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Abstract Daptomycin, a cyclic anionic lipopeptide anti-
biotic, whose three-dimensional structure was recently
solved using solution state NMR (Ball et al. 2004; Jung
et al. 2004; Rotondi and Gierasch 2005), requires calcium
for function. To date, the exact nature of the interaction
between divalent cations, such as Ca®" or Mg?*, has not
been fully characterized. It has, however, been suggested
that addition of Ca®* to daptomycin in a 1:1 molar ratio
induces aggregation. Moreover, it has been suggested that
certain residues, e.g. Asp3 and Asp7, which are essential
for activity (Grunewald et al. 2004; Kopp et al. 2006), may
also be important for Ca®* binding (Jung et al. 2004). In
this work, we have tried: (1) to further pinpoint how Ca**
affects daptomycin structure/oligomerization using ana-
lytical ultracentrifugation; and (2) to determine whether a
specific calcium binding site exists, based on one-
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dimensional '>C NMR spectra and molecular dynamics
(MD) simulations. The centrifugation results indicated that
daptomycin formed micelles of between 14 and 16
monomers in the presence of a 1:1 molar ratio of Ca®* and
daptomycin. The '*C NMR data indicated that addition of
calcium had a significant effect on the Trpl and Kynl3
residues, indicating that either calcium binds in this region
or that these residues may be important for oligomeriza-
tion. Finally, the molecular dynamics simulation results
indicated that the conformational change of daptomycin
upon calcium binding might not be as significant as orig-
inally proposed. Similar studies on the divalent cation
Mg?* are also presented. The implication of these results
for the biological function of daptomycin is discussed.

Keywords Daptomycin - Ca** binding -
Mg?* binding - analytical ultracentrifugation -
molecular dynamics (MD) simulation - NMR -
Nuclear overhauser enhancement (NOE)

Introduction

Daptomycin, currently sold under the tradename Cubicin,
is a novel antibiotic, recently approved by the US FDA to
target Gram-positive pathogens. It is a cyclic anionic
tridecapeptide, with a number of p-amino acids (p-aspar-
agine, Dp-alanine, and D-serine), three uncommon amino
acid residues (ornithine, (2S,3R)-3-methyl-glutamic acid
and kynurenine), and a N-terminus that is acylated with a
n-decanoyl fatty acid side chain. It has been found to be an
effective antimicrobial agent against methicillin-resistant
Staphylococcus aureus, as well as vancomycin resistant
Enterococci, penicillin-resistant Streptococci, and coagu-
lase-negative Staphylococci (Eliopoulos et al. 1986; Fass
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and Helsel 1986; Jones and Barry 1987; Streit et al. 2005;
Tally and DeBruin 2000).

A number of studies have shown that daptomycin dis-
plays antimicrobial activity only in the presence of calcium
(Boaretti et al. 1993; Laganas et al. 2003; Lakey et al.
1989; Lakey and Ptak 1988; Silverman et al. 2001, 2003).
Two mechanisms have been proposed for the mode of
action of this antimicrobial peptide: (1) daptomycin
inhibits lipoteichoic acid biosynthesis in the presence of
calcium ions (Boaretti et al. 1993), although this has been
disputed (Silverman et al. 2003); and (2) daptomycin binds
calcium, followed by a change in its conformation (Jung
et al. 2004), which allows the peptide to insert more deeply
into the membrane bilayer. This in turn leads to membrane
depolarization and results in cell death (Jung et al. 2004;
Silverman et al. 2001, 2003).

