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In the light of occurrence of bacterial strains with multiple
resistances against most antibiotics, antimicrobial peptides that
interact with the outer layer of Gram-negative bacteria, such as
polymyxin (PMX), have recently received increased attention.
Here we present a study of the interactions of PMX-B, -E, and
-M with lipopolysaccharide (LPS) from a deep rough mutant
strain of Escherichia coli. A method for efficient purification of
biosynthetically produced LPS using reversed-phase high-per-
formance liquid chromatography in combination with ternary
solvent mixtures was developed. LPS was incorporated into a
membrane model, dodecylphosphocholine micelles, and its
interaction with polymyxins was studied by heteronuclear NMR
spectroscopy. Data from chemical shift mapping using isotope-
labeled LPS or labeled polymyxin, as well as from isotope-fil-
tered nuclear Overhauser effect spectroscopy experiments,
reveal the mode of interaction of LPS with polymyxins. Using
molecular dynamics calculations the complex of LPS with
PMX-B in the presence of dodecylphosphocholine micelles was
modeled using restraints derived from chemical shift mapping
data and intermolecular nuclear Overhauser effects. In the mod-
eled complex the macrocycle of PMX is centered around the
phosphate group at GlcN-B, and additional contacts from polar
side chains are formed to GIcN-A and Kdo-C, whereas hydro-
phobic side chains penetrate the acyl-chain region.

Cellular membranes segregate the interior of cells from their
surroundings and therefore are crucial to maintain cells as
autonomously functioning systems (1). The chemical constitu-
ents of outer membranes from mammalian cells and bacteria
are fundamentally different (2). The mammalian outer mem-
branes are largely formed by phospholipid bilayers, whereas
additional coating structures are present covering these in bac-
teria. In Gram-positive bacteria a thick peptidoglycan layer is
built around the phospholipid bilayer. In Gram-negative bacte-
ria, the peptidoglycan structure is much thinner and coated by
an additional phospholipid-containing bilayer, whose outer
leaflet is mainly composed of lipopolysaccharides (LPSs)? (3).
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LPS are high molecular weight, strongly negatively charged
molecules, which for smooth LPS can be divided in three
regions: the lipid A portion of LPS inserts into the phospholip-
idic membrane and in many Gram-negative bacteria consists of
a di-glucosamine diphosphate with 5 to 7 fatty acid chains
extending to one side of the disaccharide. The lipid A is
appended to a region (the inner core) of 8 —12 variable sugars
(including the negatively charged 3-deoxy-p-manno-oct-2-ul-
osonate (Kdo) units) and 3— 8 phosphate residues. To the inner
core is covalently associated the O-antigen, an oligosaccharide
chain of variable length and chemical composition, depending
on the exact type of LPS.

Sepsis caused by Gram-negative bacteria is a serious source
of mortality in many clinical cases, accounting for ~200,000
deaths in the U.S. annually (see David (4) and references
therein). The primary trigger for sepsis was identified as LPS,
and LPS-neutralizing agents are therefore valuable therapeu-
tics. Antimicrobial peptides against Gram-negative bacteria
can interfere with the integrity of this LPS layer. PMX-B is con-
sidered as the “gold standard” for LPS-sequestering agents.
Polymyxin-B, -M, and -E are characterized by a heptapeptide
ring and a fatty acid tail (see Fig. 1). These highly cationic
decapeptides contain six diaminobutyric acid (Dab) residues, a
macrocylic ring involving residues 4 —10, and an acyl chain cou-
pled to the N terminus. Severe toxic side effects have limited
their usage to treatments against bacteria resistant against most
other antibiotics such as Pseudomonas aeruginosa. The inter-
action of LPS with various antimicrobial peptides has been the
subject of a number of studies (4—15). In some of these, the
conformation of the LPS-bound peptides was established using
transferred NOE effects, and the complex between LPS and the
peptides was established by docking the transferred NOE-de-
rived peptide conformer to LPS (11), whose coordinates were
taken from the crystal-structure of FhuA-bound LPS (16).

The emphasis of this work was to obtain experimental data
on the LPS-.PMX complex, thereby allowing a detailed under-
standing of the interacting moieties. Because LPS in the outer
membrane of Escherichia coli cells is integrated into a phospho-
lipid bilayer, it was studied while integrated into phospholipid
micelles to better mimic the natural environment. In our stud-
ies we used LPS from the deep rough mutant D31m4 of E. coli
(Re-LPS). Biosynthetic production of the latter and its isolation

dodecylphosphocholine; MALDI-TOF, matrix-assisted laser desorption
ionization time-of-flight; MES, 4-morpholineethanesulfonic acid; MD,
molecular dynamics; TOCSY, total correlation spectroscopy; HM, hydroxy-
myristoyl; LM, lauroxymyristoyl.
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FIGURE 1. Chemical structures of LPS from the D31m4 E. coli strain (1), the two model compounds for LPS (2 and 3), and PMX-M (4). Note that in PMX-B
residue p-Leu-6 is replaced by p-Phe and Thr-7 is replaced by Leu, and in polymyxin-E Thr-7 is replaced by Leu. In the text, the glycosidic residues of LPS are

identified with the letters A-D, starting from the far right GIcN residue.

and purification from the membrane fraction of the corre-
sponding cells was described in literature. However, to facilitate
purification by reversed-phase HPLC, the phosphate groups
were methylated (17). The modified LPS was investigated in
detail by NMR (18). Because interactions with the charged
phosphate groups were proposed to be important for binding
antimicrobial peptides, we developed an HPLC-based method
that allows purification of LPS in its natural (non-methylated)
form (Fig. 1). ">C,"N-Labeled LPS from the deep rough mutant
strain was isolated and purified to chemical homogeneity.
Extensive use of heteronuclear solution NMR techniques
allowed characterization of LPS embedded in DPC micelles and
facilitated the study of its interactions with polymyxins from
different organisms. The interaction studies relied on chemical
shift mapping techniques and isotope-filtered NOEs and
allowed direct probing for the interaction sites.

