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Solution Structure of Polymyxins B and E and Effect of Binding to
Lipopolysaccharide: An NMR and Molecular Modeling Study?*
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The cyclic decapeptides polymyxin B (PmB) and E (PmE) (mo-K'TK'-cyclo-[K'K'XLK'K'T]; mo,
methyl octanoate; K', diaminobutyric acid; X, p-Phe (PmB) or b-Leu (PmE)) display
antimicrobial and lipopolysaccharide (LPS) antagonistic activities. We have investigated the
conformational behavior of PmB and PmE in water solution, free and bound to LPS, by
homonuclear NMR and molecular modeling methods. The free peptides exist in equilibria of
fast exchanging conformations with local preferences for a distorted type Il' -turn from residues
5—8, and/or a y-turn in residue 10. These two motifs are not present in the bound conformation
of the peptides. The latter is amphiphilic separating the two hydrophobic residues in the cycle
from the positively charged diaminobutyric acid side chains by an envelope-like fold of the
cycle. The bound conformation is used for the derivation of a model of the PmB—lipid A complex
based on electrostatic interactions and reduction of hydrophobic area. The proposed mode of
binding breaks up the supramolecular structure of LPS connected with its toxicity. The model
should contribute to the understanding of entropy-driven PmB—lipid A binding at the molecular

level and assist the design of inhibitors of endotoxic activity.

Introduction

Lipopolysaccharide (LPS) is the main constituent of
the outer membrane of Gram-negative bacteria.l It is
one of the major ligands recognized by the innate
immune system and serves as a signal for cellular
activation (most importantly of monocytes and mac-
rophages), resulting in the release of cytokines and other
mediators,? and triggering a cascade of defense reac-
tions. At higher levels LPS may cause septic shock, a
constellation of symptoms followed by multiple system
organ failure that leads to death in 60% of the cases;
its detoxification is therefore an interesting and urgent
target. Recent approaches to develop molecules that
neutralize endotoxin have concentrated on peptides
that bind and detoxify LPS. These peptides are poly-
myxin B and synthetic peptides derived from it34 and
also fragments of proteins that bind LPS, e.g. LBP,56
LALF,57 TALF,® BP1,5° and CAP37.10

LPS is an amphiphile consisting of the lipid A, a core
oligosaccharide, and an outer polysaccharide composed
of repeating hetero-oligosaccharide subunits; the lipid
A is a hydrophobic, lipid-rich moiety that harbors the
endotoxic principle of LPS and is the most highly
conserved part of the structure, typically with two
glucosamines, two phosphate esters, and six fatty acid
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Figure 1. Structure of lipid A such as is found in E. coli
strains; the fatty acid side chains are named with letters.

chains!® (Figure 1). It has been suggested that the
bisphosphorylated hexosamine backbone of lipid A is
essential for the specific binding of LPS, while the
acylation pattern plays a critical role for LPS-promoted
cell activation.'?

The amphiphilic character of LPS causes typical
aggregate formation in water; this has been extensively
investigated by various physical methods.13 Solution
NMR,14-16 X-ray powder diffraction,'’18 fluorescence
resonance energy-transfer analysis,’® neutron small-
angle scattering,2® and molecular modeling”21.22 have
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Figure 2. Molecular structure of polymyxins B (PmB, R: Phe
side chain) and E (PmE, R: Leu side chain).

been applied to elucidate the three-dimensional struc-
ture of LPS, lipid A, and its aggregates.

The molecular determinants of specific binding of lipid
A by the two groups of LPS-neutralizing peptides
mentioned above have been investigated. An LPS bind-
ing motif consisting of alternating series of positively
charged and hydrophobic residues of the peptides form-
ing a positively charged amphipatic loop has been put
forward based on the X-ray structure of LALF;2® how-
ever, neither the three-dimensional structures of the
peptides nor the structural aspects of the lipid A—pep-
tide interaction at the atomic level are known. The
existence of a common binding motif is indicated by the
similarities in the primary sequences of the peptides;
its elucidation is important for practical (detoxification
of LPS) as well as general aspects.

Investigations of the interactions between LPS (or
lipid A) and oligopeptides were motivated by the finding
that polymyxin B (PmB, mo-K'TK'-cyclo-[K'K'fLK'K'T];
mo, methyl octanoate; K', diaminobutyric acid (Dab); f,
D-Phe; the cycle is closed between the side chain of Dab
4 and the main chain of Thr 10; Figure 2), a cyclic,
cationic peptide antibiotic, binds to lipid A% with an
apparent dissociation constant in the micromolar range?
and neutralizes its pathogenicity. The antibiotic action
of PmB could be accounted for by its ability to direct
intermembrane exchange.?6 Polymyxin E (PmE, mo-
K'TK'-cyclo-[K'K'ILK'K'T]; I, p-Leu; Figure 2) differs in
only one amino acid residue at position 6 and displays
similar biological functions; however, PmB but not
PmE inhibits insulin-mediated hypoglycemia.2” Unfor-
tunately, PmB is toxic and cannot be used for therapy.
Rustici et al. have synthesized a series of peptides
designed to mimic the primary and secondary structure
of PmB and tested them for binding and detoxification
of LPS and lipid A;* they showed that multiple factors
are responsible for optimal binding of peptide structures
to lipid A, including the amphipatic and cationic fea-
tures of the primary structure, the size of the structure,
and the peptide conformation. Another study using
linear polycationic amphiphilic peptides suggests that
antibacterial and LPS neutralizing activities are disso-
ciable.?®

