described in (27) Lee, B. H.; Miller, M. J.J. Org. Chem1983 48, 24—31.

eq 2, was added to correct the slight deviation. By fittigg/k,, and lipid (28) Milewska, M. J.; Chimiak, A.; Glowacki, ZJ. Prakt. Chem1987 329,

concentrations to this equation, a good correlation can still be observed 447—-456.

with k,/ky, = 0.52 (the value ofx) andKy = 3.9 x 1P for the partition (29) Miller, M. J.; Maurer, P. JJ. Am. Chem. Sod.982 104 3096-3101.

coefficient, consistent with what was obtained by fitting eq 2. (30) Mullis, K. B.; Pollack, J. R.; Neilands, J. Biochemistryl971, 10, 4894.
(16) (a) Rudant, E.; Courvalin, P.; Lambert,Antimicrob. Agents Chemother. (31) Plowman, J. E.; Loehr, T. M.; Goldman, S. J.; Sandersloeh¥, lhorg.

1997 41, 2646-2651. (b) Lambert, T.; Gerbaud, G.; Galimand, M.; Biochem.1984 20, 183-197.

Courvalin, P.Antimicrob. Agents Chemothet993 37, 2093-2100. (32) Schafft, M.; Diekmann, HArch. Microbiol. 1978 117, 203—207.
(17) Vaneechoutte, M.; Dijkshoorn, L.; Tjernberg, I.; Elaichouni, A.; Devos, (33) We measured surface pressure in the presence of various concentrations

P.; Claeys, G.; Verschraegen, &.Clin. Microbiol. 1995 33, 11-15. of Af in the HEPES-buffered solution at pH 7.4 (100 mM HEPES, 150
(18) Visalli, M. A.; Jacobs, M. R.; Moore, T. D.; Renzi, F. A.; Appelbaum, P. mM NaCl). Even if the concentration &f reaches 0.2 mM, there is no
C. Antimicrob. Agents Chemothet997, 41, 767—770. obvious indication of the formation of micelles by observing the change

(19) (a) Guo, H. Y.; Naser, S. A.; Ghobrial, G.; Phanstiel,JOMed. Chem. of surface pressure vs the concentratiorAbf
2002 45, 2056-2063. (b) Dong, L.; Miller, M. J.; Mollmann, UBiometals (34) Faller, B.; Nick, H.J. Am. Chem. Sod.994 116, 3860-3865.
2004 17, 99-104. (c) Dhungana, S.; Miller, M. J.; Dong, L.; Ratledge, (35) Fadeev, E. A.; Luo, M.; Groves, J.J.Am. Chem. So2004 126, 12065
C.; Crumbliss, A. L.J. Am. Chem. SoQ003 125 7654-7663. 12075.
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(DMPC), egg.-a-phosphatidylcholine (egg-PC, 99%), and 1-myristol- UV —Visible Spectroscopy.UV —visible spectroscopy was used to
2-6-[(7-nitro-2-1,3-benzoxadiazol-4-yl)amino]caprayiglycero-3- monitor the buildup of FeAf. Kinetic measurements of the iron-
phosphocholine (NBD-PC) were purchased from Avanti Polar Lipids, acquisition ofAf from iron—citrate were performed in HEPES buffer
Inc. Anhydrous iron(lll) chloride (99.98%) was purchased from (100 mM HEPES, 150 mM NacCl) at 37C by injecting Af stock
Aldrich. HEPES (sodium salt and free acid) and Tris were purchased solution into a preincubated irertitrate solution in the presence of
from Sigma. All buffered solutions were prepared with 100 mM HEPES various concentrations of DMPC vesicles<(06 mM). For all sets of
and 150 mM NacCl in deionized water unless indicated otherwise—Iron  experiments, the final concentrationsAdfare below the critical micelle
citrate solution (the molar ratio of iron to citrate is 1:5.7) was prepared concentration (CMC) of\f.33 The absorbance increase of the mixture
as previously described.Acinetoferrin @f) and its analogues were  at 430 nm corresponding to the formation of-7& was monitored

synthesized according to our reported procedéi&sock solutions of by a Cary 300 Bio UV~visible spectrophotometer. Experimental data
acinetoferrin Af, 50 mM) were prepared by dissolvir&f in DMF/ were fit to appropriate kinetic equations using Scientist software.
water (volume ratio= 7:10) and stored at80 °C before use. Stock Measurements of Fluorescence Intensitie§luorescence intensities
solutions of Fe-Af were produced by premixingf with 1 equiv of of NBD-PC-labeled fluorescent vesicles were measured at room
iron—citrate and then incubatedrf@ h in analuminum-foil-wrapped temperature or 37C using a Perkin-Elmer LS-50 luminescence
flask and freshly used every time. spectrometer or Hi-Tech SF-61 DX2 stopped-flow spectrophotometer

General Preparation of VesiclesUnilamellar vesicles were pre-  with a photomultiplier fluorescence mode, respectively. Briefly, for
pared by either sonication for small unilamellar vesicles (SUV) with a fluorescence measurements at room temperature, outer-leaflet-labeled
diameter of 36-40 nm or membrane extrusion for large unilamellar fluorescent vesicles of various concentrations €8 mM, final
vesicles (LUV) with a diameter of 200 n# Briefly, weighed DMPC concentration) were mixed with the equal volume of blank buffer or
or egg-PC or egg-PC:cholesterol (1:0.8) was dissolved in chloroform Fe-Af stock solutions. The initial intensityho, for mixing with blank
and then transferred into 5 mL test tubes. The thin films of lipid were puffer and quenching intensityP,, for mixing with Fe-Af stock
deposited on the walls of the test tubes after evaporating the solventsolutions were recorded with the excitation wavelength at 470 nm and
with a stream of argon, and then were subjected to high vacuum the emission wavelength at 540 nm. The relative fluorescence intensities
overnight. The dried lipid films were hydrated in HEPES buffer (100 were calculated as If{/®,). Stopped-flow techniques were used to
mM HEPES, 150 mM NacCl) at 40C for 30 min. To prepare small  ejther measure fluorescence intensities at@%r monitor the initial
unilamellar vesicles (egg-PC or DMPC SUV), the pretreated lipid fluorescence decay upon mixing NBD-PC-labeled fluorescent vesicles
buffers were sonicated with a probe tip sonicator in ar-ivater bath with Fe—Af. One mixing syringe was filled with various concentrations
until ice was melted completely, and then the bath temperature reachedof fluorescent-probe-labeled vesicles. The other one was loaded with
room temperature (taking about 30 min). To prepare small unilamellar Fe—Af stock solutions or merely blank buffer. With the excitation
vesicles of egg-PC:cholesterol (1:0.8), the sample was sonicated for 1wavelength at 460 nm and using a Melles-Griot GG-495 cutoff filter,

h in a 45°C water bath. After centrifugation of the vesicle suspension the variations of fluorescence intensities versus time were recorded upon
at 12000 r.p.m. for 5 min to remove the sonicator tip debris, a rapid mixing by cutting off the wavelength below 530 nm. The initial
translucent SUV suspension was obtained. To prepare large unilamellatintensity @o), quenching intensityd®,) at timet, and relative intensity
vesicles (LUV), the pretreated lipid buffers were subject to five freeze  (In(®y/®,)) are the same as defined above.

