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ABSTRACT: The antibiotics known as aminoglycosides are commonly used to treat severe infections caused
by Gram-negative bacteria. Unfortunately, they often lead to acute renal failure after their accumulation
in the lysosomes of renal cells, where an inhibition of the phospholipid catabolism is observed. The
lipopeptidic antibiotic daptomycin has been shown to reduce the nephrotoxicity of aminoglycosides, but
the exact mechanism of this protection is still unknown. In the present study, Fourier transform infrared
spectroscopy (FTIR) has been used to monitor the hydrolysis of phosphatidylcholine by phospholipase
A2 (PLA2) from Naja mocambique mocambiquevenom in the presence of various aminoglycosides and/
or daptomycin. Gentamicin and amikacin inhibited the reaction in its early stage. Kanamycin A,
tobramycin, and especially kanamycin Benhancedthe initial enzyme activity by reducing the lag time.
After the initiation period, the reaction proceeded at a much slower rate in the presence of gentamicin.
On the other hand, daptomycin led to dramatic alterations of the hydrolysis profile: the initial latency
period was eliminated, and the maximal extent of hydrolysis was reduced. When both daptomycin and
any of the aminoglycosides were present, the latency period also disappeared, and the phospholipase
activity was higher than with the lipopeptide alone. The most drastic change occurred with gentamicin,
which was the most inhibitory aminoglycoside when used alone but worked synergistically with daptomycin
to yield the most dramatic activation of PLA2.

Aminoglycoside antibiotics are hydrophilic, oligocationic
molecules consisting of an aminocyclitol ring associated with
an aminated sugar (Figure 1). These antibiotics are produced
by two types of bacteria:MicromonosporaandStreptomyces
(1). They present a wide spectrum of action and are effective
against most Gram-negative bacteria and certain Gram-
positive bacteria (2). They kill bacteria by interfering with
their protein synthesis at the initiation stage (2). Due to their
rapid effectiveness and broad-spectrum activity, the ami-
noglycosides are among the most widely used antimicrobial
agents (3). Unfortunately, their therapeutic use is compli-
cated by the high incidence of nephrotoxicity (4). The
mechanism underlying the latter is not fully understood, but
its comprehension would greatly help in the design of less
toxic structures.
Aminoglycosides are not metabolized and are mostly

eliminated by the kidney glomerular filtration (5). They tend
to accumulate in high concentrations in the proximal tubule
cells during the subsequent reabsorption step (5-7). Owing
to their positive charges, these drugs can interact with
negatively charged membranes. Phosphatidylinositol has
been proposed to be their receptor on brush border mem-
branes (8). After binding, they are internalized by pinocy-
tosis, followed by fusion of the endocytotic vacuoles with
primary lysosomes where they accumulate and inhibit
phospholipases and sphingomyelinase activity (9). This

results in the formation and growth of myeloid bodies, until
bursting of the lysosomes. Necrosis of tubular cells is then
observed, together with an impairment of renal functions.
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FIGURE 1: Chemical structure of the aminoglycosides used in this
study. The name gentamicin generally designates a mixture of the
three isomers C1, C2, and C3 (or C1A). HABA, S-4-amino-2-
hydroxybutyryl.
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The lipopeptide daptomycin (Figure 2) shows a bacteri-
cidal activity against Gram-positive bacteria in which it
inhibits the synthesis of lipoteichoic acid (10). Daptomycin
has been shown to prevent the development of tobramycin-
induced nephrotoxicity in rats (11, 12). It inhibited lyso-
somal phospholipidosis and increased cellular regeneration
in the presence of similar or even higher aminoglycoside
levels (11, 12). The mechanism underlying the nephropro-
tection afforded by daptomycin is still unknown. Immu-
nogold labeling experiments showed that both daptomycin
and tobramycin accumulate in the lysosomes of renal
proximal tubular cells (13). Whereas dialysis results indi-
cated electrostatic interactions between tobramycin and
daptomycin in aqueous solution (14), a subsequent infrared
spectroscopic study demonstrated that daptomycin does not
impede the binding of aminoglycosides to negatively charged
membranes (15). It was hypothesized that the protective
action of daptomycin might be due to its effect on the
physical properties of the phospholipid bilayers forming the
myeloid bodies. Daptomycin affects the membrane charge
density as well as the lipid packing, two parameters that
influence the activity of phospholipases.
In the present study, Fourier transform infrared spectros-

copy (FTIR)1 was used to monitor the hydrolysis of a mixture
of phospholipids by a well-known phospholipase, the phos-
pholipase A2 (or PLA2) fromNaja mocambique mocambique.
The influence of five aminoglycosides on the hydrolysis
profile was investigated, and the action of daptomycin was
finally examined.