EXPERIMENTAL PROCEDURES

Materials—">NH,Cl was purchased from Spectra Isotopes
(Columbia, MD), perdeuterated DPC-d38 (99%-d), and D,O
were ordered from Cambridge Isotope Laboratories (Andover,
MA). Methyl-5-doxylstearic acid was bought from Aldrich
(Buchs, Switzerland). The Re-LPS-producing strain D31mé4
was purchased from the E. coli Genetic Resource Center, New
Haven, CT. The PMX-M-producing strain Paenibacillus
kobensis M was obtained from Prof. J. C. Vederas, and PMX-B
and -E were purchased from Sigma-Aldrich.

APRIL 24, 2009+VOLUME 284 -NUMBER 17

Production of '*C-Labeled LPS from the E. coli Strain
D31m4—Cells from the D31m4 strain of E. coli were grown
at 37 °C to an optical density of ~1.0 at 600 nm on minimal
medium M9 using 4 g of [**C]glucose and 1 g of "N ammo-
nium chloride supplemented with 100 mg of Trp, His, and
Pro per liter.

After harvest cells were resuspended in 50 ml of ice-cold
water and pelleted down. To the pellet a minimum amount
of cold water was added such that a thick paste was formed.
LPS together with other components was precipitated
through addition of 90 ml of ice-cold methanol and centri-
fuged at 8000 X g. The pellet was resuspended in 90 ml of
ice-cold acetone, homogenized, and centrifuged again, fol-
lowed by another acetone washing step. The lyophilized cells
(~0.7 g) were taken up in 50 ml of a phenol:chloroform:
petroleum ether (4:10:16, v/v) solvent mixture and centri-
fuged at 9,200 X g, after which most of the LPS was contained
in the supernatant. The remaining pellet was extracted once
more to increase the yield in LPS. The supernatant was con-
centrated under a nitrogen stream, and 2 ml of water was
added dropwise to the concentrate. A waxy precipitate was
formed followed by three cycles of washing with methanol
and subsequent centrifugation. Thereafter the pellet was
dried and lyophilized, after which it could only be resus-
pended in water using repetitive additions of small amounts
of water followed by sonication. Solubilization was improved
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upon adding aqueous 0.1 m EDTA in the first portions. The
resulting solution was centrifuged at 200,000 X g overnight
and then lyophilized.

Chromatography used the following solvents: solvent A
(methanol:chloroform:water, 57:12:31, v/v) and solvent B
(methanol:chloroform, 29.8:70.2, v/v). The lyophilized pellet
after resuspension in the mixture of solvent A and aqueous
EDTA was directly loaded onto the HPLC column. For optimal
purification of LPS a gradient system involving ternary solvent
mixtures was used consisting of solvent A in 10 mm NH,Cl and
solvent B in 50 mm NH,CL. LPS (6 mg) was dispersed in a two
phase system formed from 0.8 ml of solvent A and 0.2 ml of
0.1 maqueous EDTA (pH 7) and loaded directly onto the RP-C8
column. Chromatographic separation was achieved using the
following gradient of solvents A and B: 2 column volumes of 2%
B, 3 column volumes (2—-17% B), 3.5 column volumes (17-27%
B). UV detection was impossible, and hence fractions were
lyophilized and their content checked by MALDI-TOF using
6-aza-2-thiothymine as the matrix. Elution of the desired LPS
occurred around 20-23% of solvent B.

Production of **C,**N-Labeled PMX-M from P. kobensis M—
The producer strain, P. kobensis M, was grown aerobically at
30 °C on tryptic soy agar. A 1-liter batch of M9 medium was
inoculated with a 10-ml P. kobensis M preculture (1% inocu-
lum). After a total growth time of 16 —24 h at 30 °C with shaking
(200 rpm), the cells were removed by centrifugation (1 h, 10,000
rpm), and the supernatant was then passed through a Amberlite
XAD-16 column. After washing with 30% ethanol, active pep-
tide was then eluted with 70% isopropanol, which was adjusted
to pH 2 (pH meter reading) with 12 N HCIL.

