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Article
Modification of Salmonella Lipopolysaccharides Prevents the Outer
Membrane Penetration of Novobiocin
Thatyane M. Nobre,1,2,* Michael W. Martynowycz,3,4 Konstantin Andreev,3 Ivan Kuzmenko,4 Hiroshi Nikaido,1

and David Gidalevitz3,*
1Department of Molecular and Cell Biology, University of California at Berkeley, Berkeley, California; 2Molecular Foundry, Lawrence Berkeley
National Laboratory, Berkeley, California; 3Center for Molecular Study of Condensed Soft Matter and Department of Physics, Illinois Institute of
Technology, Chicago, Illinois; and 4X-ray Science Division, Advanced Photon Source, Argonne National Laboratory, Lemont, Illinois
ABSTRACT Small hydrophilic antibiotics traverse the outer membrane of Gram-negative bacteria through porin channels. Large
lipophilic agents traverse the outer membrane through its bilayer, containing a majority of lipopolysaccharides in its outer leaflet.
Genes controlled by the two-component regulatory system PhoPQ modify lipopolysaccharides. We isolate lipopolysaccharides
from isogenic mutants of Salmonella sp., one lacking the modification, the other fully modified. These lipopolysaccharides were re-
constituted asmonolayers at the air-water interface, and their properties, aswell as their interaction with a large lipophilic drug, novo-
biocin, was studied. X-ray reflectivity showed that the drug penetrated themonolayer of the unmodified lipopolysaccharides reaching
thehydrophobic region,butwasprevented from thispenetration into themodified lipopolysaccharides.Results correlatewithbehavior
of bacterial cells, which become resistant to antibiotics after PhoPQ-regulated modifications. Grazing incidence x-ray diffraction
showed that novobiocin produced a striking increase in crystalline coherence length, and the size of the near-crystalline domains.
INTRODUCTION
Gram-negative bacteria possess an asymmetric double-
layered outer membrane, with its external leaflet composed
almost exclusively of lipopolysaccharides (LPS) (1).
Although antimicrobial agents that are small and hydrophil-
ic can traverse this membrane through porin channels (1),
agents that are large and/or lipophilic cannot permeate
through this route (2,3), and thus they must use the LPS-
phospholipid asymmetric bilayer region for permeation
(1). This bilayer serves as an unusually low permeability
barrier (4,5) because of the structure of the LPS, which
serves as a robust barrier for the cell’s protection from
external chemicals, including antibiotics (1). Their intrinsic
lack of susceptibility to many lipophilic antibiotics is related
to the low permeability of their outer membrane bilayer (6).
LPS molecules are typically composed of a highly hydro-
phobic anchor, lipid A, which can have up to seven saturated
fatty acids per molecule, a short basal core oligosaccharide
containing several acidic groups, a short peripheral core
oligosaccharide, and finally an O antigen consisting of rela-
tively long polysaccharides (1,4). That the LPS leaflet acts
as a major permeability barrier was shown by the observa-
tion that mutants in LPS biosynthesis resulting in the defec-
tive basal core, often called deep rough mutants, become
hyper susceptible to large lipophilic antibiotics such as
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novobiocin and macrolides (6). In contrast, mutants with a
complete R core or mutants with a core deficient only in
galactose or N-acetyl glucosamine result in an essentially
unaltered barrier (6).

The molecular mechanisms involved in the highly effec-
tive barrier property of LPS leaflet undoubtedly involves
the presence of 5–7 saturated fatty acyl chains all connected
to a single headgroup asmentioned earlier; this induces a gel-
like state of very low fluidity at the outer membrane surface
(1). This barrier also involves a strong interaction between
the neighboring LPS molecules: LPS contains many anionic
groups close to the membrane surface, due to, typically, two
monophosphate groups in the lipid A portion of LPS,
carboxyl groups in the 2-keto-3-deoxyoctulosonate (KDO)
residues, and phosphate groups on the heptose residues all
within the basal core oligosaccharide. Thus, the bridging of
negative charges by a bivalent cation such as Mg2þ or Ca2þ