MATERIALS AND METHODS

The sulfate salts of amikacin, kanamycins A and B,
gentamicin, and tobramycin, the sodium salt ofL-R-phos-
phatidyl-DL-inositol from soya, 1,2-dipalmitoyl-3-sn-phos-
phatidylcholine, 1,2-dimyristoyl-3-sn-phosphatidylcholine,
phospholipase A2 fromNaja mocambique mocambique, and
TRIS-HCl were obtained from Sigma Chemical Co. (St.

Louis, MO). Deuterated water was purchased from Aldrich
Chemical Co. (Milwaukee, MI). Daptomycin (LY146032)
was a generous gift of Eli-Lilly Canada (Scarborough,
Canada).

Prior to hydrolysis experiments, the best lipidic composi-
tion had to be determined. The activity of PLA2 is maximal
when the membrane is close to its transition temperature (16).
The infrared spectra of various mixtures were measured at
increasing temperature in order to determine their transition
temperature. Different lipidic mixtures of DMPC/DPPC/PI
were prepared in glass vials by combining the required
volumes of chloroform or chloroform/methanol (1:1, v/v)
solutions of each lipid, drying under a stream of nitrogen,
and leaving overnight under vacuum. The lipidic dispersions
(10% w/v) for infrared measurements were prepared by
hydrating the dry lipid mixtures with the appropriate amount
of 400 mM TRIS, 10 mM CaCl2 in 2H2O, p2H 8.0. At least
three freeze-thaw cycles were done to ensure a homoge-
neous organization of the bilayers (liposomes). If required,
the pH was adjusted by adding minimal amounts of deuter-
ated NaOH or HCl. The sample was transferred between
two barium fluoride windows separated by a 6-µm spacer,
and the spectra were recorded at increasing temperature on
a Digilab FTS-40A with a spectral resolution of 2 cm-1. A
total of 256 interferograms were co-added for each spectrum.
The data were processed with homemade software (17). The
frequencies were determined with the aid of Fourier deriva-
tion (18).

For hydrolysis measurements, the appropriate amounts of
aminoglycoside and/or daptomycin in buffered solutions were
added to the lipidic dispersion, and additional freeze-thaw
cycles were performed. The PI:aminoglycoside molar ratio
was 2:1, and the PI:daptomycin molar ratio was 4:1. After
the addition of the phospholipase, the sample was quickly
transferred into the infrared cell and placed into the
spectrometer. The infrared spectrum of the reaction mixture
was recorded at various time intervals, under the conditions
given above. Phospholipase A2 cleaves specifically the ester
bond of the sn-2 chain of zwitterionic phospholipids.
According to Beer-Lambert law, the absorbance of the ester
groups is directly proportional to their concentration. The
consumption of the substrate can therefore be monitored
directly from the intensity of the ester carbonyl stretching
band, since the fatty acid produced has no contribution in
that frequency range because it is ionized at pH 8.0.
Alternatively, the hydrolysis can be followed using the
emerging bands attributed to the product carboxylate groups.
The reaction progress curves are given as the ratio of the
integrated intensity of the total carboxylate stretching band
(1525-1610 cm-1) at a given time over the integrated
intensity of the C-H stretching region (2810-3000 cm-1).
The total intensity of this latter depends directly on the initial
number of phospholipid molecules in the sample, and this
normalization allows comparisons of different experiments.

1 Abbreviations: DMPC, dimyristoylphosphatidylcholine; DMPG,
dimyristoylphosphatidylglycerol; DPPC, dipalmitoylphosphatidylcho-
line; PC, phosphatidylcholine; PI, phosphatidylinositol; PLA2, phos-
pholipase A2; PLA1, phospholipase A1; FTIR, Fourier transform infrared
spectroscopy.

