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A model of the outer membrane of Gram-negative bacteria was
created by the deposition of a monolayer of purified rough mutant
lipopolysaccharides at an air/water interface. The density profiles
of monovalent (K*) and divalent (Ca?*) cations normal to the lipo-
polysaccharides (LPS) monolayers were investigated using grazing-
incidence X-ray fluorescence. In the absence of Ca?*, a K* concen-
tration peak was found in the negatively charged LPS headgroup
region. With the addition of CaCl,, Ca?* ions almost completely
displaced K* ions from the headgroup region. By integrating the
experimentally reconstructed excess ion density profiles, we ob-
tained an accurate measurement of the effective charge density
of LPS monolayers. The experimental findings were compared to
the results of Monte Carlo simulations based on a coarse-grained
minimal model of LPS molecules and showed excellent agreement.
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iological surfaces expose a variety of charged macromolecules

that interact with various sorts of ions under physiological
conditions. However, despite the crucial role of charged macro-
molecules in modulating the interaction between cells and their
surrounding environments, the quantitative understanding of
electrostatics at such soft, complex interfaces still remains a
general scientific challenge. For example, the outer membrane
surface of Gram-negative bacteria is mainly composed of lipopo-
lysaccharides (LPSs) (1), whose negatively charged saccharide
head groups stabilize the structural integrity of bacteria and
protect bacteria against their environment. Several in vivo studies
(2, 3) demonstrated that bacteria increase their resistance against
cationic antimicrobial peptides (e.g., protamine) in the presence
of divalent cations (Ca**, Mg?*). Therefore, for the development
of peptide-based antibiotics (4), it is important to understand the
molecular mode of action of antimicrobial peptides.

A number of theoretical models for the interactions of LPS
molecules with divalent cations (5-7), suggested that the ions
would bind to the charged 2-keto-3-deoxyoctonoic acid (KDO)
groups (the “inner core”) thereby stabilizing the membrane.
Recently, we measured grazing-incidence X-ray scattering from
a monolayer of rough mutant LPS from Salmonella enterica
sv. Minnesota at an air/water interface and demonstrated the
Ca?*-induced increase in the electron density near the inner core
(8). These observations were supported by the results of Monte
Carlo (MC) simulations of a coarse-grained model (8). A further
challenge would be to extend such a strategy to wild-type LPSs
that possess polydisperse, specific O-polysaccharide chains
(O-side chains). Pink et al. (9) carried out MC simulations of
a minimal model of the more complex, wild-type LPSs from Pseu-
domonas aeruginosa (PAO1) and concluded that divalent cations
would induce a collapse of the negatively charged O-sidechains
toward the membrane surface. Because it is difficult in practice to
deposit LPSs with nonuniform O-sidechains at the air/water
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Fig. 1. Experimental system. (A) Structure of LPS Re from the strain R595 of
Salmonella enterica sv. Minnesota. C and P denote carboxyl and phosphate
groups, respectively. (B) Sketch of the setup used for GIXF measurements at
the air/water interface. Fluorescence radiation from the ions was recorded

with an energy sensitive detector at various angles of incidence a; below
and above the critical angle for total reflection ac.
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interface, we deposited LPS monolayers on hydrophobized sub-
strates, and performed high-energy specular X-ray reflectivity at
the solid/liquid interface (10). By extending the conventional slab
model representation to treat polydisperse O-sidechains, their
collapse was detected from the change in the electron density
profiles in the presence of Ca>*. The next challenge was to estab-
lish the depth profiles of monovalent and divalent cations that
should reflect the observed O-sidechain collapse.

For this work, we deposited a monolayer of purified rough
mutant lipopolysaccharides (LPS Re) from Salmonella enterica
sv. Minnesota R595 at the air/water interface and measured
grazing-incidence X-ray fluorescence (GIXF) (Fig. 1B), which
permits determination of the distribution of chemical elements,
identified from their emission spectra. Although this method was
used to resolve the weak depletion of ions in the vicinity of the
water surface (11), applications of GIXF have been limited to
studies with little relevance to biological systems, such as the
adsorption of proteins stabilized with lead acetates to the so-
lid/liquid interface (12) and ion adsorption to synthetic surfactant
monolayers at the air/water interface (13, 14). Our intent is to
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Fig. 2. X-ray fluorescence signals. (A) Fluorescence spectra from an LPS Re monolayer on Ca?*-loaded buffer recorded at angles of incidence «; below (lower
curve) and above (upper curve) the critical angle, ac = 0.16°. (B) Fluorescence intensities as a function of q,. Experimental (open symbols) and modeled (solid
lines) K* fluorescence from an LPS Re monolayer (triangles) and from a blank Ca2*-loaded buffer (squares). The two curves are shifted vertically for clarity. The