could be a major factor leading to a strong lateral interaction
between LPS molecules. This concept is supported by the
observation that chelators such asEDTA that remove bivalent
cations, or polycationic agents that compete with bivalent
cations increase profoundly the susceptibility of Gram-
negative bacteria toward large, lipophilic agents, without
affecting their susceptibility to small, hydrophilic antibiotics
(7). Finally, hydrogen bonds between neighboring LPS mol-
ecules might also strengthen the lateral interaction. The LPS
of Salmonella enterica serovar Typhimurium undergoes
extensive remodeling through the PhoPQ two-component
system in response to the nature of the environment (8).
When salmonellae enter the phagosomes of mammalian
http://dx.doi.org/10.1016/j.bpj.2015.10.013
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host cells, PhoPQ pathway increases transcription of the
genes responsible for LPS modification, such as pagP that
adds an extra palmitoyl group, pmrAB that adds a positively
charged aminoarabinose to the lipid A headgroup, and lpxO
that adds a 2-hydroxyl group to one of the fatty acid residues.
These modifications create an outer membrane (OM) that is
more resistant to the cationic antimicrobial peptides of the
host by decreasing the net negative charges of LPS and
increasing the lateral interactions between neighboring
LPS molecules. They also create a more robust permeability
barrier against large, lipophilic agents such as novobiocin,
rifampin, erythromycin, and ethidium bromide (9).

Langmuir monolayers mimic half of a cellular membrane,
and allow for precise control over the composition and phys-
ical state of a membrane, all while using a very small amount
of material. Due to their planar configuration, Langmuir
monolayers are advantageous for studying complex mole-
cules, like LPS, because it is not always possible to build
asymmetrical bilayer systems with these types of materials.
Additionally, the use of Langmuir monolayers can be
coupled with high precision synchrotron studies done by
using a liquid surface spectrometer, allowing for physical
characterization at a molecular level. In this study, we
examine permeability of Salmonella cells with and without
fully modified PhoPQ modified LPS by ethidium bromide
assays, and monolayers of extracted LPS formed at the air-
water interface that are either fully modified through the
PhoPQ-controlled processes or not modified at all—here-
after the constituted mutant LPS, PhoPc, and the null mutant
LPS, PhoP�, respectively. The monolayers are probed using
Langmuir trough isotherms, as well as surface x-ray scat-
tering methods to study their structure and interaction with
a large, hydrophobic antibiotic, novobiocin. These data
give us molecular-level insights into how these types of
drugs permeate through modified outer membranes—the
first line of defense for Gram-negative bacteria cells.
MATERIALS AND METHODS

Bacterial strains

The strains used are derivatives of S. enterica serovar Typhimurium CS093

(¼ ATCC 14028). For comparisons between PhoP� and PhoPc strains,

strains containing phoP102::Tn10d-cam (CS015) and pho-24 (CS022)

(9), respectively, were used. To make the LPS more soluble in organic sol-

vents, a galE mutation, which removes most of the polysaccharide side

chains of LPS, was introduced from strain LT2M135 by P22 transduction

and the galE transductants were screened on galactose-BTB agar plates.
LPS extraction

LPS were extracted using the phenol/chloroform/petroleum ether extraction

procedure described by Galanos et al. (10) followed by acetone precipita-

tion and ethanol washing described by Qureshi (11). Briefly, cells were

grown in 50 mL of lysogeny broth (LB) (10 g Bacto-tryptone per liter,

10 g Bacto-yeast per liter, 5 g of NaCl per liter) overnight with shaking

at 37�C. This culture was diluted in one liter of fresh LB and culture was
Biophysical Journal 109(12) 2537–2545
grown with shaking at 37�C until the optical density at 600 nm (OD600)

reached a value between 1.5 and 1.8. Cells were harvested by centrifugation

and washed twice with water, followed by ethanol, acetone, and diethyl

ether. LPS was then extracted with a phenol/chloroform/petroleum ether

mixture 2:5:8 (v:v:v) and the extract was centrifuged. The supernatant

that contained LPS was then placed in a rotary evaporator to remove chlo-

roform and petroleum ether. LPS was precipitated with acetone and diethyl

ether and the precipitate was extensively washed with ethanol to remove the

remaining phenol. Acid treatment was performed according to Snyder and

McIntosh (12) to make certain that LPS contained one defined salt form.
Minimum inhibitory concentrations

Minimum inhibitory concentration (MIC) values correspond to the lowest

concentration of drug molecule required to inhibit visible growth of micro-

organisms after overnight incubation. MIC values were determined by the

gradient diffusion plate method as described previously (9).
Ethidium bromide influx

