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Abstract: Lipopolychacharides (LPSs) cover the surface of Gram-negative bacteria. The LPS assembly provides
a penetration barrier to molecules larger than-70000 Da, such as many antibiotics, and when LPS molecules

are released from the surface of bacteria, they cause toxic shock in the infected patient. The shsielverichia

coli IM109 was visualized by atomic force microscopy, providing the highest resolution images of any bacterium
to date (50-A lateral and 5-A vertical resolutions). These images indicated that LPS molecules are assembled
in bundles of 606-3500 molecules. The LPS molecule is comprised of lipid A, then an inner and outer core,
and an outermost region @-antigen units. Analyses indicated that fBeantigen repeat units vary between

1 and 26 forE. coli IM109, and the fraction of the LPS molecules with zero to three repeat units made up
approximately 50% of the total LPS content. A matrix of 16 LPS molecules was constructed as a representative
region of the surface d&. coli. The molecular dynamics simulations of this assembly indicated that the structural
components closer to the milieu experienced more movement than those closer to the interior, and that the
metal ions coordinated to the inner core were indispensable for the stability of the assembly. In the absence
of metal coordination to the inner core, the assembly of the LPS molecules disaggregated such that simulations
beyond 67 ps could not be attempted. Simulations also indicated that the metal ions allowed for assembly of
the LPS molecules one next to another in a tight formation. Such a tight assembly dramatically decreases the
surface accessibility to solvent, so that there is no access for even a water molecule beyond the inner core.
This structural property accounts for the aforementioned penetration barrier that is characteristic of Gram-
negative bacteria.

The Gram-negative bacterial envelope is a highly elaborate of O-antigen repeats is the characteristic of any given strain of
structure (Figure 1). The inner membrane encloses the cyto-bacterium and could range from 0 to 40Hscherichia col?
plasm. The space between the inner and the outer membrane i&\ttempts have been made to characterize the three-dimensional
referred to as the periplasm, which contains the bacterial cell structure of LPS molecules by X-ray powder diffraction and
wall. The cell wall provides the structural rigidity that is essential computational techniques, with limited succéss.
for the survival of bacteria. Lipopolysaccharides (LPS) form  The outer membrane presents a major barrier to the entry of
the surface of Gram-negative bacteria as the major componentmany small molecules, including antibiotics. In addition to LPS,
of the outer leaflet of the outer membrane (Figuré The outer there are certain proteins, such as pdrimsd gated channels,
membrane is absent in Gram-positive bacteria, hence it is awithin the outer membrane that form channels for entry of some
uniquely Gram-negative entity. Roughly 3.5 million LPS small molecules into the cell (Figure 1). Individual LPS
molecules cover the surface of Gram-negative bactdyid,the molecules on the surface of the bacterium are held together by
nature of the assembly of LPS in bacteria is currently entirely various forces including electrostatic interactions, hydrophobic
unknown. There is considerable interest in understanding theinteractions, and hydrogen bonds. There are divalent metal ions
properties of LPS, because its release in the course of infectionssuch as Mg" and C&" ions that bridge the anionic function-
is the cause of septic shock in patients with endotoxemia. This alities present in the inner and outer core regions of LPS. It has
problem caused more than 21000 mortalities in 1996 in the US been known for some time that chelating agents such as
alone3 ethylenediaminetetraacetate (EDTA) can remove these metal

Over the past several years, the chemical structure of LPSions from the surface of the bacterium and increase the
has been elucidated by several gropsS is composed of ~ permeability of the membrareHence, it is of interest to
the hydrophobic lipid A (the component that interacts with the understand the structural details of the outer membrane of
inner leaflet of the outer membrane), an inner and an outer core, (4) Obst, S.; Kastowsky, M.; Bradaczek, Biophys. 1997, 72, 1031

and the repeating units @-antigen (Figure 13.The number 1046.

(5) Seydel, U.; Labischinski, H.; Kastowsky, M.; Brandenburg, K.
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Figure 1. A schematic drawing of the envelope of Gram-negative bacteria.

