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Metal-Dependent Self-Assembly of a Microbial Surfactant
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Small-angle neutron scattering (SANS), cryogenic transmission electron microscopy (cryo-TEM), and dynamic
light scattering (DLS) were used to study the metal-dependent phase behavior of microbially produced sttfactants
marinobactins B, D, and E (M Mp, and Mg). Marinobactins A-E are siderophores that facilitate Fe(lll) acquisition
by the source bacterium through the coordination of Fe(lll) by the peptidic headgroup. All of the marinobactins have
the same six amino acid headgroup but differ in the length and saturation of the monoalky! fatty acid tail. Fe(lll)
coordinated to M(Fe(lll)—Mg) was found to form micelles with a diametere8.5 nm that underwent a supramolecular
transformation to produce a monodisperse population of vesicles with an average diameter rangingCrioni 90
nm upon addition of Cd(ll), Zn(ll), or La(lll). SANS profiles of the transition-metal-induced phase exhibit a Bragg
peak alQg ~ 0.11-0.12 A~ and were fit to a SANS model for multilamellar vesicles that have an interbilayer repeat
distance of 2/Qg ~ 5.6—5.0 nm. Cryo-TEM images of the Zn(ll)-induced phase reveals the presenct0ff nm
diameter approximately spherical aggregates of uniform electron density. The temperature dependence of the Zn-
(IN-induced transformation was also investigated as a function of the length and degree of unsaturation of the Fe-
(Il —marinobactin fatty acid tail. The Cd(ll)-, Zn(ll)-, and La(lll)-induced phase changes have features that are similar
to those of the previously reported Fe(lll)-induced micelle-to-vesicle transition, and this observation has opened
questions regarding the role that Cd(Il) and Zn(ll) may play in bacterial iron uptake.

Introduction concerns the marinobactins, a suite of bacterial surfactants that

Metal coordination by a surfactant is an attractive means of Undergo a micelle-to-vesicle transition in the presence of Fe-

controlling the self-assembly of amphiphilic molecules. The (). to-1

coordination of a metal cation by a surfactant can change the Marinobactins A-E (Ma—Me, Figure 1) are a suite of
ionic charge and/or molecular geometry of an amphiphile and amphiphilic siderophores produced by the marine bacterium

thus can promote dramatic changes in the aggregate morphologyl_\/larinobactersp. DS40M6 to facilitate the acquisition of iré#.

For example, whereas amphiphiles with a single fatty acid Sidero'phores are Iow-molecu!a}r-weight compounds secreted by
generally form micelles in solution, some synthetic single-tailed P2cteria that have large _sta?;llty constants for Fe(lll) and can
amphiphiles form vesicles upon coordination of transition-metal SCluPilize colloidaliron oxide=**#Each marinobactin comprises
ions such as Ag(l},Co(ll),> and Fe(lll)? Other single-tailed the same SIX amino amql pep_tldlc headgroup t.hat coordinates
amphiphiles assemble as a bicontinuous “sponge” phage (L Fe(lll) but differs in the identity of the fatty acid appendage

phase) in the presence ofand a co-surfactarttand certain ~ (C12~Cue) (Figure 1). _

dual-tailed surfactants with imidazole-containing headgroups . The cr|t|ca_l micelle concentration (cmc) for both ape=M
undergo a transformation from planar lamellae to closed ("e",ME that is not coordinated to Fe(lll)) ar!d Fe(()I-HMEare
multilamellar vesicles in the presence of CufipEven naturally  'elatively low at ca. 50 and ca. 8V, respectively:® Apo-Me
occurring surfactants can exhibit metal-dependent phase Changeg_orms_mlcelles ab(_)ve its cmc that decrease in size when apo-M
For example, cardiolipin, a biological phospholipid consisting c_oordlnates 1 equiv of _Fe(IIF)l.In the presence of excess Fe(lll)
of four fatty acid tails and two phosphate moieties, undergoes (i-e., Fe(lll)/apo-M ratios of 1.1-3.0), the micelles rearrange

a transition from planar lamellae to a reversed hexagonal phasel® formlarge vesicles thatare approximately 200 nmin dianiéter.
upon the addition of B, C&*, or Mg2+.7~ The present work We ha}ve hypo_the_S|zed that ‘excess Fe(lll) md_uc_es vesicle
formation by bridging the terminal carboxylate moieties of two

*To whom correspondence should be addressed. E-mail: butler@ OF three Fe(lll-Me headgroups, drawing them closer together
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OH Sample Preparation.D,O was used as a solvent in place gfH
to maximize the neutron scattering contrast between Fe(Ul,
O Fe(ll)—Mp, or Fe(lll)-~Mg and the solvent and to obtain the optimum
signal for SANS measurements. All samples analyzed by cryo-

TEM, DLS, and SANS consisted of 1.4 mM Fe(HMg, Fe(lll)—

HN
:g\/\ N 9 Mp, or Fe(lll)=Mgin D,O at pD 6.0. Fe(llI)-Mg, Fe(lll)-Mp, and
o” | OH Fe(lll)—Mg were prepared by adding 0.9 equiv of Fe(lll) to apo-
: o Mg, apo-Mb, and apo-M, respectively. The concentration of apo-
%—8\ Fe(III) 0 Me was determined by spectrophotometric titration at 400 nm (i.e.,
Amax Of Fe(Il)—Mg) with a standardized stock solution of Fe(lll).
0 Fe(lll) was added to apo-papo-M, or apo-M: from a standardized
stock solution of 0.073 M Feglin 0.05 M DCI in D,O. The
concentration of the Fe(lll) stock solution was determined spec-
o0 =0 trophotometrically with 1,10-phenanthroline at pH 4 after the addition
of hydroxylamine: Fe(pheg)" Amax510 nm,c 11 000 Mtcm 1.5
The metal cations were added to Fe(HNlg, Fe(lll)—Mp, or Fe-
(1) =Mg solutions at 25°C from stock solutions fol M ZnCl,,
CdCl, CaCl, or La(NG;)3 in 0.05 M DCl in 99.9% BO and then
equilibrated at the appropriate temperature for at least 3 days prior
to cryo-TEM, DLS, and SANS experiments. pD adjustments were
accomplished with NaOD and DCI. The standard correction of pD
= pH + 0.4 was applied for all titrations in JO.
SANS Instrumentation. SANS experiments were conducted on
the 30 M NG3 SANS station atthe NIST Center for Neutron Research
(NCNR) in Gaithersburg, Maryland. Two different instrument
configurations were used. In the first configuration, SANS data were
acquired using an average neutron wavelength A at sample-
to-detector distances of 1.3 and 13.2 m. Combining SANS data
i D2 E taken at 1.3 and 13.2 m sample-to-detector distances allowed neutron
Figure 1. Structure of marinobactins A-E coordinated to Fe(lll). wavevector transfers) in the range of 0.003 Al < Q < 0.4 A1
The headgroup contains a carboxylic acid moiety that is anionic at to be accessed, whe@= (**/;)sin(’/,) andd represents the neutron