g, value corresponding to the critical angle (q.) is indicated with a vertical broken line.

utilize GIXF to establish the distributions of monovalent and
divalent cations in a realistic model of bacterial surfaces and
compare the results with the predictions of our MC simulations.

Results and Discussion

Fig. 24 shows the fluorescence spectra from LPS Re monolayers
measured in Ca’>*-loaded buffer at incidence angles below
(a; = 0.1°, blue) and beyond (o; = 0.2° red) the critical angle,
ac = 0.16°. These spectra were fitted by multiple Gaussians to
extract the total fluorescence intensity from each element. In
Fig. 2B, K* fluorescence intensities (peak position: 3.61 keV)
in the absence (squares) and presence (triangles) of an LPS
Re monolayer on Ca?*-free buffer are plotted as a function of
g, with the two curves vertically offset for clarity. In the vicinity
of the critical edge of total reflection (g, = 0.022 A™") the shape
of the curve depends on the imaginary part § of the refractive
index (n =1-6+if) of the bulk medium for the incident
X-ray beam. In our experimental system a maximum near the cri-
tical edge (13) was not observed due to the strong X-ray absorp-
tion by water at 8 keV. Instead, we observed a monotonic increase
in the signal with increasing g,.

To model the fluorescence signals, the absorption coefficients
of the bulk medium for illumination and fluorescence radiation
must be considered. Solid lines in Fig. 2B are the modeled K+
fluorescence signals superimposed on the experimental data.
We adjusted the p value (imaginary part of the refractive index)
of pure water at 8 keV for the bulk ion concentrations, but
ignored the contribution from fluorescence absorption because
it is negligibly small in our experimental g,-range. One sees that
the global shape of the experimental curves is well represented by
the model curves over several orders of magnitude in intensity.

Nevertheless, in the following discussion, we deal with the fluor-
escence intensities normalized by the signals from the blank
buffer to eliminate undefined geometrical effects.

Fig. 3 shows the normalized fluorescence signals from LPS
Re monolayers on (4) Ca**-free and (B) Ca’>*-loaded buffers.
Open and closed circles indicate signals from K+ and Ca?* ions,
normalized by the signals from the corresponding blank buffers.
On Ca?*-free buffer (4), the intensity of K* fluorescence is sig-
nificantly higher than the bulk level (corresponding to relative
intensity of unity) below the critical angle (g, < g.), indicating
that K" ions are enriched near the air/water interface in the
presence of an LPS monolayer. However, the intensity of K* fluor-
escence atq, < q, is very weak on Ca*-loaded buffer (B). Signif-
icantly strong fluorescence signals from Ca’* atq, < g, imply that
K" ions near the interface are almost completely displaced by
Ca’* ions.

To gain more insight into the absolute ion concentration
profiles in the z-direction, the measured fluorescence signals were
modeled using the electron density profiles of LPS Re mono-
layers reconstructed from grazing-incidence X-ray scattering
out of the specular plane (GIXOS) (15, 16). As described before
(8, 17), we used a two-slab model including interfacial roughness
to fit the measured GIXOS curves: the first slab represents hy-
drocarbon chains and the second one carbohydrate head groups.
The best-matching model parameters (presented in SI Text,
which also includes the fits) are in good agreement with previous
structural studies on various LPS membranes (8, 18-20).