All fractions were assessed for antimicrobial activity using a
well plate assay. The contents of the active fraction were applied
to a Superdex peptide 10/300 column (Amersham Biosciences).
Fractions were collected for 3 column volumes with pure
Milli-Q Water and each assayed for activity. All active fractions
were pooled, concentrated, and applied as 20% isopropanol
solutions to C, 4 reversed-phase HPLC. Complete purification
required two separate steps of C;3 HPLC. The first separation
used a gradient of water/isopropanol (0.1% trifluoroacetic
acid), from 20% to 50% isopropanol, and the second step a
water/methanol gradient (0.1% trifluoroacetic acid), from 45%
to 85% methanol. PMX-M eluted at around 55%. Finally, 8 —10
mg of pure PMX-M was obtained as slightly yellowish powder
from a 1-liter culture, and its chemical nature was verified by
electrospray ionization-mass spectrometry (experimental
mass: 1224.73 Da; theoretical mass: 1223.57 Da).

During all steps of expression and purification, antimicrobial
activity was monitored by inhibition of growth of an indicator
strain. Agar plates were prepared by inoculating molten tryptic
soy agar (40 g/liter) with a culture of the indicator organism
E. coli (1.0% inoculum). Small wells (~4.6-mm diameter) were
made in the seeded agar plates, and 50 ul of filtered culture
supernatant was added to the wells. Plates were incubated at
30 °C, and the growth of the indicator organism was visible after
~3h(19).

NMR Spectroscopy—LPS samples used for assignment pur-
poses contained ~1 mwm LPS, 300 mm d;¢-DPC in 40 mm d, 5-
MES D, 0 buffer, pD = 5.8. Resonance positions required very
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small changes to adapt to **C,"H HSQC spectra in 40 mm ace-
tate buffer at pH 4.4. All interaction studies were performed in
40 mm acetate buffer, 300 mm d;4-DPC in D, O, or H,0/D,0
9/1 (pH 4.4). Measurements of interactions between LPS and
PMX by chemical shift mapping observing LPS resonances uti-
lized a 350 um solution of *°N,**C Re-LPS and equimolar unla-
beled peptides. Chemical shift changes in PMX-M were moni-
tored on a 200 um solution of '*N,'*C-labeled PMX-M and
equimolar unlabeled Re-LPS. No further salt was present in the
measurements except for initial attempts to optimize condi-
tions for "®N,"H HSQC spectra in the PMX-M-Re-LPS sample
(see below). To satisfy requirements for better sensitivity higher
concentrations of doubly labeled LPS (500 um) were used in the
isotope-filtered NOESY experiments (200-ms mixing time).
Due to the moderate dissociation constant the experiment in
fact monitored transferred NOEs; therefore, 3-fold excess of
unlabeled PMX-E or PMX-B (2 mMm solutions) were used with
conditions of pH, detergent, and temperature otherwise iden-
tical to those of the shift mapping studies.

Spectra were recorded on Bruker AV-600 or AV-700 NMR
spectrometer at 7' = 310 K. Proton and carbon chemical shifts
were calibrated to 2,2-dimethyl-2-silapentane-5-sulfonic acid,
and nitrogen shifts were referenced indirectly to liquid NH,
(20). The spectra were processed using the Bruker Topspin 2.0
software and transferred into CARA (21) or SPARKY (22) pro-
grams for further analysis.

For chemical shift assignments of '>C,'°N-labeled LPS two-
dimensional versions of three-dimensional double- and triple-
resonance experiments were recorded. In general, experiments
used coherence selection schemes via pulsed-field gradients
(23) and sensitivity-enhancement building blocks (24, 25)
whenever possible. For assignments of the carbon spin systems
in the lipid chains and the sugar units (H)CCH experiments
recorded with 4- and 12-ms DIPSI-2 C-C mixing cycles were
used. Linkage of the lipid chains onto the glucosamine parts of
lipid A was achieved via correlations with the amide nitrogens
using HNCA and HN(CO)CA experiments. To distinguish the
two Kdo units, key NOEs derived from a >C-resolved NOESY
were exploited. Assignment of all resonances of polymyxin was
done using HN(CO)CACB (26), HNCACB (27), and (H)CCH
experiments (28, 29) analogous to the procedure used for pro-
teins. Because of the small size of the peptide two-dimensional
versions were recorded with a total of <12-h measuring time
for acquiring all spectra. Assignments of polymyxin-B and -E
were based on assignments from PMX-M adjusted by using
additional two-dimensional heteronuclear spectra.

In the spin-label experiments, a 0.5 mM solution of LPS was
separated into two aliquots, and to one of these 5-doxylstearate
methyl ester was added so that the final concentration corre-
sponded to approximately one spin-label per micelle. Signal
intensities from the two corresponding constant-time *C,'H
HSQC were extracted, and the ratio of signal intensities from
the samples with and without spin label was calculated.

Molecular Dynamics Calculations—All calculations were
performed within the program GROMACS (30). Briefly, coor-
dinates of LPS were adapted from the pdb entry 1QFF, and
coordinates of polymyxin B were built using the program
Ghemical (31). Parameters and topologies of PMX-B and LPS
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FIGURE 2. Comparison of the MALDI-TOF mass spectrometry spectrum of commercial LPS with LPS from the deep rough D31m4 E. coli strain purified

by the protocol that includes an additional HPLC purification step.