neutral pH. scattering angle. The second instrument configuration employed an

. average neutron wavelength of 8.4 A and combining SANS data

Scheme 1. The Headgroups of Fe(llfyMe Bridged by from three sample-to-detector distances (1.3, 5.5, and 13.2 m) allowed
Exogenous Fe(lll) Could Pull the Headgroups Closer in the Q range of 0.001 Al < Q < 0.3 A to be accessed.

Together Resulting in a “Composite Surfactant” with a
Lower Headgroup Area : Tail Volume Ratio That May
Favor Vesicle Formatior?®

SANS samples were loaded into quartz cuvettes (volermie6
mL) with a path length of 5 mm and a window area of 3.2Zcfhe
2-D raw SANS intensity data were corrected for background as well
y as scattering from the cuvette containing the sample and were put
on an absolute scale by a standard procedure that estimates the
neutron flux at the samplé€.The data were then circularly averaged

\ to produce 1-D SANS profiles of scattered neutron intens{ty),
S -00C § versus neutron wavevector transfex,
—qb a5 -00 Scattering Models.Several models were investigated to describe
Fe(lll) Fe. the SANS data. Models for micelles and multilamellar vesicles were

found to give the best fits and are individually described below. In
some cases, a linear combination of models for micelles and
Micelle Vesicle multilamellar vesicles was used. Least-squares fits to the SANS
profiles were performed using Igor Pro (version 4.0.6.1) and software
that a variety of other metal cations (Zn(ll), Cd(ll), La(lll), etc.) proylded by the NCNR._The scattering models were (_:onvolved with
have on the aggregate morphology of Fe¢l) £ using dynamic the instrumental resolutlon_(resyltlng from_the spredd instrument
light scattering (DLS), small-angle neutron scattering (SANS), geometry, etc.) before being fit to experimental data. The level of

d ic t S lect . TEM incoherent neutron scattering was an adjustable parameter in the fits
and cryogenic fransmission electron microscopy (cryo- )- that was determined by the data because sufficiently high values of

We reportthat Cd(1l), Zn(ll), and La(lll) induced the temperature- - \ayevector transfer were measured. Absolute levels of incoherent
dependent formation of large multilamellar vesicles of Fefill)  packground were as expected for samples i®DThe difference

ME. in the neutron scattering-length density (SLD) between Feflll)
Mg, Fe(lll)=Mp, or Fe(lll)>-Mg and solvent (BO) was calculated
Materials and Methods to be 4.12x 1076 A-2 using the neutron scattering-length density
calculator available on the NCNR website.
Definitions. Fe(lll)~Mg, Fe(lll)~Mp, and Fe(lll}-Mg refer to Micelle Scattering Model. Scattering from micelles was fitted

the iron complexes of marinobactins B, D, and E, respectively. Apo- with a form factor for a spherical particle whose average radius was

Mg, apo-Mb, and apo-M indicate marinobactins B, D, and E,  assumed to be polydisperse according to a Shultz distribution (Figure

respectively, that are not coordinated to Fe(lll). 2).17.18 Because there was negligible correlation between particle
Materials. Deuterium oxide, deuterium chloride, and sodium positions at the low surfactant concentrations used in this work,

deuteroxide were purchased from Cambridge Isotope Laboratories

Inc. Triply deionized water (Barnstead NANOpure 1) was used in (15) Marczenko, Z.Separation and Spectrophotometric Determination of

all experiments. All other chemicals and organic solvents were ElementsEllis Horwood: Chichester, U.K., 1986; Chapter 27.

purchased from EM Science. ApogVapo-M, and apo-M were ort(le) Glinka, C. J.; Barker, J. G; Hammounda B.; Krueger, S.; Moyer, J. J.;

. ! - . ; s, W. J.J. Appl. Crystallogr 1998 31, 430-445.
obtained from a bacterial cultureM@rinobacter species strain (17) Griffith, W. L.: Triolo, R.; Compere, A. LPhys. Re. A 1987, 35, 2200~
DS40M6) and purified as previously describéd! 2206.
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wherebkg is a constant that represents the incoherent scattering
intensity and¢ represents the volume fraction of multilamellar
vesiclesg is normalized to the multilamellar vesicle volume, termed
Vol. Vol is corrected for polydispersity by multiplying the equation

y ‘\\ for the volume of a sphere of radiust Nty + (N — 1)tp,0 by the
r | Shultz distribution functios(r) and integrating over the core radius
\ ! r.
\\\ pM //f
it o 4
vol = [ G(r)[?{r + Nity + to,0)} ] dr @)
Micelle
Model Multilamellar The Shultz distribution function is defined as follows
Vesicle Model ;
Figure 2. SANS models for a micelle and a multilamellar vesicle. 2+ Zexp(—(z + ”(F))
The micelle radiust is allowed to be polydisperse according to a G(r)=(Z2+1) (;) T (8)

Shultz distribution and the micelle has the scattering length density
(SLD) of Fe(lll)-marinobactin gu). The multilamellar vesicle has ] ) ) )
N bilayers wrapped around a core that has the SLD 49 p20) wherer is the average core radid3(Z + 1) is the gamma function,
and the core radius;c, is polydisperse according to a Shultz andZis related to the polydispersity, of the core radius according
distribution. Concentric shells of thicknesshave the SLD of Fe- to the expression.
(lm-marinobactin py) and represent lipid bilayers. Between lipid

bilayer shells are layers of thicknesgo and have the SLD qdpzo. —
scattering from micelles was completely described by a form factor ( ) ©)
(i.e., the structure factor is set to unity for all scattering vectors). The
micelle modelis described in detail on the NCNR website (Supporting
Information).