Ethidium bromide assays were performed following the procedure

described by Murata et al. (9). Ethidium bromide was added to 6 mM,

and its influx into cells was determined at room temperature with excitation

and emission wavelengths of 545 and 600 nm, respectively. Carbonyl cya-

nide 3-chorophenylhydrazone (CCCP) was added in some experiments at a

final concentration of 25 mM.
Langmuir monolayers

Langmuir monolayers were obtained by spreading chloroform solutions of

LPS over an aqueous subphase of 20 mM HEPES buffer, pH 7.0 containing

either 0–20 mM Mg2þ or10 mM EDTA, and 90 mM NaCl. MilliQ-Plus

water with resistivity 18.2 MUcm (pH 5.5) was used for preparing buffer

solutions. The p-A isotherms were evaluated in a mini-KSV (Biolin Scien-

tific, Stockholm, Sweden) Langmuir trough, previously calibrated using

MilliQ-Plus water with a surface tension of ~72.4 mN m�1. The trough

was equipped with a surface pressure sensor (Wilhelmy method). p-A iso-

therms were recorded on monolayer compression using movable barriers

with a speed of 10 Å2 molecule�1 min�1. Initially, a Langmuir trough

with total capacity of 250 mL was filled with buffer solution, and then

LPS was spread on the air-water interface and 20 min elapsed for solvent

evaporation. All the experiments were performed at 22 5 1�C.
X-ray specular reflectivity and grazing incidence
x-ray diffraction

X-ray specular reflectivity (XR) elucidates the structure of the Langmuir

monolayers of LPS by Fourier inversion of the normalized reflectivity

data to yield the layer’s electron density (ED), normal to the interface, as

previously described (13). All x-ray experiments were done in triplicate,

and were found to be fully reproducible. Data obtained were fit by both

model-independent (MI) and model-dependent (MD) methodologies via

StochFit (14) and RFit2000 (15), respectively, until solutions were found

to be in good agreement. Modeling of electron densities from reflectivity

curves is done as a process, which iterates between complex models of

both b-spline interpolation and Stochastic tunneling a model of three boxes

per angstrom (Å) of variable (ED) through the reflectivity curves, resulting

in a continuous curve of ED, which represents the absolute chi-squared

minima in the parameter space. The fitting of the ED curves follows agree-

ment between MI curves to a 1–3 box model with roughnesses, which min-

imizes a chi-squared value between a purely hypothetical ED model, and

the generated MI ED curves. Values minimizing this fit are then used as

an initial model, which is fit to the reflectivity data using the Parratt
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formalism of discrete boxes of density convolved by roughness—or error

functions—corresponding the regional smearing due to thermal capillary

fluctuations on the order of 2.7 Å. Parameter variations fit to values of thick-

ness, density, absorption, and roughness with limits imposed by ab initio

molecular conditions. Final parameters used in MD curves represent these

fits in which no calculated uncertainty were allowed to exceed 20%, and

most reported are between 1% and 3%. Calculations done concerning

numbers of electrons are in good agreement between all models. Drug/lipid

ratios are calculated by summing the electron densities multiplied by the

average area per molecule, with 50% of excess electrons in the headgroup

being attributed to water, as previously detailed (16).

Grazing incidence x-ray diffraction (GIXD) provides details about the in-

plane, lateral order of the constituent molecules’ patterning via diffraction

from the hydrophobic tails, and is an ideal tool for elucidating changes in

the order at the interface (13,17,18). Diffraction peaks were fit and analyzed

in OriginPro by fitting the intensity peaks—less their linear background to a

single Lorentz-Gauss (1:1) crossed peak. All x-ray experiments were car-

ried out at Argonne National Laboratory’s Advanced Photon Source in

sector 9-IDC with incident light of wavelength l ¼ 0.920175 (Å) and a

photon energy of E ¼ 13.474 keV. The custom-built Langmuir trough

was mounted in a He-filled, sealed canister and equipped with a moveable

single barrier. The surface pressure was monitored using a Wilhelmy

plate and held at a constant value of 30 mN m�1 corresponding to the

most realistic molecular packing of LPS molecules in vivo. Constant-

pressure insertion experiments were performed at a fixed temperature of

22 5 0.2�C and allowed ~60 min to reach equilibrium. XR measurements

were carried out over the range of angles corresponding to Qz values of

~0.01–0.78 Å�1, where Qz ¼ (4p/l) sin(a); l is the wavelength and a

is the identical incident and reflected angles. GIXD measurements were

performed by setting a fixed a angle at 0.85% of the surface critical

(Qz ¼ 0.0217 Å�1) and sweeping the detector arm through a set of angles,

2q, such that Qxy ¼ (2p/l) sin(2q/2), around the trough center. GIXD peaks

were subject to linear background subtraction and fit as single Lorentz-

Gauss peaks. Diffraction peaks give the d-spacing of the hydrocarbon

tails, such that the peak location relates to the spacing by d ¼ 2p/Qxy,

and the coherence length is given by the Sherrer formula, Lcoherence ¼
0.9* (2p/l)* (1/x), where x is the intrinsic full width half-maxima of the

fit peak, or (FWHM2 – D2)1/2 and D is the resolution of the Soller slits.