as well as partial charges of PMX-B for GROMACS were estab-
lished based on data from the PRODRG server (32) and the
GROMOS 53a6 force field (33). Partial charges of LPS were
assigned for a protonation state corresponding to experimental
conditions of pH by the MPEOP method (34, 35). Parameters
for DPC were derived from values for dipalmitoylphosphatidyl-
choline from the GROMOS force field library. A detailed
description of the methodology pursued can be found in the
supplemental materials. Briefly, the system was prepared as fol-
lows: (i) An initial complex between LPS and polymyxin B was
prepared and equilibrated in the presence of a DPC micelle. (ii)
A set of simulated annealing calculations was performed yield-
ing 450 structures. The DPC molecules were explicitly included
in the system, water molecules were substituted by implicit sol-
vent, and the dominant NOE-derived upper distance limits
were included (the force constant was set to 1000 kJ
mol 'nm™?2). (iii) Those structures were selected, which dis-
played best agreement with the chemical shift mapping data.
(iv) These were then equilibrated with explicit solvent and sub-
jected to further refinement and analysis. The latter included an
assessment of the stability of the MD trajectory and a compar-
ison of the average intermolecular distances with chemical shift
mapping data.

RESULTS

Production and Purification of *>C-Labeled LPS—LPS from
the deep rough E. coli mutant D31m4 was isolated from the
membrane fraction of cells grown on minimal medium con-
taining [**C]glucose and [**N]H,Cl as the sole carbon and
nitrogen sources, respectively. After pentachlorphenol extrac-
tion and further purification using published protocols (3, 36)
the yield was ~129 mg/liter of culture. Remaining impurities
were removed by reversed-phase HPLC using a ternary solvent
mixture. In this procedure the solvent system was carefully
adapted to form a single phase over the whole gradient range of
solvent A (methanol:chloroform:water) and solvent B (meth-
anol:chloroform) at room temperature. Importantly, any mix-
ture of these two solvent systems is relatively close to a two-
phase system, and this condition proved to have favorable
properties for dissolving LPS. MALDI-TOF spectra of LPS
before and after this HPLC purification step are depicted in
Fig. 2. Sufficient quantities (40 mg) of chemically pure LPS
for the NMR studies could be produced from 1 liter of cul-
ture using this protocol. As demonstrated in supplemental
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Fig. S4 this method is capable of separating pyrophosphate
from the monophosphate derivatives.

Assignment of LPS and Polymyxin Resonances—Chemical
shift mapping (37) or NOE-based methods (38 —40) can be used
to study biomolecular interactions (see also Refs. 41-43). Both
methods potentially deliver information on interacting moi-
eties but require assignments of chemical shifts. The best
chemical shift dispersion is usually available in heteronuclear
shift correlation spectra (e.g. *°N,"H HSQC or *C,"H HSQC
spectra). Importantly, these experiments still work well in the
presence of the increased line widths that are usually present in
systems that are stably anchored into phospholipids micelles. In
addition, as was unfortunately the case in some of our applica-
tions, additional exchange broadening occurred upon complex
formation. To probe integration of LPS into DPC micelles and
to study its interaction with peptides, we decided to label it with
13C and *°N isotopes and use the corresponding HSQC spectra
for chemical shift mapping.

To assign all signals in the constant-time **C,"H HSQC spec-
trum (44), three-dimensional (H)CCH-TOCSY spectra (28, 29)
served for assignment of spin systems (Fig. 3). The C,H-plane of
the HNCA (45, 46) and HN(CO)CA (45) experiments was used
to establish scalar connectivities between terminal carbons of
the fatty acid chains and C-2 of the glucosamine moieties.
Unsubstituted hydroxymyristoyl (HM) can be distinguished
from lauroxymyristoyl (LM) and thereby helps to differentiate
between GlcN-A from GlcN-B. Due to chemical shift degener-
acies, it was impossible to assign chains of the fatty acids (myr-
istoyl of myristoxy-myristoyl and lauroyl of LM). The two Kdo
units were linked and thereby distinguished from each other
using several key NOEs in the three-dimensional **C-NOESY
spectra. The unique chemical shift of the C3 moiety of Kdo is
located in a region separated from all other sugar resonances
and was used as a starting point for sequential assignment. Only
the methylene group C3 of Kdo-C is expected to receive an
NOE from H(C6) of GIcN-B. This assignment was additionally
supported by the fact that H(C6) and H(C7) of Kdo-C displayed
an NOE to H(C3) of both Kdo units, which is unlikely to be the
case for H(C6) of Kdo-D. The *H,**C and **N chemical shifts of
LPS in DPC micelles are reported in Table 1.

Topology of LPS and Polymyxin Insertion into the DPC
Micelle—To probe whether LPS properly inserts into the DPC
micelles, and whether the sugar moieties really protrude into
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FIGURE 3. Assignment of ">C spin systems of a short stretch contained in Kdo-D from LPS using (H)CCH-TOCSY spectra. On the right the constant-time
'3C,"H HSQC spectrum is shown, in the middle a strip from the (H)CCH-TOCSY taken at the proton frequency of H-(C4) of Kdo-C.