In contrast to the extensive spectroscopic and com-
puter modeling investigations carried out on LPS and
lipid A, little structural information obtained by spec-
troscopic methods exists for the peptides and the pep-
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tide—LPS or peptide—lipid A complexes. Initial NMR
studies were focused on free PmB in water solution.32°
Conformations of PmB analogues in dimethyl sulfoxide
from NMR spectra and molecular modeling have been
proposed.30 Recently, an NMR and molecular dynamics
(MD) study of polymyxin B nonapeptide (PmBN), a
PmB analogue lacking the mo-Dab 1 residue, has been
published3! and a model of the PmB—lipid A complex
proposed that was based on the LPS-bound PmBN
conformation derived from transferred NOE data and
on electrostatic contacts of the y-amino and the phos-
phate groups. However, a refined knowledge of interac-
tions is desirable since the determination of the ther-
modynamic properties of LPS—PmB complexes using
calorimetric titration clearly exposes the entropic drive
to complexation,? thus confirming previous assump-
tions of its hydrophobic nature that were also proposed
by Morrison et al.?*

In this paper we present an NMR conformational
study of PmB and PmE in water at room temperature,
free and bound to LPS. In the first part of the study we
show that numerous conformations of the seven-
membered ring are possible that satisfy the NOE
constraints obtained from the free peptides; the peptides
most probably undergo fast conformational exchange.
In the second part we use transferred NOE experiments
of peptide—LPS mixtures introduced by Bhattacharjya
et al.3! in order to elucidate the bound conformations of
PmB and PmE from the vastly increased number of
restraints of the bound species; it turns out that the
latter possesses an envelope-like bent ring conformation
separating the hydrophobic and hydrophilic residues
and rendering the structure amphiphilic. The bound
conformation is used for docking to lipid A, and a model
of the PmB-—lipid A complex is derived; it is based on
peptide—LPS contacts that (i) satisfy electrostatic at-
tractions of the Dab y-amino and the phosphate groups
and (ii) reduce the hydrophobic area of both molecules
exposed to the solvent. The model should contribute to
the understanding of entropy-driven PmB—lipid A
binding at the molecular level and assist the design of
inhibitors of endotoxic activity.

Results

Conformational Analysis of Free Peptides in
Water Solution. 1. NMR. The spin systems in the
TOCSY spectra of PmB and PmE were assigned to the
respective residues by taking into consideration the
characteristic frequencies and numbers of resonances.
The resonances of the five Dab residues are fairly well-
resolved at 25 °C with the exception of Dab 1 and 5 in
PmB that exactly coincide in the amide and o-proton
resonances (Figure 3a, Table 1). The spin system of Dab
4 could be distinguished from the Dab residues 1, 3, 5,
8, and 9 by the resonance of its side chain amide proton.
The sequential assignment was achieved using dgn-
(i,i+1) and dgn(i,i+1) connectivities in the ROESY and
NOESY spectra. The proton chemical shifts in PmB and
PmE do not differ significantly in the residues that are
common to both. The same is true for the 3JunH
coupling constants (Table 2) that are in the range of
average values expected for flexible molecules.

The temperature dependencies of the amide proton
chemical shifts at 1 mM concentration (Table 2) indicate
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Figure 3. Amide and aromatic region of 1. mM PmB in 90%
H,0—-10% D,0 at pH 4 and 25 °C (a) free and (b) in 8:1 w/w
mixture with LPS.

Table 1. IH Chemical Shifts of 1 mM (a) PmB and (b) PmE in
90% H,0—10% D»O Mixture at pH 4 and 25 °C2

residue  HN Ha Hp Hy Ho others
(a) PmB

mo 229 155 1.09 0.80

Dab 1 8.46 4.50 2.19,62.05 3.07

Thr 2 8.22 4.33 4.23 1.18

Dab 3 8.61 449 220,208 3.07

Dab 4 849 424 190,186 3.34,3.13
Dab 5 8.46 451 205,197 292, 2.85
D-Phe 6 8.73 4.49 3.12,3.00 7.24 €7.36