Multilamellar Vesicle Scattering Model. Scattering from the
large~100 nm Cd(Il)- and Zn(ll)-induced aggregates was analyzed
using a scattering model for multilamellar vesicles. The multilamellar
vesicles are represented by a spherical particle consisting of a cor
with the scattering length density (SLD) of the solvews,6) and
N concentric shells of thicknedg that had the SLD of Fe(llb
marinobactin fu). Layers of thicknest,,o that had the SLD ofp,0
are located between concentric shells of thickrigsé~igure 2).

The form factor for such a multishelled particle withshells is

In one case, SANS data were analyzed using a multilamellar
vesicle model that describes three populations of multilamellar
vesicles. Each vesicle population differs in the number of lipid bilayers
and the volume fraction. (All other vesicle parameters are identical.)
The number of bilayers in each vesicle population is restricted to
e consecutive numbers (i.e., vesicle populations 1, 2, and 3 have
N, N+ 1, andN + 2 bilayers, respectively, whelis any integer).
The expression for the simulated SANS profile of such a mixed
population of vesicles is

K o '(Q):Zo{v lNiX i G(r)Fy.l(@, a(r), b)) dr p + bkg (10)
Fu(@ (0. () = 3 1 | (0,0 ~ (@) F(aa(n) +

=
A7 3 where Fnix(q, h(r), a(r)) is the form factor for a multilamellar
(om — pDZO)E(bi(r)) F(ab(r) ) (1) vesicle withN + X bilayers (i.e., eq 1 wittN + X bilayers instead
of N bilayers) andpn-x represents the volume fraction of vesicles
with N + X bilayers.¢n+x is normalized by the volume of a vesicle
with N + X bilayers, termed Va@lx. Volysx is corrected for
polydispersity in the vesicle core diameter in the same manner as
Vol in eq 7 except that the vesicle hbis+ X bilayers instead of

whereF(qa(r)) and F(gh(r)) are the form factors for spheres of
radii g(r) andbi(r), respectively.

F(aa(r) = 3 sin@a(r)) — ga(r) cos@a(r) ) N bilayers.
(q,s\(r))3 Dynamic Light Scattering. DLS measurements were carried out
on a Brookhaven BI-200SM goniometer with an AT9000 digital
3 sin@b(r)) — gh(r) cos@b(r)) autocorrelator equipped with a Melles Griot 30 mW HeNe laser (
F(ab(r) = 3 ®3) = 633 nm). The correlation function itself was calculated between
(aby(r)) delay times of 5 and k 10° us and was analyzed by the method
of cumulantsl® Measurements were taken in 12 mm round glass
and cells in a temperature-controlled toluene bath with the detector set

perpendicular (99 to the incident laser beam. The diffusion
coefficient was calculated using values of the viscosity and the
refractive index of DO at the appropriate temperature, and a
bi(r) =r+ (i + Lty +itp o (5) hydrodynamic diameter was calculated by assuming that the particle
was spherical. Measurements of particle size by DLS were repeated

Polydispersity in the core radius is added by squaring the Several times to obtain a standard deviation~& nm for the

a(r)=r+ity +ity o 4)

multilamellar vesicle form factoFN(q’ h(r)’ a‘(r))’ mu|t|p|y|ng it hydrO_dynamiC diameter. The DLS ins.trumeni.: Used. for. these
by the Shultz distribution functiofs(r), and integrating over the ~ €xperiments cannot be used to characterize particles with diameters
core radius of less than~7 nm and thus cannot be used to size the micelles

encountered in this work.
Y 2 Cryogenic Transmission Electron Microscopy.Solutions of
I(0) =g fy G F@ a@).b()dr+bkg  (6) 1.4 mM Fe(lll-M¢ containing 3.5 mM Zn(ll) (in O, pD 6.0)
were equilibrated at 37C for 72 h prior to being prepared for

(18) DeGiorgio, V.; Corti, MPhysics of Amphiphiles: Micelles, Vesicles, and
Microemulsions North-Holland: Amsterdam, 1983; p 69. (19) Koppel, D. EJ. Chem. Phys1972 57, 4814-4820.
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cryo-TEM2°The surfactant D,O mixture was spread as a thin]

um) film on a lacey carbon grid (made by Ted Pella of Redding,
CA) at 37 °C in a controlled-environment vitrification system
(CEVS)?1 The samples were plunged onto a mixture of liquid ethane
and liquid propane cooled by liquid nitrogen. After vitrification,
samples were transferred to a GATAN (Pleasanton, CA) cold stage
and imaged at 100 kV using a JEOL 100CXII transmission electron

microscope. Images were recorded under low electron doses to
prevent sample deterioration and were recorded with a CCD camera.

Results

Zinc(I)-Induced Phase Transition with Fe(lll) —Mg. Dy-
namic Light Scatterind=e(lll)—Mgforms a micellar phase when

present in agueous solution at concentrations exceeding its cmc

(ca. 75uM in 100 mM KCI, 50 mM tris buffer, pH 8.0}%11.22

In the presence of Zn(ll), Fe(IHMg undergoes a phase change
at 37°C. At this temperature, solutions of Fe(HMEg (1.4 mM,

pD 6.0) containing>1.8 mM Zn(ll) (i.e.,> 1 equiv of Zn(Il) per
Fe(ll)—Mg) become turbid within 24 h. At higher Zn(ll)
concentrations (i.e., 3.5 and 4.4 mM, which are approximately
2.5:1 and 3:1 molar ratios of Zn(ll)/Fe(IF)Mg, respectively),

dynamic light scattering (DLS) measurements reveal the presence;

of a monodisperse (polydispersity0.2) population of large,
non-micellar particles. Although the polydispersity is low for
each sample, the average particle diameter obtained from at lea:
10 sample preparations of the same composition (i.e., 1.4 mM
Fe(lll)—Mg, 3.5 mM Zn(ll), pD 6.0, 37C) varies between 90
and 170 nm. After 48 h of equilibration, the turbidity and particle
size at 3.5 and 4.4 mM Zn(ll) remain stable for several months
as monitored by DLS. Adding 4.4 mM zZn(ll) (i.e.,>3:1 Zn-
(In/Fe(lll) —MeE) results in the formation of an orange precipitéte.