In order to better understand the role of calcium in the
function of daptomycin and to understand structure:func-
tion relationships, Ball et al. (2004), Jung et al. (2004) and
Rotondi and Gierasch (2005) independently determined
the structure of the peptide in the absence of calcium,
using solution state NMR. All three studies resulted in
different structures for the apo-form being proposed. The
backbone Co RMSDs between the 1T5M consensus
structure (Jung et al. 2004), solved using a 2 mM dapto-
mycin solution in 100 mM KCI, 0.2 mM EDTA, 5 mM
CaCl,, pH 6.70, and 1XT7 (Ball et al. 2004), eludicated
using a 1.2 mM solution of daptomycin in 90% H,0/10%
D,0, are large (3.2 A). A comparison of the 1T5SM con-
sensus structure and the Rotondi and Gierasch structures
(backbone Coe RMSDs > 4 A for the family of 6 struc-
tures that emerged from their RMSD analysis (Rotondi
and Gierasch 2005)) show that the differences are even
larger in this case. In the latter case, the sample was
prepared by adding daptomycin in small portions to a
sample buffer, consisting of 10 mM sodium phosphate,
pH 5.3, 10% D,O in H,O (v/v), which was degassed
using multiple cycles of the freeze—vacuum—thaw method,
such that the final concentration of daptomycin was
1.9 mM. The conformational heterogeneity is even larger
if the lipid tail and side chains are taken into account. In
addition to the apo-form, Jung et al. (2004) determined
the structure of the peptide in the presence of calcium and
demonstrated that the binding of Ca** causes a confor-
mational change of daptomycin based on the presence of
additional NOE cross-peaks in the NOESY spectrum. In
other words, a change from an ill-defined conformation
(in the apo-form) to a well-defined one was suggested
upon addition of calcium. This change in structure was
not observed by Ball et al. (2004). Rotondi and Gierasch
(2005) report that under the sample conditions used to
minimize aggregation, a well-defined conformation was
observed only in the calcium-free form. All three studies
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did find that the presence of calcium leads to line
broadening caused by aggregation of daptomycin. Titra-
tion experiments revealed that the 'H linewidths of all
residues increase with increasing calcium concentration
up to one molar equivalent (Ball et al. 2004), suggesting a
one to one stoichiometric ratio of calcium to daptomycin.
Given the structural changes observed by NMR and data
obtained from circular dichroism, fluorescence experi-
ments, and functional assays (e.g. calcein leakage), Jung
et al. (2004) proposed a new mechanism for the mode of
action of the lipopeptide, namely one in which calcium
triggers two structural transitions in two steps. The first
binding event of Ca”* in solution serves to enhance the
amphipathicity of daptomycin leading to insertion into the
membrane, in addition to acting as a bridge for inducing
oligomerization of daptomycin. Interestingly, Rotondi and
Gierasch suggest that daptomycin is also amphipathic in an
aqueous environment. Inspection of the structure of dap-
tomycin obtained by Ball et al. (2004) led them to suggest
that the four acidic residues, Asp3, Asp7, Asp9 and
MeGlul2 (in the apo structure) are not close enough to
render an effective Ca”* binding site. In contrast, Jung et al.
(2004) hypothesized that the first calcium binding site may
be located between Asp3 and Asp7. The structure of tsu-
shimycin (Bunkoczi et al. 2005), a lipopeptide antibiotic,
recently solved by X-ray crystallography to 1.0 A resolu-
tion, supported this suggestion, as the Ca®* ion was found
to be located between Aspl and AspS5 in this cyclic peptide.
The second conformational change requires both cal-
cium and negatively charged liposomes, in particular a 1:1
ratio of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
(POPC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
rac-1-glycerol (POPG). This second conformational change
has not been characterized structurally. Recent evidence
based on fluorescence measurements and FRET studies
suggested that this step also involves aggregation and
daptomycin requires Ca>" in order to perturb model bacte-
rial membranes consisting of POPC/POPG (1:1).
Recently, Grunewald et al. (2004) have performed a
series of derivitization experiments on daptomycin and
measured bioactivities of these modified peptides by
determining the minimum inhibitory concentration (MIC)
in the presence of calcium. Their results indicate that the
methyl-group in MeGlul2 is crucial for activity, as well as
the residue Kyn13. To probe the role of acidic residues and
calcium in antimicrobial activity, they also replaced each
acidic sidechain in daptomycin in turn (Asp to Asn, Glu to
GIn) and determined the MIC. The acidic sidechains of
Asp3 and MeGlul2 were found not to be important for
bactericidal potency, whereas mutation of Asp7 and Asp9
individually led to a total loss of bioactivity.
In this contribution, we seek to further characterize the
effect of the divalent cations Ca?* and Mg®* on the
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structure and aggregation state of daptomycin in the
absence of lipids. The binding of calcium and magnesium
was probed using analytical ultracentrifugation. We also
report the structure of a 2.5:1 Mg**/daptomycin complex
obtained using 'H two-dimensional NMR spectroscopy,
along with activity (minimal inhibitory concentration,
MIC) data. In addition, one-dimensional 3¢ calcium
titration NMR experiments were used to determine which
residues are most affected by the presence of calcium and/
or the formation of aggregates. Finally, time-averaged
NMR refinement (Torda and van Gunsteren 1991) with
molecular dynamics simulations was used to postulate
the nature of the structure of calcium-bound aggregated
daptomycin, and to determine whether a specific cation-
binding site exists. While the 1T5N structure was refined
using NOEs determined from Ca**-bound daptomycin, no
Ca”* was explicitly present in the refinement procedure.
Here, we formulated five different hypotheses of how
calcium might be bound to daptomycin and then tested
each by assessing to what extent these models agree with
the NOE data.

Methods
Analytical ultracentrifugation experiments

A 2.5 mM daptomycin solution (daptomycin was provided
by Cubist Pharmaceuticals) was prepared by dissolving
23.2 mg of peptide stock in 5.8 ml of 100 mM KClI,
pH 7.0. A stock solution of CaCl, was made such that the
concentration was 2 M, pH 7.0. Samples were prepared by
adding the following equivalents of metal to peptide:
0.25 (or 0.625 mM), 0.5 (1.25 mM), 0.75 (1.875 mM), 1
(2.5 mM), and 2.5 (6.25 mM). The samples were allowed
to equilibrate at room temperature overnight prior to being
placed in the centrifuge. Similarly, a stock solution of
MgCl, (2 M, pH 7.0) was prepared and added to the pep-
tide solution such that similar equivalents of metal to
peptide were added as for the calcium case.

Measurements were made using a Beckman XLI
analytical ultracentrifuge. Sedimentation equilibrium
experiments were done at 40, 45, and 50 KRPM in six-
channel, carbon-epoxy composite centerpieces supplied by
Beckman. Equilibrium was assessed by the absence of
significant change in radial concentration gradients (mea-
sured using interference optics) in scans separated by a few
hours. Data were analyzed by curve fitting to an equation
describing the sedimentation equilibrium for a monomer
and independent (not in equilibrium exchange) n-mer
aggregate using Igor-Pro®™ (Wavemetrics, Lake Oswego
OR). The equation is

—Pp)w?
S(r) = S1(r,) exp{w (r2 — rg)}

2RT
(1 —vp)*nM, , » ,
+ S>(7,) exp{T (r - rn)
where:
S1(ro) signal from monomeric species at radial position
r, from the center of rotation.
S>(r,)  signal at r, from n-mer aggregate of monomers
v partial specific volume of sedimenting species (cc/
g)
0 density of supporting buffer (g/cc)
w angular velocity of rotor (radians/s)
M, molecular weight of monomeric species (g/mole)
R gas constant (8.315 x 107 ergs K™ mol™)
T temperature (K)

The peptide partial specific volume (0.668) was estimated
by curve fitting of the data taken in the absence of Ca** or
Mg** and assuming the peptide to be monomeric (as
judged by the small observed concentration gradients).
Using this value, data at different Ca** or Mg®* concen-
trations were fitted, and the relative contributions of
monomer and n-mer species determined by integrating
their individual signal profiles over the volume of the cell.
Fits using aggregation numbers between 12 and 17 were
compared using the sums of squared residuals.