Errors in Qxy are given by the acceptance of the Soller slits, fixed at 1.4

milliradians (9.56 � 10�3 Å�1).
RESULTS

The experimental system

We started from S. enterica sv. Typhimurium strains CS015
and CS022,9 in which the PhoPQ regulation is either totally
absent due to the deletion of the phoP gene, or fully active
due to the constitutive expression of the PhoPQ system,
respectively. The lipid A moieties of the LPS from these
strains are known to have the structures shown in Fig. 1,
based on GC-MS studies (19).

LPS containing the long carbohydrate chains cannot be
dissolved in organic solvents, and thus could not be spread
on the air-water interface. We used LPS (often called Rc-
chemotype) from galE mutants, which contains all of the
basal core sugar residues (heptose and KDO) as well as
one of the R core sugars (glucose) but lack the O chain
and most of the R core (Fig. 1), yet produce an essentially
unaltered permeability barrier (6). We first ascertained that
the permeability properties of PhoPQ-constitutive and
PhoP-deletion strains are similar to those strains producing
LPS containing the full carbohydrate chains, earlier studied
by Murata and others (9).
Remodeling of lipid A produces a more robust
permeability barrier also in galE background

Murata et al. (9) observed a twofold decrease in susceptibil-
ity to novobiocin for PhoP-constitutive (hereafter called
PhoPc) strain in comparison with PhoP-null (hereafter called
PhoP�) strain. In our strains that expressed the constitutive
levels of AcrAB-TolC efflux pump (20) the levels of MIC
were higher in comparison with the strains used by Murata
et al. (9) that lacked this major efflux pump, yet similar dif-
ferences in susceptibility were found, with MIC values of 40
and 14 mg mL�1 for PhoPc and PhoP� strains, respectively.
These results indicate that the difference in the permeability
of the LPS leaflet is still found in the presence of galE
mutation.

Influx of ethidium was examined to determine the perme-
ability of the LPS leaflet in intact Salmonella cells.
Ethidium is a large, hydrophobic and positively charged
dye, and it appears to penetrate exclusively across the
LPS/phospholipid asymmetric bilayer of the OM from
mutant studies (6). Ethidium produces a fluorescent signal
when bound to nucleic acids inside the cells.

In the presence of CCCP, which inactivates the AcrB
efflux pump, the outer membrane permeability of the
CS015 galE strain (PhoP�) was much higher than that of
CS022 galE strain (PhoPc) (Fig. 2). In the absence of
CCCP, the presence of active efflux apparently enhanced
the differences in ethidium influx rates. These data indicated
that the remodeling of lipid A in PhoPc resulted in a more
robust barrier to the permeation of novobiocin and ethidium.
Langmuir monolayer studies

To better examine these differences at the molecular level,
LPS from the galE derivatives of CS015 and CS022 were
extracted and reconstituted as Langmuir monolayers
(Fig. 3, A and B). Building these nanostructured thin films
at the air-buffer interface allows us to evaluate lateral inter-
actions to explain the permeability results. The limiting area
for a PhoP� LPS molecule, calculated from the tangent of
the curve immediately before the collapse, was ~130 Å2,
which can be compared with some values reported in the
literature for LPS preparations from related species
(21,22). Brandenburg and Seydel (21) obtained data for
limiting the area of LPS from different Salmonella minne-
sota mutants ranging from 105 to 125 Å2. Le Brun et al.
(22) showed that the tails of Rc LPS from a rough strain
of Escherichia coli occupied a total area of 109 Å2 with a
tilt angle from the surface normal between 15� and 29�. In
contrast, for PhoPc LPS, the limiting area was 175 Å2. Pre-
sumably, this ~45 Å2 increase was caused by the molecular
areas contributed by the extra palmitoyl chain in the apolar
Biophysical Journal 109(12) 2537–2545



FIGURE 1 Structure of LPS. (A) Modification of lipid A structure by the PhoPQ regulatory system, with the additional features of the modified lipid A in

bold letters. (B) The structure of the LPS in S. enterica, emphasizing the structure of the carbohydrate portion. The galE strains used lack the portions above

the dotted lines. Moieties in brackets are not present in stoichiometric amounts. Abbreviations: Glc, glucose; GlcNAc, N-acetylglucosamine; Gal, galactose;

Hep, heptose; KDO, 2-keto-3-deoxyoctulosonic acid; PE, phosphoethanolamine; PPEtN, pyrophosphoethanolamine. (C) The structure of novobiocin.
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region, and the aminoarabinose residue in the polar region
of this LPS.