thaw cycles by taking turns dipping the test tubes in liquid nitrogen Measurements of Mean Molecular Areas (Mma) Using Lang-
and warm water. The subsequent turbid lipid buffers were extruded 20 iy —Blodgett Techniques.Measurements of the mean molecular

times at 40°C through a polycarbonate membrane with a pore size of zrea5 (Mma) oAf and its analogues were carried out on a KSV 5000

200 nm to yield a translucent LUV suspensioaC(30%) in deionized Langmuir-Blodgett Mini-trough. Substrate{ or its analogues) were

water instead of pure deionized water was used to prepare buffers ofgissolved in spectrophotometric grade chloroform and subsequently

DMPC SUV for proton NMR experiments. deposited on the air/subphase interface of Tris buffer £pid.0, 60
Preparation of NBD-PC-Labeled Fluorescent VesiclesQuter- mM Tris, 100 mM KCI, and 1 mM Ca@) or ferric Tris buffer (pH=

leaflet-NBD-PC-labeled, double-leaflet-NBD-PC-labeled, and inner- 8.0, 60 mM Tris, 100 mM KCI, 1 mM CaGJ and 5 mM ferric

leaflet-NBD-PC-labeled fluorescent vesicles were prepared from NBD- ammonjum citrate). After incubating for 30 min to allow the evaporation
PC fluorescent probe as described previously with some adjustfients. ¢ chloroform, the monolayer surface of an amphiphilic substrate was
Briefly, to prepare outer-leaflet-labeled vesicles, SUV or LUV of DMPC  compressed by moving barrier at a speed of 10 mm/min, and the surface
and egg-PC were obtained by sonication or extrusion as described abovgyressure versus mean molecular areas (Mma) was recorded. The

and then_injected into a test tube containing solvent-free NBD-PC (the headgroup size of the substrate was derived from the value of Mma at
m0|al’ ratio Of NBD'PC to DMPC or egg-P@ 1100) A translucent Zero Surface pressure by extrapo|at|ng the ||near reglon

solution of outer-leaflet-labeled vesicles was formed after a vortex for Proton NMR Spectroscopy. The membrane affinity and perme-

several seconds and freshly used each time. To yield double-leaflet-ab"ity of Fe—Af with DMPC or egg-PC:cholesterol (1:0.8) vesicles

labeled vesicles, a 1:100 (molar ratio) mixture of NBD-PC with DMPC 55 the model membranes were studied using a Varian INOVA 400 MHz
(egg-PC) instead of pure DMPC (egg-PC) was subjected to the samep, o1on NMR spectrometer. Thit NMR line-broadening effects of

procedures described in the previous section of General Preparation ofy,o cholineN-methyl groups of DMPC vesicles were monitored as an
Vesicles. Inner-leaflet-labeled egg-PC vesicles were prepared by aj,gicator to detect the partitioning and flip-flop of lipid-phase para-

N&S;0,mediated selective reduction on outer-layer NBD-PC of - n\aqnetic Fe-Af. The evolutions of the two proton resonances at 3.32

double-leaflet-[abeled vesicle_s. Briefly,_ freshly_prepared 05 MM 4327 ppm, corresponding to the cholidenethyl groups of the
N&:S04 (the final concentration) was injected into double-leaflet- , or jeaflet and the inner leaflétwere recorded after an injection of
labeled egg-PC vesicles (this method does not work for DMPC, see Fe-Af into an NMR tube containing a buffer of 25 mM lipids.

Figure S2 in the Supporting Information). This mixture was subse-
guently incubated fiol h atroom temperature and then subjected to
bubbling dioxygen for 5 min. This additional step of dioxygen-bubbling
could better stabilize the inner-leaflet-labeled vesicles by oxidizing
excess N#5,04 and, thereby, create a nonreductive environment for
the following membrane-permeability studies of-7&f (see Figure
S2 in the Supporting Information).

Presaturation 1D water suppression was carried out to suppress the
proton resonance of water peak.

T, relaxation times were measured with the standard inversion
recovery 180&-90-acquisition pulse sequence on a Varian Inova 600
MHz proton NMR spectrometé?. The experimental parameters were:
acquisition time, 4.0 s; relaxation delay, 1.0 s; 99 840 complex data
points were collected for each acquisition, and the relaxation recovery
(36) Mclntyre, J. C.; Sleight, R. @Giochemistry1991, 30, 11819-11827. of 10 equally spaced intervals between 0.0125 and 2.0 s were used.

1728 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005
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The acquired peak maximum intensities for both inner- and outer-layer Scheme 1. Systematic Description on the Membrane Affinity of Af
DMPC SUV choline methyl resonances were fit to a single-exponential (&po- and ferric species) and Af-Mediated Iron-Acquisition from
decay versus the relaxation delay time. The experimental parameters;"on*Cltrate in Both Aqueous Phase and Lipid Phase
were chosen so that tiie determination experiments were completed
within 1 min. KineticT; measurements were performed by running an

array of T, experiments spaced by the preset reacquisition delay.

Lipid vesicle
Results o Vi N
o ) mm lipid-phase Af 0 O

Aqueous-Phase Iron Acquisition from Iron—Citrate Clus- m N‘OH N
ters. The kinetics of aqueous-phase iron acquisitiorAlhyfrom mzto N_ HN NH H?—m
iron—citrate clusters were studied using bVisible spectros- \/\/\f"\g e
copy. After mixingAf with 1 equiv of iron-citrate, an increase o} /%
of the absorbance at 430 nm was observed, corresponding to NW’? OH o€ "on

the buildup of Fe-Af species. The absorbance change at 430 m N HN
nm displayed double exponential kinetics that fit well to eq 1

(Figure S3, Supporting Information): mﬁmwwmto [ron-citrate Iron-citrate
lipid-phase &, aqueous-phase k,,
A= AL — exp(ky x 0] + AL~ expky x D] +C )

Q) m K\| ol’ aqueous-phase Fe-Af
N HN —| =

. . R O K' 0
where and correspond to the iron-acquisition rate o o *
Kpm Km p q O 7 off NHOZ %, HN

aqueous-phase Af

constants from polymeric and monomeric ireitrate species, O-Fle/-/t{\\\c - cj\(

respectively?* A, is the absorbance variation at 430 ririg the ~ N Fﬁl T C ,O;Flé—U\N>

reaction time (min)A,m and A, are the absorbance changes L o N_0' 0=

resulting from polymeric and monomeric ireitrate, respec- lipid-phase Fe-Af /

tively, andC is the initial fast absorbance jump observed upon WO

mixing. The observed first-order iron-acquisition rate constant

from polymeric iron-citrate, kym = 5.48 x 1074 s71, is

consistent with an initial conversion of polymeric ironitrate

to a more reactive intermediate3’ vesicles, respectively. The term in eqk2,x [vesicle], is to
Lipid-Phase Iron Acquisition of Af and Determination of offset the small decrease @f,dk, with the increased lipid