TABLE 1

Carbon and proton chemical shifts of LPS from the deep-rough
mutant of E. coli, 0.35 mm LPS in 300 mm DPC (pH 4.4), 40 mm acetate,
T=310K

Sugar moieties GIcN-A GlcN-B Kdo-C Kdo-D
H1 5.346 4.681
H2 3.928 3.861
H3 5.143 5.072 1.900 2.104
H3 1.937 1.731
H4 3.689 3.879 4.086 4.022
H5 4.040 3.654 4.079 3.989
He6 4.018 3.409 3.647 3.550
He6 3.826 3.734
H7 3.869 3.920
H8 3.872 3.926
H8 3.599 3.697
C1 95.56 104.41
C2 54.05 55.61
C3 75.43 76.03 35.33 36.50
C4 68.63 74.75 70.58 68.00
C5 73.32 76.19 66.63 68.35
Co6 70.50 64.73 73.66 74.63
C7 71.89 71.77
C8 65.50 65.32
Lipid chains
LM MM
HM-4 HM-3
L HM2 M HM1
HA 2.306" 2.562 - 2.643 2.312 2.383
HA 2.585 - 2.670 2.366 2433
HB 1.563" 5.283 - 5.128 3.890 3.910
HC 1.210¢ 1.519 - 1.548 1.303 1.383
HC 1.559 - 1.601 1.380 1471
HD 1.281 1.392
CA 36.51 43.15 - 41.10 45.38 44.18
CB 27.34% 72.37 - 72.50 69.77 69.61
CG 31.50% 37.18 - 36.25 38.30 40.30
CD 27.98 28.08

“ Resonances that cannot be distinguished between L and M because of overlap.

the aqueous phase, the micelle-integrating spin label methyl
5-doxylstearate was used. The paramagnetic moiety of the spin
label resides in the headgroup region (47, 48), and signal reduc-
tions in the proton-carbon correlation maps indicate proximity
of the corresponding C—H moiety to the water-micelle inter-
face. The results from the spin-label experiment are depicted in
Fig. 4. Strongest attenuations of signals are observed for C and

11502 JOURNAL OF BIOLOGICAL CHEMISTRY

H moieties of terminal acyl-chain carbons, which are close to
the GIcN sugars. Much less pronounced attenuations are
observed for signals from the GIcN moieties, and the Kdo units
are essentially not affected. The data demonstrate that LPS
inserts into the DPC micelles such that the amide moieties of
LPS are located in the headgroup region, the acyl chains are
inserted into the micelle interior, and the carbohydrate units
are exposed on the surface of the micelles.

We additionally probed for the topology of the
polymyxin'micelle complex using the micelle-integrating spin
label methyl 5-doxylstearate as described in the previous sec-
tion. Notably PMX-B, -E, and -M differ only for residues in
positions 6 and 7 (see legend of Fig. 1). The largest attenuations
were observed for the amide moieties of the first residue, and
for residues 6 and 7 in PMX-B and -E, the latter two present
hydrophobic or aromatic residues (supplemental Table S13),
revealing that polymyxins are attached via the N-terminal lipid
chain and the apolar residues to the micelle. Note the stronger
attenuations for position 7 in PMX-B and -E compared with
PMX-M underscoring the importance of hydrophobic residues
for partitioning into the water-membrane interface.

Interactions of LPS with Various Types of Polymyxins—As a
result of exchange processes and the limited lifetime of the
PMX-LPS complexes the number of intermolecular NOEs was
insufficient to establish the nature of the molecular contacts.
Therefore, a hybrid approach was chosen instead that included
(i) chemical shift mapping data to probe for moieties involved
in forming intermolecular contacts both in LPS as well as in
PMX, (ii) measurement of intermolecular NOEs using isotope-
filtered NOESY experiments, and (iii) restrained MD simula-
tions of the complex of Re-LPS and PMX-B in the presence of
DPC micelles, followed by selection of a subset of conformers
that are compatible with the experimental data.

For chemical shift mapping purposes we initially used very
simplified model compounds of LPS derived from a-(D)-glu-
cose (Fig. 1) (49). Considering the proposed importance of
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FIGURE 4. Left: results from the spin-label experiments displayed on the structure of LPS. The size of the sphere is proportional to the remaining signal in the
proton-carbon correlation map. Because signals from ends of the fatty acid chains are not resolved in the spectra, no encoding is shown for these atoms. Right:
sketch of LPS from the D31m4 strain when inserted into DPC micelles. The phospholipid headgroups are depicted as gray spheres.

phosphate moieties for binding it was not surprising that com-
pound 3 did not display any interactions with PMX-B, but also
compound 4, which contains the presumably important phos-
phate group, did not cause any changes in the spectra upon
addition of PMX-B, indicating that very little or no interaction
exists.

Chemical shift mapping experiments using Re-LPS were per-
formed by mixing either '*C,'"”N-labeled LPS and unlabeled
PMX-M or 3C,'®N-labeled PMX-M and unlabeled Re-LPS to
localize the binding site within LPS or PMX-M, respectively.
Unfortunately, broad lines were observed for resonances of
PMX-M, indicating the presence of exchange processes and
complicating assignments (see below). In contrast, resonances
of Re-LPS in the complex were much narrower allowing a more
detailed analysis of the shift changes such that the binding site is
experimentally better defined in LPS. The chemical shift
changes of LPS carbon and proton frequencies upon adding
PMX-B, -E, or -M are mapped onto the structure in Fig. 5. In
general, the largest changes were observed for all observable
atoms of GIcN-B. Interestingly, resonances from C1 and C2 of
GIcN-A were affected only very little (supplemental Fig. S3,
A-C). In addition, resonances from Kdo-C display significantly
larger changes than those of Kdo-D, with C-3 of Kdo-C being
shifted by the largest extent (see supplemental Fig. S3F). More-
over, large changes are additionally observed for the alpha (sup-
plemental Fig. S3G), beta, and gamma (supplemental Fig. S3H)
positions of the fatty acid chains, in particular for those of HM2
(note that the second branch of MM and LM cannot be
assigned due to resonance overlap). The Ca change for HM1 is
less pronounced. The alpha position of HM4 was apparently
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more affected than of HM3. The chemical shift changes on the
beta position were smaller and clear only for HM4.