In contrast, other cations (i.e., NaB&", and C&") do not
induce a phase change at 8, 25, or’@7as monitored by DLS
and SANS (Supporting Information and Table S-1).

In contrast to the Zn(ll)-induced phase change for Feflll)
Me that occurred at 37C, at temperatures below 2%, the
addition of up to 4.4 mM zn(ll) (i.e., 3:1 Zn(ll)/Fe(llfyMg)
does not produce a change in the turbidity of FefIN)g solutions,

Owen et al.

No Added
Zn(ll

1.8 mM
2.7 mM

100 -

—_ 1 i
T 10 5 -
E 3 4

] -
Gl Q (1A

0.14

Figure 3. SANS profiles for 1.4 mM Fe(lll)-Mg with increasing
concentrations of zZn(ll), pD 6.0, 37C. Zn(ll) concentration is
indicated. Solid Lines are the fits to the SANS model that included
micelles and multilamellar vesicles. Inset: SANS profiles offset on
y-axis for clarity.

°C returns to the baseline value of Fe(Hyig in the absence
of Zn(Il), as monitored by DLS. Thus, EDTA coordinates Zn-

S&I), reducing the concentration that is required to effect vesicle

rmation. (See the SANS section below.)

Small-Angle Neutron Scatteringhe Zn(ll)-induced transition
was also studied using SANS. SANS measurements reveal that
Fe(Ill)—Mg solutions with no added Zn(ll) or slightly more than
1 equiv of Zn(ll) (i.e., 1.8 mM Zn(ll) and 1.4 mM Fe(IHjME)
consist primarily of micelles (Figure 3), which is consistent with
DLS measurements. Furthermore, the fitted micellar diameter is
greater in the presence of 1.8 mM Zn(ll) relative to the case with
no added zZn(ll) £4.7 and~3.5 nm, respectively, also see
Supporting Information, Table S-1). When the Zn(lIl) concentra-
tionisincreased (i.e., 2.7 mivd.4 mM Zn(ll), which isca.2—3
equiv Zn(ll) to Fe(lll)-Mg with equilibration at 37°C for 3
days) the SANS profiles show a decrease in the high Q scattered

as measured by DLS, suggesting that the Zn(ll)-induced partidesintensity from the micelles and a large increase in the low-Q

do not form. Nevertheless, once the Zn(ll)-induced particles have
formed at 37°C, lowering the temperature to 25 or’8 does
notreverse the transition, and te®@0—170 nm diameter particles

scattered intensity, which results from a population of much
larger aggregates{100 nm). SANS profiles with 3.5 mM and
4.4 mM Zn(ll) (i.e.,ca. 2.5 and 3.0 molar equiv of Zn(ll) to

persist as monitored by DLS. However, these particles can beFe(lll)—Mg) also exhibit a Bragg-type peak ap@ 0.11 A"

dissolved by the addition 2 mM EDTA: that is, the solution
turbidity of the Zn(ll)-induced particles that were formed under
conditions of 1.4 mM Fe(ll)-Mg, 3.5 mM Zn(ll) at pD 6.0,

(20) (a) Jung, H.-T.; Coldren, B.; Zasadzinski, J. A.; lampietro, D.; Kaler, E.
W. Proc. Natl. Acad. Sci. U.S.2001, 98, 1353-1357. (b) Jung, H.-T.; Lee, S.
Y.; Coldren, B.; Zasadzinski, J. A.; Kaler, E. Wroc. Natl. Acad. Sci. U.S.A.
2002 99, 15318-15322.

(21) Bellare, J. R.; Davis, H. T.; Scriven, L. E.; Talmon JYElectron Microsc.
Tech.1988 10, 87.

(22) Zhang, G. P. Ph.D. Dissertation. University of California, Santa Barbara,
CA, 1999.

(23) After the addition of 2.74.4 mM Zn(ll) to 1.4 mM Fe(ll)-Mg (pD 6.0,
37°C), asmall quantity of orange precipitate forms, accompanied by an approximate
10% decrease in the absorbance at 400 nm (i.e.Atheof the Fe(lll)-Mg
complex). The decrease in absorbance at 400 nm is consistent with the precipitatio
of Fe(lll)—Meg. It is not likely that Zn(ll) displaces Fe(lll) from the Fe(ItHiMg

(Figure 3 inset), suggesting the Zn(ll)-induced aggregates have
an internal periodic structure with a periodicity of/@g ~ 56

The SANS data for the Zn(ll)-induced phase were fit by a
linear combination of a model for polydisperse spheres (i.e.,
micelles, Figure 2) and a model for cershell particles with
multiple shells (i.e., multilamellar vesicles, Figure 2). A similar
quality of fit to the SANS data (e.gx? value) could be obtained
by replacing the multilamellar vesicle model with a model for
stacks of discs (i.e., stacked lamellae). However, the multilamellar
vesicle model was deemed more appropriate on the basis of the
observation of spherical particles by cryo-TEM. (See below.) To

¥it the SANS data for the Zn(ll)-induced phase, the micelle

complex, given that these types of hydroxamate siderophores have a greaterdiameter and polydispersity were constrained to that obtained

affinity for Fe(lll) than Zn(ll) and other divalent transition-metal ions.