Compressional modulus (Cs�1) for the isotherms were
calculated as defined by Davies and Rideal (23), –A
(vp/vA)T. Even though Cs�1 values in both phoP null and
phoPc indicated that monolayers were in the liquid-
expanded two-dimensional phase, phoPc presented higher
values of Cs�1 all over the compression curve, compared
to phoP null. For example, at 30 mN m�1, which is widely
accepted as a monolayer surface pressure yielding lipid
packing with molecular areas most accurately correspond-
ing to those in biological membranes, 15 Cs�1 for 16.5
mNm�1 and for PhoPc LPS this value was 31 mNm�1, indi-
cating that the latter is less easily compressible. Measure-
ments of Langmuir isotherms were also carried out with
varying concentrations of Mg2þ. Isotherms done on the
differing suphases showed no significant changes, thus no
ions were used in further experiments.
XR and diffraction analysis of LPS monolayers

XR (24) was used to analyze ED distributions of LPS mono-
layers in the direction perpendicular to the monolayer sur-
face (Table 1; Fig. 3 B). The LPS from PhoP� and PhoPc

strains were found to have an overall thickness of 32.3 Å
and 39.4 Å, respectively, which were best described by three
distinct regions, or boxes. Each box corresponds to a region
of constant ED adjoined together by a normal curve, which
describes the roughness between each region; each normal
curve adjoining regions is <4 Å in all cases mentioned.
Known structures of individual LPS molecules point to three
major regions corresponding to each box: a set of hydropho-
Biophysical Journal 109(12) 2537–2545
bic tails aligned toward the air, a diphosphoryl headgroup
containing the diglucosamine group and possibly the KDO
residues, and the outer head region containing the Glc and
Hep residues.

PhoP� LPS had a tail region 13 Å long, a head region also
13 Å long, and an outer core of 6.2 Å (Table 1). The ED of
these regions was comparable to the known density of water
(0.334 e� Å�3). The lower density of the tail region corre-
sponds with previous studies of lipid compounds at the
air-water interface (16,25,26). Density and length of the
headgroup would indicate the presence of the diphosphoryl
diglucosamine and possibly an additional set of sugars, the
KDOs. The final region is composed of the outermost
sugars, such as one glucose and three heptose residues,
with the corresponding length of 6 Å. When GIXD analysis
(13,18) was used to measure hydrocarbon chain spacing
(Table 2), it could be best described by a single spacing visu-
alized as ideal hexagonal packing between identical cylin-
ders, or a distorted rectangular unit lattice, where each
unit cell corresponds to a single hydrocarbon chain within
a crystalline domain upon the surface. Spacing between
the hydrocarbon tails for the PhoP� LPS was 4.16Å, with
average crystalline patch diameters (given by the correlation
length) of 215 Å.

The PhoPc LPS could also be modeled as a three-region
molecule at the interface with an overall length of 39.4 Å.
A lipid tail region had a slightly longer length of 14.7 Å,
and the ED was ~10% higher than in PhoP� LPS. These
changes probably reflect the presence of an additional pal-
mitoyl group in the PhoPc LPS. The PhoPc LPS headgroup
had an increased depth of 15.3 Å, caused by the addition
of an aminoarabinose to this group and the addition of a



FIGURE 2 Ethidium influx into CS015 galE (phoP�) (black) and CS022
galE (phoPc) (red) cells in the absence (a) and presence of 25 mM CCCP

(b). To see this figure in color, go online.

FIGURE 3 Langmuir isotherms for PhoP� (A), and PhoPc (B) LPS either

in the presence of EDTA or varying levels of magnesium in the subphase.

To see this figure in color, go online.
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2-hydroxy group very close to it. Headgroup density was
found to be 0.40 e�Å�3, which is slightly higher than that
of PhoP�, a surprising result. The outer headgroup had an
increased depth of 9.3 Å; this was somewhat unexpected,
but is likely to reflect the presence of additional components
in other regions, which would allow the sugars to move
more deeply into water. Diffraction of the PhoPc LPS tails
showed a similar packing with average d-spacing between
tails found to be 4.23Å, a value is only slightly larger than
that in PhoP� LPS. However, coherence length was
~165 Å, also a smaller value than that seen in PhoP� LPS,
but with much higher intensity, pointing to a larger number
of diffracting domains of smaller individual size. This sug-
gests that PhoPc LPS tends to form a more stable collective
assembly than the PhoP� LPS.
The effects of novobiocin