A comparison of chemical shift changes of Re-LPS upon
complexation with PMX-B, PMX-E, and PMX-M may serve to
identify differences in their binding modes. Chemical shift
changes are almost identical at positions C-4 and C-5 of GIcN-B
as well as on position C-3 of Kdo-C for PMX-B and PMX-E
(supplemental Fig. S3, E and F), and very similar changes occur
for the alpha position of HM2. These regions are most likely in
contact with the conserved parts of polymyxins. However, sig-
nificant changes were observed for C-3 of GIcN-B, and moder-
ate differences can be seen at positions of C-3, C-5, and C-6 of
GlcN-A and at position C-1 of GlcN-B (supplemental Fig. S3B).
Addition of PMX-M results in line-broadening for resonances
of C-4 and C-5 of GIcN-B, as well as for C-3 of Kdo-C, and in a
chemical shift change for C-6 of Kdo-C. We attribute this
observation to a slightly different binding mode of PMX-M,
which results in different contacts to Kdo-C.

A similar analysis for resonances of PMX-M to localize the
binding site within the peptide was complicated by the above-
described exchange broadening. Nevertheless, line widths in
the "*C,"H HSQC spectra of PMX-M are moderate such that
interactions can be detected by shift mapping methods,
although some resonances remained significantly broadened
and some of the shifted resonances cannot be assigned unam-
biguously. The results shall only be briefly summarized here:
largest chemical shift changes occur for Ca resonances of resi-
dues 4, 5, 6, 8, and 9 of polymyxin-M, the members of the mac-
rocyclic ring. Interestingly, comparably small differences were
observed for resonances from the lipid chain or from Dab-1,
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FIGURE 5.Changesin 'H and '3C chemical shifts of resonances from LPS when adding PMX-B (left), PMX-E
(middle), and PMX-M (right). The size of the spheres is proportional to the observed differences. Deviations of
peak positions were extracted from the '*C,"H HSQC spectra and computed according to A8 = sqrt((As
Q)?+(10* A8 'H)?). Those atoms that are exchange-broadened beyond detection are depicted by green trans-

parent spheres.

TABLE 2
Intermolecular NOEs as detected in '3C-filtered NOESY experiments
performed with '>C-labeled LPS and unlabeled PMX-B and -E

0.5 mm LPS, 2 mM PMX, 300 mm DPC, 40 mm acetate (pH 4.4), 310 K. The strength
of the NOE is classified as weak (“w”), medium (“m”), or strong (“s”).

Polymyxin-B
HM4-H(Ca) Leu-7-Hd1 w  HM3-H(Cvy) Phe-6-He w
HM4-H(CB) Leu-7-H81 s HMS3-H(CS)  Phe-6-HS s
HM4-H(C?) Leu-7-H81 w  HM3-H(C?) Phe-6-He s
HM4-H(C8) Leu-7-H82 s HM4-H(CS)  Phe-6-HS s
HM4-H(Cvy) Leu-7-Hé2 S HM4-H(C38) Phe-6-He w
HM4-H(CB)  Leu-7-Ho2 s  HMI1-H(CP) Phe-6-H8 w
HM4-H(Ca) Leu-7-H82 s HMA4-H(CB)  Phe-6-HS w
HM4-H(CB)  Leu-7-Hy s HMS3-H(Cy) Phe-6-H8 s
HM4-H(CB)  Leu-7-HB2 s  HM4-H(Ca) Phe-6-H8 s
HM4-H(CB) Leu-7-HB1 ~w  HM4-H(Cy) Phe-6-Hd s
HM3-H(CB) Phe-6-HpB2 w  HM3-H(Ca) Phe-6-Hd s
HM1-H(CB) Phe-6-HB2 w  HM3-H(CB) Phe-6-H8 s
HM2-H(Ca) Phe-6-HBL w HM2-H(Ca) Phe-6-HS s
HM4-H(Ca) DABAS8-Hy S HM2-H(CB) Phe-6-He w
HM4-H(CB) DABA8-Hy w HM4-H(Ca) DABAS-HN w
HM4-H(Cvy) Phe-6-He w
Polymyxin-E

HM4-H(Ca) Leu-6-Hé1 m HM2-H(Ca) Leu-6-Hé1 s
HM4-H(Ca) Leu-7-HB m HM2-H(Ca) Leu-6-HN m
HM4-H(CB) Leu-6-Hvy m HM2-H(Ca) Leu-6-Hy m
HM4-H(CB) Leu-7-HB m HM2-H(CB) Leu-6-Hy m
HM4-H(CB) Leu-7-H61 m  HMI-H(Cy) Dab-4-HN w
HM4-H(CB) Leu-7-Hvy w  HMI1-H(Cvy) Leu-6-HN m
HM4-H(CB) Leu-7-HN m HM3-H(Ca) Leu-6-Hé1 m
HM4-H(C8) Leu-7-HB w  HM3-H(CP) Leu-6-Hd1 m
HM4-H(Cvy) Leu-6-Hda1 s HM3-H(Cvy) Leu-6-Hé1 m