bacterium and its components. We report herein the highestdetermined the degrees GfFantigen repeats i&. coli IM109
resolution image of the surface of the Gram-negative bacteriumby chemical analyses for colitose and heptose, two sugar
E. coli, determined by atomic force microscopy (AFM). The constituents of the LPS structure, according to literature
image revealed that the LPS molecules assemble on the bacterianethods. Our analyses indicated that t@eantigen repeat units
surface in bundles. We have also performed the first dynamics vary between 1 and 26 for this bacterium. However, the fraction
simulations for the assembly of these LPS molecules. The detailsof LPS molecules with zero to three repeat units made up
of these simulations shed light on the nature of the bundles andapproximately 50% of the total LPS content. As revealed in
the basic properties of the surface of Gram-negative bacteria.the high-resolution images, the packing of the nearest neighbor
We choseE. coli IM109(pSF815A) for these studids. coli LPS patches is tight. The bundles of LPS (Figure 2A) are known
JM109 is a standard laboratory strain, which was transformed to provide a permeability barrier to many molecules, including
with pSF815A, a plasmid that encodes the bifunctional ami- various antibiotics. One also sees “holes” in the AFM images
noglycoside resistance enzyf&he resistance enzyme gave a  0f the surface of the bacterium, such as the dark spots in Figure
selection handle to generate highly homogeneous cultures of2A. These spaces likely would lead to the outer membrane
the organism. A large scan areax44 um?) was first made for proteins such as porins, which are water-filled protein channels
E. coli IM109(pSF815A) to select the desired cells for higher that span the outer membrane. Porins permit entry to molecules
resolution imaging. The higher resolution images provide smaller than 7081000 Da. It is a question of fundamental
glimpses of the surface assembly in bacteria at unprecedentedmportance to understand how the LPS molecules function in
resolution (50-A lateral and 5-A vertical resolutions). As shown these assemblies. We have performed molecular dynamics
in Figure 2A (left panel), individual bacteria are readily —simulations to gain insight into the dynamic nature of LPS
distinguishable. The typical length of the bacterium-igs:m, molecules in such assemblies.
consistent with the previously reported values. The detailed Three different molecular dynamics simulations were per-
structure of the outer membrane has been studied by systematiformed on the LPS assembly: (1) The fatty acyl chains of lipid
cally zooming in on the surfaces of the desired bacteria. An A were constrained, with the Mg ions present in the assembly;
example is given in Figure 2A (right panel), which clearly (2) no constraints were imposed on the LPS molecular assembly
reveals that the surface &. coli is rough at the nanoscopic  with the Mg ions present; and (3) all the metal ions and
level. This high-resolution image shows that the outer membraneconstraints were removed from the assembly (metals were
exhibits protrusions (“bumps”) with the lateral dimensions of removed and the system was equilibrated for 50 ps with
250-600 A and the vertical roughness of 290 A. Certain constraints on the fatty acyl chains, and after 50 ps, constraints
“dark” features are also observed, representing the void spacesvere removed). The first simulation was performed to under-
among the LPS patches. The widths of these dents range fromstand the behavior of th@-antigen chains in the assembly. In
250 to 600 A, with measurable depths of 25 A. The actual essence, the lipid A moieties may be envisioned for this
depth is likely to be larger than the measured values here, simulation as anchored in the bilayer environment by hydro-
because the AFM tip cannot always reach the bottom of the phobic and van der Waals attractive forces. Molecular dynamics
depressions. According to the lateral dimensions of the bumpssimulations were carried out for 255, 150, and 67 ps, respec-
measure by AFM and the models that we have generatedtively, for the above three assemblies, including the 50 ps of
(discussed below), each patch contains approximately 600 tothe equilibration period. The LPS molecules in the third
3500 LPS molecules. The differences in the heights of the bumpsassembly, which is devoid of the metal ions, showed dramatic
are most likely due to the different numbers@fantigen units motion of the various regions. This motion forced us to stop
(1 to 26; vide infra) at the terminals of the LPS molecules.  the simulations at 67 ps, because the individual LPS molecules

As discussed above, these protrusions are the bundles of LPSvere deviating out of the periodic box (not observed in the

molecules with different degrees of repeat@fantigen. We simulations of the other assemblies; vide infra). The results of
the simulations were quantitated by measuring the deviation of

(8) Azucena, E.; Grapsas, |.; Mobashery,JSAm. Chem. Sod. 997,
119 2317-2318. Daigle, D. M.; Hughes, D. W.; Wright, G. BChem. (9) Cynkin, M. A.; Aswell, G.Nature196Q 186, 153-154. Osborn, M.
Biol. 1999 6, 99-110. J. Proc. Natl. Acad. Sci. U.S.A963 50, 504-506.
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Figure 2. (A) Topographic image oEscherichia coliJM109 and an expanded view of the boxed portion of the surface. (B) The space-filled
stereoview of an energy-minimized, time-averaged structure of the LPS assembly; the snapshot coordinates, collected over approximately 100 ps,
were averaged and the resulting structure was energy minimized. The atoms are color coded according to the atom types (red for oxygen, white
for carbon, blue for nitrogen, violet for magnesium; hydrogen atoms are not shown). The right panel shows different regions of the LPS molecule:
1 = lipid A, 2 = inner core, 3= outer core, and 4 two O-antigen repeat units. (C and D) The deviations from the starting conformations of the
various regions of the LPS assembly during molecular dynamics simulations in the presence (C) and absence {DipasMgeviations of the