Minimal inhibitory concentration (MIC)

The minimal inhibitory concentration of daptomycin was
determined using the microtitre broth dilution method
(Amsterdam 1996). Briefly, an overnight culture of
S. aureus (ATCC 25923) grown in Mueller Hinton Broth
at 37°C was diluted to 10° and added to a 100 pl well of
a 96 well polypropylene plate (Corning, Whitby, ON).
The wells contained 2 mM of the desired divalent cation
(CaCl,, MnCl,, MgCl,, CuCl,, and NiCl,). A serial
dilution of daptomycin ranging between 64 and 0.125 pg/
ml was used. The 96 well plate was incubated overnight
at 37°C and the MIC was determined at the concentra-
tion of daptomycin at which all bacterial growth was
inhibited.

NMR spectroscopy and structure calculations
The Mg**-conjugated NMR sample contained 2 mM
daptomycin, 100 mM KCI, 5 mM MgCl,, and 7% D,O

(Cambridge Isotopes, Andover, MA). All NMR spectra
collected at 35°C were recorded using a Varian Inova800

@ Springer



424

Eur Biophys J (2008) 37:421-433

located at the Environmental Molecular Sciences Labo-
ratory in the Pacific Northwest National Laboratory.
Spectra collected at 18°C were recorded on a Varian
Unity500 spectrometer operated by the UBC Laboratory
for Molecular Biophysics. Homonuclear TOCSY (spin
lock time = 60 ms) (Braunschweiler and Ernst 1983),
NOESY (1,, = 150 ms) (Jeener et al. 1979), and DQF-
COSY (Rance et al. 1983) were collected at 18°C and at
35°C.

All NMR spectra for the magnesium containing dapto-
mycin sample were processed with NMRPipe (Delaglio
et al. 1995) and analyzed using NMRVIEW v.5.0.4
(Johnson and Blevins 1994). Conversion of NOE volumes
to distance restraints and pseudoatom corrections were
calculated as previously described (Rozek et al. 2000).
Structure calculations were performed using the DGII
module of Insight IT v.97.2 (Accelrys Inc., San Diego, CA).
Calculated structures were accepted based on the lowest
NOE distance restraint violations and best convergence.
The structures were further analyzed using MOLMOL
v.2K.1 (Koradi et al. 1996).

Calcium titration by '*C NMR

The initial sample for the calcium titration was prepared
as described in Jung et al. (2004). It contained 2.5 mM
daptomycin, 100 mM KCI, 0.2 mM EDTA and 7% D,0
(Cambridge Isotopes, Andover, MA). A solution of 1 M
CaCl, was added in 2 pl aliquots, corresponding to a
0.5 mM Ca®* concentration increase for each step. In other
words, eight samples containing 0-3.5 mM Ca”* relative to
2.5 mM daptomycin were prepared. In terms of molar
ratios, this corresponds to calcium to daptomycin ratios
ranging from 0:1 to 1.4:1, in steps of 0.2. The pH of the
starting solution was adjusted to 6.6 and measured at the
end of the titration to verify if it remained constant, which
it did.

All one-dimensional '*C NMR spectra collected at 25°C
were recorded on a Varian Unity 500 using a standard
pulse sequence. The spectra were all processed with the
same phase correction and a linebroadening of 10 Hz. The
peak positions and linewidths (full width at half height)
were determined by fitting each resonance to a Lorentzian,
using the program DMFIT (Massiot et al. 2002). The one-
dimensional spectra were referenced to the methyl group of
external 2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS).
Assignments of the carbons were made using two-dimen-
sional HMBC, HMQC, and HSQC data (data not shown)
and the 'H assignments reported in Jung et al. (2004). The
latter spectra were recorded on a Varian 600 MHz instru-
ment at 25°C, using a calcium-free sample, as described
above.
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Molecular dynamics simulations

All simulations were performed using the GROMOS96
(Scott et al. 1999; van Gunsteren et al. 1996) biomolecular
simulation package and the 43A1 force field (van Gunst-
eren et al. 1996). The different models investigated were
solvated in explicit SPC water (Berendsen et al. 1981).
Truncated octahedron periodic boundary conditions were
imposed. Simulations were performed in the NPT ensem-
ble (T=300 K, P =1 atm) using the Berendsen weak
coupling methods (Berendsen et al. 1984). Covalent bonds
were constrained using the SHAKE method (Ryckaert et al.
1977), with a relative geometric tolerance of 107% A
reaction field (Tironi et al. 1995) long-range correction to
the truncated Coulomb potential was applied. All simula-
tions were performed for 30 ns after equilibration. See
Supplemental Material for a detailed description of the
refinement protocol and analysis tools applied.

The calcium binding sites, which were tested, are
summarized in Table 1. For each type of binding site
probed, a particular NMR structure from the ensemble of
17 calcium bound structures in PDB entry 1TSN (Jung
et al. 2004) was selected as is indicated in Table 1. Only in
one case, for structure #13 in Table 1, were the side-chains
of Asp3 and Asp7 rotated to create a better binding site
between the calcium and oxygens of the sidechains.

