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The localization of 2,4-dibromophenol molecules along the bilayer normal was investigated by anomalous
small-angle X-ray scattering (ASAXS) with synchrotron radiation. The ASAXS measurements, executed at
three different energies, provide the separation of the scattering of the bromine atoms of dibromophenol
molecules from that of the whole system. Using a fialange model, the localization of the dibromophenol
molecules was characterized at a lower (0.1) and a higher (1) dibromophenol/lipid molar ratio corresponding
to the gel and to the interdigitated phases of the vesicle matrix, respectively.

Introduction words, by using ASAXS one can overcome the problem of
separating the small-angle scattering of the guest molecules from

livi ; has b field of intefeit is k that of the whole system. The basis of the method is the energy
on living organisms has become a field of interestit is known dependency of the scattering factors of the atoms, which are

that bromophenols are present in a wide range of different kinds complex quantities and show a strong variation with the X-ray

of environment. For _example, th‘?se Chem'.cals oceurin Spongesenergy in the vicinity of the absorption edge of the atom under
and algae and also in other marine organisms, and they can b

%onsideration, which is the bromine in our case.
found in the blood of fishes and mammals, too. ’

_ The ecological role of these molecules is stiI_I not clear, but Experimental Section

it has been shown that they have hormone-like effects and .
disrupt the cellular C& homeostasis in endocrine ceflg. The method of anomalous small-angle X-ray scattering has
Recently, the importance of the elucidation of the brominated P&en flsed in a great variety of fields, e.g., in the study of
phenols’ effect has been increased not only by their natural alloys* examining thm _fllms of Qleqtrogatalys%é,protem
occurrence in the organisms but also by their industrial researci?14 and describing the distribution of counterions
application as fungicides and flame retardants (e.g., 2,4,6-&round macroions and polyacrylate chains’ In the latter
tribromophenol, tetrabromobisphenol A). These brominated Paper, & method was introduced to separate the scattering of
contaminants act on basic cellular functions via complex the guestatoms from that of the whole system. Hereinafter, this
interactions, which depend on many parameters; thus, it is worth method will be reviewed with the specification for radially
examining the effect of bromophenols on separated componentrdered systems. o _

of the real cells. Consequently, vesicles (or liposomes) are From the small-angle X-ray scattering's point of view, a

frequently used as model membranes to study the effect of guesfnultilamellar vesicle can be considered as a stack of layers
molecules on biological membranes. averaged over all orientations in the three-dimensional space;

consequently, the scattered intensity can be expressed as

In recent years, the effect of brominated phenol compounds

In this paper, the localization of 2,4-dibromophenol in a
multilamellar vesicle system constituted from 1,2-dipalmitoyl-
snglycero-3-phosphatidylcholine (DPPC) and water is studied 1(q) = S(a)|F(@)| /0’ 1)
at 0.1 and 1 DBP/DPPC molar ratios. It was previously reported
that the accumulation of lipophilic compounds like dichlorophe-
nols causes lateral heterogeneity and cluster formation in the
double lipid layer$:® Presumably, the localizations of the
dichloro- and dibromophenol molecules in the vesicle system
are the same because of their similar chemical beha%\fe
have studied the distribution of DBP molecules in vesicles with
the anomalous small-angle X-ray scattering (ASAXS) method,

whereq denotes the magnitude of the scattering variadple,
47 sin 0/4; F(q) is the bilayer form factor, an&(q) is the
structure factor of the layet822235q) represents the contribu-
tion of the layer structure, whilg(q) is the Fourier transform
of the bilayer electron density (ED) profile.

Generally, the form factor of a bilayer with additive guest
atoms can be written a8(q) = Fvesiclqq) + Faues{q) where

which proved to be an excellent technique to determine the vesicl d2 . vesicl i
o . . . - .alaz
localization of atoms/molecules in a surrounding media. In other F*%a) f—d/z Ap™gye ™ dz
* To whom correspondence may be addressed. TeB6 1 463 2473. Fguestq) _ (92 Apguestz).e’iqz dz 2
Fax: +36 1 463 3767. E-mail: abota@mail.bme.hu. —d2
T Budapest University of Technology and Economics. ) . . . )
*Research Centre lich. Here, d is the bilayer repeating unit, andp'esicl{z) and
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Ap9'es(z) are the average excess electron densities of the lipid T T ' ' T ]
layers and the guest molecules along the bilayer normal