its Partition Coefficient. One important property of amphiphilic  concentrations in the range from 2 to 15 mM, which we assume
molecules is their ability to partition between lipid and aqueous is due to the variation of ionic strength with varied lipid
phase. Scheme 1 describes the iron-acquisition pathways ofconcentration$® Figure 2 shows the relationship between the
amphiphilic Af in the presence of lipid vesicles. The buildup relative iron-acquisition rate&pdky (filled dots in Figure 2),
rate, kops Of Fe—Af is assumed to consist of the processes of and increased concentrations of lipid vesicles. After fitting eq
both aqueous-phasaf (k) and lipid-vesicle-phaséf (k), 2 to the experimental data, an excellent correlation was obtained
whereas the concentrations of lipid vesicles and the partition (the solid line in Figure 2) with the lipid and aqueous-phase
coefficient account for the distribution & between lipid and

aqueous phasé.The rates of iron removakg,y from iron— 1oy
citrate toAf in the presence of various concentrations of DMPC
SUV were obtained by measuring absorbance changes at 430 _ 5
nm and then fitting the data witkym in eq 1. The relative iron- 0.8 - +=6.8>10
acquisition ratekondky, was calculated by assumikg = kym
=5.48 x 10~*s~* from Figure S3 for the series of experiments.
Because the iron-acquisition rate Af in the aqueous phase
(kw) is not equal to that in the lipid phask,, a hyperbolic
relationship between the relative iron-acquisition rdtgdks)

and the lipid-vesicle concentration [vesicle] can be predicted
as eq 2, as we have previously describtt.

Kops / Koy

0.4 T T 1
0 5 10 15

Kobs . K, x [vesicle] 14K x Vesicle concentration / mM

K, ( /KX x [vesicle]+ [water] Figure 2. Lipid-concentration-dependent kinetics of iron acquisition
. mediated byAf and measurement for the lipid/aqueous phase partition
[VeSICIe] (2) coefficient of Af. The variation of relative iron-acquisition ratdgpdkw,
. L o . was measured over a range of the concentrations of DMPC SU\L§0
Here, kopdky is the relative iron-acquisition rate as described mwm). All the experimental conditions, except varied lipid concentrations,

above;a is defined ask,/ky, the ratio of iron-acquisition rate  are the same as described for the experiment in Figure 1. The relative iron-
in lipid phase to that in aqueous phakgis the molar fraction acquisition ratekopdkw, was calculated fronkops andky values that were

" .. . . obtained as the correspondikg, in eq 1 by fitting the absorbance change
partition coefficient ofAf between vesicle and aqueous phase; i'430 nm. The relative iron-acquisition rakgedks, shows a hyperbolic

[water] and [vesicle] are molar concentrations of water and lipid relationship with the increased concentration of lipids. The solid line was
obtained by fitting eq 2 to the experimental data with= 6.8 x 1P for
(37) Bates, G. W.; Billups, C.; Saltman, P.Biol. Chem.1967, 242 2810. the partition coefficient oAf ando = 0.57 for ky/ky.
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iron-acquisition ratek,/ky = 0.57 (the value of), and the 0.60 -
partition coefficient ofAf, Ky = 6.8 x 1CP. The value ok,/ky
= 0.57 suggests that lipid-phaaé is capable of acquiring iron

at about half the rate of the corresponding aqueous process. ~.0:40

Membrane Partitioning of Fe—Af and Measurement of S ® Do AT
its Molar Fraction Partition Coefficients. The lipid- and E NBD-labeled outer-leaflet
aqueous-phase partition coefficient of-H&f was measured by E o204

utilizing the fluorescence quenching property of paramagnetic
Fe—Af. Outer-leaflet-labeled fluorescent vesicles were made
simply by mixing pre-prepared DMPC SUV with NBD-PC
fluorescent probes (see the Experimental Section). Fluorescence
guenching observed upon mixing-FAf with the outer-leaflet- Vesicle Concentration / mM

_NBD'PC'Iabe_Ied DMPC SUV was consistent with the partition- Figure 3. Measurement of the molar fraction partition coefficient forFe

ing of Fe-Af into the DMPC SUV outer-leaflet. According to  Af in DMPC SUV at 20°C and pH= 7.4. Initial and quenched fluorescence

a static quenching model (Perrin Model, see Supporting spectra {exc = 470 nm,Aem = 540 nm) were recorded prior to and after
Information)38 the fluorescence intensity will be directly related the addition of Fe-Af into the solution of outer-leaflet-NBD-PC-labeled

to th ’ trati  libid-ph h d ibed i fluorescent vesicles. The molar ratio of F&f to lipid vesicles, Q]+

0 _e Cor!cen ration or lipid-phase quencher "’_‘S es_c_“ e _'n eq[vesicle], was constant at 1:90, and the relative fluorescence intensities,
3,3 in which @4 and @, are the fluorescence intensities prior  In(dy/d,), in the presence of various DMPC SUV concentrations{a8

to and after quenching, [vesicle] is the molar concentration of mM) were determined. The solid line shows the best fit of eq 4 to the
lipid vesicles, Q]./[vesicle] is the molar ratio concentration of ~€XPerimental data with' =1.3 x 10* for the partition coefficient of Fe

N . . - Af andkqy = 66.6 for the quenching coefficient. Inset: cartoon description
lipid-phase quencher, arldy is the quenching coefficient. In 5 this measurement.

this case, quencher molecules instantaneously interact with ) ) o )

excited fluorescent molecules within an active sphere, and therePrésence of various concentrations of lipid vesicles and/Afe

is no prerequisite to initially produce fluorescent moleeule  (the ratio of Fe-Af to lipid vesicles was kept constant) using
quencher complexé8 Equation 4 could further be derived from ~ Stopped-flow spectro'photometry. The valugs = 2.2 x 10*

eq 3 by replacing @]./[vesicle] with the molar ratio of total " DMPC SUV andKy' = 7.7 x 10*in egg-PC LUV at 37C
quencher to concentration of vesicle®]{[vesicle], whereky by fitting eq 4 'Fo the_ expenmental data (Figure S6) are consistent
is the molar fraction partition coefficient of quencher and [water] With that obtained in Figure S4. Apparently, the small temper-
is the molar concentration of water. The values ofigo), ature_ s_hlft from 20 tq 37C only slightly c_hanges the part_lt_lon
the relative fluorescence intensities, were shown to be linear COefficient of Fe-Af in DMPC. The relatively larger partition
with the concentrations of FeAf ([Q]y), indicating a good coefficient for Fe-Af in egg-PC is consistent with the longer

agreement with the Perrin Model described above (Figure S4 hydrocarbon chains of egg-PC lipid. The quenching coefficient
in the Supporting Information). in egg-PC for the set of experiments was also obtained here

*%’ Inner-leaflet

0 5 10 15 20

with kqy = 13.0.
?q [Ql, Partitioning Rate and Dissociation Rate Kon+Ko) for Fe—
¢To = ex _kqvm (3) Af between DMPC Lipid and Aqueous PhaseThe partition-
ing and dissociation of FeAf between aqueous/lipid phases
b kqv x K, x [Q], were studied by utilizing the quenching property of paramagnetic
In o) K x vesicle] + [wate] 4) Fe—Af on the double-leaflet-NBD-PC-labeled fluorescent DMPC
q X