FIGURE2: Chemical structure of daptomycin (formerly LY146032).
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RESULTS

Physical State of the Lipid Mixture.The physical state
of liposomal lipidic bilayers depends on temperature. In the
fluid state, the lipid hydrocarbon chains are highly disordered,
similarly to a long aliphatic hydrocarbon like hexadecane in
the liquid phase. When the temperature is lowered, the
chains have less energy to rotate about the C-C bonds, and
they tend to get locked in theall-trans conformation,
corresponding to a carbon skeleton extended in a perfect
zigzag pattern. Thisall-transstructure is the conformation
with the lowest energy, and it allows a very orderly packing
of the chains, which maximizes their van der Waals
interactions. Phospholipid bilayers in the gel state have their
acyl chains in a mostlyall-trans conformation. The fre-
quency and shape of some infrared bands are sensitive to
conformational changes in the lipid acyl chains, and these
can be used to probe the membrane fluidity. The frequency
of the methylene symmetric stretching band (2850 cm-1) is
known to increase with the number of gauche conformers
in the acyl chains (19, 20). A rapid increase of that frequency
is observed at the transition temperature because of the
important increase in the proportion of gauche bonds within
the hydrocarbon chains (Figure 3). This higher conforma-
tional disorder accounts partly for the characteristic fluidity
of the hydrophobic core of the bilayer in the fluid state. The
gel-to-fluid transition of an 8:1:1 mixture of DMPC/DPPC/
PI occurs at 23.6°C (Figure 3A). The presence of a single

transition is consistent with a homogeneous distribution of
the different lipids in the bilayers.

Hydrolysis of the Lipid Mixture. The enzyme phos-
pholipase A2 hydrolyzes specifically the ester bond of the
sn-2 chain of zwitterionic phospholipids such as PC. For
each PC molecule, one molecule of fatty acid and one
molecule of lysophosphatidylcholine are produced. Since
the reaction is performed at pH 8.0, the fatty acids are mostly
under the carboxylate form, and their antisymmetric CdO
stretching band is expected to be found at ca. 1560 cm-1,
far below the signal from the ester group of the reactant (21).
The progress of the hydrolysis can be followed in Figure 4,
where the intensity of the ester carbonyl stretching band (at
1733 cm-1) falls down as a new set of bands builds up in
the region 1520-1580 cm-1. These new contributions are
attributed to the carbonyl antisymmetric stretching vibration
of the carboxylate groups, and they indicate the formation
of myristate and palmitate ions in the sample. In the absence
of calcium ions, a single and very broad band is observed at
1563 cm-1 for the antisymmetric stretching mode of the
carboxylate group of myristic acid in a 10 mol % mixture
with DMPC, dispersed in deuterated water (Figure 5, dashed
line). The two carbon-oxygen bonds are equivalent and
intermediate in strength between a single and a double bond.
In the presence of 10 mM Ca2+, two new peaks appear on

FIGURE 3: (A) Temperature dependence of the frequency of the
symmetric C-H stretching vibration of the methylene groups of
DMPC/DPPC/PI at a molar ratio of 8:1:1. (B) Temperature profile
obtained in the presence of gentamicin (open circles) or of
kanamycin B (open triangles), at a PI:aminoglycoside molar ratio
of 2:1. The profile obtained in the absence of drugs is added for
comparison (dots). (C) Temperature profile obtained for the same
lipid mixture in the presence of daptomycin (4 PI:1 daptomycin)
only (+) or with daptomycin and either gentamicin (open circles)
or kanamycin B (open triangles), with a PI:aminoglycoside molar
ratio of 2:1. All the samples were prepared in 400 mM TRIS, 10
mM CaCl2 buffer in 2H2O, at p2H 8.0. The frequencies were
obtained after Fourier derivation of the original FTIR spectra with
a power of 3 and a breakpoint of 0.3.

FIGURE 4: Carbonyl stretching region of the infrared spectrum of
a dispersion of DMPC/DPPC/PI with a molar ratio of 8:1:1, at
different time intervals (2-60 min) after the addition of phospho-
lipase A2. As the reaction progresses, the intensity of the ester
carbonyl stretching band (at 1730 cm-1) decreases, and new bands
develop between 1520 and 1600 cm-1. The samples were prepared
in 400 mM TRIS, 10 mM CaCl2 buffer in 2H2O, at p2H 8.0.