HN y 7.67

Leu7 856 4.16 145132 145 0.73, 0.65
Dab8 816 4.29 2.22 3.16,3.12
Dab9 877 4.25 2.19 3.10
Thri0 7.97 415 4.24 1.18
(b) PmE
mo 228 156 1.08 0.81
Dabl 846 4.48 2.15 204 3.06
Thr2 817 433 422 1.17
Dab3 861 4.48 217,209 3.06
Dab 4 8.49 4.27 1.93,1.84 3.31,3.17 HNy 7.78
Dab5 851 454 213,202 3.01
b-Leu6 858 4.26 1.62 1.54 0.89, 0.86
Leu7 871 4.38 1.64 1.56 0.89, 0.84
Dab8 822 430 224,216 3.11
Dab 9 8.72 425 2.17 3.08
Thr10 7.87 4.18 4.9 1.17

aValues given relative to the water resonance at 4.75 ppm.

that the Dab 8 and, less strongly, the Dab 4y amide
protons are the only ones protected from solvent in PmB
as well as in PmE and are most probably engaged in
intramolecular H-bonding; the proton acceptors are not
evident from NMR parameters but could be deduced
from NOE-restrained simulations (see below).

In the NOESY spectra only a few cross-peaks are
present (Figure 4a); the peptides at 25 °C and 600-MHz
proton frequency are found near the zero NOE regime
that varies from positive in the N-terminal residue
(cross-peaks negative with respect to the diagonal peaks,
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Table 2. Temperature Coefficients of the Amide Proton
Chemical Shifts and 3Jyn pq 0f 1 mM (@) PmB and (b) PmE in
90% H>0—10% D,O Mixture at 25 °C?

(a) PmB (b) PmE
temp coeff temp coeff

residue (103 ppm/K) 33 (Hz) (1073 ppm/K) 3J (Hz)
Dab 1 —-3.9 7.0 -55 75
Thr 2 —4.6 7.0 —6.1 7.3
Dab 3 —-4.0 7.5 -5.3 7.1
Dab 4 —4.8 6.9 —6.1 6.5
Dab 4y -1.5 —-1.7

Dab 5 -39 7.0 —4.2 7.8
D-RP 6 -55 5.2 —5.2 5.6
Leu7 —5.6 8.2 —8.8 8.2
Dab 8 -0.8 5.9 -1.4 7.3
Dab 9 -3.7 7.4 -8.8 8.2
Thr 10 -2.9 7.2 -3.9 7.4

2 The temperature coefficients denoting protection from solvent
are marked in bold. P R: (a) Phe, (b) Leu.

e.g. mo CaH,—Dab 1HN, Dab 1HN—Dab 13, Dab 1IHN—
Dab 1y) to negative in the seven-membered cycle (cross-
peaks positive with respect to the diagonal). In the
ROESY spectra the peaks were more numerous and of
greater intensity (Figure 4b); the increased number of
scans used for recording the ROESY spectra (96 com-
pared to 64 for NOESY) partly compensated for its
intrinsically lower sensitivity. The NOE pattern ob-
tained is shown in Figure 5a; it contains mainly in-
traresidual and sequential connectivities; no longer-
range NOEs were observed except the weak NOE
between Phe 6a and Dab 8HN. The NOE pattern of
PmE turned out to be essentially identical and showed
no significant differences in the parts that are common
to both molecules (data not shown).

2. Molecular Modeling. The number of NOE dis-
tance restraints obtained from the ROESY spectra was
43 and 46 for PmB and PmE. A distance geometry,
optimization, and energy minimization protocol was
performed that resulted in 100 minimized structures.
For both peptides a large number of different conforma-
tions of the seven-membered cycle were found that were
all in fair agreement with the NOE constraints (maxi-
mum 0.12 A violation per restraint and maximum
violation below 1 A). The distribution of the ¢/y dihedral
angles of residues 4—10 in the 10 best structures of
PmB is shown in Figure 6a; significant variations are
observed with nearly all residues. In some of the
structures residues Dab 9 and Thr 10 are found in
forbidden regions of the Ramachandran plot (see lower
right quadrant of Figure 6a). b-Phe 6 is consistently
found in the same region; however, the latter is forbid-
den for L but not for o amino acids since the ¢, map is
inverted upon changing the chirality.

Although the peptides turned out to be quite flexible,
a number of structures adopt a common local conforma-
tion characterized by a distorted type II' f-turn extend-
ing from residues 5—8 or an inverse y-turn around
residue 10. The NOEs supporting the existence of the
p-turn are Leu 7THN—Dab 8HN (strong) and Phe 60—
Dab 8HN (weaker). Additionally, the temperature coef-
ficients of Dab 8HN have the low values of —0.0008 and
—0.0014 ppm/K in PmB and PmE, respectively. These
circumstances present the majority of the complemen-
tary pieces of evidence required for allowing the conclu-
sion that a population of true turn conformations exists
in aqueous solution.33 Two of the best structures of PmB
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Figure 4. Fingerprint and aliphatic regions of two-dimensional spectra of 1 mM PmB in 90% H,O—10% D,O at pH 4 and 25 °C:
(&) NOESY, mixing time 200 ms, positive peaks (with respect to the diagonal) are shown as multilevel contours and negative
peaks as filled single contours; (b) ROESY, mixing time 200 ms, only negative peaks are shown; (c) 2D transferred NOE spectra
of a 8:1 w/w PmB—LPS mixture, mixing time 200 ms, only positive peaks are shown. The amide proton assignment in F2 is given
between vertical lines while the assignment along F1 is put beside the peak.