Results

Aggregation state of daptomycin in the presence
of Ca®* or Mg**

In order to quantify the aggregation state of daptomycin
upon addition of calcium and magnesium, analytical
ultracentrifugation experiments were performed. For cal-
cium, it was found that addition of up to 0.75 equivalents
had little effect on oligomerization, but once a 1:1 ratio of
calcium to daptomycin was reached, multimers formed.
The data at different Ca* concentrations were fitted and
the relative contributions of monomer and n-mer species
were determined by integrating their individual signal
profiles over the volume of the cell, as described in the
“Methods”. Fits using aggregation numbers between 12
and 17 were compared using the sums of squared residuals
(Fig. 1a). An aggregation number of 14 was chosen for
weight fraction comparisons because it was the lower limit
of range (14-16) giving visually identical fits to the data.
Data points and fit lines for 0.5, 0.75, and 1.0 equivalents of
Ca®* at all three speeds are shown in Fig. 1b. The weight
fraction of 14-mer is shown in Fig. 1c. This suggested that
at a 1:1 calcium to daptomycin ratio, a micellar structure
forms. This was consistent with the 'H (Ball et al. 2004;
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Table 1 Calcium binding sites probed by molecular dynamic simulations

Model Calcium bound between Experimental evidence Structure number
from reference from 1TSN
i Asp3 and Asp7 sidechains (Bunkoczi et al. 2005; Jung et al. 6,7, and 13
2004)
ii Asp3 sidechain and Thr4/Orn6 (Chattopadhyaya et al. 1992; 1 and 5
backbone Chazin 1995; Marsden et al.
1990)
iii Asp7 sidechain and Ala8 backbone (Chattopadhyaya et al. 1992; 9
Chazin 1995; Marsden et al.
1990)
iv MeGlul2 sidechain and backbone this work 6
and Kyn13 backbone
v Asp7 and Asp9 sidechains (Grunewald et al. 2004) 2 and 17

vi

all

For each model the calcium-oxygen bond lengths were set to 2.5 A. Calcium-bound (1T5N) structures from Jung et al. (2004) were used to

construct the models (see text)

Fig. 1 a Sums of squared
residuals obtained for
equilibrium sedimentation
experiments performed on
daptomycin with increasing
calcium concentration.
Aggregation numbers between
12 and 17. b Fit lines found for
the fringe displacement as a
function of cell coordinate for
0.5, 0.75, and 1.0 equivalents of
Ca®* at all three speeds. The
color scheme is arbitrary. ¢
Weight fraction of 14-mer in the
presence of Ca*. An
aggregation number of 14 was
chosen because it was the lower
limit of the range (14-16)
giving visually identical fits to
the data (as seen in a). d Weight
fraction of 14-mer in the
presence of Mg>*. An
aggregation number of 14 was
chosen because it was the lower
limit of the range (14-16)
giving visually identical fits to
the data (not shown)
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Jung et al. 2004; Rotondi and Gierasch 2005) and B¢
NMR data (vide infra). For magnesium ion, 2.5 equivalents
of Mg** were needed to promote micelle formation
(Fig. 1d).

Daptomycin activity and structure in the presence
of Mg**

To quantify the effect of magnesium on daptomycin
activity and structure, we determined the MIC of dapto-
mycin with a range of divalent cations that included Ca**,
Mn**, Mg®*, Cu®*, and Ni**. The results indicated that
substituting calcium with any of these divalent cations
caused a minimum 32-fold increase in the MIC (Table 2).
This factor increased further to >100-fold, when MICs
were determined using depleted Mueller Hinton Broths
(Ca2+ concentration = 0 mM) (J. Silverman, personal
communication).

To see if the increase in MIC with the calcium substi-
tutes was correlated with changes in the structural
characteristics of daptomycin, we determined the three-
dimensional structure of daptomycin in the presence of 2.5
equivalents of Mg”* and compared the Mg**-substituted
daptomycin structure to the apo and Ca**-conjugated
structures of daptomycin that were previously determined
(Jung et al. 2004). Chemical shift assignments of the Mg**-
substituted daptomycin were obtained using standard NMR
methods (Wiithrich 1986). Spectra were initially collected
at 35°C in order to compare the spectra of the Mg”*-
substituted sample with the spectra that were used to
calculate the Ca**-conjugated structure. The NOESY
spectrum of the Mg**-substituted sample at 35°C (t,, =
150 ms) was fairly well resolved and showed no line
broadening. The spectrum showed no resemblance to the
Ca**-conjugated structure that had extensive line broad-
ening. Instead, the Mg**-substituted NOESY spectrum at
35°C resembled more closely the NOESY spectrum of apo-
daptomycin. Spectra of the Mg**-substituted sample were
therefore collected at 18°C (t,, = 150 ms) in order to
compare these spectra with the apo-daptomycin spectra
that we previously collected at 17°C (z,, = 150 ms). Like
the apo NOESY spectrum, the Mg**-substituted NOESY
spectrum (Fig. 2a) showed no extensive line-broadening.
There were no NOE contacts between the n-decanoyl fatty
acid chain with any of the side chains, which we previously

Table 2 Minimal inhibitory

concentration values of S. CaCl, I hg/ml
aureus treated with daptomycin MnCl, 32 pg/ml
and 2 mM CaCl,, 2 mM MnCl,, MgCl, >64 pg/ml
2 mM MgCl,, 2 mM CuCl,, CuCl, >64 pg/ml
and 2 mM NiCl, .

NiCl, >64 pg/ml
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saw in the NOESY spectrum of the Ca**-conjugated
spectrum. There was also no difference in the chemical
shift between the Mg”* and apo samples. NOE-based dis-
tance restraints for the Mg**-substituted sample were
collected from the 18°C NOESY spectrum. An overview of
the NOE restraints used to calculate the proposed three-
dimensional structures of daptomycin in the presence of
Mg** is shown in Fig. 2b, and a statistical summary of the
structure calculation is given in Table 3.