SUV. Upon mixing Fe-Af with the NBD-PC-labeled fluores-
cent DMPC SUV at 37°C, there was an extremely rapid
guenching of fluorescence intensities that reached its equilibrium
within the first second, followed by a slow decay of fluorescence
with the half-life time around 10 min (for the latter, see the
results for the flip-flop of Fe-Af). We interpreted the former
as the partitioning of agueous-phase-Pé into the outer-leaflet
of lipid vesicles. By tracking the variation in fluorescence
10, in which [vesicle]/Q]: = 90 and [water]= 55.6 M are intensities versus time, we _obtain_ed Fh? first-(_)rder decay
constantskyed of fluorescence intensity within the first second

used. In eq 4, fluorescence quenching arising from aqueous- Iy L . .
phase FeAf and the self-absorption of Féf are neglected upon mixing by fitting eq 5 to the experimental data (vesicle
concentratior= 92—920uM), in which @ is the fluorescence

because these two perturbing factors do not make significant, X X / o ; ;
ntensity versus the timig @y is the initial fluorescence intensity,

contributions to the quenching process. (See Figures S1 and"®' he f . ity af hing th Lo
S5 in the Supporting Information.) D, is the fluorescence intensity after reaching the partitioning

Similarly, the molar fraction partition coefficients of FAf equilibrium (normally within 1 5), anéecis the observed first-

in DMPC SUV and egg-PC LUV at 37C were also obtained order rate constant of the fluorescent decay within the first
by measuring relative fluorescence intensities@igid) (as ~ Sccond upon mixing with FeAf. Consequently, the partitioning
described above and in the Experimental Section), in the "3t€-kon and the dissociation ratlq, are derived on the basis

' of eq 6, in which [vesicle] is the concentration of lipid vesicles.

The molar fraction partition coefficienky', for Fe—Af in
DMPC SUV at 20°C and pH= 7.4 was obtained by fitting eq
4 with the relative fluorescence intensities, d(®o) (as
described above and in the Experimental Section), of various
concentrations of DMPC SUV (the ratio of total +Af to
DMPC is kept as a constant of 1:90). The experimental data
and the resulting fit are shown in Figure 3 wity = 1.3 x

(38) Birks, J. B.Photophysics of Aromatic MoleculeWiley-Interscience: The correlation between variokgcand corresponding vesicle
London, New York, Sydney, 1970. ; ; ; ; — 1

(39) Weizman, H.; Ardon, O.; Mester, B.; Libman, J.; Dwir, O.; Hadar, Y.; C(_)ncentr_atlons is shown in Flgure 4 Wity 29 S_ for t_he
Chen, Y.; Shanzer, Al. Am. Chem. S0d.996 118 12368-12375. dissociation rate of FeAf from the outer leaflet of lipid vesicles
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Figure 4. Measurements of the partitioning rakg,, and the dissociation
rate, ko, Of Fe—Af between aqueous/lipid phases. The concentration of
Fe—Af was kept constant (206M), and the concentration of NBD-PC-
labeled fluorescent DMPC SUV was gradually varied from 92 to &R0

The first-order decay rate constarkgc(solid dots), were determined using
eq 5 by fitting the changes of fluorescence intensities vs time upon mixing
Fe—Af with the fluorescent-probe-labeled vesicles. The linear correlation
between the first-order decay rate constants of fluorescence intensity vs
lipid concentrations was followed. The solid line was obtained by fitting
eq 6 to the rate constants with the intercégt,= 29 s1, for the dissociation
rate from the lipid phase and the slofg, = 2.4 x 10* M~1 s71, for the
lipid-phase partitioning rate. The molar fraction partition coefficient of-Fe
Af (K¢ = 4.5 x 10% is derived from the values dé and kon by the
equation Kon/kotf)[water].

andkon = 2.4 x 10* M~1 s71 for the partitioning rate of FeAf
into the outer leaflet of lipid vesicles. These rates for-Aé
are very consistent with those of other amphiphilic molectfles.
In addition, the molar fraction partition coefficier' = 4.5

x 10% is derived from the values & andko, by the equation
(Ko/kos)[water], in which [water]= 55.6 M. This kinetically
derived partition coefficientKy = 4.5 x 10% is in good
agreement with the value dfy = 2.2 x 10* (Figure S6)
obtained via the equilibrium fluorescence quenching.

In ¢ = IN(P/pg) x (1 — exXp(—kyee x 1)) + 1N ¢
Kiec = Kon X [vesicle]+ Kk«

Trans-Membrane Diffusion (Flip-Flop) of Fe—Af through
Bilayers of Egg-PC LUV. To study the flip-flop kinetics of
Fe—Af through lipid bilayers, we first madaner-leafletNBD-

(®)
(6)

of relative fluorescence intensities[In(®y/®4)]/dt, in the
presence of various concentrations of egg-PC LU¥&0nM,
the molar ratio of the total FeAf to egg-PC LUV was kept as
a constant, 1:100). The partition coefficient obtained by this
techniqueKy = 4.5 x 10% also showed a good agreement with
the value ofKy, = 7.7 x 10* (Figure S6) obtained via the
equilibrium fluorescence quenching. A half-life time of>6
1(* s of the flip-flop process for FeAf through the lipid
membrane of egg-PC LUV could be deduced from the flip-
flop rate of Fe-Af, k, = 1.2 x 103s%

In eq 7, aqueous-phase FAf and outer-leaflet FeAf do
not contribute to the time-dependent fluorescent decay using
inner-leaflet-labeled fluorescent egg-PC LUV, due to the large
distance (40 A) between the inner and outer leaflet surfaces
(see the control experiments for Figures S1 and S5 in the
Supporting Information}! Distances between the fluorescent
probe and quencher larger than 15 A are ineffective for
quenching® The possibility for flip-flop of the NBD-PC
fluorescent probes could be ignored in the present study because
the flip-flop rate of phospholipids is intrinsically slow, with a
half-life time more than 10 days in the absence of active lipid
translocase® In addition, we did not observe any bleaching
of the fluorescence during the experiment upon mixing fluo-
rescent-labeled egg-PC LUV with blank buffer.

8[In(q)0/q)m)] _ kqv 8[Fe_Af]inner_
at " [vesicle] © at B
kp X kqv X [Fe_Af]outer (7)
AIN(PY D] . Ky x [Fe—Af],
at = kv x by x K, x [vesicle]+ [water] ®)

Determination of Trans-Membrane Kinetics of Fe—Af
using Proton NMR Spectroscopy.Partitioning and flip-flop
of Fe—Af were also investigated usifgl NMR spectroscopy
by observing the evolution of the two proton resonances of the
DMPC SUV cholineN-methyl groups at 3.32 (outer leaflet)
and 3.27 ppm (inner leaflet), which can be broadened upon
treating with paramagnetic molecules, such as &k It has
been reported that only lipid-phase line-broadening reagents,
rather than those in agueous phase, are responsible for the signal

PC-labeled fluorescent egg-PC LUV, whose fluorescence change of the cholin&l-methyl groups of DMPC SUW For
intensities could be quenched only when extra-vesicularly addedpg— af (Figure 6), a rapid broadening of the proton signals of

Fe—Af translocates to the inner-leaflet of the egg-PC LUV (see
the Supporting Information and Figure S5). As described in the
Experimental Section, stable inner-leaflet-NBD-PC-labeled fluo-
rescent egg-PC LUVs were prepared from double-leaflet-labeled
fluorescent egg-PC LUV by N&,04,-mediated reduction of the
outer-leaflet NBD probes and dioxygen bubbling to remove
excess Ng5,04. Upon mixing Fe-Af with inner-leaflet-labeled
fluorescent egg-PC LUV, we observed a decay of fluorescence.