For the air/water interface in the absence of LPS monolayers
(blank buffer), we assumed a constant ion concentration in the
bulk (¢y = 0.1 M for K*, ¢, = 0.05 M for Ca**), because the
influence of ion depletion near the air/water surface (11) was
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Fig. 3. Normalized X-ray fluorescence intensities as a function of q,. (A) K* fluorescence on Ca?*-free buffer. Measured data points (open circles) and
best-matching model signal (dashed blue line) for fixed concentration peak position (zm.x = 5 A). (Inset) MSD of the fit as a function of z,,. The thickness
of the saccharide headgroups (11 A) is indicated by a vertical dashed line. (B) Fluorescence on Ca?*-loaded buffer (K*, open circles; Ca2*, closed circles). The
best-matching model signal for Ca2* with fixed zy,, = 5 A is indicated with a solid red line. The solid blue line superimposed on the K* data points corresponds
to a constant K™ concentration starting from the chain/sugar interface. Vertical error bars were obtained via Gaussian error propagation from the parameters
used to fit the fluorescence spectra. Horizontal error bars reflect the finite angular resolution.

9148 | www.pnas.org/cgi/doi/10.1073/pnas.0913737107 Schneck et al.


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.0913737107/-/DCSupplemental/pnas.0913737107_SI.pdf?targetid=STXT

Bane

/

2 1\

negligibly smaller than the significant accumulation of ions
in the presence of LPS monolayers. The excess concentration
profile of cations condensed near the charged LPS Re monolayer
was parameterized as

Cex(z) X Cmax "2 ° exp(_zz/zzrznax)v [1]

with a vanishing ion density at the chain/carbohydrate interface,
Cex(z =0) =0, and the requirement lim,_, ,ce(z) = 0. This en-
abled us to model ion distributions that possess a concentration
maximum with a smooth decay to the bulk concentration with
only two free parameters: (i) the concentration maximum ¢,
and (i) the z-position z,,, of this maximum.

To model the normalized fluorescence signals, we varied zp,,,
stepwise, and performed a least-squares fit of the peak concen-
tration ¢, for each step. In Fig. 34 (Inset), the mean square de-
viation (MSD) of the fit is plotted as a function of z,,,, indicating
that K* ions should achieve a concentration maximum at
Zmax < 10 A. In fact, the MSD starts increasing_significantly
for higher z,,,, values®. This upper limit (z,,,x & 10 A) seems rea-
sonable when one considers the thickness of the carbohydrate
head groups (d = 11 A; see SI Text) deduced from the GIXOS
experiments and mdlcated by a dotted vertical line in Fig. 34
(Inset). Accordingly, we conclude that the maximum of the K*
concentration lies within the headgroup region of the LPS Re
monolayer.

The broken line in Fig. 34 is the modeled fluorescence signal
correspondlng 10 Zpay = 5 A and Cmax 3.0 M, assuming that K+
ions achieve a concentration maximum in the middle of the
carbohydrate slab. If one takes the area per molecule value
for CaZt-free buffer (4 = 166 A?), then, by integrating the excess
K* concentration along z-axis, we obtain the number of K* ions,
Ng ~2.30, associated with one LPS Re molecule in average.
Although this depends on the choice of the z.,, value, the
deviation in N is only by a few percent in the experimentally
determined range 0 <z, < 10 A.

The solid red line in Fig. 3B shows that the Ca?* fluorescence
intensity from the LPS monolayer on Ca’>*-loaded buffer is well
represented by a concentration profile with a maximum at

Zax = 9 A, correspondmg t0 Cpax & 1.5 ML Takm% the area per
molecule value in Ca?*-loaded buffer (4 = 140 A®), integrating
the excess Ca’* concentration along the z-axis yields the number
of Ca* ions per LPS Re is N, ~ 1.05. It should also be noted
that the values of the normalized K™ fluorescence signal in Ca?*-
loaded buffer at g, < g, are slightly less than unity. Although this
appears to suggest the depletion of K* near the monolayer, none-
theless the theoretically modeled fluorescence signal (blue solid
line in Fig. 3B), that assumes a constant K* concentration
(co =0.1 M) down to z =0 A, represents the experimental re-
sults very well. This indicates that in Ca®*-loaded buffer the
K* concentration is not significantly altered from the bulk value
by the monolayer. The reduction in K* fluorescence observed in
the presence of the monolayer can be attributed to (i) the sup-
pression of K* fluorescence due to the absence of ions within the
alkyl chain layer (—13 A <z < 0 A), and (i) the decrease in the
beam penetration depth (and thus the volume of the illuminated
region) due to the higher electron density of the headgroup re-
gion compared to bulk water.