A total of 62 NOE restraints were identified and used for
the structure calculation. Out of the 62 identified NOE
restraints, there were no medium or long range NOE dis-
tance restraints. The overall backbone RMSD of the
Mg**-substituted structure was lower then the apo-dapto-
mycin structure, which suggests that the Mg**-substituted
structure was more well defined, especially around Ala 8, as
compared to the apo structure. However, there were no
major structural differences between the Mg**-substituted
structure and the apo-daptomycin structure (Fig. 3).
Therefore, the binding of Mg** to daptomycin did not cause
any significant structural rearrangements in daptomycin.

Ca**-bound structure of daptomycin

Given that the oligomerization state of daptomycin was not
known at the time when the 1T5N structure of the 1:1 Ca**/
daptomycin complex was solved, we reexamined this
structure in detail. Firstly, we carried out extensive NOE
refinement molecular dynamics simulations to, on the one
hand, determine how well the Ca®*-bound structural
models agreed with the experimental '"H NMR data (Jung
et al. 2004) when an explicit Ca®* binding site is taken into
account, and on the other, to determine whether a prefer-
ential binding site could be found. Out of the 17 total
configurations obtained from the NMR data of calcium-
bound daptomycin (PDB entry 1T5N, refined without cal-
cium) (Jung et al. 2004), only the conformations that would
best suit the hypothesized mode of calcium binding were
used as starting coordinates for each of the five groups of
models (Table 1). In the first set of models (i), calcium was
located in between Asp3 and Asp7. The next set of groups
(ii and iii) were postulates based on existing knowledge of
other well-studied calcium binding proteins in which cal-
cium is analogously positioned in the most negatively
charged region of the protein, such as e.g. calmodulin and
annexin IV. Group iv incorporated the results from the
NMR titration experiment reported here, and finally, group
v incorporated the experimental evidence from Grunewald
et al. (2004) that Asp7 and Asp9 are absolutely essential for
the biological activity of daptomycin (Kopp et al. 2006).
Finally, the 17 NMR derived Ca**-bound conformations
from Jung et al. (2004) (group vi) were included in the
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Fig. 2 a NOESY spectra for A

Mg>*-substituted daptomycin 0.7
recorded at 18°C at a mixing 12N, 1227
time of 150 ms (see text for 5N, 4y
further experimental details). 1.24 oN, 8p*
NOE crosspeaks between the ™
backbone amide protons, 1.74
a-protons, and sidechain protons
are labeled. The residue number
0 refers to the n-decanoyl fatty 2.29eN, 121'117 2

13N, 12y2°
q

13N, 12712

2d21, 2b2
e

acid chain on the N terminus.

b Summary of the NOE-derived
distance restraints used to
generate the Mg”*-substituted

2.7" 9N, 962

13N, 1382

YL
(.34

2521, 21

1e3,1p2  13¢1,13p2

structures of daptomycin. The 3.24

13N, 13p1 o

thickness of the bars

1€3, 1p1

corresponds to the strength of
the NOE restraints, which were
grouped into strong, medium,
and weak, with upper bounds up
to 3.0, 4.0, and 5.0 A,
respectively. Distance restraints

13¢e1, 13p1 -

to the n-decanoyl moiety, to H’s
which were not
stereospecifically assigned e.g.
contacts between Hi/f I_HN, and

o b .. -

H?Z—Hﬁ] are represented by a
single bar, and to more distant

7.9 7.7 7.5 7.3 741 6.9 6.7

protons are not included in b B
HY = HY
Hi-H% |
Hﬁi - HNi+ 1 — ——

Z-usy-g

Table 3 Statistical analysis for the NMR-Derived structure of Mg**-
substituted daptomycin

No. of NOE restraints 62
Interresidue 39
Intraresidue 23

No. of NOE restraint violations >0.1 A? 47 + 2

Average highest NOE restraint violation (10%)‘" 0.19 = 0.07

Average pairwise RMSD to the mean (A)* °

Residue No. Backbone Heavy atom
1-13 1.57 £ 0.06 2.92 +0.08
4-13 1.30 £ 0.05 2.38 £ 0.07
3-8 1.11 £ 0.06 2.01 £0.10

Structures were calculated using the DGII program in Insight II v.
97.2 (Accelrys, San Diego, CA)

4 Expressed as mean = standard deviation of 15 accepted of the 40
calculated

® Calculated using MOLMOL 2K.2

> OZ QD EZ
'c>'c“$m%:
T = T N T
NP O g E R
o) _\L\O\J

)

table for comparison purposes. In order to effectively bind
Ca** around the proposed site, additional constraints were
employed between Ca** and atoms assumed to be involved
in the binding process. In all cases, at least four oxygen
atoms were involved in these additional constraints of each
model to reflect the fact that Ca** normally requires four or
more coordination sites to form a complex. The Ca**-O
distance was set to be 0.25 nm in all cases. Binding to the
Asp side chains was modeled by a single distance con-
straint of length 0.28 nm to the Cy atoms. This was done so
that Cy, rather than the two oxygen atoms on the aspartate
side chains bore the distance constraint, thereby allowing
more degrees of freedom, such as rotations, to be probed.