This decay was interpreted as the consequence from the

translocation of Fe Af through the bilayer membranes of the
egg-PC LUV. The relationship between the flip-flop rate ofFe
Af, k,, and the initial decay rate of relative fluorescence
intensities A[IN( Do/ D y))/ 3t, is shown in egs 7 andB.A lipid-
membrane flip-flop rate for FeAf, k, = 1.2 x 103 s, and

the molar fraction partition coefficienky = 4.5 x 10%, were
obtained upon fitting eq 8 with the measured initial decay rates

(40) Nichols, J. W.; Pagano, R. Biophys. J.1981, 33, A117.

the outer-leafleN-methyl groups was observed within the initial
2 min upon the addition of 12b6M paramagnetic FeAf into

25 mM DMPC vesicles. This observation is consistent with the
rapid partitioning of Fe-Af into the outer leaflets of DMPC

(41) Huang, C.; Mason, J. Proc. Natl. Acad. Sci. U.S.A978 75, 308-310.

(42) Equation 4 shows the relationship between the relative fluorescence
intensity, In@4/®o), and the concentration of lipid-phase-F&f. Conse-
quently, for the inner-leaflet-labeled fluorescent egg-PC LUV, the initial
increase of inner-leaflet FEAf vs time upon mixing at 37C, d[Fe—Af] inne/
ot, could be deduced from the derivative of the relative fluorescence
intensity vs time d[In(®y/P A)]/0t. This relationship is indicated in eq 7,
in which [Fe—Af]inerand [Fe-Af]ouerare the concentrations of inner-leaflet
and outer-leaflet FeAf, respectively; the initial value of [FeAf]inner IS
zero, and the initial value of [FeAf]ouer can be determined from the
partitioning coefficient of Fe Af (K\) and the total concentration of the
added Fe-Af and lipid vesiclesk; is the flip-flop rate through bilayers of
egg-PC LUV; [vesicle] is the concentration of egg-PC LUV. Equation 8
was derived from eq 7 witkq, = 13.0, which was obtained from the data
in Figure S6K, for the molar fraction partition coefficient and [Féf];
for the total concentration of added +Af.

(43) (a) Rothman, J. E.; Dawidowicz, E. Biochemistry1975 14, 2809—
2816. (b) Roseman, M.; Litman, B. J.; Thompson, TBi&chemistryl975
14, 4826-4830.
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Figure 5. Rate measurement for the trans-membrane flip-flop of &k
through egg-PC LUV. The changes in relative fluorescence intensity, In-
(Do/Dy), vs time,t, upon mixing Fe-Af (at 37°C) with inner-leaflet-NBD-
PC-labeled egg-PC LUV were recorded after a 10 s pre-equilibrium-of Fe
Af between the aqueous phase and the outer leaflet of lipid vegielgs.
the initial fluorescence intensity, andq is the quenched fluorescence
intensity vs timet. The molar ratio, [Fe Af]/[vesicle], was constant at
1:100, and the changes of relative fluorescence intensitiebpl), vs
time t were recorded in the presence of various concentrations of inner-
leaflet-NBD-PC-labeled egg-PC LUV{B mM). The initial rate of the
variation of the relative fluorescence intensities vs tinjg(®o/Par)]/ ot,
was obtained by measuring the slope of the initial change of the relative
fluorescence intensities. The solid line is the best fit for eq 8 Wyt 1.2
x 103 standKy = 4.5 x 10% in which [vesicle] is the concentration of
egg-PC LUV. Inset: cartoon description for this measurement.
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Figure 6. Lipid partitioning and trans-membrane flip-flop of FAf
usingH NMR line-broadening techniques. F&f (125 uM) (the final
concentration) was injected into an NMR tube containing 25 mM DMPC
SUV at 20°C. The proton resonances of the choline methyl groups of
DMPC SUV were monitored with an interval of 2 min over a 40 min time
scale. The upfield signal (3.28 ppm) and downfield signal (3.32 ppm)
correspond to the inner-layer and outer-layer choline methyl groups of
DMPC SUV, respectively. The broadening of the downfield methyl signals
within the first 2 min is consistent with the initial rapid partitioning of-Fe

Af into the lipid outer leaflet, while the slow broadening of the upfield
methyl signals corresponds to the following trans-membrane flip-flop of
Fe—Af through DMPC bilayer. The time for the equilibration of the latter
process is within a 10 min scale. Inset: cartoon description for this
measurement.

SUV. Subsequently, the proton signals of the inner-leaflet
N-methyl groups broadened continuously. This relatively slow
process was interpreted as the translocation efAfethrough
DMPC SUV bilayers. Disruption of DMPC SUV in this case

can be ruled out because the two proton resonances of the

N-methyl groups were still well resolved and there was no

1732 J. AM. CHEM. SOC. = VOL. 127, NO. 6, 2005

significant change for the outer-leaflet signals during this later
flip-flop. The rate of Fe-Af translocation through DMPC SUV
bilayers can be estimated to be within a several-minute scale,
which shows a good agreement with= 1.2 x 103 s (Figure

5) obtained for the flip-flop of FeAf through egg-PC LUV
bilayers via the fluorescence quenching experiments. We also
investigated the flip-flop property of FeAf using cholesterol-
rich vesicles (egg-PC:cholesterel 1:0.8). Only the!H NMR
peaks of the outer-leaflet cholin&l-methyl groups were
broadened within less than 2 min (similar as those shown in
Figure 6), and the inner-leaflet cholihkmethyl'H NMR peaks
showed no change within at least 2 h. This observation suggests
that the trans-membrane process of-ié is inhibited under
this condition, consistent with the flip-flop inhibitory effect of
cholesterol reported beforé.

To further assess the partitioning and trans-membrane pro-
cesses of FeAf, the relaxation tim&; of DMCP SUV choline
N-methyl groups was measured, which is expected to dramati-
cally decrease when the examined nuclei are close to paramag-
netic molecules, such as FAf.#* As indicated in Figure 7,
there was a rapid decrease of the relaxation time of DMPC SUV
outer-leafletN-methyl signals followed by a slow decrease of
the relaxation time of its inner-leafléd-methyl signals upon
the treatment of 4@M Fe—Af to 10 mM DMPC SUV. This
observation is consistent with the rapid partitioning of-/Ad
into DMPC SUV outer leaflets and the subsequent relatively
slow flip-flop through DMPC SUV bilayer membrane. A 10
min scale of the translocation process observed in Figure 7 is
also in a good agreement with those obtained from the
fluorescence guenching experiment and4tHé&MR broadening
experiment described above (Figures 5 and 6). In these different
approaches employed to measure the membrane-translocation

(44) Wilkins, R. G.The Study of Kinetics and Mechanism of Reactions of
Transition Metal Complexedllyn and Bacon, Inc.: Boston, 1974.