Table 3. Values of the ¢ and y Dihedral Angles of Residues
4—10 Spanning the Seven-Membered Cycle of Selected PmB
and PmE Structures?

angle (@) (b) (c) (d) (e)
P -85 —148 -79 —76 —-90
Pl 72 26 154 —47 161
5 -125 —164 -135 —148 —140
Y5 110 155 82 82 117
5 70 —45 56 67 48
e —108 —66 42 10 29
Yy -95 -78 62 59 58
Y7 62 30 82 76 92
8 —142 53 -93 -82 —141
y8 132 64 -81 -69 -72
¢° -70 -132 -86 -103 -126
yo 169 —94 —58 —76 106
$10 68 -52 ~139 ~152 78
P10 -56 49 -9 64 —27

a (a,b) Two structures of PmB in water solution shown in Figure
7; (c,d) two structures of PmB bound to LPS shown in Figure 8;
(e) structure of PmE bound to LPS shown in Figure 9.

displaying these local conformations are shown in
Figure 7, and their ¢, dihedral angle values for
residues 4—10 are listed in Table 3 (columns a and b,
respectively). The type IlI' 8-turn is depicted in Figure
7a; it is distorted in the value of the e, 7 dihedral
angle.3* The structure in Figure 7b displays the inverse
y-turn. The structures found for PmE show an equiva-
lent variation of the torsion angles of the seven-
membered cycle; the most favorable ones are not

significantly different from those found for PmB and
are not shown. No conformational preferences at all can
be deduced for the linear N-terminal chain of residues
1-3 of PmB and PmE; it shows increased flexibility
relative to the cyclic residues in agreement with the
shorter local correlation times evident from the positive
NOE regime that prevails in the N-terminus.

Studies of the LPS-Bound PmB and PmE. 1.
NMR. The addition of LPS to aqueous solutions of PmB
and PmE, respectively, leads to moderate line broaden-
ing at weight ratios of peptide—LPS between 12:1 and
8:1 (Figure 3b). The chemical shifts of the resonances
and the temperature coefficients of the amide proton
chemical shifts remain nearly unchanged during titra-
tion with LPS. A more dramatic effect is observed in
the NOESY spectra of the mixtures that display a large
increase in number and intensity of the signals (Figure
4c). The N-terminal residues 1—3 not included in the
seven-membered cycle still do not exhibit any medium
range constraints except the weak NOE Thr 2a.—Dab
4HN, but they do lose the positive NOE regime. More
importantly, a significant number of cross-peaks mainly
involving the side chains of the heptacycle residues
4—10 do appear (Figure 5b). The most interesting cross-
peaks are the ones between residues 4 and 8 (Dab 45—
Dab 8HN, see Figure 4c, and Dab 4yHN—Dab 8p5) which
are not observed in the spectra of the free peptides and
indicate the existence of a fold of the heptacycle that is
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Figure 5. NOE connectivities of PmB at 1 mM concentration
in water solution at 25 °C (a) free (upper triangle) and (b) in
8:1 w/w mixture with LPS (lower triangle). Each residue is
numbered and divided in backbone (B) and side chain (S); m,
methyl octanoate; black, strong NOE; gray, medium or weak
NOE.

characteristic of the conformation bound to LPS. An
equivalent pattern of NOEs is observed with PmB and
PmE that differs only in some restraints involving Phe
6 and Leu 6, respectively.

2. Molecular Modeling. The number of NOE-
derived distances was 93 and 96 for PmB and PmE,
respectively. As expected, due to the limited number and
mostly intraresidual/sequential character of the con-
straints observed with the first three N-terminal resi-
dues, no defined structure was obtained for the linear
portion of the peptides; it is therefore not described in
the following. The best 10 structures of PmB from the
distance geometry and energy minimization protocol
that was conducted with the full set of distance con-
straints can be divided in two families of conformations
(Figure 8, top and bottom) that differ mainly in the
orientation of the side chain of residue Dab 4 closing
the cycle. The superimpositions of the backbone atoms
of residues 4—10 of the members of the same families
(rmsd from 0.18 to 0.50 A) show their similarity, while
the superimpositions between the structures from dif-
ferent families are larger (rmsd from 1.00 to 1.18 A).
Both families have a common global fold of the cycle
characterized by a nearly 90° kink involving residues
5—8. In this arrangement the hydrophobic residues 6
and 7 are separated from the four hydrophilic Dab
residues in the cycle. In addition, neither the distorted
pB-turn nor the y-turn described for the free peptides are
present in the bound conformation. The distribution of
the ¢/y dihedral angle values in residues 4—10 of the
10 best structures are shown in Figure 6b. Significant
variations are observed only for residues 4 and 10 that
span the region differing significantly in the two fami-
lies. The ¢/y values of Leu 7 cluster in the o, region of
the Ramachandran plot where none were found among
the 10 best structures in the calculations involving
the free peptides (Figure 6a); the same is true for
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Figure 6. Ramachandran map of the backbone ¢,y dihedral
angles of residues 4—10 of PmB in the best 10 structures
obtained with distance geometry using NOE distance re-
straints from (a) the free peptide and (b) the peptide in 8:1
w/w mixture with LPS.