Thr-2, or Dab-3. The fact that only residues from the macro-
cycle experience large changes indicates that the heptapeptide
ring of PMX binds to LPS. Our data additionally support the
view that the interaction is primarily electrostatic (50): *°N,'H
HSQC spectra of PMX-M initially used to screen conditions
displayed multiple peaks and very broad lines. However, in the
presence of 20 mm MgCl, electrostatic interactions were largely
screened and a good quality '*N,"H HSQC spectrum of
PMX-M was obtained with peak positions close to those in the
absence of LPS.

Interactions between Re-LPS and polymyxin were addition-
ally directly detected by measuring intermolecular NOEs
between unlabeled PMX-E or -B and **C,"*N-labeled LPS using
isotope-filtered NOESY experiments (see Table 2 and supple-
mental Fig. S7). Interestingly, in the case of PMX-B, NOEs
between side-chain protons of Phe-6 or Leu-7 and the lipid
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chains of LPS are detected (see sup-
plemental Fig. S7). A number of
NOEs between protons of the
m-system of Phe-6 and the lipid
chains are observed, in particular to
Cvy of HM2 and Ca of HM3. The
fact that PMX-B or PMX-E form
many contacts with LPS that involve
side chains of residues 6 and 7 indi-
cates that the hydrophobic nature of
these side chains may be important
for orienting polymyxin in the com-
plex with LPS. Unfortunately, larger
line widths in the LPS-PMX-M
complex precluded the measure-
ment of isotope-filtered NOESY
spectra in that case.

Restrained Molecular Dynamics
Calculations—To obtain a first picture of the complex formed
between LPS and PMX-B we have performed a MD calculation
in which LPS was docked to PMX-B using NOE-derived upper
distance limits (Fig. 6) in the presence of a DPC micelle. In the
complex backbone amide moieties of the peptide macrocycle
form contacts with the phosphate group of GlcN-B. Residues
from one hydrophobic site, D-Phe-6 and Leu-7, are in proximity
to the fatty acid chains of LPS. Leu-7 makes additional contacts
with the GlcN-B moiety. The amino group of Dab-8 is involved
in electrostatic contacts with the phosphate group at GIcN-A.
Amino groups of Dab-9 and -3 are possibly forming electro-
static interactions with the carboxyl group of Kdo-C. The back-
bone of residues Dab-1 to Dab-3 is located in the acyl region of
the branched fatty acids originating from GIcN-B. To summa-
rize, most contacts in this model structure are made with
GIcN-B and the adjacent atoms of GIcN-A, as well as with parts
of Kdo-C. The model structure is supported by the chemical
shift mapping data and the intermolecular NOEs. In addition,
interacting moieties of LPS that make contacts common
with all polymyxin variants are in contact with conserved
parts of these peptides (residues 1-4 and 8-10), whereas
those sites, that differ in their interaction with the different
peptides form contacts with non-conserved residues.

DISCUSSION

In this work we have used polymyxins of different types and a
combination of NMR spectroscopy and restrained molecular
dynamics to study their interactions with LPS from the deep
rough mutant E. coli strain. To our knowledge this work for the
first time presents experimental data on the interacting moi-
eties in a membrane mimetic environment.

The conformation of LPS-bound PMX-B and -E was eluci-
dated previously using transfer-NOE techniques by Pristovsek
(11). Therein, the LPS-bound peptides assume envelope-like
bent cycles that separate the two hydrophobic residues 6 and 7
from the charged Dab residues 4, 5, 8, and 9. The conformation
from the transfer NOE-derived structure was then docked onto
alipid A model. In the resulting complex the lipid chain of PMX
forms transient contacts with acyl chains A and B from lipid A.
Moreover, the two phosphate groups are in close contact with
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FIGURE 6. Left: structure of the PMX-B-LPS complex as derived from the MD calculation. The covalent structure
of PMX-B is depicted in yellow. Heavy atoms of LPS are drawn as van der Waals spheres, with lipid chains colored
in ice blue, GIcN carbons in dark blue, Kdo carbons in orange, and phosphorous atoms in white. DPC molecules
are indicated by thin lines. Residue numbers of PMX-B are placed close to the corresponding side chains. Right:
representation showing only bonds of LPS and PMX-B. PMX-B is again drawn in yellow, with amino nitrogens of
DAB residues in blue, while LPS bonds are drawn in ice blue (lipids) or green (sugar parts).

the y-NH, groups of Dab residues 1/5 and 8/9. Their data high-
light the importance of electrostatic interactions between
phosphate groups and amino groups of polymyxin as well as
hydrophobic interactions of the lipid chains with Phe or Leu
residues. Martin et al. (19) have studied the structure of LPS-
bound PMX-M, which displayed a chair-like conformation, in
which the side chain of Dab-4 or -8 and Leu-6 or Thr-7 point
into the opposite directions in a fashion similar to that pro-
posed for PMX-B and -E (19). Pristovsek determined the struc-
ture of a LPS-bound synthetic fragment of the LALF protein
(10) revealing a hairpin-type fold, again characterized by spatial
separation of hydrophobic and cationic residues. In another
study Bhunia et al. (7) investigated binding of melittin to LPS
micelles. Cationic residues have also been postulated to criti-
cally contribute to binding of LPS to proteins such as MD-2 (51)
or FhuA (16, 52).