(45) Roberts GLangmuir-Blodgett Films Plenum Press: New York, 1990.

(46) Epand, R. MBiopolymers1997, 43, 15—24.

(47) Tsao, H. K.; Tseng, W. LJ. Chem. Phys2001, 115 8125-8132.

(48) Hoyrup, P.; Dawdsen J.; JorgensenJKPhys. Chem. B001, 105 2649
2657

(49) Tanford CThe Hydrophobic Effect: Formation of Micelles and Biological
MembranesJohn Wiley & Sons: New York, 1980.

(50) Peitzsch, R. M.; McLaughlin, Biochemistry1993 32, 10436-10443.

(51) Silvius, J. R.; Lheureux, Biochemistryl994 33, 3014-3022.

(52) Heerklotz, H.; Seelig, Biophys. J200Q 78, 2435-2440.

(53) Nichols, J. W.; Pagano, R. Biochemistry1981, 20, 2783-2789.

(54) Ghomashchi, F.; Zhang, X. H.; Liu, L.; Gelb, M. Biochemistry1995

34, 11910-11918.

(55) Shahinian, S.; Silvius, J. Biochemistryl995 34, 3813-3822.

(56) Horwitz, L. D.; Sherman, N. A.; Kong, Y. N.; Pike, A. W.; Gobin, J.;
Fennessey, P. V.; Horwitz, M. ARroc. Natl. Acad. Sci. U.S.A998 95,
5263-5268.

(57) Pahl, P. M. B.; Yan, X. D.; Hodges, Y. K.; Rosenthal, E. A.; Horwitz, M.
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Figure 7. Membrane partitioning and trans-membrane flip-flop of A E 30 |
monitored by the time-dependent variation of relaxation timeJpon the E
addition of 40uM Fe—Af into 10 mM DMPC SUV, the relaxation time of 2 20 |
the upfield signal (3.27 ppm) for inner choline methyl groups and the E
downfield signal (3.32 ppm) for outer choline methyl groups was measured g 10 4
according to the method described in the Experimental Section. The initial & .
decrease of the relaxation time for the outer choline methyl groups of DMPC & 0
SUV corresponds to the rapid partitioning of-H&f into the outer leaflet ' ' ) ' ‘ '
of lipid bilayers. The subsequent decrease of the relaxation time for inner 0 50 100 150 200 250 300
choline methyl groups features the flip-flop of +Af through the lipid Mma / A?

bilayers of DMPC SUV. The latter process could reach the plateau regime
within 10 min after the initial injection of FeAf.

process of FeAf, all consistently show that the translocation
of Fe—Af through lipid bilayers is an efficient process with a
time scale of about 10 min.

Measurements of Mean Molecular Areas (Mma) of Af and
Af12 (its C-12 Analogue).The mean molecular areas (Mma)
of amphiphilic molecules obtained by LangmuBlodgett

techniques can help one to understand the conformations and

orientations of these molecules at the aqueous/lipid intefface.
To measure the Mma d&ff and acinetoferrin-124f12 as shown

in Figure 1), LangmuirBlodgett experiments were carried out,
in which Af andAf12 were incubated onto the interface between
air and subphase buffer. As shown in FigureA8, Af12, and
their ferric complexes (FeAf and Fe-Af12) form well-behaved
Langmuir monolayers at the air/buffer interface. Mma values
were obtained, with 52 Afor Af, 88 A2 for Af12, 114 A2 for
Fe—Af, and 166 & for Fe—Af12, by extrapolating the linear
region of the plot in the usual way.From Fe-Af to Fe—Af12,

a significant Mma increase of 522Avas observed. A similar
tendency was also shown from 52 for Af to 88 A2 for Af12.
SinceAf andAf12 have the same hydrophilic headgroups, the
enhanced length of the hydrocarbon chains frafmto Af12
would increase their Mma only if the two hydrocarbon chains
of Af andAf12 were not oriented parallel to each other at the
air/buffer interface®®45 The smaller Mma ofAf (both Af and
Fe—Af) compared with those of the corresponding analogues
(Af12 and Fe-Af12) suggests this nonparallel orientation for
the two hydrocarbon chains of botkf and Af12 (Figures 9
and 10)% There is a larger Mma difference of 52 Aetween
Fe—Af and Fe-Af12 compared with that of 36 AbetweenAf

and Afl2. This observation is consistent with our recent
structural determination of GaAf, indicating that the two
hydrocarbon chains of FeAf and Fe-Af12 would have a more
extended orientation with an angle around L8tan those of
Af and Af12 with an angle around 30(Figure 9)3° This
different orientation of the two hydrophobic chains between
Af(Af1l2) and Fe-Af(Afl2) could partially account for the
dramatic increase of Mma from apo to ferric species (62 A

Figure 8. Measurements of mean molecular areas (Mma) using Langmuir
Blodgett techniques. As described in the Experimental Section, using Tris
buffer as the subphase (p 8.0, 0.1 M KCI, 1 mM CaGl), Mma values

of amphiphilic siderophore#\f, Af12, Fe—Af, and Fe-Af12) were obtained

by extrapolating the linear region of surface pressure to the value of zero
(52 A2 for Af, 88 A2 for Af12, 114 A for Fe—Af, and 166 & for Fe—

Af12).
‘r
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Figure 9. Phospholipid-like conformation oAf and the more extended
conformation of Fe-Af. The optimized structures d&f and Fe-Af are
reproduced from our recent studi@otice the significant conformational
change of the two hydrocarbon chains®éfupon iron binding. The distance
between the two terminal carbons is 7.2 A, while this distance is increased
to 21.5 A upon iron binding. The color codes are defined as: C, gray; H,
cyan; O, red; N, blue; Fe, brown.

betweerAf and Fe-Af and 78 & betweerAf12 and Fe-Af12),
the rest of which probably are due to the conformational change
of the hydrophilic component o&f and Af12.

Discussion

Experimental Design.In the present paper, the membrane
partitioning and trans-membrane flip-flop of FAf are unam-
biguously discerned upon observing paramagnetie-Afe
mediated quenching afuterleaflet-NBD-PC-labeled anidner-
leaflet-NBD-PC-labeled fluorescent vesicles. THENMR line-
broadening technique used here is another convenient approach
to investigate these membrane processes. The improved protocol
to prepare morstableinner-leaflet-NBD-PC-labeled fluorescent
vesicles features the additional step for dioxygen-bubbling to
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Figure 10. Schematic description of the iron-acquisition, membrane
partitioning and trans-membrane flip-flop of acinetoferrisf). The 3D
structures ofAf and Fe-Af are reproduced from the previous studies, as
shown in Figure 9° The color codes are defined as: C, gray; H, cyan; O,
red; N, blue; Fe, brownKy and K, are the molar fraction partition
coefficients ofAf and Fe-Af, respectively. Théo, andkes terms are the
partitioning and dissociation rates of FAf between aqueous/lipid phases.
Thek, is the rate of the trans-membrane flip-flop for-F&f. Ky, Ky, kon,

koft, andk, were all determined in this work witk, = 6.8 x 1%, K, =
22x 10% kon= 2.4 x 10* M7t 573 kot = 29 571, andk, = 1.2 x 1073

s L

Jake|iq apsaa prdry

remove excess N&0,. All the designs described here are
readily applicable to the study of membrane behavior of other
paramagnetic amphiphiles.