To quantify the extent of deviation of a simulated
structure from experimental NOE derived distances (Jung
et al. 2004), an average relative NOE violation was cal-
culated, as described in the “Methods and Supplemental
Material sections”. Violations were calculated with respect
to the NOE distance restraints obtained experimentally for
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N n-decanoyl-fatty acid
chain

Fig. 3 Structures of daptomycin in the presence of 2.5 molar
equivalents of Mg”*: a stick model of the Mg**-conjugated dapto-
mycin closest to the average, with the negatively charged residues
colored red and the positively charged residue colored blue; b
superposition of the backbone representations of the 15 accepted
structures for Mg**-conjugated daptomycin (blue) and 15 previously

Ca**-bound daptomycin, as well as the apo-form. The
resulting average violations are shown in Fig. 4 for all
models (instantaneous values not shown, see Fig. 4 cap-
tion). It is evident that, for all models tested, no single
model agreed markedly better than any other with the
experimental NOE data for both the calcium bound struc-
ture and the apo-form, as observed by the more or less
constant height of the grey and white bars, respectively.
This signifies that no single model, allowed to undertake
dynamics with calcium constrained at a given position,
fulfilled the NOE constraints fully. More importantly, if
one compares the models to the original conformation
determined experimentally (i.e. for i17, we calculate Vi
with respect to structure 17 in 1T5N), shown by the solid
bars in Fig. 4, all the models with a calcium restraint
present have significantly higher violations. Overall, it can
be concluded that none of the Ca®*-bound daptomycin
models tested here are consistent with the NOE restraints
for 1TSN reported in Jung et al. (2004). The reasons for
this inconsistency may either be that the NOE restraints are
incorrect, that the Ca®>* binding sites tested are wrong, or
both.

In light of these observations, we compared the NOE
data of the apo- and the Ca®*-bound forms of daptomycin

@ Springer
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accepted structures for apo-daptomycin (red) (Jung et al. 2004). The
amino acid sequence of daptomycin is as follows: n-decanoyl-Trp-D-
Asn-Asp-Thr-Gly-Orn-Asp-D-Ala-Gly-D-Ser-(2S, 3R) 3-MeGlu-Kyn.
For clarity, only selected residues were labelled in a. The figure in a
was prepared using Insight II v.97.2 (Accelrys Inc., San Diego, CA)
and in b using MOLMOL 2K.2 (Koradi et al. 1996)

(Jung et al. 2004) and the corresponding proposed large
difference in backbone ring conformation between these
two models. In the Ca®*-bound case, the backbone ring is
severely constrained by distance restraints between Asp 3
and Ala 8 located at approximately diametrically opposed
sides of the ring (Fig. 5). As these restraints are not
observed in the apo form, the proposed ring structure is
much more circular in this case. Here, based on the fact
that we now know that daptomycin oligomerizes in the
presence of Ca®*, we hypothesize that these additional
NOE restraints between residues 3 and 8 are intermolecular
and should therefore not be included when refining the
structure of an individual molecule, which is determined by
intramolecular restraints. Two refinement simulations, each
30 ns in length, were performed using the thus modified
Ca**-bound NOE restraints, starting from the 1T5M and
ITSN consensus models. A cluster analysis (see Supple-
mental Material for details) was performed in order to
determine the dominant conformer of the simulations,
shown in Fig. 5c, d for the starting 1TSM and 1T5N
models, respectively. Overall, the removal of the three
restraints resulted in more extended ring structures
(Fig. 5c, d, respectively), much more like the apo-form
(Fig. 5a). The relative NOE violations versus the original
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Fig. 4 Histogram of the calculated average relative NOE violations
for the different calcium binding modes tested here (Table 1). The
X-axis is the binding mode/NMR structure used as a starting
configuration in the simulation. The solid black bars represent the
NOE violations calculated with respect to the original NMR structure.
The grey bars represent NOE violations compared to experimentally
derived NOE restraints for the calcium bound daptomycin. The white
bars represent NOE violations compared to experimentally derived
NOE restraints for the apo-form of daptomycin. Values obtained from
simulations performed using instantaneous refinement were generally
only slightly different from the time-averaged results. Therefore, for
clarity, they are not shown here

and the modified Ca**-bound datasets as well as versus the
apo-form dataset were calculated (Table 4). It can be seen
that, in these simulations using the modified Ca”>*-bound
dataset as restraints, the violations calculated relative to the
apo form dataset (0.017 and 0.024) are considerably
smaller than versus the original Ca**-bound dataset (0.055
and 0.041), indicating that the structures sampled here are
more representative of the apo form. Furthermore, of the
two simulations, the one starting from the 1T5M apo
structure has lower violations relative to the apo-form
dataset (0.017) than the one starting from the proposed
Ca®*-bound structure 1T5N (0.024). Taken together, these
simulations suggest that the Ca®*-bound structure of dap-
tomycin may not after all differ significantly from the apo-
form, under the assumption that the additional NOE
restraints in the Ca**-bound case are due to intermolecular
contacts that occur upon oligomerization.

Ca®* titration and possible oligomer arrangement

In order to further characterize which residues are impor-
tant for either calcium binding or oligomer formation, we
examined the effect of adding increased amounts of Ca®* to
a daptomycin solution in the range of 0—1.4 equivalents by
one-dimensional >*C NMR (Fig. 6). Previous studies (Ball
et al. 2004; Jung et al. 2004; Rotondi and Gierasch 2005)