D-Phe 6 that moved from the f to the ar region. None
of the residues are found in forbidden regions of the
Ramachandran plot.

In the following we concentrate on the structures with
the lowest potential energy inside each family that we
refer to as the representative of the family. The energy
of the representative structure of the first family (Figure
8, top) is lower by 11 kcal/mol than that of the second
family (Figure 8, bottom). The values of the ¢,y dihedral
angles inside the seven-membered cycle of both repre-
sentative structures are listed in Table 3, columns c and
d, respectively.

Essentially the same observations were made with
PmE and are therefore not repeated. The superimposi-
tion of the backbone atoms of residues 4—10 of the
representative structures of the first families of PmB
and PmE (rmsd 1.0 A; Figure 9) shows their similarity.
The values of the ¢,y dihedral angles of the representa-
tive structure of PmE are listed in Table 3, column e.

In the following we concentrate on the representative
of the first family (Figure 8, top) of conformations of
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Figure 7. Stereoview of two selected structures of the seven-
membered ring of PmB derived from distance geometry using
NOE restraints from 1 mM PmB in 90% H,O—10% D,0 at 25
°C: (a) distorted type II' g-turn around residues 6 and 7 and
(b) inverse y-turn around residue 10. Only the backbone is
displayed for clarity; the side chain of Phe 6 is shown for
orientation; residue 4 is labeled. The H-bonds are shown as
dotted lines.

Figure 8. Stereoview of two families of structures of the
seven-membered ring of PmB (rmsd for backbone atoms 0.18—
0.22 and 0.24—0.50 A) derived from distance geometry using
NOE restraints from the 8:1 w/w PmB—LPS mixture in 90%
H.0—10% D,0O at 25 °C. Only the backbone is displayed for
clarity; the side chain of Phe 6 is shown for orientation; residue
4 is labeled.

PmB bound to LPS and treat it as the representative
of the polymyxin-type peptide conformations bound to
LPS; it is lower in energy than the representative of

Journal of Medicinal Chemistry, 1999, Vol. 42, No. 22 4609

Figure 9. Stereoview of the superposition of the representa-
tive structures of the seven-membered ring of PmB and PmE
derived from distance geometry using NOE restraints from
the 8:1 w/w mixtures of the peptides with LPS in 90% H,O—
10% D,O at 25 °C. The rmsd for backbone atoms is 0.99 A.
Only the backbone is displayed for clarity; the side chains of
Phe 6 and Leu 6, respectively, are shown for orientation; Dab
4 is in front.
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Figure 10. Stereoview of the proposed model of PmB docked
to lipid A. Only heavy atoms are displayed for clarity. The
conformation of the seven-membered cycle of PmB is taken
from the representative structure (Figure 9).

the second family (Figure 8, bottom) and very similar
to the representative structure of PmE bound to LPS.

3. Docking Studies of PmB with Lipid A. The
representative structure of PmB was used for manual
docking to the lipid A model. The PmB cycle was kept
rigid in the conformation obtained from the NMR
refinement, while all the side chains and the N-terminal
residues 1—3 were free to move. The final model is
displayed in Figure 10; the two phosphate groups of lipid
A are in close contact with the positively charged side
chains of Dab 1 and 5, and Dab 8 and 9, respectively;
the Dab 3 side chain remains close to the polar sugar
residues. The hydrophobic residue Phe 6 docks on the
fatty acid side chains A and C of lipid A (Figure 1) and
Leu 7 on C and F, while the N-terminal aliphatic chain
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of the mo is in contact with A and B. The weak NOE
Thr 2a—Dab 4HN that is observed in the NOESY
spectra of the peptide—LPS mixtures is in agreement
with the proximity of both protons in the docked model.