Membrane Affinity of Af and Fe —Af. The partitioning of

phospholipid (D8PC) can be estimated tokye= 2 x 10° on
the basis of the partition coefficient of thenZheptyl chain
phospholipid (D7PC)x = 1.1 x 10*52 The consistent partition
coefficients betweedf with Ky = 6.8 x 10° and D8PC with
Kx = 2 x 1P further confirm a phospholipid-like structure for
Af (Figure 9). The results in Figure 8 show thaf12, with
longer hydrocarbon chains, has a Mma 36ldrger than that
of Af (52 A2 for Af and 88 R for Af12). This observation
indicates that the two hydrocarbon chainsféfand Af12 are
not exactly parallel. Nevertheless, the slight nonparallel ar-
rangement of the hydrocarbon chaing\éfdoes not significantly
change its phospholipid-like membrane affinity.

As shown in Figure S6, the partition coefficieR, of Fe—
Af dramatically drops to 2.% 10* upon the formation of Fe
Af from Af. A 30-fold decrease of the partition coefficients from
6.8 x 10° for Af to 2.2 x 10* for Fe—Af corresponds to a loss
of two or three methylene groups from the lipid-phase subunits
of Af, if lipid-phase partitioning free energies of 0.8 kcal/mol
per carbon are assumétf®51This large change in membrane
affinity is most remarkable since sikydrophilic oxygen
functionalities become buried upon iron binding Af.3> We
argue that this large change in the partition coefficienté&of
and Fe-Af can be attributed to the change in the geometry of
the hydrophilic headgroup and corresponding reorientation of
two trans-2-octenoyl chains imposed upon chelating iron. We
have recently shown that the most stable conformer efAfe
is theN-cis-cisconformatior?®35in which the two hydrophobic
chains are antiparallel with each other, as shown in Figure 9.
The results based on LangmuiBlodgett experiments (Figure
8) also support the more extended conformation of &t
compared with that off by two lines of evidence: (i) the large
62 A2 increase of Mma from 52 Afor Af to 114 A for Fe—
Af; and (i) another 52 Aenhancement of Mma from 1142A
of Fe—Af to 166 A of Fe—Af12. These results are consistent

amphiphilic molecules between membrane and aqueous phasdith the phospholipid-like orientation oAf and the more

can play an important role in their biological functions through
facilitating their interactions with specific binding sites on

extended conformation of FeAf (Figure 9). It is obvious that
Fe—Af cannot adopt the orientation of classical amphiphilic

membrane surfaces or varying physical properties of the bound molecules with all alkyl chains in a lipid phase and hydrophilic

membrane4® Acinetoferrin @f), with two equivalentrans-2-

headgroups in an aqueous phase. Instead, the most optimal

octenoyl chains, displays a considerable membrane affinity with rrangement should adopt a maximal partitioning of haths

the mole-fraction partition coefficienKy = 6.8 x 1P (Figure
2), which is about 100-fold larger than those of ionic surfactants,

2-octenoyl chains into the lipid phase, which probably accounts
for the loss of its partitioning ability about two or three

such as sodium dodecyl 4-benzene sulfonate (SDS) and dodecylMethylene groups as discussed above. Consequently, we assume

pyridinium chloride (DPC}Y’ The magnitude of the partition
coefficient of Af falls into the range Kx = 10°—1CF) of the
partition coefficients of lysolipids and fatty acids with a single
C14—Cis alkyl chain®® Given that Af has two symmetric

that the more extended conformation ofHf compared with
the phospholipid-like structural motif @&&f is the origin of the
diminished membrane affinity of FeAf. This conformational
rearrangement of the two lipophilic side chains upon iron

hydrocarbon chains totaling 16 carbons (14 carbons if the two Pinding has a larger effect on the lipid- and aqueous-phase
conjugated carbonyl groups are excluded), the consistent parti-Partitioning than for octanetwater (30-fold decrease for the

tion coefficients amongh\f, Ci4—Cse lysolipids, and G4—Cis
fatty acids suggest that only the two hydrophobic chainafof
contribute to the lipid-membrane partitioning (a classical
hydrophobic effect}?>0While the twotrans-2-octenoyl chains

former vs 8-fold decreadefor the latter).

Dynamics of Lipid-Phase Partitioning and Trans-Mem-
brane Flip-Flop of Fe—Af. The kinetic studies of the partition-
ing of Fe—Af into the outer leaflet of DMPC SUV (Figure 4)

of Af are separated from each other by a 15-atom linker, flexible indicate that FeAf can rapidly diffuse into the lipid phase with

adjustments of the hydrophilic linker apparently allévii to
adopt a relaxed conformation with a phospholipid-like structural
motif (Figure 9)3° Given that the free energies of partitioning

the large partitioning ratek, = 2.4 x 10* M~1 s7L. On the
other hand, the rate of the dissociation ofAd from the lipid
membrane is also very fast, with a dissociation ratdgf=

into the lipid phase are increased by 0.8 kcal/mol per number 29 s 1.1440The rapid equilibration of FeAf between lipid and
of carbons, a value for the classical entropy-driven hydrophobic aqueous phase can guarantee a homogeneous distributiort of Fe