FIGURE 5: Carboxylate antisymmetric stretching region of the
infrared spectrum of a dispersion of DMPC containing 10 mol %
myristic acid, prepared in 400 mM TRIS buffer in2H2O, p2H 8.0,
without calcium (dashed line) or with 10 mM CaCl2 (solid line).
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top of that broad band, at 1577 and 1540 cm-1 (Figure 5,
solid line). As reported by Deacon and Phillips (22), the
frequencies of the asymmetric stretching vibration of car-
boxylate groups interacting with divalent metal cations vary
according to the type of coordination: a downward shift
indicates a bidentate coordination, a unidentate coordination
gives an upward shift, and there is no significant change for
bridging coordinations between one divalent cation and two
oxygen atoms from distinct carboxylate groups. The bands
at 1540 and 1577 cm-1 can therefore be attributed to
carboxylate groups interacting with calcium ions in the
bidentate and unidentate coordinations, respectively.

To get reaction progress curves, the carboxylate stretching
region was integrated, and each intensity value was divided
by the total integrated intensity of the C-H stretching region,
which is proportional to the hydrocarbon concentration. The
ratio obtained is directly proportional to the concentration
of the products, and it is plotted against time (Figure 6A).
This normalization makes possible the comparison of dif-
ferent samples and the averaging of similar experiments.

As mentioned in the previous section, the hydrolysis
reaction can be monitored either from the product formation
or from the substrate consumption. For comparison, the
reactant disappearance curve in the absence of drugs is given
in Figure 6B as a plot of the integrated intensity of the ester
carbonyl band at a given time divided by the intensity
measured at the beginning of the reaction. The general
features of the two curves in Figure 6 are in very good
agreement. To avoid redundancy, only the product formation
curves are shown in Figures 7-9. The carboxylate region

used to probe the fatty acid formation was found to be more
accurate than the ester carbonyl band because the only
correction required was for the spectral contribution of
daptomycin.
The reaction progress curve for the DMPC/DPPC/PI

mixture can be divided in three distinct regions (Figure 6).
In the initial portion, the activity of PLA2 is very low. This
is called the latency period, or lag phase. Its duration
depends on the quantity of enzyme, on the concentration of
negatively charged lipids in the bilayer, and on the physical
state of the latter. Although the hydrolysis is slow, it
eventually yields enough product to change the enzyme
kinetic parameters. The fatty acids produced give a higher
charge density to the membrane, increasing the affinity of
the enzyme in solution for the bilayer surface (23-25). In
addition, the presence of lysophosphatidylcholine within the
bilayer facilitates the catalytic step itself (26, 27). The
second portion of the reaction curve corresponds to fast
hydrolysis (Figure 6). As the reactant disappears, the
reaction eventually slows down and the curve forms a
plateau, identified as the third region. The total decrease in
intensity of the ester carbonyl band (Figure 6B) indicates
that about 80% of the reactant has been hydrolyzed after 1
h.
Effect of Aminoglycosides and Daptomycin on the Physical

State of the Lipid Mixture.The accumulation of aminogly-
cosides in the renal cortex is initiated by their binding to
the negatively charged PI contained in the renal basolateral
and brush border membranes. The temperature profile
observed in the presence of gentamicin (Figure 3B, open
circles) exhibits a single transition at a slightly higher
temperature, 24.3°C, compared to 23.6°C for the lipid
mixture alone. A transition temperature of approximately
24.5 °C was observed in the presence of amikacin, tobra-
mycin, or kanamycins A or B (Table 1).
In the presence of daptomycin, the frequency of the

methylene symmetric stretching vibration was about 1 cm-1

higher over all the temperature range (Figure 3C). This
frequency change can be attributed to the spectral contribu-
tion of the lipopeptide. Daptomycin induced a shallow
decrease of the transition midpoint, from 23.6°C for the
lipid alone to 23.4°C with the lipopeptide (Figure 3C,+).
In the presence of both gentamicin and daptomycin, the gel-
to-fluid transition occurred at 24.0°C (Figure 3C, open
circles). Amikacin and kanamycin A both gave a transition
temperature of 24.0°C when combined with daptomycin, a
temperature slightlylower than in the absence of daptomycin