(24) The addition of 2 mM EDTA to the Zn(ll)-induced vesicles formed under
conditions of 1.4 mM Fe(ll)-Mg, 3.5 mM Zn(ll), 2 mM EDTA, pD 6.0 at
37°C is expected to lower the concentration of “available” Zn(ll) (e.g., Zn(ll)
that is not coordinated to EDTA) to ca. 1.5 mM. This Zn(ll) concentration is too
low to stabilize the Zn(ll)-induced Fe(IH)Me vesicles. The addition of a near-
stoichiometric concentration of EDTA (i.e., 3 mM EDTA or 3.5 mM Zn(ll))
competes effectively with apo por coordination of Fe(lll) at the pH of these
experiments (pD 6). Apo Mdoes not undergo the micelle-to-vesicle transition.
Thus, higher concentrations of EDTA also dissolve the Zn(ll)-induced particles
by coordination of both Zn(Il) and Fe(lll).

from SANS measurements of Fe(HHMg micelles at 1.8 mM
Zn(1) (Figure 3), and the vesicle bilayer thickness and interbilayer
thickness were fixed equal to each other so that their sum equaled
the periodicity implied by the Bragg peak @ ~ 0.11 A!
(27/Qg ~ 5.6 nm= interbilayer thickness- bilayer thickness).

The model was then fit to the SANS data by minimizjfgvith
respect to four parameters (i.e., micelle volume fraction, vesicle
volume fraction, vesicle core diameter, and vesicle core poly-
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Table 1. Micelle and Vesicle Parameters for Fe(lll}>Mg with
Zn(Il) or Cd(lr) 2

zn(ll) cd(in
2.7 35 44 3.5
SANS fit parameters mM mM mM mM
micelle volume fraction 0.067 0.015 0.005 0.009
(£0.001%)
diameter 47 47 47 47
(£0.1 nmy
polydispersity 0.23 023 0.23 0.23
(+0.01
multilamellar  vesicle 121 181 7% 92
vesicles diameter
core diameter 17.3 126 102 16.6
(£0.6 nm)
core 1.00 0.90 1.00 0.90
polydispersity £0.01)
bilayer 2.8 2.8 2.8 2.7
thicknes8
interbilayer 2.8 2.8 2.8 2.7
thicknes8 £
vesicle volume 0.018 0.087 0.057 0.135  Figure 4. Cryoelectron micrograph of 1.4 mM Fe(lMg with
population no. 1 fraction (0.001%) 3.5 mM ZnCb, pD 6.0, (37°C prior to vitrifying sample). Scale bar
gﬁé}%rs 10 15 6 7 represents 200 nm. Arrows indicate representative particles.
vesicle volume 0.007 g
population no. 2 fraction (+0.001%) e
no. of 7 o
bilayers 1000 50'19
vesicle volume 0.035 = =&
population no. 3 fraction +0.001%) 100 7 Fe(lll)-My
gicl)é)c/)érs 8 = 0.05 o_'1co} g‘._'115 020 0.25
%2 1.8 48 111 136 £ 10 el
aFe(ll)=Me (1.4 mM), pD 6.0, 37°C." Micelle diameter and %
polydispersity as well as vesicle bilayer thickness and interbilayer e] 1
S

thickness are constrained as described in the t&Xameter of vesicles
with six bilayers. 0.1

é T
dispersity) for different fixed values of the number of vesicle 0.01 Q A—1 0.1
bilayers. (A7)

At Zn(ll) concentrations of 2.7, 3.5, and 4.4 mM Zn(ll) (with ~ Figure 5. SANS profiles for 1.4 mM Fe(llh-Mg and Fe(lll)-Mp
1.4mM Fe(lll)-Mg), the best fitis obtained with a multilamellar ~ With 0.5 mM and 3.5 mM ZnG| respectively, pD 6.0, 25C. Solid
vesicle whose solvent-filled core has a much smaller average"nes are the fits to the multilamellar vesicle plus micelle model.
diameter than the entire vesiclec15% of the entire vesicle Inset. SANS profiles are offset on tiyeaxis for clarity.
diameter, Table 1), suggesting that the vesicles may have bilayers
with ranges of curvature that extend nearly to the center of the sf.
vesicle?® The SANS data at 4.4 mM Zn(ll) is actually fit best 238
by a model that describes a mixture of vesicles with six, seven, 1 wd(”}

™ NQ.5 M La(lll)
3 156786
0.1

o 1(Q) (em™)

L il

and eight bilayers (i.e., alinear combination of three multilamellar
vesicle models; see Supporting Information, Figure S-2 and Table
S-2) and suggests that the vesicles at 4.4 mM Zn(ll) may be more
polydisperse than those at 2.7 and 3.5 mM Zn(Il). The SANS
profile of the Cd(ll)-induced particles (Figure 6) was also fit to
the micelle-plus-multilamellar-vesicle SANS model (Table 1),
and the results are discussed below.

Cryogenic Transmission Electron Microscopjsualization 0.1 LRI, . — :
of the Zn(ll)-induced Fe(lll}-Mg particles (3.5 mM zZn(ll)/1.4 4 638 2 4 638 2
mM Fe(lll)=Mg) by cryo-TEM revealed a population of Q (A'1)
approximately circular aggregates-00 nm diameter) that . ' .
appeared to be solid (Figure 4). Tilting the cryo-TEM sample E'gg[zeaﬁa g./g'\r!r?Mplr_g(I:\?g)zc,)LIjj.é.om,'\g;g.(lg)(;l?ﬂdlzli\lflvéﬂ?s:Elilse ?i1t'\t/|o

from —4510 45 (with 0° representing the sample surface normal e muyitilamellar vesicle plus micelles model for 3.5 mM Cd(ll).
oriented parallel to the electron beam) did not change the observednset: SANS profiles offset og-axis for clarity.

diameter of the Zn(ll)-induced particles, suggesting that the

L sl

Q (1A

L1l

sl

particles are spherical (data not shown). The cryo-TEM images
(25) The considerable polydispersity in core diameter (6200, Table 1) ,Of th_e Z"(”)T'”duf:ed particles (F|gure 4) do an[ show a hollow
means that a significant fraction of the vesicles in the model have a core diameterinterior that is typical of many multilamellar vesicles. However,
oflessthan 1 nm, inwhich case the innermost bilayers would have an unrealistically if the interior contains a sufficient number of bilayers, then the
high curvature. The large polydispersity in core diameter may be an artifact that core could appear solid by cryo-TEM. In addition, the cryo-

results from parameters that are unaccounted for in the model such as the presenci - ! ) - .
of non-spherical vesicles or fluctuations in the distance between bilayers. TEM image did not show resolved bilayers in each putative
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vesicle, which could be a result of insufficient contrast between Table 2. Micelle and Vesicle Parameters for Fe(lll)>Mg and

the Fe(lll)-M¢ bilayer and the space between bilayers. Fe(ll) —Mp with Zn(ll) *

A sample containing the Zn(ll)-induced particles (1.4 mM Feélg)—mg, Feélg)—mo,
Fe(lll)—Mg, 3.5 mM Zn(ll)) was also imaged by freeze-fracture . > M > M
TEM (FF-TEM) 28 A very small number (ca. five) of globular . SANS fit parameters Zn(ll) Zn(ll)
objects (100 nm diameter) were observed in FF-TEM images Micelle f‘:g(':‘i{é‘r? 0.001% 0.009 0.021
(data not shown); however, the globular objects were too sparse diameteE 001%) 3.0 43
for us to determine if they were representative of the sample. (£0.1 nm}y