Fig. 5 Representative daptomycin structures, with the three distances
between the 'H’s in Asp3 and Ala8 highlighted by red lines. a Apo-
form (1T5M, consensus model). b Calcium-bound form (1T5N,
consensus model). ¢ New calcium-bound structure starting from the
apo-form in a, obtained from a refinement where three NOEs between
Asp3 and Ala8 are reclassified as being intermolecular. d New
calcium-bound structure starting from the calcium-bound form in b,
obtained from a refinement where three NOEs between Asp3 and
Ala8 are reclassified as being intermolecular. The residues shown in
CPK are those, which are significantly broadened/shifted in the '*C
NMR Ca?* titration data, with Trpl shown in cyan, MeGlul2 shown
in blue, and Kyn13 shown in white. The residues shown in ball-and-
stick representation in blue are the Asp side-chains. The cyclic
backbone is shown in green and finally, the n-decanoyl fatty acid
chain is shown in yellow. Both conformations in ¢ and d largely fulfill
the NOE restraints (see Table 4), yet they are significantly different.
This suggests that a unique structure cannot be defined given the
inherent flexibility of the lipopeptide

indicated that addition of calcium to daptomycin led to a
broadening of all the 'H lines observed in the NMR
spectra. This change in linewidth has a sigmoidal depen-
dence on the amount of calcium added, suggesting
cooperative binding, and levels off at a 1:1 molar ratio of
calcium to daptomycin. As the chemical shift range for
carbon is much larger than for 'H, we chose to look at '*C
NMR here to see whether large changes with increasing
calcium concentration (Colpitts et al. 1995; Vishwanath
and Easwaran 1981) could be observed. The spectra for
which some of the resonances have been assigned (see
“Methods”) are shown in Fig. 6 and illustrate how these
changes manifest themselves. All the lines broadened sig-
nificantly upon addition of calcium and showed a
sigmoidal dependence, as seen for Asn2 CO, MeGlul2 CO
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Table 4 Calculated relative NOE violations for the conformations
sampled in the 30 ns refinement simulations starting from the apo-
(IT5M) and Ca2+—conjugated (IT5N) consensus models, when dif-
ferent NOE restraints are considered (see text)

Starting from

NOE restraints 1T5M 1T5N

Ca**-bound form 0.055 0.041
(all NOE restraints)

Ca**-bound form (with 3 Asp3/Ala8 0.019 0.020
restraints removed)

Apo-form (all NOE restraints) 0.017 0.024

and Orn6 Co (not shown, resonates at 42.10 ppm), for
instance, and most of the other lines. This broadening was
accompanied by very slight changes in chemical shift (on
the order of 0.1-0.2 ppm). For four lines, however, the
dependence on the linewidth was more complex, namely
for the sidechain carbonyl carbon of Kyn13, Co of Kynl13
(not shown), Co2 carbon of Trpl, and Cy of MeGlul2 (not
shown). In this case, the changes in chemical shift (ca. 0.5—
0.6 ppm) (and/or linewidth) were comparatively larger, but
still very small when compared to chemical shift changes
of peptides which change conformation significantly upon
binding divalent ions such as Ca®* (i.e. on the order of
2-8 ppm) (Vishwanath and Easwaran 1981). From the
small chemical shift perturbations observed, it would
appear that the addition of calcium had only a small effect

on conformation, supporting the reinterpretation of the
NOESY data discussed above. It is important to note,
however, that caution should be exercised when using the
chemical shift alone as a diagnostic of structural changes in
small peptides (Daura et al. 1997).

Discussion

Many studies over the years (Laganas et al. 2003; Lakey
et al. 1989; Lakey and Ptak 1988; Silverman et al. 2003)
have shown the importance of calcium for daptomycin
activity. In this contribution, we have shown that the
addition of the divalent cations Ca®* and Mg?* to a dap-
tomycin solution leads to the formation of micelles, thus
confirming a previous suggestion by Rotondi and Gierasch
(2005). It is noteworthy that micelle formation has also
been suggested for tsushimycin (Bunkoczi et al. 2005),
suggesting a possible common mode of action. In the case
of daptomycin in the presence of calcium, aggregation
occurred in the presence of one molar equivalent, while for
Mg** a much larger fraction of ion (2.5 times) is needed.
This indicates that the interaction between magnesium ion
and daptomycin is weaker than that between Ca’* and
daptomycin. In fact, substituting Ca** with various divalent
cations resulted in a minimum 32-fold increase in the
MIC of daptomycin. Moreover, substituting Ca®* with
Mg?* resulted in very few changes in the two-dimensional

Fig. 6 One-dimensional '>C Ala8 Asn2
NMR spectrum of the carbonyl =0/ Cc=0 Trp1
region of daptomycin as a Kyn13 'gfg“”z Trp1 Cy
function of increasing amounts Ca?*: Daptomycin €=0 - Kyn13 Co2
of calcium (see text for molar ratic i h C51 ‘
experimental details). Most ; i WA
lines are broadened in a 0 1 e i o “"l d o Lo b e
sigmoidal concentration ; M | P
dependence, with sidechain ) "' ] : gt W Wbl .;'L,‘, - r}T"‘JL-MWM
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'"H NMR spectra in terms of line-broadening and the
appearance of new NOEs, as compared to the corre-
sponding spectra for the apo-form of daptomycin. Given
that Mg®* is much smaller than Ca®*, it is often a poor
substitute for calcium in calcium-binding peptides and
proteins. For example, annexin II possesses two types of
Ca** binding sites and it has been shown that occupation of
only one of the two Ca2+—binding sites is required for the
intracellular association of annexin II with the submemb-
raneous cytoskeleton in HeLa cells (Jost et al. 1994).
However substituting Ca®* with other divalent metal ions
has a negative effect on the annexin-mediated aggregation
of asolectin liposomes (Jost et al. 1994).