centroid of a sugar in the fifth repeating unit of LPS5 (D1), in the second repeating unit of LPS2 (D2), in the second repeating unit of LPS5 (D3),

in the outer core of LPS2 (D4), in the outer core of LPS5 (D5), in the inner core of LPS2 (D6), and in the inner core of LPS5 (D7) are plotted.
(E) The grid shows the organization of LPS molecules in the assemblies that were used for the molecular dynamics simulations. Designations “2”
and “5” refer to the LPS molecules with two and fi@antigen repeats, respectively. (F) The side stereoview of the Connolly water accessible
surface of the energy-minimized, time-averaged structure of the LPS assembly (as described in panel B). (G) The top stereoview of the structure
shown in part F. Metal ions interacting with the LPS molecules are shown as violet spheres, and one such metal ion is shown by an arrow in
panel F.

the centroid of one sugar ring from each region (i.e., lipid A, profile (D2), similar to those at the same position in LPS5 (D3).
inner core, outer core, ar@antigen) from its starting position  In contrast, the terminaD-antigen repeats in LPS5 showed a
and were averaged over either 12 LPS2 or 4 LPS5 molecules.dynamic nature throughout the simulation period (D1). Thus,
The distances of deviations from the starting conformations are from these profiles, it appears that the termi@adntigen regions
plotted as a function of time. show greater movements in an assembly of LPS molecules and
The results of the molecular dynamics simulations on the LPS the longer chains show more flexibility. Figure 3 shows
assembly with and without Mg ions (both without any snapshots of two adjacent LPS molecules in the course of the
constraints) are presented in Figures 2C and 2D, respectively.255 ps of simulation in the presence of the metal.
The results from the 255 ps simulations on the LPS assembly Removal of the metal ions using metal-chelating agents such
with Mg?* ions and constrained fatty acyl chains (not shown) as EDTA from the surface of the bacteria results in the loss of
gave a similar profile as those without any constrains. Thus, in integrity of the LPS molecular assemblies and releases LPS
the presence of the metal ions in the inner core, the lipid A molecules, producing damage to the outer membta#kn our
portions, inner core, and outer core regions (D4, D5, D6, and simulations in the absence of the Rigions in the LPS
D7 in Figure 2C) did not show significant movements. These assembly, we observed a profile that led to disaggregation of
results demonstrate that the metal ions are critical in keepingthe LPS molecules (Figure 2D). The deviations of the inner
the assembly of the LPS molecules together, an observationand outer core regions (D4, D5, D6, and D7) show that there is
supported by experiment&!! The O-antigen regions at the

second repeating unit in the LPS2 molecules showed a stable (11) Amro, N. A; Kotra, L. P.; Wadu-Mesthrige, K.; Bulychev, A;
Mobashery, S.; Liu, G. Y. Unpublished results.

(10) Leive, L.Biochem. Biophys. Res. Commu965 21, 290-296. (12) Leive, L.Ann. N.Y. Acad. Scil97Q 238 109-129.
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Figure 3. Snapshots from the trajectories of the molecular dynamics simulations on the LPS assembly in the presertaonfsM@nly one
five-repeat LPS (LPS5) and its adjacent two-repeat LPS (LPS2) are shown for clarity of presentation of the dynamic nature of the assembly at
various time points. The top extremities of the LPS molecules @amtigen regions) show significant movement compared to the inner portions.

The corresponding time points for the snapshots are at 0 (A), 49 (B), 70 (C), 90 (D), 120 (E), 140 (F), 160 (G), 180 (H), 200 (I), 220 (J), 240 (K),
and 255 ps (L).

more significant movement in these regions in the absence ofafter the equilibration period), in comparison to the profiles in
metals (as discerned from the increasing slopes in Figure 2Dthe presence of the metal ions (Figure 2D). A similar profile
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was also observed in th@-antigen regions (D1, D2, and D3, molecular modeling softwaré and the structure was energy minimized
Figure 2D vs 2C). A comparison of the time-averaged structure using the AMBER 5.0 packagé.The assembly contained 16 LPS
from the simulations of the LPS assembly with metal ions molecules (13004 atoms; Figure 1E). The inner core of LPS is known
(Figure 2B) to the snapshots of the trajectories of the LPS to coordinate with calcium and magnesium idns.total of 64 Mc?*
assembly in the absence of the metal ions clearly indicated thations were included, distributed uniformly within the assembly coor-

depletion of the metal ions from the inner core region facilitates dinated with the phosphate and carboxylate moieties. It is not known
. . how many metal ions coordinate to the inner core of the LPS molecules.
the disaggregation of the assembly.