Discussion

PmB and PmE are two of the interesting examples
of small molecules that display different NOE regimes
in different parts of the molecule (Figure 4a). The
negative regime is present in the greater part of the
molecule (residues 2—10). The positive regime occurs
at the border of the aliphatic and the peptidic moieties
in the mo—Dab 1 sequence. It is most probably con-
nected with the internal motions of aliphatic chains that
are much faster than the ones in the polypeptide chains,
leading to shorter correlation times. Similar observa-
tions were made in the case of the peptidoglycan
muroctasin in dimethylsulfoxide that showed positive
cross-peaks between the C-terminal lysine side chain
and the attached stearoyl fatty acid chain.3®

Throughout this study the similarity of the results
with PmB and PmE is repeatedly mentioned; the
similarity is not surprising taking into account that only
one residue is different in the cyclic portion of the two
molecules (Phe 6 in PmB compared to Leu 6 in PmE)
but may lead to the question whether both molecules
are really necessary to conduct this study. However,
subtle differences in the physiological functions of PmB
and PmE (see Introduction) do exist and lend each
molecule its own importance; any conformational char-
acteristics that are shared by both are possibly con-
nected with common biological functions, i.e., detoxifi-
cation of LPS, that are of interest in this study. The
presence of two very similar molecules in the study is
therefore important to allow us to isolate the common
conformational features that possibly define the LPS
binding motif of the polymyxin-type peptides. On the
other hand, the subtle conformational differences be-
tween the two peptides (e.g. increased flexibility of the
PmE ring relative to PmB due to the less bulky Leu 6
side chain) are not sufficient to understand the differ-
ences in their biological activities on a structural basis.

The free peptides in solution are structurally not well-
defined. This was deduced from the absence of long- or
medium-range NOEs and from the absence of J(HN,o)
coupling constants >9 Hz or <5 Hz. However, there are
experimental data (temperature coefficients of the
amide proton chemical shifts, NOE pattern) supporting
the existence of local conformational preferences, most
notably the g-turn formed by residues 5—8. Usually
p-turns in proteins appear at the surface and are
therefore composed of hydrophilic residues in positions
i+1 and i+2.3* In decapeptides such as the polymyxins,
all residues are at the surface, also the hydrophobic
ones. The side chains of the two hydrophobic residues
6 and 7 tend to stay in proximity because of the
hydrophobic effect. The proximity is proven by NOEs
between the aromatic ring of Phe 6 and the methyls of
Leu 7 in PmB. In the g-turn the distance between the
two Cf atoms (approximately 5 A) always allows the
mentioned proximity. We propose that this tendency of
the hydrophobic side chains may promote the s-turn and
is stronger with the aromatic chain of Phe 6 in PmB
than with Leu 6 in PmE, as indicated by the higher
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absolute value of the temperature coefficient of Dab
8HN in PmE. We call this conformational motif "local”
in order to emphasize that the conformation of the
seven-membered cycle outside of the described region
is not defined.

The cyclization of residues 4—10 does restrict the
conformational space but leaves many possibilities to
satisfy the NOE restraints without significantly increas-
ing the potential energy. In this regard the polymyxins
present an interesting novel type of seven-membered
peptidic cycle that is closed via the side chain of the less
common Dab amino acid. Some residues in the cycle of
the best 10 structures of the free peptides are found in
sterically forbidden regions of the Ramachandran plot
(e.g. Dab 9 and Thr 10 in the right lower quadrant of
Figure 6a). This could be connected with the steric
constraints imposed upon the backbone by the seven-
membered cycle. However, the cycle is large enough to
allow relaxation of steric strain, as shown by the bound
conformations. The occurrence of residues in the forbid-
den regions is more probably the consequence of the use
of conflicting distance restraints in the simple DG
protocol. The measured NOEs are averaged over an
entire ensemble. The use of all NOE distance restraints
arising from different conformations on a single mol-
ecule may lead to problematic or erroneous structures.
However, the solution structures of the free peptides per
se are not of particular importance for this paper and
will be presented elsewhere, along with a detailed
analysis of the conformational characteristics of the
polymyxin-type cycle. The reason in the present paper
we still use the protocol suitable for well-structured
molecules is to allow direct comparison with the data
obtained for the bound peptide. The latter are calculated
with twice the number of NOE distance restraints but
have neither significant NOE distance violations nor
problems in the Ramachandran plot (Figure 6b). This
is an indication that no conflicting distance constraints
have been used and that the NOEs, although more
numerous, in this case originate from a single family of
structures.

In this light it is interesting to look again at the two
representative structures of PmB bound to LPS (Figure
8). Not surprisingly the main differences appear in the
most flexible part of the cycle, i.e., the side chain of Dab
4. The difference in energy (11 kcal/mol) may appear
large enough to discard the second family from consid-
eration as an alternative solution; it is not so in our
opinion because the energies are calculated in vacuo and
thus do not represent the true environment of the
structures.3® However, the region where the differences
occur is weakly defined by NOE restraints, and the
representative structure with lower energy is preferred.