FIGURE 6: Reaction progress curve for PLA2 hydrolysis of a
dispersion of DMPC/DPPC/PI with a molar ratio of 8:1:1. In panel
A, the ordinate represents the ratio of the total integrated intensity
of the antisymmetric stretching bands of the product carboxylate
groups (1525-1610 cm-1) over the integrated intensity of the C-H
stretching region (2810-3000 cm-1). The curve in panel B
represents the evolution of the integrated intensity of the ester
carbonyl stretching band divided by the intensity measured at the
beginning of the reaction. For both profiles, each data point is the
average of the values obtained in three separate experiments. The
samples were prepared in 400 mM TRIS, 10 mM CaCl2 buffer in
2H2O, at p2H 8.0.

Table 1: Gel to Liquid-Crystalline Transition Temperature of
Dispersions of DMPC/DPPC/PI in a Molar Ratio of 8:1:1a

transition temp (°C)
aminoglycosideb lipid lipid + daptomycinc

none 23.6 23.4
gentamicin 24.3 24.0
amikacin 24.5 24.0
kanamycin A 24.4 24.0
kanamycin B 24.5 23.4
tobramycin 24.5 23.4

aObtained from the methylene symmetric stretching vibration in the
infrared spectrum. The lipidic dispersions were prepared in 400 mM
TRIS, 10 mM CaCl2 buffer in2H2O, p2H 8.0. bPI:aminoglycoside molar
ratio of 2:1.c PI:daptomycin molar ratio of 4:1.
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(see Table 1). For kanamycin B (Figure 3C, open triangles)
and tobramycin (not shown), the addition of daptomycin
resulted in a shift from 24.5 to 23.4°C.
Neither daptomycin nor any of the aminoglycosides

affected significantly the cooperativity of the transition. This
indicates the absence of lateral phase separation within the
lipidic bilayer, i.e., no formation of domains enriched with
specific constituants.
Effect of Aminoglycosides on PLA2 ActiVity. The reaction

progress curves obtained in the presence of each of the
aminoglycosides are plotted in Figure 7, together with that
of the lipid mixture alone (closed circles). The effects
observed include changes in the duration of the latency period
and alterations of the final hydrolysis level. Gentamicin
(panel A, open circles) and amikacin (panel B, closed
squares) induced an increase of the latency period, but
kanamycin A (panel B,×), tobramycin (panel A, open
triangles), and especially kanamycin B (panel B, closed
triangles) reduced it. Kanamycin A and amikacin gave
higher product concentrations in their plateau regions,
whereas tobramycin and gentamicin had the opposite effect.
Effect of Daptomycin on PLA2 ActiVity. Daptomycin

inserts readily into phospholipidic bilayers (15), due to the
hydrophobicity of its acyl chain (Figure 2). It was proposed
that it might protect against aminoglycoside nephrotoxicity
by restoring the membrane physical characteristics required
for optimal phospholipase activity (15). As seen in Figure
8, the initial latency period is eliminated in the presence of
daptomycin (+), but the hydrolysis rate remains lower than
that of the pure lipidic mixture (closed circles) and the
maximal extent of hydrolysis is much lower.

Effect of Aminoglycosides on PLA2 ActiVity in the Presence
of Daptomycin. Daptomycin also suppressed the latency
period in the presence of aminoglycosides (Figure 8), and
all the curves have a simple rectangular hyperbolic shape.
Whereas gentamicin could be identified as the most inhibi-
tory in Figure 7 (panel A, open circles), its combination with
daptomycin (Figure 8A, open circles) allowed faster hy-
drolysis than for the lipid mixture alone (Figure 8A, closed
circles) or for the lipid mixture with daptomycin (Figure 8,
+). In the presence of any other aminoglycoside, the final
extent of hydrolysis was slightly reduced compared to the
lipid mixture alone, but still much higher than with only
daptomycin.