Novobiocin was introduced into the subphase bringing the
system to a final concentration of 14 mg mL�1, which corre-
sponds to the determined MIC value of novobiocin against
the PhoP� mutant. Comparison of the XR-derived ED pro-
files before and after drug treatment is shown in Fig. 3 B.
Black curves correspond to the model-independent fit of
the data before drug treatment, and red ones to those after
drug addition. The total film area did not change after the
introduction of the drug in either the PhoP� or PhoPc

LPS. With PhoP� LPS, novobiocin affected all regions of
LPS, resulting in a significant increase in ED and a slight in-
crease in the overall length of the layer (Fig. 3 B, Table 1).
The most prominent change was that two, rather than three
regions now best described the model, distinct regions, with
the head and sugars regions of the previously drug-free LPS
fused into a single region. The new, to our knowledge, struc-
ture showed a shortened tail region with an increased den-
sity, caused by the presence of drug molecules between
hydrocarbon chains. The disappearance of the border be-
tween the head and sugars regions is also caused by the
presence of drug molecules in these areas (see below),
corroborated by the increased ED in these regions (Table 1).

XR studies before and after introduction of novobiocin al-
lowed direct measurement of the total drug content present
Biophysical Journal 109(12) 2537–2545



TABLE 1 Size and electron density in the three layers of the

LPS monolayer from XR data fitted by MD fitting using

RFIT2000

LPS and Drug

Added

Depth (Å) (Top) and Electron Density (e�/Å3)

(Bottom)

Tail Inner Head Group Outer Head Group Total

PhoP-null 13.04 13.04 6.21 32.29

0.29 0.37 0.36

PhoP-null þ Nov 10.66 22.78a 33.44

0.32 0.40a

PhoP-const 14.76 15.31 9.36 39.43

0.31 0.40 0.36

PhoP-const þ Nov 15.13 14.22 11.36 40.72

0.29 0.42 0.38

aThese two regions were best modeled as a single slab in this case.
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in the LPS. Drug/lipid ratios are calculated by counting the
number of electrons in the average molecular volume before
and after the drug was introduced, and accounting that each
head region is assigned a 50% hydration at the given molec-
ular area, found from a Langmuir isotherm (16). The num-
ber of electrons in the novobiocin molecule (324 electrons)
is then used to account for excess density, presented as the
shaded regions in Fig. 4 B. There was no observed change
in the film’s area or surface pressure after injection of the
drug; all extra electrons can be attributed to the presence
of drug within the layer. A Drug/-lipid molar ratio of the
PhoP� LPS/novobiocin structure was 0.79; novobiocin ap-
peared to be present in all areas of the layer as judged by
the increased ED (Fig. 4 B), with the highest concentration
within the head and sugars regions. Novobiocin molecules
are included in the cartoon models of molecular structure
(Fig. 4 C).

Introduction of novobiocin into the system is reflected by
a marked change in the diffraction of the hydrocarbon tails
for the PhoP� mutant, seen in the GIXD experiment (Fig. 5;
Table 2). Although the spacing of the tails remained essen-
tially the same, a large difference was observed in the
change in crystallite coherence, the coherence length
leaping from 215 Å to R591 Å upon insertion of the drug
in the diffracting parts of the layer (Table 2). Order is typi-
cally destroyed by the introduction of agents within a mono-
layer (18,27,28), but this drug had the effect of strongly
increasing the size of the ordered regions in the layer.

In contrast to the PhoP� LPS, PhoPc LPS showed a much
milder reaction to the novobiocin addition (Fig. 4; Table 1).
TABLE 2 Lateral crystallinity of LPS films given by GIXD data

Sample Position of Qxy Maxima (Å�1) FWHM d-S

PhoP� 1.51 0.028

PhoP� þNov 1.52 0.008

PhoPc 1.49 0.036

PhoPc þNov 1.49 0.024

FWHM, full width half-maximum width half maximum; Lcoh, lateral coherence
aSpacing between diffracting planes in the monolayer.
bAuc is the derived area per unit cell corresponding to a single hydrocarbon cha
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Layer thickness of the LPS displayed a slight increase of
1.3 Å, but could still be fit into three distinct regions as
before. The most noticeable change in length occurred in
the sugars region in PhoPc LPS, which saw an increase of
2 Å, whereas the headgroup saw a loss of 1 Å; and the ED
in these regions showed only a slight (5%) increase; these
changes reflect the presence of drug molecules in the hydro-
philic region. The length of the tails region experienced only
minimal changes, and the ED here actually decreased upon
addition of novobiocin (Fig. 4 B; Table 1), suggesting the
absence of the drug molecule in the hydrophobic region.
The overall Drug/lipid ratio—as described previously—of
this layer was 0.29; most of the drug molecules were located
in the outer sugar groups of the LPS (Fig. 4 C). Addition of
novobiocin to PhoPc LPS caused no change in the hydrocar-
bon tail spacing (Fig. 5) as seen in PhoP�, but an increase
in the crystalline coherence length from 165 Å to 257 Å,
an effect also observed in the PhoP� mutant.
DISCUSSION