The representative structure has an envelope-like
bent cycle that separates the two hydrophobic residues
6 and 7 from the charged Dab residues 4, 5, 8, and 9
clustering on the lower side of the cycle and lends it a
clearly amphiphilic character. The structure does not
display any intramolecular H-bonding, including the
prominent - and y-turns. The former was first proposed
in the very early work by Chapman.? In the study
involving PmBN both turns were described and reported
as preserved upon binding to LPS.3! This is not con-
firmed for PmB and PmE in the present study. How-
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ever, the reorientation of the backbone necessary to go
from the preferred solution structures displayed in
Figure 7 to the bound conformation in the restricted
cyclic system is not large and may occur rapidly in a
suitable environment. The protection from solvent of the
Dab 4y and Dab 8 amide protons indicated by the
temperature coefficients is connected with the free,
nonbound species that still prevails in the mixture due
to the higher concentration of peptide molecules relative
to LPS and the relatively weak complex with LPS. This
is also the reason the values of the coupling constants
measured in the mixtures with LPS are not necessarily
connected with the bound species and were not used for
structure refinement. Such a caution was not necessary
with the transferred NOEs because they originate from
the bound species and are much stronger than the ones
from the free species.®”

The question appears whether the conformation found
upon binding to LPS is not present in the free species
or is simply not observable in the NOE patterns because
of the proximity to the zero NOE regime. The ROESY
spectra, although intrinsically less sensitive, do not
show any trace of the very important connectivities
between residues 4 and 8 for the free peptides. This
indicates that the free peptides do not prefer the bound
conformation, most likely because of the extreme expo-
sure of the hydrophobic residues to the solvent that is
entropically unfavorable.

In the study involving PmBN?3! no major changes of
the peptide backbone upon titration with LPS were
described although a number of additional backbone-
to-side chain and inter-side-chain constraints were
observed. Most importantly, the Dab 4—Dab 8 contacts
were not observed. The reason may be a weaker complex
of PmBN with LPS because of the missing N-terminal
aliphatic chain or simply the inferior sensitivity of the
400-MHz spectrometer used in that study.

LPS has a very low critical micellar concentration
(below 10~7 M)38 and forms aggregates in the mixtures
used for measurements. PmB influences the shape of
the supramolecular structures of LPS, as demonstrated
recently by dynamic light scattering techniques.3® The
stoichiometric ratio for the binding of PmB to LPS was
found to lie between 0.6 and 1.0, as determined by
calorimetric titrations.3® The 1:1 docking model de-
scribed in our paper is therefore in agreement with
these experimental data.

During the docking an attempt was made to find the
optimal contact of the positively charged Dab side chains
with the negatively charged phosphate groups of lipid
A; such contacts increase the enthalpy of binding and
are observed in, e.g., proteins docked to membrane
surfaces.*? The importance of electrostatic interactions
for PmB—LPS binding also is evident from its inhibition
by divalent cations and high ionic strength.4! On the
other hand, the hydrophobic part of PmB (N-terminal
mo aliphatic chain and residues 6 and 7) should be in
contact with the lipophilic part of lipid A, i.e., the fatty
acid chains. Such modes of binding are well-known from
proteins that bind fatty acids, e.g., the lipases,*243 and
are important for reduction of the hydrophobic area
exposed to water; the latter would also rationalize the
entropy-driven binding of the polymyxins to LPS.32 In
a recent biophysical study?® specific interactions of PmB
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with LPS were indicated and a two-step mechanism for
this interaction was proposed: electrostatic attraction
between charged parts of the molecules and, in the
second step, hydrophobic interactions between the non-
polar parts of both compounds.

On the basis of the obtained molecular model of
the PmB—lipid A complex, we propose the following
mode of the detoxifying action of the polymyxins. The
supramolecular architectures (geometry and alkyl chain
packing) of LPS are the critical determinants of their
biological activity that might be mediated by some bulk
colligative property in which the fatty acid chain pack-
ing plays a critical role; this is supported by the fact
that LPS which lack even one fatty acid chain are not
toxic.** The binding of polymyxins to the fatty acid
chains of LPS in the way proposed in our model would
disrupt any regular packing of LPS and thus render it
inactive. Such a mode of action of the polymyxins can
be effective even if the complexes are neither strong nor
long-lived.

Conclusion

Polymyxins B (PmB) and E (PmE) were studied in
aqueous solution using NMR and molecular modeling
techniques. The free peptides exist in an equilibrium
of fast exchanging conformations; only local conforma-
tional preferences can be deduced from NMR data and
NOE restrained structure calculations, e.g., a distorted
type II' f-turn extending from residues 5—8 and/or a
y-turn in residue 10. In the mixtures of peptides with
LPS complexes are formed that can be studied with
transferred NOE experiments. A significantly increased
set of intramolecular NOEs from the bound species
enabled us to propose the bound conformation of PmB
and PmE. It turned out to be amphiphilic clearly
separating the two hydrophobic residues in the seven-
membered cycle from the positively charged Dab side
chains by an envelope-like fold of the cycle. Both turns
indicated for the free peptides are lost. A model of the
peptides bound to lipid A is proposed that covers the
phosphate groups of the latter by the Dab side chains
and the fatty acid chains by the N-terminal aliphatic
chain and the two hydrophobic residues 6 and 7 in the
cycle. Such a complex decreases the total hydrophobic
area of both molecules and thus explains the entropy-
driven binding of the polymyxins to LPS.32