The minimal model of LPS Re used for the coarse-grained MC
simulations is presented in Fig. 44, and Fig. 4B shows the simu-
lated ion density profiles. The broken blue line indicates the K+
density in Ca*-free buffer, whereas the solid blue and red lines
represent the K* and Ca?* densities in Ca>"-loaded buffer. As
above with the GIXF models, z = 0 is defined as the interface
between hydrocarbon chains and carbohydrate head groups.

*A fluorescence signal modeled with z,,, = 20 A, which significantly deviates from the
measured data points, is shown in S/ Text.
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Fig. 4. MC simulations. (A) Diagram of the LPS Re minimal model. (B) Cal-
culated ion density profiles. Dashed line: K+ ions in Ca?*-free buffer.z =0 is
defined as the chain/carbohydrate interface. Solid lines: Ca?* and K+ ions in
Ca?*-loaded buffer. (C) Simulation snapshot with 50 mM divalent cations
(red circles).

Note that the global shape of the simulated ion density profiles
is similar to the function used for modeling the fluorescence sig-
nals [1]. The positions of the maxima for K+ ions in Ca**-free
buffer (broken blue line) and Ca>* ions in Ca2+-loaded buffer
predicted by the MC simulation (zy. = 5 A) show excellent
agreement with the GIXF models. The snapshot from the MC
simulation (Fig. 4C) clearly shows the condensation of divalent
cations in the carbohydrate head groups. Furthermore, the repla-
cement of K* ions (solid blue line in Fig. 4B) by Ca?* (solid red
line in Fig. 4B) in Ca?*-loaded buffer indicated by the MC simu-
lation is fully consistent not only with the GIXF results but also
with the analytical continuum description of ion distributions
near charged surfaces according to Gouy—Chapman theory
(21, 22). Another important conclusion that we can draw from
the continuum description and MC simulations is that the net
charge across the interface is completely compensated on suffi-
ciently long length scales’. Because the contribution of CI- to the
charge compensation at the interface is negligibly small, the sur-
face charge compensation is dominated by K* in Ca?*-free buf-
fer, whereas it is vastly dominated by Ca?* in Ca>*-loaded buffer,
indicating that the average charge per LPS Re is Qi ® —2.3 e in
Ca’*-free buffer, and Q,,; ~ —2.1 e in Ca’>*-loaded bulffer, re-
spectively. If one considers the uncertainty in the area per mole-
cule (approximately 10%), the net charge per LPS Re molecule
predicted from two independent subphase conditions seem to
achieve good quantitative agreement.

The charge density on LPS surfaces in physiological buffers is
still under debate (23). Hagge et al. (24) deduced the average
charge per LPS Re molecule, O = —3.6 e, from the molecular
structure? assuming ionization of all chargeable groups. However,
the degree of dissociation of surface-confined acids depends via
the local pH on the electric potential at the surface (22). In ad-
dition, the pK, value of dissociable groups confined at a surface
can be different from the solution pK, values. For instance, when
also accounting for local pH, the pK, value of surface-confined
carboxyl groups is reported in ref. 25 to be higher (7.7) than the

"Beyond these qualitative results the continuum description is not employed in this study.
Especially it should not be used for the microscopic description, as it loses its validity for
the high charge densities and ion strengths here. Moreover, it does not take the z-exten-
sion of the charged sugar and the volume occupied by the headgroups into account.

*A certain fraction of LPS Re molecules (approximately 40%) possess an extra
palmitoyl chain, together with a phosphatidylethanolamine and a positively chargeable
4-amino-deoxyarabinose unit.
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pK, value (<5.5) of carboxylic acids in solution (26). For the pre-
sent system, an estimation, exemplarily performed for Ca?*-free
buffer using Eq. 9 in ref. 25, results in a surface pH value of 5.25
(SI Text). Furthermore, this enables us to estimate the surface
pK, values of the carboxyl groups in an LPS Re monolayer,
yielding pK, = 5.5. These calculations support the dissociation
state and average total charge of LPS molecules deduced from
the measured ion accumulation. In summary, the strategy as
presented here is suited for the precise determination of the
actual charge density of biological surfaces under environmental
conditions.