Human pathogens are required to survive under different
environmental conditions through their life cycle.
S. enterica sv. Typhimurium, for example, must live in the
presence of several mM concentrations of bivalent cations
in our intestinal tract, and after capture by phagocytosis
must also survive in the phagosomes that are rich in cationic
antimicrobial peptides (29). One important mechanism that
allows this adaptation to vastly different environmental con-
ditions is thought to be the modification of LPS molecules
on the cell surface by the PhoPQ two-component regulatory
system. Recognizing the presence of cationic peptides
within phagosomes (8), the activated PhoPQ system pro-
duces three alterations in the lipid A portion of LPS, the
addition of aminoarabinose, a palmitoyl chain, and a 2-
OH group to one of the fatty acyl chains (Fig. 1 A) (19).
The addition of aminoarabinose decreases the electrostatic
repulsion between the neighboring, polyanionic, lipid A
moieties; the addition of one more hydrocarbon chain
by the palmitoyl transferase PagP also stabilizes the LPS
leaflet by increasing the hydrophobic interaction between
the neighboring lipid A; addition of a 2-hydroxyl group
increases the hydrogen bonding between neighboring
LPS. All three modifications are expected to result in the
stabilization of LPS leaflet or monolayer. Indeed, the
pacing (Å) Lcoh (Å) Lattice Spacing (Å)a Auc (Å
2)b

4.16 215.7 4.80 19.95

4.14 591.6 4.78 19.80

4.23 165.4 4.88 20.62

4.23 256.9 4.88 20.62

length.

in.



FIGURE 4 (A) Reflectivity data (symbols) and best fits (lines) generated using RFIT2000 corresponding to a MD Parratt regime of 2–3 boxes of fixed

density convolved by Gaussian roughness between boxes. Reflectivity is plotted, as usual, against the scattering vector Q, which is equal to 4p sin(a)/l,

where a and l denote the angle of incidence and the wavelength of the x-ray. Q therefore has a unit of Å�1, and is in the direction perpendicular to the plane

of the monolayer, thus Qz. (B) Derived ED normal to the interfacial surface. MD ED curves generated by simulated annealing in StochFit before and after

drug insertion are displayed as black and red curves, respectively. (C) Cartoon schematics of the LPS layers’ equilibrium distributions after introduction of

novobiocin, where alterations of the electron densities of LPS in the cartoon are highlighted in green, the drug in red, and the lipid regions in gray/black. To

see this figure in color, go online.
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PhoPQ-induced modifications are known to make Salmo-
nella cells more resistant to not only cationic antimicrobial
peptides (30–32) but also to a number of large, lipophilic
antimicrobial agents (9).

We characterized the physical properties of the PhoPQ-
modified and unmodified LPS, after confirming the differ-
ence in permeability in strains containing galE mutation,
which truncated the carbohydrate chains of LPS (Fig. 1).
The monolayer studies by Langmuir isotherms (Fig. 3)
and x-ray scattering techniques (Figs. 4 and 5), showed
not only that the modified LPS occupied a larger area as ex-
pected (Figs. 4 and 5), but also had a slightly more extensive
long-range organization (Table 2), confirming the notion
that the modification helps in stabilizing the two-dimen-
sional assembly of LPS molecules. An important observa-
tion was that a lipophilic antibiotic, novobiocin, when
added to the aqueous subphase and allowed to equilibrate
with the LPS monolayer, was able to penetrate through
the headgroup region and partitioned into the hydrocarbon
region in the monolayer of the unmodified LPS. Penetration
was prevented in PhoPQ-modified LPS (Fig. 4, B and C).
The total film area in both cases remained constant. Further-
more, the presence of novobiocin within the tails of the null
mutant resulted in a shift in diffraction to a higher Q. No
such shift was detected in the modified LPS, likely because
of the drug’s inability to penetrate into the hydrocarbon
chains. These findings correlate well with the increased
novobiocin MIC value seen in intact cells of the PhoPc

strain, 40 mg mL�1, instead of 14 mg mL�1 in the PhoP�

strain. Modification of LPS by the PhoPQ regulation system
seems to explain the increase in novobiocin resistance.