effect85051 the membrane affinity of the B-octyl chain
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bration time for both lipid partitioning and dissociation can be SUV membranes or egg-PC LUV membranes with a similar
narrowed into a 10 ms scale in the presence of 1 mM lipid half-life time of 10 min (Figures 57). The mean molecular
vesicles. Fast partitioning and dissociation between lipid and area (Mma) of the outer-leaflet lipid for SUV is about 74 A
aqueous phase have been observed for other amphiphilicper lipid, while the value for the inner-leaflet lipid is only 61
molecules with moderate membrane affinities, such as someA?2 per lipid#* For LUV, Mma values of the inner-leaflet and
phospholipid4®53 and lipoproteing®5* outer-leaflet lipids are both around 66.% Thus, Fe-Af with
Kinetic studies showed that F&\f, a monoanion at neutral & Mma of 114 & (Figure 8) apparently is not sensitive to the
pH, translocates readily through membrane bilayers with a flip- Small curvature difference of 8%between SUV and LUV. The
flop rate of 1.2x 103 s X and a half-life time around 10 min  flip-flop inhibitory effect of cholesterol suggests that the trans-
(Figure 5). These results are comparable with those obtainedmembrane ability of FeAf is sensitive to the membrane
from the kinetic studies employing the techniques of paramag- stiffening caused by cholesterol.
netic-inducedH NMR line-broadening (Figure 6) andy Comparison between Acinetoferrin and Marinobactin E.
relaxation (Figure 7). Although it has been proposed that Itis interesting to compare the propertiesfdfand marinobactin
hydrophobic components of amphiphilic siderophores could E (Figure S7) since both the siderophores (i) chelate iron(lll)
facilitate the flip-flop through lipid membrarf&:®’ this is the with two hydroxamic acids and one-hydroxyl carbonyl
first time that the flip-flop kinetics of ferric siderophores have subunits, (ii) process the net chargel” at neutral pH for both
been directly measured. The ready translocation ofAde apo and ferric species, and (iii) include the total 16 carbons as
through membrane bilayers is different from what is observed their hydrophobic components. In contrast to the slow kinetics
for classical amphiphilic molecules, such as phospholipids, for of the membrane dissociation/association of ferric marinobactin
which the flip-flop process is inherently slow with a typical E (kot = 4.4 x 10-3 s tandk,, = 1.0 M1 s7%, respectively}?
half-life time of several day8 and could only be promoted by ~ Fe—Af shows rapid redistribution among bulk lipid components
natural or artificial translocasé%:52 We assume that the facility ~ with the dissociation/partitioning rates ki = 29 s andko
of the flip-flop process of FeAf through lipid bilayers is due = 2.4 x 10* M~ s71, respectively. The cause for the slower
to the special extended conformation ofF&f (Figures 9 and dissociation/partitioning rates of marinobacin E between the
10). This extended conformation could facilitate the flip-flop aqueous/lipid phase compared with those of Bé and other
process in at least three ways. First, most of the polar residuesamphiphilic molecules (e.gkon = 4 x 10®° M~ s71 for Cy—
of Af, such asi-hydroxyl carboxylic acid and hydroxamic acids, NBD-PCY0:51.5354is not clear.Af and marinobactin E show
are buried inside and coordinated to the central iron, while the remarkably similar partition coefficients despite their overall
portions of Af exposed to the outside mainly consist of the structural differenceAf in Figure 1 vs marinobactin E in Figure
hydrocarbon skeleton. Such an arrangement with the polarS7,Ky = 6.8 x 1(° for Af andKy = 2.2 x 10* for Fe—Af in
components inside and the nonpolar components outside wouldthis work vs Ky = 6.3 x 10° and Ky = 1.3 x 10* for
largely benefit the lipo-solubility and, thereby, the flip-flop of marinobactin E and ferric marinobactin E)Although the two
Fe—Af. This principle has been applied to synthesize artificial siderophores show a large decrease of their membrane affinities
phospholipid translocases, for which the key idea is to bury upon iron binding, the origins for these decreases must be
polar groups of phospholipids by designed translocases and thusompletely different from each other. As discussed in this work,
accelerate the transverse diffusion of amphiphilic phospho- we suggest that the decrease of the membrane affini#f of
lipids 52766 Second, the negative charge of-F&f is redistrib- upon binding iron is mainly due to the structural change of the
uted among the ferric center and its six coordinating oxygens. two trans-2-octenoyl chains from phospholipid-lik& to more
This delocalization of the negative charge could further facilitate extended FeAf, whereas the decrease of the partition coef-
the flip-flop process. Third, as discussed in the previous section ficients of marinobactin E upon binding iron must be related to
for the partition coefficient of FeAf, some portions of the  the conformational change of the hydrophilic components of
hydrophobic chains of FeAf (two or three methylene groups)  marinobactin B Upon iron binding, the Mma decreases from
compared with that ofAf are forced to be exposed to the 79 A2for marinobactin E to 56 Afor its iron complext4 while
aqueous phase rather than the lipid phase due to the constrainthere is a remarkable increase of Mma from 52fér Af to
of the extended conformation of Fé&f. In the process of a 114 A2 for Fe—Af. We have also shown that FAf flip-flops
flip-flop, these methylene carbons will be buried in the lipid readily through membranes, which was not observed for ferric
phase again and, thereby, gain the additional 2 kcal/mol free marinobactin E. This observation suggests that it is the special
energy (0.8 kcal/mol per number of carboffs)%51This process properties of Fe Af instead of its common anionic property or
can partially compensate for the free-energy cost of burying the positive potential of PC membrarigthat account for the
the polar residues of FeAf in the lipid phase. Therefore, we remarkable flip-flop rate of FeAf through PC membranes.
assume that the more extended conformation efAein Figure Bio|ogica| |mp|icati0ns of Membrane Dynamics of Af and
9 plays a significant role in both the membrane partitioning and Fe—Af. Upon the invasion of hosts, pathogericinetobacter
trans-membrane flip-flop. This extended conformation is also pathogens start to synthesi2é that can either partition into
responsible for FeAf-mediated vesicle disruption and fusion  the bacterial outer membranes or diffuse into host tissue.
that we have reported receniyFigure 10 depicts the process Consequently, a dynamic distribution @f would occur
of membrane partitioning and trans-membrane flip-flop of Fe  petween the medium and cellular lipid components. These

Af. amphiphilic siderophores might then access the host iron pbols.
On the basis of the current results for the translocation of The anionic Af may translocate through host membranes
Fe—Af through lipid bilayers, we notice that FAf exhibits because hydrophobic anions flip-flop relatively easily due to

comparable abilities for flip-flop rates through either DMPC the positive electrostatic potential of the biological membrdfes.
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After iron chelation, Fe-Af would becomenorediffusive than and dissociate between aqueous/lipid phases with the large
Af, due to the ready membrane permeation, rapid equilibrium kinetic rate constants. The flip-flop process of-F&f is also
among all lipid components, and smaller partition coefficient fast, compared with other amphiphilic molecules. These obser-
of Fe—Af. The effect of moderate membrane affinity has been vations are related to the more extended conformation ef Fe
proposed to provide the facile redistribution of some lipopeptides Af compared to that ofAf. The remarkable similarities and

among the cell$%¢° The additional interactions between+e (ifferences betweeAf and marinobactin E are also discussed.
Af and outer-membrane receptors would facilitate the bacterial o5 proposed in this work, one of the potential biological

internalization of Fe-Af. It has been reported that such specific implications from these observations is that the physical

interactions with membrane-bound proteins significantly con- properties of acinetoferrin produced by this pathogenic bacte-

tributg to the Iipid-phase-parg[iscgning process of Cert"’,‘i” lipo- rium are tuned to access host iron pools and then transport iron
proteins, such as MARCK®:%869The membrane affinity of to the invading bacterial pathogen.

Fe—Af with Ky = 2.2 x 10* can be the initial driving force to
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Usinginner-andouterieaflet-labeled fluorescent vesicles and
IH NMR line-broadening technigues, the membrane dynamics
of a pathogenic siderophore, acinetoferrin (béthand Fe-

Af) were studied from a variety of aspects, including the
membrane affinities ofAf and Fe-Af, the trans-membrane
permeability of Fe-Af, and its partitioning/dissociation between
aqueous/lipid phases. Upon binding iron(lll), the membrane
affinity of Af decreases 30-fold. FAf can rapidly partition JA044230F
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experimental descriptions. This material is available free of
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