Despite the difference in binding affinity, it would appear
that one of the roles of divalent cations such as Ca®* and
Mg?* is to promote the formation of micellar structures in
solution. Given that daptomycin has a large hydrophobic
tail, micellar structures would not be surprising. As dem-
onstrated here, the oligomerization process may not
necessarily be accompanied by a structural change in dap-
tomycin itself. In the case where magnesium is added, no
new NOEs were found and the structure of daptomycin in the
presence of Mg>* was much the same as the one reported for
the apo-form (Jung et al. 2004). Similarly, if one reinterprets
the NOESY spectra of calcium-conjugated daptomycin such
that some of the new NOEs observed upon addition of Ca**
arise from intermolecular contacts, then the structure of
daptomycin is in this case also extended, as in the apo-form.
This suggests that the structural transition, proposed by Jung
et al. to occur upon Ca”* binding to enhance the amphi-
pathicity of daptomycin and result in insertion into the
membrane, may not occur. Instead, divalent cation binding
is proposed here to serve to form micelles, which are the
vehicles that deliver high local concentrations of daptomy-
cin to the bacterial membrane (Straus and Hancock 2006).
Another, not necessarily exclusive, possibility is that micelle
formation simply reflects a sharp transition of daptomycin to
“detergent-like” behavior and consequent increased mem-
brane-disruptive potential. Given that calcium ions interact
more strongly with negatively charged lipid headgroups
than do magnesium ions (Garidel and Blume 2005), the
difference in the activity of daptomycin in the presence of
these divalent cations may then account for how strongly
daptomycin interacts with PC/PG membranes. In other
words, Ca®* forms a better bridge between the negatively
charged daptomycin and bacterial membranes than does
Mg?*. Consistent with this view, Mg®* was unable to pro-
mote an alteration in CD spectrum in the presence of anionic
lipids, or calcein release from PC:PG liposomes (Jung and
Hancock, unpublished).

It is interesting to note that there are considerable
differences in the proposed three structures of apo dapto-
mycin. As already mentioned in the introduction, the

backbone Ca RMSDs between the 1T5SM consensus
structure and 1XT7 (3.2 A) and the Rotondi and Gierasch
structures (>4 A for the family of 6 structures that
emerged from their RMSD analysis (Rotondi and Gierasch
2005)) are not negligible. The differences are larger if the
lipid tail and side chains are taken into account. We suggest
that this wide spread of proposed structures reflects the
very high mobility of daptomycin in the apo form. Fur-
thermore, the reinterpretation of the three cross peaks as
being intermolecular in the Ca**-bound form has another
important consequence in that the flexibility of daptomycin
is not reduced with respect to the apo form in this model
(as evidenced by the two structures in Fig. 5c, d, which
both satisfy the NOE restraints). As a consequence, it will
be very difficult to sample all relevant configurations dur-
ing the course of a simulation. This in turn means that the
result of any refinement procedure using MD will be biased
by choices made in the refinement protocol, notably by the
choice of (a) the starting structure and (b) the form of
restraint (instantaneous or time-averaged). This phenome-
non is apparent from Table 4: refinement starting from
very different daptomycin structures, 1T5SN and 1T5M,
produced NOE violations versus the modified Ca®*-bound
NOE restraints that are very similar (0.019 and 0.020).
A subsequent cluster analysis (Supplemental) shows,
however, that the phase space sampled in these simulations
hardly overlaps at all (less than 1%, data not shown),
indicating that in any one simulation, many relevant data
points are not sampled.

Finally, given the line-broadening in the '*C NMR
spectra and the results from the molecular dynamics sim-
ulations, we propose that residues Trpl, MeGlul2, and
Kynl3 are at the intermolecular interface and that the
calcium ion serves to neutralize the negative charge
between the daptomycin molecules in the micelle. One
possible arrangement of daptomycin that would take this
evidence into account would be to pack the daptomycin
molecules together such that a favorable w-stacking inter-
action can occur between the aromatic rings of Trpl on one
molecule and Kyn13 on another. Calcium ions would then
be at the interface between the daptomycin molecules to
minimize electrostatic repulsions between negatively
charged residues, which need to come into contact to form
the multimer. Alternatively, the calcium ions may be
associating with the daptomycin micelle surface, in a
manner analogous to the interaction of Ca®* with POPC/
POPG membranes, where the calcium ions move freely on
the bilayer surface (Macdonald and Seelig 1987; Seelig
1990), driven by the electrostatics at the membrane surface
(Watts and Poile 1986). Overall, this daptomycin/calcium
arrangement would result in the lipid tails, which are very
flexible, packing together towards the interior of a micellar
structure. The recent results reported by Grunewald et al.
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(2004) that the residues MeGlul2 and Kynl3 are crucial
for activity combined with our findings suggest that micelle
formation may be an important step in the mode of action
of daptomycin. In Grunewald et al. (2004), MeGlul2 was
replaced by Gln, resulting in an increase in MIC of a factor
of 10 relative to native daptomycin. Likewise, the MIC
increased by a factor of 4-33 when Kynl13 was replaced,
depending on the reports (Grunewald et al. 2004; Nguyen
et al. 2006). This indicates that interactions needed to hold
the multimer together, such as for example a hydrogen
bond between the sidechain carbonyl carbon of Kyn13 and
the sidechain NH group in Trpl or an electrostatic inter-
action between the carboxyl group in MeGlul2 and Ca®*,
might have a direct bearing on activity.

In conclusion, the data presented here illustrate the role
of divalent cations in lipopeptide function. We suggest
that divalent cations such as Ca** or Mg®* serve to mask
the negatively charged residues in anionic lipopeptides
such as daptomycin, thereby enabling the antibiotic to
interact and perturb bacterial membranes in a detergent-
like manner, analogous to what has been suggested for
cationic antimicrobial peptides (Bechinger 1999; Bechin-
ger and Lohner 2006). The stronger interaction of calcium
over magnesium with daptomycin and lipids makes it a
more effective shield. In effect, therefore, lipopeptides
such as daptomycin appear to behave like cationic anti-
microbial peptides.
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