Zinc(Il)-Induced Phase Transition with Fe(lll) —Marino- E’iog’%if ersity 0.25 0.26
bactin B and D. Dynamic Light ScatteringMarinobactins B multilamellar diameter 199 205
and D have the same headgroup and coordination geometry toyesicle
Fe(lll) as Fe(lll-Mg but differ in the identity of the fatty acid core 324 34.1
tails (Figure 1). Fe(lll)Mp is a ca. 1:3 mixture of Fe(IlyMpy diameter £0.2 nm) 100 o
and Fe(lll}=Mp>, which have cis double bonds in the7 and gg{idispersity £0.01) ' =3
-9 positions of the fatty acid tail, respectively (Figure 1). The bilayer 26 2.8
hydrocarbon tail of Fe(lI5-Mg also contains a cis double bond thicknes8
in the w-7 position but is shorter than the fatty acid tails of 'tmglr(?]"'easger 2.6 2.8
Fe(lll)—Mp and Fe(lll)-Mg by two methylene groups (Figure | egicle population volume 0.047 0.066
1). Adding 0.5 or 3.5 mM Zn(ll) to Fe(lll-Mg or Fe(lll)—Mp, no. 1 fraction (=0.001%)
respectively, (1.4 mM Fe(lllrmarinobactin, pD 6.0, 37C) no. of 16 17
produces a milky, turbid solution similar to that observed with ;;'ayers 76 -

Fe(lll)—Meg in the presence of 3.5 mM Zn(ll) at 3. DLS _ _ _ _
measurements reveal that the Zn(ll)-induced particles of Fe- 2 Fe(lll)—marinobactin (1.4 mM), pD 6.0, 2%. ® Micelle diameter
(Il —Mg and Fe(lll-Mp were relatively monodisperse in size and polydispersity as well as vesicle bilayer thickness and interbilayer
(polydispersity<0.25) for a given sample preparation, although thickness are constrained as described in the text.

the average diameter varied considerably between sample . . .
preparations (i.e., 1.4 mM Fe(IHMp with 3.5 mM zn(ll) at 5.7 nm. The intensity of the low@ scattering from the La(lll)-

pD 6.0 and 37°C). Specifically, the average diameter of the induced particles extends to high@mwalues than for the Cd(ll)

: Zn(ll)-induced particles, suggesting that La(lll) induces Fe-
Zn(Il) particles ranged from 170 to 250 nm for Fe(tHMg and or - -
from 150 to 220 nm Fe(ll}Mp. (Il —Meg to form aggregates of a smaller size than Cd(ll) or

. ) Zn(l1). Fitting SANS profiles of the Cd(ll)-induced phase to the
“iwj‘"'Aggle l;leut:on fS;:rzttﬁangi:ANj profrllI:sFof”tlheMZn- multilamellar vesicle scattering model produced similar qualita-
( 2 o5 EgeF?‘gg ega estor ? ty Se'g\Nl)éBa fil &( f)t_h DZ tive results as were obtained in the case of the Zn(ll)-induced
gﬁ)-induc,ed Ig;:teicle)saf[)ernsmlergl g;/ Ige(IH)ME (pe:tO:;?e"SCO Figsren- phase (Table 1). Specifically, the fitted vesicle core radius was

X = a small fraction of the overall vesicle diameter (ca. 18%),
3) and display a Bragg peak @t~ 0.11—0.12 A-1. The Bragg . ; ; -
peak position is shifted to slightly high&(smaller interlamellar suggesting that the vesicles have bilayers extending nearly to the

- . ; . . center of the particle. The best fit to SANS profiles for the La-
repeatdlstancg) inthe case .Of Fe(HNls (Figure 5 'ns.et) relative (lM-induced phase (Figure 6, fit not shown) was obtained using
t(l)”FE('l/III)—'r:r_]arlnokSJ.s_lct|nts W'tg 'I:onﬂeerattéamd tgl_ls (et.g.’l Fe- a mixture of two vesicle populations with two and three bilayers.
(1) —Mo (Figure S inset) and Fe(I)Me (Figure 3 inset)). In However, the quality of fit in the case of the La(lll)-induced
the case of Fe(IIiMD’ the SANS prof!le qllsplays a shoplder phase was much pooreg?(= 34.1) than that obtained with the
ﬁo?mo:isgfr(s)g ﬁopfj?;ttio%mgfd pt:;tigg;cf&eh Oe:samrﬁlltailtzllvrﬁzlar Cd(l)- or Zn(ll)-induced particles (Table 1), suggesting that the
vesicles. The fitted vesicle parameters (TabR &r the Zn- multilamellar SANS model may be inappropriate to describe

. . - SANS profiles of the La(lll)-induced phase.
(I-induced Fe(lll)-Mg and Fe(lll)-Mp particles are similar L : o
to those obtained for Fe(IF)Me with 3.5 mM Zn(il) (Table 1), Dynamic Light Scatteringlhe addition of 3.5 mM Cd(ll) or

. ) e : 0.5mM La(lll) to 1.4 mM Fe(lll)-Mg solutions and equilibrating
iggguo%hlzré%tﬁ;zl'{ﬂ’ ”;g vesicle core polydispersity is lower in the for 72 h at 37°C (pD 6.0) produced a turbid solution similar to
D-