Apvesicle(z) — (flipid _ pwatevlipid)u(z)

Apguestz) — [(foyguest_ pwate\/gues) + f éues(E) + g Al |
S o
if gues(E)] U(Z) (3) 2 4L ]
Here,p"a€ris the electron density of the solveitiPid and\/uest - Ll }132[;;9 _29f0 , 0532 ]
are the volumes of the lipid layers and the guest molecules, 13430 5413 0.505
while u(z) andu(2) are the radial average of the particle densities gL 13470 7891 0502 |

of lipids and guest molecules. For the sake of simplicity in the L L . . ) s s
following, we will denotef ., and f . with f' and f", 12000 13000 15200 :[‘;‘5] 19600, 13800 14000
rgspect.lvely, since we only have to consider the anoma!ous Figure 1. Anomalous dispersion corrections for bromine obtained by
dispersion corrections of the guest molecules, or more precisely cromer-Liberman calculation:2t
of their resonant atoms. The molecular scattering factor of lipids,
fipia, is nearly energy-independent, but that of the atoms of the kept at 45°C and vortexed intensively, then quenched &4
guest molecules shows a strong variation with the energy in This process was repeated 40 times to get a homogeneous
the vicinity of the absorption edge of the atom under consid- liposome system. The X-ray measurements were performed
eration. using Plexiglas-walled (without significant small-angle scatter-
With the introduced quantities, one can rewrite the form factor ing) sample holders; for precise incubation, thin water flow in
of the system as a sum of a resonant, energy-dependent, and front of the walls was used.
nonresonant, energy-independent terfagg) = U(q) + (f' (E) ASAXS Experiments. Anomalous small-angle X-ray scat-
+ if"(E))V(d), where V(q) = [v(2) exp(-igq2) dz is the tering (ASAXS) measurements were carried out at the Jusifa
geometrical part of the form factor of the bromine atoms of the (B1) beamliné® at HASYLAB (DESY, Hamburg) in the
bromophenol molecules. Then, the measured intensity can bescattering variableq(= 4 sin 6/1) regime of 0.02-0.4 A1,
calculated as follows: The measurements were made with a two-dimensional detector,
at the energies 12 970, 13434, and 13470 eV, close to the
I(q, B) = {U%(@) + 2f "(B)U(q)V(q) + [f *(E) + absorption edge of bromine at 13 474 eV. These energies were
2 > - S0) chosen on the basis of an absorption measurement on DBP
|V} — (4) crystal. The net scattering data collected at different energies
q were computed to the same abscissa, normalized to the primary
From this, the difference of two scattering curves, measured atPeam intensity, and corrected for transmission. Finally, the
two different energies, will be the following: scattering curves have been calibrated to absolute units of
macroscopic cross sections (e.u.nfFor data evaluation, the
Al(g, E,, E,) = {2[f'(E,) — f'(E)]U(QV(Q) + [f "XE,) — anomalous dispersion corrections of Br were calculated accord-
ing to Cromer and Liberm&#2! (Figure 1). The values df’
f'2(E2) 4 f ~2(E1) —f er(Ez)]VZ(q)}S(_?) (5) andf" at the energies used are also shown in Figure 1.
q
To eliminate the mixed term, a measurement at a third

different energy should be performed, and the separated BY dispersing DPPC molecules in water, centrosymmetric
scattering of bromine atoms can be expressed as follows: multilamellar vesicles are formed spontaneously. According to
the one-dimensional order (in radial direction), the scattering

S(q) 1 |' Al(q, E;, E) Al(q, E;, Ey) pattern of the system exhibits at least five Bragg peaks. In the

) > = f Y T Y case of the DPPC/water system doped with DBP molecules,
q C(Ey Bz, E3)|. (E) (E) (Es) (Es) depending on the concentration, the regular structure is damaged,

but the periodicity is still present. As a result of the guest

Results and Discussion

V(g

CE, E, E) =f'(E) — f'(E) + f "Z(El) - f"Z(Ez) _ molecules, only two Bragg reflections can be observed on the
b2 2 f'(E) —f'(Ey scattering patterns. In Figure 2, scattering curves of the systems
"2 2 with 0.1 and 1 DBP/DPPC molar ratios are shown. All the
f(E) — (B (6) measurements were carried ouTat 20 °C, which corresponds
f'(E) — f'(Ey) to the nonrippled gel phase/) of the pure DPPC/water system.