It was observed that novobiacin makes LPS molecules
pack tighter, and that it inserts into the tail region of the un-
modified LPS. Taken together, this indicates the hydropho-
bic nature of the interactions between the novobiocin and
the LPS. The additional palmitoyl appended by the PhoPQ
system allows the mutant LPS to pack into more crystalline
domains, (evident by the increased scattering intensity seen
in GIXD measurements in Fig. 5), and, likely, be the key
reason for novobiocin not being able to associate with the
LPS lipid tails in the constituted mutant. Alterations of the
LPS headgroups with a positively charged aminoarabinose
alters the electrostatics between the drug and LPS, while
also making the LPS associate together into more crystalline
domains. The addition of a single positive charge to the
headgroup lowers the coulomb barrier between the adjacent
Biophysical Journal 109(12) 2537–2545



FIGURE 5 Grazing incidence x-ray diffraction data (symbols) and corre-

sponding Lorentz-Gauss (1:1) fits generated by OriginPro (lines) after

linear background subtraction. Diffraction intensity is plotted against the

scattering vector Q as in Fig. 4, but in the direction of the plane of the mono-

layer, thus Qxy rather than Qz. Errors in Qxy given by the resolution of the

Soller collimator given at 1.4 mrad, or 9.56 � 10�3Å�1 at the fixed energy

of 13.4737 keV with a DE/E ~10�4. To see this figure in color, go online.
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polyanionic molecules. As the outer and then the inner
heads are the first points of contact for the drug molecule,
the changes in this region must therefore govern the initial
LPS-drug interaction. We suggest that the drugs initially
accumulate in the outer headgroups and tangle with the
outer sugars, forcing the LPS molecules to more closely
associate. This association is then marked by sharpening
of the LPS diffraction peaks, which equates as the size of
the crystalline domains growing on the surface. As the crys-
talline fraction of the membrane increases, the disordered
regions have an increasing area available per molecule,
which will eventually allow for the accommodation of
drug molecules. This behavior is corroborated by the larger
compression modulus of the PhoPc LPS; the additional tail
makes the film much more difficult to compress or accom-
modate drug molecules as the LPS is corralled into larger
crystallites.

Based on our experimental data alone, we cannot claim
sufficient mechanistic evidence of how the penetration of
novobiocin drugs is prevented by the PhoPQ-regulated
modification of all LPS. Our original hypothesis of
increased lateral interaction between neighboring PhoPc

LPS molecules remains neither supported nor rejected.
However, the crystalline domain of PhoP� LPS shows a dra-
matic increase in the presence of novobiocin, it becomes
tempting to speculate that this might create high perme-
ability, possibly by the resultant increases in the area
occupied by the unordered domain. In such a way, the novo-
biocin is increasing the size of the crystallites in the mono-
layer, directly seen by the thinning of the Bragg peaks in the
diffraction signal (Fig. 5). Furthermore, the peak intensity
Biophysical Journal 109(12) 2537–2545
and integral intensity of the diffracted signals increases in
both cases after drug treatment, though most obviously for
the PhoPc LPS. Such observations further support the possi-
bility of crystalline growth being responsible for novobiocin
penetration through the LPS onto the drugs known cyto-
plasmic targets. More experimentation is needed to evaluate
this hypothesis as the mechanism responsible for more gen-
eral drug permeation through the outer membrane.

It should be mentioned that LPS monolayers have been
studied earlier by similar approaches. LPS of somewhat
more extended carbohydrate chain (Ra-type) was used to
examine the interaction with a 20-residue, highly cationic
peptide PA19-2.5 (33). This highly hydrophilic molecule
was found to penetrate into the headgroup region in the
absence of Ca2þ, but not in its presence.
CONCLUSION

Our studies were carried out in S. enterica, where most of
the clinically useful antimicrobial agents rapidly pass
through porin channels (1), and thus the diffusion of antibi-
otics through the LPS/phospholipid bilayer region of the
outer membrane is not immediately relevant to public
health. However, the most problematic bacterial pathogens
now threatening human health because of their extensive
multidrug resistance, or pan resistance, are Pseudomonas
aeruginosa and Acinetobacter baumannii (34,35), and
both these organisms lack the high permeability nonspecific
porins (36,37). Although carbapenems most often use a spe-
cific channel OprD (38), in the often-encountered carbape-
nem-resistant strains the role of penetration through the
bilayer region of the outer membrane becomes important,
and our current results become quite relevant. Furthermore,
polycationic compounds such as polymyxin and colistin are
often the only option left for these pan-resistant pathogens
(39), and their penetration obviously depends on the interac-
tion with unmodified and modified LPS. We believe that
our approaches are important in developing additional effec-
tive agents for these problem pathogens in view of these
circumstances.
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