DISCUSSION

The overall catalytic cycle of phospholipase A2 occurs in
two distinct steps. First, the enzyme in the aqueous phase
becomes activated as it binds to the membrane surface (28).
This activation step is promoted by the presence of negatively
charged lipids in the membrane. The activated enzyme then
binds a molecule of substrate phospholipid at the catalytic
site to give the Michaelis complex which proceeds on to
generate the hydrolysis products and the free enzyme (29).
Secreted phospholipases A2 require the presence of a calcium
ion as a cofactor in their catalytic site. Ca2+ binds to the
reactant and stabilizes the transition state (30, 31). A second
calcium binding site, with a lower affinity, seems to be
associated with a 5-10-fold activation of the enzyme (32).
Depending on the conditions, the reaction products may

FIGURE 7: Reaction progress curve for PLA2 hydrolysis of a
dispersion of DMPC/DPPC/PI with a molar ratio of 8:1:1, in the
absence (closed circles,n ) 3) or in the presence of gentamicin
(panel A, open circles,n) 3), tobramycin (panel A, open triangles,
n ) 2), amikacin (panel B, closed squares,n ) 3), kanamycin B
(panel B, closed triangles,n ) 4), or kanamycin A (panel B,×, n
) 2). The ordinate represents the ratio of the total integrated
intensity of the antisymmetric stretching bands of the product
carboxylate groups (1525-1610 cm-1) over the integrated intensity
of the C-H stretching region (2810-3000 cm-1). The samples were
prepared in 400 mM TRIS, 10 mM CaCl2 buffer in 2H2O, at p2H
8.0. The PI:aminoglycoside molar ratio was 2:1.

FIGURE 8: Reaction progress curve for PLA2 hydrolysis of a
dispersion of DMPC/DPPC/PI with a molar ratio of 8:1:1, in the
absence (closed circles,n ) 3) or in the presence of daptomycin
(+, n) 3), at a PI:daptomycin molar ratio of 4:1. The other profiles
were obtained in the presence of both daptomycin and gentamicin
(panel A, open circles,n) 2), tobramycin (panel A, open triangles,
n ) 2), amikacin (panel B, closed squares,n ) 3), kanamycin B
(panel B, closed triangles,n ) 2), or kanamycin A (panel B,×, n
) 3). The ordinate represents the ratio of the total integrated
intensity of the antisymmetric stretching bands of the product
carboxylate groups (1525-1610 cm-1) over the integrated intensity
of the C-H stretching region (2810-3000 cm-1). The samples were
prepared in 400 mM TRIS, 10 mM CaCl2 buffer in 2H2O, at p2H
8.0. The PI:aminoglycoside molar ratio was 2:1.
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enhance the hydrolysis rate when they reach a critical
concentration (33). The initial slow hydrolysis period is then
called the latency period.
Several lipophilic compounds reduce the rate of lipid

hydrolysis by decreasing the phospholipase affinity for the
interface. Upon binding to the bilayer, such inhibitors affect
its physical properties in a way that promotes the desorption
of the bound enzyme (34). It also appears that any physical
or chemical change leading to an increase in membrane
curvature enhances PLA2 activity, usually by decreasing the
latency period. Hence, no lag time is observed with
sonicated vesicles, which have a small diameter (35). The
high curvature allows an easier access of the enzyme to the
substrate and therefore shifts the equilibrium for the second
step of the mechanism toward the products. A high curvature
is not an absolute requirement for promoting the hydrolysis
reaction. Hence, cone-shaped lipids such as cardiolipin or
diacylglycerol were shown to enhance the activity of various
PLA2s (36). Diacylglycerol, even at low concentrations (2-
10 mol %), reduces the latency period (23). Yet, a study of
a range of diacylglycerols revealed that their incorporation
into PC bilayers results in adecreaseof the area per
phospholipid molecule and anincreasein the lateral surface
pressure (37). The effect of diacylglycerol on PLA2 was
therefore proposed to be related to its ability to promote lipid
lateral segregation into domains (16, 37).
PLA2 indeed prefers laterally segregated bilayers. Using

fluorescently marked PLA2, Grainger and co-workers (38)
have shown that the enzyme initially binds mostly to the
fluid phase of a PC monolayer and then attacks its substrate
exclusively at the gel-fluid transition region. This explains
the early finding that the hydrolytic activity of pancreatic
phospholipase A2 increases dramatically in the vicinity of
the lipid gel-to-fluid transition temperature, where gel state
domains coexist with fluid phase domains (39). Hønger et
al. recently reported that the lag time is smaller under
conditions for which there is a high proportion of the bilayer
surface that corresponds to borders between gel and fluid
regions (40). Therefore, a bilayer having a broad transition
is expected to promote the enzyme activity because of the
smaller size of the cooperative units.
The rate enhancement caused by the product lysophos-