The squares denote the total scattering of the system measured
According to eq 6, with ASAXS technique one can access at 12 970 eV, the farthest energy from the absorption edge of
the scattering of the guest atoms, so the distribution of thesebromine (there is almost no anomalous effect from DBP
molecules in the vesicles can be directly observed. molecules at this energy). Comparing the total scattering curves,
Sample Preparation.Synthetic high-purity 1,2-dipalmitoyl-  one can identify drastic changes, which originate in the different
sn-glycero-3-phosphatidylcholine (DPPC) and 2,4-dibromophe- phases of the systems induced by the different ratios of DBP
nol (DBP) were obtained from Avanti Polar Lipids (U.S.A.) molecules. At the lower concentration, DBP has a perturbation
and from Sigma (Germany), respectively. The pure DPPC effect on the correlation of lamellae. The average periodicity
without further purification was mixed with crystallized DBP  (d) is 67.8 A, which is larger than that of the regular nonrippled
in conformity with the different DBP/DPPC ratios, and then, gel phase (64.2 A). At higher concentration, the interdigitated
deionized, triple quartz-distilled water was added to the system form of the gel phase has appeared, as it can be recognized
to gain a lipid concentration of 20 w/w %. The mixtures were from thed = 50.7 A repeating distance. In that phase, the
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Figure 3. Particle densities along the bilayer normal at 0.1 (top) and
1 (bottom) DBP/DPPC molar ratio. The positions of the lipid molecules
are also shown in the figure.

q[1/A]

Figure 2. ASAXS measurements of DBP/DPPC systems at 0.1 (top)
and 1 (bottom) molar ratios. Left ordinate belongs to the total scattering
curves; right ordinate belongs to separated scattering curves from
bromine atoms of DBP molecules. TABLE 1: Fitting Results: Number of Bilayers N,

) o .. Repeating Unitd, Mean Square Fluctuation of the Bilayers
hydrocarbon chains of the two lipid layers are fused, making it A, Width and Position (from the bilayer Center) of the
possible to form tighter packing. The ratios of the maximal Gaussian Functione and zs, Respectively

intensities of the Bragg peaks are also different in the cases of pgp/pppc N d A o 7
the two DBP concentrations as a consequence of the changes o1 2551 678(87) 54(33) 91(9) 12.9(74)
in the radial electron densities of the bilayers (i.e., on one hand, 1 19+1 507(67) 14(44) 2.6(99) 158 (28)

the geometrical arrangement of the lipids and also the DBP

molecules is changed, and on the other hand, drastic localto eq 1. This method, however, can be used only if the scattering

enlargement in the electron density has been occurred by thepattern shows at least four diffraction orders. In our case, we

DBP molecules). have to consider a model ED profile because of the reduced
The separated intensities of DBP molecules for the two DBP/ number of Bragg peaks.

DPPC ratios, derived from measured data by using the right- For modeling the ED profile along the bilayer normal, we

hand side of eq 6, are shown in Figure 2. Bragg reflections can have used a Gaussian model, which is based on describing the

be observed on these separated curves at the same position adectron density as a sum of Gaussian functions. We have used

on the total scattering curves, which provides clear evidence of only two Gaussian functions per bilayer located symmetrically

the periodic displacement of DBP molecules corresponding to to the center of the bilayer, because only the contribution of

the periodicity of the vesicles. the guest molecules is present on the separated scattering curves.
To get more detailed information about the localization of In the adumbrated case, the geometrical part of the form factor

DBP molecules in the bilayers, we performed a simple model of the guest molecules will be the following:

fitting.222% For these calculations, the structure factor from

paracrystalline theory was used, which takes the packing V(0) = v27[20 exp(—0?q¥/2)costzy)] (8)

disorder into account ) N )
whereo andzs are the width and the position from the bilayer