Conclusions

We have presented a quantitative way to measure the amount and
location of ions at LPS monolayers. The results show excellent
agreement with the predictions of a minimal coarse-grained
model of LPS molecules studied by MC simulations. In cases
of more complex LPS mutants and wild-type LPSs, this will en-
able us to monitor conformational changes along with ion redis-
tribution in response to various buffer compositions. Moreover,
this approach offers a unique possibility for the accurate mea-
surement of the effective charge density of biological interfaces
in general. The combination of X-ray scattering, X-ray fluores-
cence, and real-space computer simulation used in this study en-
ables one to gain quantitative information about the electrostatic
interactions of charged membranes and macromolecules with
various ion species under physiological conditions.

Materials and Methods

Materials and Sample Preparation. LPS Re was purified from the deep rough
mutant R595 of Salmonella enterica sv. Minnesota as previously reported
(27). LPS Re possesses two saccharides comprising the KDO inner core in ad-
dition to the Lipid A anchor. With two carboxyl groups in the KDO core and
two phosphate groups attached to glucosamines of the Lipid A anchor, LPS
Re can carry up to four negative charges. In contrast to wild-type LPSs with
polydisperse O-sidechains, LPS Re has a unique saccharide head group.

All chemicals were purchased from Fluka (Taufkirchen) and used without
further purification. Double deionized water (MilliQ, Molsheim) with a spe-
cific resistance of p > 18 MQcm was used throughout this study. “Ca?t-free
buffer” contained 100 mM KCl and 5 mM Hepes, at pH 7.4. Ca**-loaded buf-
fer additionally contained 50 mM CaCl,. LPS Re was dissolved in 9: 1 mixtures
(v/v) of chloroform and methanol at a concentration of 1 mg/mL. To create
monolayers at the air/water interface, the LPS Re solution was spread onto
the buffer surface of a Langmuir film balance. Prior to compression, 20 min
were allowed for the complete evaporation of the solvent. The film was
compressed to a surface pressure of 7 =20 mN/m at 20°C. According to
the pressure-area isotherms of LPS Re monolayers, this corresponds to mo-
lecular areas of about 166 A on Ca2*-free buffer and 140 A? on Ca?*-loaded
buffer, respectively (17).

GIXF. Experiments were carried out at beamline ID10B at the European
Synchrotron Radiation Facility (ESRF) (Grenoble). During X-ray irradiation
the monolayer was kept in a helium atmosphere. A monochromatic X-ray
beam (1= 1.55 A) hits the air/water interface at incident angles «; below
and above the critical angle of water (ac = 0.16°). At each angle, the fluor-
escence radiation emitted by the ions was recorded with an energy sensitive
detector and normalized by the detector counting efficiency. Subsequently,
the intensities were normalized by the elastically scattered beam intensity at
8 keV to compensate for any systematic differences between the experi-
ments. For direct comparison with the theoretically modeled fluorescence
signals, the incident angle a; was transformed into the scattering vector
component normal to the interface, q, = (4n/4) - sina;. In the last step,
the fluorescence signals in the presence of monolayers were normalized
by the signals recorded from blank buffer. This procedure avoids artifacts
arising from the experimental geometry, such as the size of beam footprint
and the fluorescence detector aperture. Furthermore, absorption effects are
cancelled, as they apply equally to all experiments.

Simulation of Normalized Fluorescence Intensities. The fluorescence intensity
emitted by an ion species j at the air/water interface If,':“’(z) can be written
as (14):

9150 | www.pnas.org/cgi/doi/10.1073/pnas.0913737107

1i*°(q.) = Awli}zlu(z) - ¢j(z) - exp(—pz)dz. [2]

¢j(z) denotes the vertical concentration profile of species j, and y; the absorp-
tion coefficient of water for the fluorescence radiation. For our experimental
systems, x~! is in the range of several tens to hundreds of micrometers. /llU(z)
is the vertical intensity profile of the incident illumination, which depends
on the incident angle a; and on the electronic structure of the monolayer.
For a monolayer at the air/water interface, this electronic structure can be
obtained by GIXOS and parameterized using slab models®, where each slab
represents a layer of constant electron density within the monolayer (28-30).
Accordingly, once the illumination profiles I‘(','Zu (z) are known, the ion concen-
tration profiles ¢;(z) can be reconstructed from the measured fluorescence
intensities ij'“°(qz) using Eq. 2.