On the basis of the molecular model of the complex,
we propose that the detoxifying effect of the polymyxins
is caused by breaking up of the supramolecular struc-
ture of LPS that is connected with its toxic action;44 the
regular arrangement of the fatty acid chains is dis-
rupted by the inserted peptide molecules. A similar
mode of action can also be proposed for the peptides
derived from proteins that bind LPS and exhibit detoxi-
fying effects.>19 A study involving some of these peptides
is underway in this laboratory and will be reported
elsewhere.

Experimental Section

NMR. PmB sulfate and PmE methanesulfonate salts were
purchased from Fluka. The NMR spectra were obtained in 90%
H,0—10% D,O solution at peptide concentrations 5—1 mM.
The concentration dependence of the chemical shifts shows
that the tendency for aggregation is already present at
concentrations above 3 mM; for this reason the NOE measure-
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ments were performed at 1 mM. All experiments were per-
formed at pH 4 (adjusted by adding small quantities of 0.1 M
HCI); under these conditions the possibility of peptide ag-
gregation is reduced because of the protonation of the Dab
y-amino groups. LPS from E. Coli, Serotype 055:B5, was
obtained from Fluka; the concentrations of LPS are given in
mass per volume because of the heterogeneity of the polysac-
charide outer core.

The assignment of 'H resonances was performed using
standard DQF-COSY,* TOCSY“® (mixing time 70 ms), and
two-dimensional NOE experiments (NOESY#” and ROESY,*
mixing times 200 ms) on a Varian Inova 600 spectrometer;
data matrices of 2048 detected and 512 (1024 for DQF-COSY)
indirect data points with 64 (96 for ROESY) scans were
recorded and processed using a 90° shifted sine bell window
function (180° for DQF-COSY). Water signal suppression was
achieved by presaturation or with WATERGATE.*® The tem-
perature coefficients of the amide proton chemical shifts were
calculated from one-dimensional experiments performed at
different temperatures in the range 20—35 °C.

The binding of PmB and PmE, respectively, to LPS was
followed by line broadening experiments where small aliquots
(10 uL) of a concentrated stock solution of LPS (10 mg/mL in
H,0) were added to the 1 mM solutions of both peptides. Two-
dimensional transferred NOE (TRNOE) experiments®”%° with
mixing times of 200 ms were carried out using mixtures of
PmB and LPS that correspond to 15:1, 11:1, and 8:1 w/w ratios
of both components; these conditions yield barely observable
(15:1) to moderately broadened (8:1) lines of PmB. The mixture
of PmE and LPS was only studied at 8:1 w/w ratio that
corresponds to approximately 20:1 molar ratio.

Computational Methods. The three-dimensional struc-
tures of PmB and PmE were computed using the distance
geometry program DG-I11 of the NMRefine module of Insight-
11 (MSI, 9685 Scranton Rd, San Diego, CA 92121-3752A) on a
Silicon Graphics Indigo Il workstation. The NOEs were
classified as strong, medium, and weak, corresponding to
distances of 2.5, 3.2, and 4 A, respectively, based on the
volumes of the assigned cross-peaks in the NOESY and/or
ROESY spectra. The Dab 4y—Dab 4y' cross-peak was used for
distance calibration; 50—100 different structures obtained by
distance geometry were then optimized by simulated anneal-
ing. They were energy-minimized with DISCOVER using NOE
distance restraints in the consistent valence force field (cvff5t).
The Dab side chains were kept uncharged in order to avoid
charge repulsive effects; a distance-dependent dielectric con-
stant was employed in order to simulate, at least in part,
electrostatic screening by the solvent. The resulting structures
were analyzed for the agreement with the NOE distance
restraints, the values of the main chain dihedral angles, and
H-bond pattern; a geometric criterion was used to check for
the existence of H-bonds (d(O--*H—N) < 2.3 A, §(O,H,N) >
120°).

The optimized coordinates of lipid A% were used for manual
docking of the PmB model. Its seven-membered cycle was kept
rigid in the conformation obtained from the NMR structure
refinement using the data from the TRNOE experiments; the
coordinates of lipid A were kept fixed.

The PmB model was brought in contact with the lipid A
molecule from six different directions of approach. Each time
a 100-ps molecular dynamics run at 300 K was started after
an initial energy minimization, and 100 structures were
sampled that were later energy-minimized. The final model
was chosen on the basis of optimal intermolecular interaction
energy of PmB. A detailed account of the docking procedure
will be published elsewhere.
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