. ) that obtained upon 3.5 mM Zn(ll) addition to 1.4 mM Fe(H)
Cd(ll)- and La(lll)-Induced Phase Transitions with Fe- Me under the same conditions. DLS measurements show that
(1) —Me. Small-Angle Neutron Scatterin@ANS profiles of

; - = L Cd(Il) containing Fe(lll)-Mg solutions consisted of a relatively
the Cd(ll)- and La(lll)-induced particles exhibited a similar Bragg monodisperse population (polydispersit9.2) of particles with
peak aiQg ~ 0.11 A~ as SANS profiles of the Zn(ll)-induced

' ) . X . an average fitted diameter that varied between ca. 100 and 190
partlclgs (Figure 6), suggesting th_at {all three cations induce the , 1, aachtime a particular sample (e.g., 1.4 mM FefIN)e with
formation of aggregates with a periodic microstructure 6f6— 3.5 mM Cd(ll) at pD 6.0 and 37C) was prepared. DLS
measurements of La(lll)-containing Fe(HM¢g solutions yielded
a correlation function that was inconsistent with a monodisperse

(26) (a) Zasadzinski, J. A.; Bailey, S. M. Electron Microsc. TecH.989 13,
309-334. (b) Keller, S. L.; Boltenhagen, P.; Pine, D. J.; Zasadzinski, Bh#s.
Rev. Lett.1998 80, 2725-2728. (c) Spector, M. S.; Naranjo, E.; Chiruvolu, S.;

Zasadzinski, J. APhys. Re. Lett. 1994 73, 2867—2870. (28) The simulated SANS profile from the multilamellar vesicle model
(27) The multilamellar vesicle model was fit to the Fe()g and Fe(lll)- sometimes exhibits “spikes” i@ regions where data obtained at two different

Mp SANS profiles using the same procedure outlined for Fe{M), except that sample-to-detector-distances overlap (e.g., 2 and 13 m sample-to-detector

the Fe(Ill)-Mp micelle diameter and polydispersity were obtained from SANS distances). The spikes occur because the SANS model was smeared with

measurements of Fe(IMp micelles at 10°C (Figure S-3 and Table S-3 in instrumental resolution parameters and those parameters are not the same at different

Supporting information). The Fe(IH)Mg micelles were not concentrated enough ~ sample-to-detector-distances. Smearing the SANS model with different instru-
(at 10, 25, or 37C) to get a reliable measurement of their parameters; therefore, mental resolution parameters can result in slightly different calculated values for
the Fe(lll)-Mg micelle diameter and polydispersity were arbitrarily fixed at 3nm  the simulated SANS intensity at the same Q value and can cause a spike in the
and 0.25, respectively. Using different parameters for the Fe(Ml3 micelles simulated profile. This phenomena is evident in the fit to the SANS profiles of
did not significantly change the other fitted parameters or the quality of fit (i.e., the Zn(ll)—induce}g particles formed from Fe(HMg and Fe(lll}-Mp (Figure

c2). 5) atQ ~ 0.008 AL
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population of particles, which suggests that the La(lll)-induced
aggregates are more polydisperse than the Zn(ll)- and Cd(ll)-
induced particles.

Discussion

Zn(ll) induces a change in aggregate morphology in which
Fe(lll)—Mg micelles are converted to large spherical particles
(~100—200 nm diameter) at 37C. SANS profiles of the Zn-
(IN-induced particles are consistent with multilamellar vesicles
(Figure 3). The Bragg peak &g ~ 0.11 Al is suggestive of
liposomes with an interlamellar repeat distanceof®; ~ 5.6
nm. Fitting SANS data to the multilamellar vesicle model indicates
that the solvent-filled core makes up a small fractieri$o) of
the overall vesicle volume, which is consistent with the fact that
the solvent-filled core is not visible in cryo-TEM images of the
Zn(ll)-induced particles (Figure 4). Interlamellar spacing was
not discernible in the cryo-TEM images (Figure 4), which could
result from insufficient contrast between the vesicle bilayer and
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assuming that metal-bridged Fe(HMg molecules are more
rodlike in shape relative to individual Fe(iHHMg molecules.
Therefore, varying the surface concentration of metal-bridged
headgroups in this manner could allow for the greater membrane
curvatures of bilayers near the core of the liposome relative to
the perimetep3

If the metal cation (e.g., Zn(ll), Cd(Il), and La(lll)) bridges
more than one Fe(llfymarinobactin headgroup in the metal-
induced particles, then the ratio of bridging metal cation to Fe-
(Il —marinobactin in the metal-induced aggregates should be
less than 1. Therefore, one might expect the metal-induced
particles to form when less thanl equiv of metal cation is added
to a solution containing 1 equiv of Fe(lt)marinobactin. Indeed,
Zn(ll)-induced particles form when the Zn(lIl)/Fe(H)narino-
bactin ratio is as low as 0.35 in the case of Fe{tV)g (Mg has
a Cy4, unsaturated fatty acid tail; Figure 1). However, Fe(tl)
Mg, which has a longer fatty acid tail (i.e.;§ saturated, Figure
1) than Fe(lll-Mg, requires a Zn(ll)/Fe(lll-marinobactin ratio

the space between bilayers. In fact, if the space between bilayer<f greater than 1.3 (Figure 3) before a phase change is observed;

was occupied by the surfactant headgroup or a sufficient
concentration of Zn(ll), then the interlamellar spacing would not

the concentration of Fe(Ifymarinobactin is 1.4 mM in both
cases. At this point, itis not clear why Fe(HHMg requires more

be resolved. Thus, the SANS and cryo-TEM data suggests thatthan 1 equiv of Zn(ll) to undergo the Zn(ll)-induced transition;

Zn(ll) induces Fe(lllx>Mg to form multilamellar vesicles
characterized by a small solvent-filled core volume relative to
the overall vesicle volum,

however, ratios of metal cation to surfactant that are greater than
1 are also required for metal-induced phase changes by other
anionic surfactants. For instance, &Ctb surfactant ratio of ca.