The vertical illumination profile in medium j (bulk media and slabs) is
given by |E,(z) + E_(2)|*> where the waves E,(z) and E_(z) propagate in
the positive and negative z direction, respectively. The amplitude
E(z) = E, (z) + E_(z) in each slab can be calculated from all the partial waves
reflected back and forth between the interfaces separating the slab from its
neighboring media. Starting from the expressions given by Born and Wolf
(31), we performed the summation over an infinite number of such reflec-
tions to obtain:

A f
F.(z2)=E,- ; i
+@) =Eo 1 =71y - rjsn - exp(2ikid;

toj 1o - explikid))
1 =72y - 1o - exp(2ikid;

)exp(ikj(z -z))

F (z)=E,-

jewlk . —2) 1]

Here, E, denotes the amplitude of the incident wave, N the total number of
media, k; is the z-component of the wave vector and z; the vertical position of
the interface between media j and j + 1. d; is the thickness of medium j, and
ty., and r,_,, the Parratt amplitude transmission and reflection coefficients
(32) for a beam traveling from the medium x to the medium y. The result of
Eq. 3 is fully equivalent to the illumination intensity profile calculated from a
matrix formalism (33). To compute the fluorescence signal for each ion spe-
cies, the integral in Eq. 2 is evaluated with a parameterized concentration
profile ¢;(z).

Minimal Model and MC Simulations. To simulate density profiles of different
ion species near an LPS Re monolayer, we employed a “minimal model” (9)
and performed MC simulations using the Metropolis algorithm (34, 35). The
aqueous region of the simulation volume ranged from z = 0 to z = 200 A.
The aqueous solution (z > 0) and the hydrocarbon-chain region (z < 0) were
represented as two dielectric continua with relative permittivities ¢, = 81
and e, = 5, respectively (22). We represented some (implicit) monovalent
ion screening in the aqueous solution by linearized Poisson-Boltzmann
theory (9, 22, 36) and represented the remaining monovalent ions and all
divalent ions explicitly by charged spheres. We calculated electrostatic inter-
actions according to expressions derived by Netz (37). A more detailed de-
scription is given elsewhere (8, 9). The membrane plane of the simulation
volume possessed 100 LPS Re molecules (17). Each saccharide group of an
LPS molecule was represented by a sphere of radius r,gar = 1.5 A, connected
by stretchable bonds with equilibrium lengths L, (38). We restricted the re-
lative angle between successive saccharide-saccharide bonds of these semi-
flexible molecules to be 30 + 10° (9). Negatively charged sugars possessed
charge —1 in units of e = 1.6 x 10~'® C located at their centers. The hydro-
carbon-chain moieties of a molecule were represented by a portion of an
anchoring sphere of radius Rancnor = 7.0 A, centered at z, = 4.0 A. Mole-
cules were allowed to move along the z-axis by +1.5 A from equilibrium.
Anchoring spheres were allowed to rotate around their centers but no ions
or saccharide groups were allowed to move their centers into the region
z < 0. Hydrated ions were represented by spheres of radius Rio, = 1.8 A, with
charges located at their centers. We used an implicit monovalent ionic
strength of 25 mM (yielding a Debye length x'~2 nm), and added
sufficient explicit monovalent ions in the “bulk” to match the experimental
concentrations used. Bulk was defined as the upper half of the simulation
volume, 100 A <z <200 A. The resulting effective screening length was
ko~ 1 nm. In the “Ca?"-loaded” case the system additionally contained a
number of divalent cations and twice as many monovalent anions, to yield

SFor illumination at small angles (q.2q,) the interfacial roughness between the slabs does

not have to be considered. In the used g,-range the Névot-Croce factors exp(—q2s?) are
close to unity, regarding the low roughness o (~3 A) of LPS Re monolayers at the air/water
interface.
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the desired bulk concentration. The system was equilibrated at 7 = 300 K
for >108 MC steps, and equilibrium averages were measured for a further
10° steps.
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