N-1 center of the Gaussian function. The model fitting was
SH{a) =N+ ZZ(N — K) coskqd) exp(—k2q2A2/2) (7 performed using Isqcurvefit routine of MATLAB (The Math-
k= Works, Inc.).
where N is the number of layers and is the mean square The fitted model functions agree convincingly with the

fluctuation of the bilayers. The latter originates from the Debye measured data as can be seen in Figure 2 (The results of the

Waller temperature factor, but now, we consider it as the effect fits are summarized in the Table 1). According to the form factor

of the guest molecules. in eq 8, the distributions of the guest molecules along the bilayer
The conventional way to determine the bilayer ED profile is normal are shown in Figure 3.

to use Fourier synthesis on the Bragg intensities, which were These results clearly show that the DBP molecules are

previously corrected fo(g) and the Lorentz factay? according embedded in the lipid layers. In the case of the lower DBP/
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DPPC ratio, the localization of the guest molecules is less  (2) Lincoln, D. E.; Fielman, K. T.; Marinelli, R. L.; Woodin, S. A.

determined than in the case of the higher ratio, where their Bioc(gsrgbiyi" (:E?%Eeooe‘r‘ttg%‘r’_%%s A del Peso. A+ Salauero. M. Camea
positions are more localized to the vicinity of the headgroups. 4 . Repetto,yl\/I'.T(.)’xicoil). in Vitro2003 17, 635. guero. il

(4) Legler, J.; Brouwer, AEnviron. Int. 2003 29, 879.
Conclusions (5) Wollenberger, L.; Dinan, L.; Breitholtz, MEnwiron. Toxicol. Chem.
. . . 2005 24, 400.
The location of 2,4-dibromophenol molecules in DPPC/water (6) HassenkKlger, T.; Predehl, S.; Pilli, J.; Ledwolorz, J.; Assmann,
liposomes was studied by the ASAXS technique at 0.1 and 1 M.; Bickmeyer, U.Aquat. Toxicol.2006 76, 37.

: (7) Olsen, C. M.; Meussen-Elholm, E. T. M.; Holme, J. A.; Hongslo,
DBP/DPPC molar ratios. The ASAXS curves measured at threel K. Toxicol. Lett.2002 129, 55.

differ.ent.energies provided the derivation of.the scattering (8) Sikkema, J.; de Bont, J. A.; Poolman, Bicrobiol. Re.. 1995

contribution of the guest molecules. On the basis of a Gaussians9, 201. _ N

model, these separated curves were interpreted, giving thezooég)lzcas'fég A; Klumpp, E.; Bda, A.; Szegedi, KChem. Phys. Lipids

possibility to.determlne the distributions of the bromophenols (10) Bda, A.; Szegedi, K.: Goerigk, G.. Csisza.. Haubold, H.-G

along the bilayer normal. In the case of the higher DBP subklew, G.HASYLAB Annual Repor2002

concentration, the displacement of the guest molecules is éll) Goerigk, G.; Williamson, D. LSolid State Commuri99§ 108

charac_terlzed by a sharp distribution _funct|on p0|nt!ng out the (12) Vad, T.: Hajbolouri, F.; Haubold, H.-G.: Scherer, G. G.: Wokaun,

essential role of these molecules in the formation of the A j phys. Chem. B004 108 12442.

interdigitated phase. (13) Phillips, J. C.; Wiodawer, A.; Goodfellow, J. M.; Watenpaugh, K.
This study reveals the utility of the ASAXS method in Rgasﬁk;h L. C; Jensen, L. H.; Hodgson, K. &cta Crystallogr.1977,

examining the distribution of a thlr_d component in a lamellar (14) Stuhrmann, H. BActa Crystallogr.198Q A36 996.

system, In .the concrete case, In .DPPC/Water_ liposomes.  (15) de Robillard, Q.; Guo, X.; Dingenouts, N.; Ballauf, Macromol.

However, this method can be applied in a great variety of these Symp.2001, 164 81.

kinds of systems, such as diblock copolymers, which have high (16) Guilleaume, B.; Ballauf, M., Goerigk, G.; Witteman, M.; Rehahn,
y poly 9N \1. Colloid Polym. $ci2001, 279, 829.

interest in nanoindustry. (17) Goerigk, G.; Schweins, R.; Huber, K.; Ballauff, Hurophys. Lett.
] 2004 66, 331.
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