The metal-induced phase behavior can be rationalized in terms2:1 induces the lamellar to reverse hexagonal phase transition
of the coordination chemistry of carboxylic acids with the metals ©f cardiolipin as well as 1,2-dioleioylphosphatidic ai.

investigated. Cd(Il), Zn(ll), and La(lll) form 2:1 ligand/metal
coordination complexes with carboxylic acids, such as acetic
acid 3, =4.8x 1(% 1.2x 1%, 1.8 x 1(? respectively, at 0.01

M ionic strength), whereas €a and B&" are reported to
coordinate only a single acetate in aqueous solutian< 9.5

and 13.3, respectivelyy. The ability of Cd(ll), Zn(ll), and La-

It is interesting that the Zn(ll)-induced-transition with Fe-
(1) =MEg occurred only above 28C because assembling many
small micelles into a large-100 nm diameter aggregate is
expected to be entropically disfavored. An increase in membrane
fluidity at higher temperatures has been used to explain the
elevated temperature requirement for Ca(ll)-induced vesicle

(Ill) to coordinate two acetate ligands suggests that these metalfusion in phospholipid systen$.A similar mechanism may

cations may drive the phase transition by bridging the terminal
carboxylate moiety of two or more Fe(It)Mg headgroups (e.g.,
forming =2:1 Fe(ll)=Mg/Zn(Il) complexes) and pulling them
closer together. Bridging two headgroups with a metal cation
effectively produces a cylindrical composite surfactant molecule
with two alkyl tails that would likely favor a vesicular arrangement

explain the phase behavior of Fe(Hijnarinobactin in which an
elevated temperature is required to increase the fluidity of the
surfactant’s fatty acid tail so that micelles are able to fuse into
alarger, more energetically favorable aggregate. This hypothesis
is corroborated by the fact that Fe(HMg and Fe(llly-Mp
undergo the Zn(lIl)-induced phase transition at lower temperatures

(Scheme 1) relative to a cone-shaped, monocephalic surfactan{€:9- 25°C and below; Figure S-3 and Table S-3 in Supporting

that would be thermodynamically predisposed to form micéfles.
Thus, Cd(ll), Zn(ll), and La(lll) may induce the formation of
multilamellar vesicles by bridging multiple Fe(ltHMg head-
groups. Solvent-ordering effects (e.g., Hofmeister effeét®),
could also be important in the cation (e.g., Zn(Il), Cd(ll), or
La(lll)) stabilization of the liposome.

The surface concentration of metal-bridged headgroups (i.e.,
Zn(Il)-bridged headgroups) on a given bilayer in a Zn(ll)-induced
multilamellar vesicle may be lower for bilayers near the vesicle

Information) than Fe(ll)-Mg because Fe(ll)Mg and Fe(l11)-
Mp have unsaturated hydrocarbon tails{&hd G, respectively,
Figure 1) and are expected to have lower melting temperatures
than Fe(lll)-Mg, which contains a saturated Jipid tail.

Zn(l), Cd(ll), and La(lll) effect a phase change in Fe(H)
Mg that is similar to the Fe(lll)-induced micelle-to-vesicle
transition reported previoush The effect that these multivalent
cations have on the phase behavior of FefIN)e has opened
up new questions regarding the role that these and other cations

core versus the bilayers at or near the perimeter. Decreasing thé@y Play in iron uptake by the source bacterium. To date, a

surface concentration of metal-bridged headgroups (and therefor:
increasing the surface concentration of individual unbridged

headgroups) is expected allow a greater membrane curvature

(29) Alternatively, the Zn(ll)-induced particles could be a non-lamellar dispersed
phase (e.g., hexosomes: Yaghmur, A.; de Campo, L.; Sagalowicz, L.; Leser, M.
E.; Glatter, O.Langmuir2005 21, 569-577), which can have the appearance
of solid spheres by cryo-TEM as well as give rise to a Bragg peak (Figure 3).
However, given that Fe(lllyMg forms multilamellar vesicles in the presence of
excess Fe(Il1}211it seems reasonable that Fe(#l)le also forms multilamellar
vesicles in the presence of Zn(ll).

(30) Martell, A. E.; Sillen, L. G Stability Constants of Metal lon Complexes
The Chemical Society, Burlington House: London, 1971; Supplement No. 1, pp
250-256.

(31) Collins, K. D.Methods2004 34, 300-311.

(32) Cacace, M. G.; Landau, E. M.; Ramsden, Q.Re . Biophys 1997, 30,
241-277.

gvariety of marine bacteria have been shown to produce am-

phiphilic siderophores with anionic peptidic headgroups that may

(33) Alower surface concentration of metal cations for bilayers near aliposomes
core vs the perimeter would suggest that the net charge of bilayers near the core
would be different from the net charge of bilayers near the perimeter. Such a
separation of charge in a liposome would be energetically unfavorable; however,
a greater surface concentration of metal cations on a bilayer could also cause
greater ionization of neighboring carboxylic acids in the same bilayer (i.e., could
lower the X, of neighboring carboxylic acids). Thus, the bilayer charge could
be the same for bilayers near the liposomal core vs the perimeter, and the vesicle
core would be electroneutral with its perimeter.

(34) Verkleij, A. J.; de Maagd, R.; Leunissen-Bijvelt, J.; de Kruijff Bochim.
Biophys. Actal982 684, 225-262.

(35) Papahadjopoulos, D.; Vail, W. J.; Pangborn, W. A.; PostdiGchim.
Biophys. Actal976 448 265-283.

(36) Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. \W.Chem. Soc., Faraday
Trans. 21976 72, 1525-1568.
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also participate in metal-dependent phase behavior similar toand J. Barker (NIST Center for Neutron Research) for performing
that of the marinobactins. Future studies with the marinobactins specific SANS measurements. Certain commercial equipment,
and other amphiphilic siderophores will focus on elucidating the instruments, and materials are identified in this article to foster
metal coordination environment of the cross-linking metal ion understanding. Such identification does not imply a recom-
(e.g., with X-ray absorption spectroscopy) to understand better mendation or endorsement by the National Institute of Standards
how the interplay between metal-coordination chemistry and and Technology nor does itimply that the materials or equipment
surfactant self-assembly governs the phase behavior of thisidentified are necessarily the best available for the purpose. This
biologically and technologically relevant system. work is also based upon activities supported in part by the National
Science Foundation under agreement no. DMR-0454672.
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