Herein we set out to determine interactions between LPS and
polymyxins in more detail. Considering that interacting chem-
ical moieties have not been experimentally identified with con-
fidence so far we reasoned that these studies should use chem-
ically defined environments in a setup that mimics natural
conditions. To achieve chemical homogeneity we developed a
novel chromatographic separation procedure that does not
require methylation of phosphates. To facilitate isotope label-
ing biosynthetic LPS was used. LPS from the deep rough
mutant of E. coli presents a simple system containing all chem-
ical moieties believed to be important for the interaction, and in
the absence of phospholipids has been assigned previously
using homonuclear two-dimensional NMR techniques (17, 18).
LPS in Gram-negative bacteria is embedded in a phospholipid
bilayer, and therefore the system was studied in DPC micelles.
Our data reveal that LPS inserts into the micelle via integration
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of the acyl chains into the micelle
interior, and that the GlcN and Kdo
portions are fully exposed in the
aqueous compartment. Using '*C
isotope labeling we have been able
to fully assign LPS while integrated
into DPC micelles. In the latter envi-
ronment spectra with reasonable
line widths and resolution for LPS
can be recorded. Spectroscopic fea-
tures of peptide resonances of PMX
were less favorable but, in combina-
tion with restrained MD calcula-
tions, allowed studying interactions
in sufficient detail.

The chemical shift-mapping data
(Fig. 5), the intermolecular NOEs
(Table 2), and the model derived
from molecular dynamics re-
strained by these experimental data
(Fig. 6 and supplemental Fig. S9)
now support the structure of the
PMX-B-LPS complex as proposed
by Pristovsek et al. (11) in most but
not all of its details. In their complex
the macrocycle of PMX-B covers
the GlcN disaccharide unit, and hydrophobic side chains of
polymyxin form contacts with the lipid chains from LPS. A
similar complex topology was proposed for the interaction of
LPS with PMX-M (19). Such an arrangement is facilitated by
the amphiphilic nature of PMX, in which hydrophobic and
hydrophilic side chains point into opposite directions. A similar
separation of hydrophobic and hydrophilic moieties in LPS
helps to orient the two molecules with respect to each other
through hydrophobicity matching. Interestingly, in a phospho-
lipid environment such effects are even amplified, because sim-
ilar requirements influence binding of polymyxin to phospho-
lipids surface or to LPS. Accordingly, Leu or Phe residues, for
which favorable energies for partitioning into the membrane
interior or the water-membrane interfacial region have been
measured (53), form contacts with the «, B, and vy acyl chain
carbons of LPS, as evident from both large changes in the chem-
ical shift mapping experiments as well as from the correspond-
ing intermolecular NOEs. In PMX-M position 7 is occupied by
Thr, a much more polar residue. According to the data from
this work, PMX-M may be slightly differently oriented, possibly
forming somewhat stronger contacts with the Kdo units
thereby compensating for loss of interaction energy with the
acyl chains. In the PMX-M-LPS complex electrostatic or polar
interactions involving the Dab residues of polymyxin and the
carbohydrate moieties of GIcN-B or Kdo-C and to a smaller
extent, Kdo-D dominate, whereas in the case of PMX-B or -E
additional hydrophobic interactions from side chains of Leu-7
are likely to contribute to binding. Although our work con-
firmed the contacts made with moieties of the GIcN units pro-
posed in the model complex from Pristovsek (11), it is different
in that it emphasizes the importance of contacts to Kdo units, in
particular to Kdo-C.

JOURNAL OF BIOLOGICAL CHEMISTRY 11505

6002 ‘LT [udy uo eaipan-o0o160joig [qig Te 610 og' MMM WoJ) papeojumod


http://www.jbc.org/cgi/content/full/M806587200/DC1
http://www.jbc.org

ASBMVIB

The Journal of Biological Chemis

Lipopolysaccharide and Polymyxin Interactions by NMR

Different models have been proposed for the mechanism of
action of polymyxin. Shai et al. have proposed that binding of
polymyxin to the core part of LPS, lipid A, results in disturbance
of the LPS-phospholipid bilayer destroying the integrity of the
outer membrane, and possibly leading to pore formation (9, 13).
The orientation of LPS in the phospholipid micelles as meas-
ured using spin labels has demonstrated that the carbonyl
group region of the LPS lipid chains is located in the headgroup
region. Binding of polymyxin to LPS therefore places the
amphiphilic peptide in a similar position compared with bind-
ing to pure phospholipid micelles. Accordingly, similar mech-
anisms for membrane permeabilization are plausible.
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Note Added in Proof—Recently Grzesiek’s group has determined the
structure of a highly similar LPS in dihexanoylphosphatidylcholine
micelles (Wang, W., Sass, H. J., Zdbringer, U., and Grzesiek, S. (2008)
Angew. Chem. Int. Ed. Engl. 47, 9870-9874).
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