The simulations indicated that the individual molecules of We chose the sites for coordination in a uniform fashion, and there are

. . ) sites for coordination to additional metals beyond the 64Mgns
LPS line up one against another, an arrangement that relies onseq in our LPS assembly. A typical assembly consisted of 85000

the presence of the metals in the inner core for its stability. ggooo atoms, including water molecules of solvation. The molecular
The molecules of LPS undergo motion in space, as would bladesgynamics simulations were performed on an Origin2000 supercomputer
of grass in wind. Furthermore, the LPS assemblies presentat the National Center for Supercomputing Applications or on an Octane
formidable penetration barriers for even small molecules into dual processor computer. The calculations required in excess of 3
the bacterium. For example, the time-averaged structure of themonths of computer time. All the LPS molecules and the assembly
LPS assembly (vide supra) does not permit the penetration of structures were solvated and energy minimized using the AMBER 5.0
even a water molecule beyond the inner core (Figures 2F andprogram. For the carbohydrate moieties of the LPS assembly, the
2G). These studies provide the first glimpses into the assembliesGLYCAM force field developed by Woods et al. was u¥eand the
of LPS molecules in the Gram-negative bacteria. These arraysatomlc charggs, when not available, were aSS|gneq based on the ESP
of LPS pose great difficulty at the present to pharmaceutical charges obtained from the MOPAC package. Point charge on the
chemists in delivery of antibacterial drugs to their internal target M29"nesium ion was assigned to-b2 and the nonbonded parameters

. S . . were assigned according to Aqvi$tAll the energy minimizations and
sites. Availability of these computational models should stimu-

| h hi . h ial | ._molecular dynamics simulations were performed on the completely
ate further research in understanding the bacterial envelope inggyated system in a box of water that was att@A thick from the

the immediate future. surface of the LPS assembly. Periodic boundary conditions were used
with the Ewald option as implemented in AMBER 5.0. The entire
charge on the LPS system was not neutralized by adding Nbms
Terrific Broth is a product of Difco Laboratories. Kanamycin Awas ~and all the molecular assemblies contained residual charges that were
purchased from Sigma Chemical Cthe O-antigen repeating units in ~ sSmeared over all the atoms in the system by the Ewald approach to get

Materials and Methods

E. coli IM109 were determined according to literature mettfods. back to neutrality. The LPS molecular assembly with 64*Mipns
Bacterial Preparation. Escherichia coliJM109(pSF815A) was  bears a residual charge 832 and that without MY ions, —96. This
grown to mid-log phase in Terrific Broth (10 mL) at 3T for 7 h in will not have a large effect on the simulations due to the fact that the

the presence of 50g/mL kanamycin A. The final bacterial concentra- molecular systems contain a large number of atoms. The molecular
tion was approximately (59) x 10° cells/mL. Bacterial concentrations ~ assembly was heated to 300 K in 10 ps at constant volume and was
were determined by measuring the absorbance of the culture at 600equilibrated at 300 K for an additional 40 ps at constant pressure. The
nm (0.1 x ODggo = 1 cells/mL) in a spectrophotometer (HP 8453 total energy of the system stabilized during this time. The total time of
diode array U\+visible spectrophotometer). Stock cultureskofcoli the simulations ranged from 100 to 255 ps, in the time step of 2 fs
JM109(pSF815A) were maintained &80 °C. (except in the LPS assembly with fatty acyl chains constrained, where
Atomic Force Microscopy. The instrument is a state-of-the-art  the time step was 1 fs frot= 0—150 ps). The simulations were carried
microscope constructed in houSéThe samples may be imaged under  out by immersing the complete assemblies of the LPS molecules in a
ambient laboratory conditions, in a vacuum, or in solution. The box of water. One could argue that the hydrophobic fatty acyl chains
cantilevers were standardsSi; microlevers from Digital Instrument need not be in a hydrophilic environment, such as the water in the
with a force constant of 0.38 N/m. The scanning head incorporates a box. But such a condition would simulate the fatty acids in a vacuum,
deflection type configuration with a quadrant photodiode detector that with the oligosaccharide chains in the agqueous environment. We felt
allows simultaneous acquisition of both topographic and frictional force that the entire system should undergo dynamics simulations by
images. The drop-and-dry method was used to transfer bacteria fromjmmersing the complete assembly in water. Only the fatty acyl functions
solution to a solid Support for AFM studies. To Study structural features in the fringes of the LPS matrix experience solvation in the agueous
of individual cells, we used submonolayer coverage. For each specimen,medium, and the remainder were in the interior and underwent dynamics

20 ul of the bacterial solution (total number of celisd x 10°) was as would be expected for the membrane to experience dynamics.
placed @ a 1 cn? glass slide (thickness 0.5 mm). To enhance the

adhesion, the glass slide was pretreated with the Piranha solution (1:3 . .
ratio of 30% HOz:concentrated k80,) and washed copiously with Acknowledgment. This work was supported in part by the
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