pholipid is believed to result from the formation of defects
in the bilayer surface (27). The fatty acids would work in
synergism with the lysophospholipid as they promote lateral
phase separation (24, 25, 41). The fatty acids also increase
the negative charge of the bilayer, enhancing the affinity of
the enzyme for the interface and therefore promoting its
activation.
Since the nephrotoxicity of aminoglycoside antibiotics is

always accompanied by a reduction of the lysosomal
phospholipid catabolism, their inhibitory potency on phos-
pholipases has been examined. Carlier et al. (42) found that
both lysosomal phospholipases A1 and A2 were inhibited by
various aminoglycosides after their binding to PI-containing
liposomes. PI was required for both the binding of the
aminoglycosides and their inhibition of PLA2 as well as
PLA1. The inhibitory concentrations of aminoglycosides for
PLA2 and PLA1 were similar, and the inhibitory potency
order was sisomycing dibekacin≈ gentamicin (mixture or
C1, C1a, or C2 alone)≈ tobramycin or kanamycin B>
netilmycin> kanamycin A or HABA-dibekacin> amikacin

> octamethylkanamycin A or tetramethylkanamycin A>
streptomycin. The inhibition was found to be directly related
to the extent of aminoglycoside binding, at least for strep-
tomycin, amikacin, and gentamicin. It was concluded that
the higher inhibitory potency of gentamicin simply results
from its higher binding.
Our hydrolysis profiles exhibit major differences among

the various aminoglycosides investigated (Figure 7). Since
we were using saturating proportions of drugs (only two PI
molecules per aminoglycoside), a complete neutralization of
the lipidic charges is expected, and it can be assumed that
the differences do not result from inequivalent binding. In
the absence of any drug, the lipid mixture exhibits a single
and cooperative transition from the gel to the fluid state
(Figure 3A). This indicates a complete mixing of the
components and the absence of lateral phase segregation.
Since the activity of the enzyme is maximal at the frontier
between gel and fluid regions, the hydrolysis experiments
were performed at a temperature corresponding to∼50-
75% completion of the transition. The initial state of the
bilayer was monitored using the frequency of the methylene
symmetric stretching vibration.
In the presence of an aminoglycoside, an increase of

approximately 1 °C of the lipid gel-to-fluid transition
temperature was observed (Table 1). This increase of the
transition temperature results from the neutralization of the
charges of PI, which allows a closer interaction between the
lipid molecules and therefore favors the gel phase. Similar
increases of the transition temperature have been reported
as a result of the neutralization of the negative charges of a
bilayer consisting only of an anionic phospholipid. Slight
increases of 0.7-1.2 °C were reported for dimyristoylphos-
phatidylglycerol (DMPG) after the binding of amikacin or
kanamycins A or B (43).
As seen in Figure 3B, the temperature profiles obtained

in the presence of either kanamycin B or gentamicin contain
a single transition whose cooperativity is not affected
significantly. The five aminoglycosides yielded very similar
profiles. This single, cooperative transition indicates that
the lipid bilayer behaves as a homogeneous entity and that
the drug does not induce any perceptible lateral phase
separation.
Under these conditions, and despite the similarities in their

structures, amikacin and kanamycin B had drastically dif-
ferent effects on the enzyme activity over the initial 30-min
period (Figure 7B). Amikacin increased substantially the
latency period whereas kanamycin B almost eliminated it.
Kanamycin B appears to induce a distinctive type of bilayer
perturbation, very conducive to the catalytic step. This
perturbation is sufficient to counterbalance the expected
decrease of the enzyme affinity for the bilayer caused by
the neutralization of its negative charges. Interestingly, a
recent investigation of the effects of amikacin and kanamy-
cins A and B on DMPG liposomes led to the conclusion
that amikacin is likely to be simply electrostatically adsorbed
on the surface of the bilayer whereas kanamycin B would
intercalate between the headgroups, giving rise to a more
important perturbation of the interface (43). This suggests
that similarly to lysophospholipids, kanamycin B creates
surface defects that promote the catalytic step. The longer
latency period obtained with amikacin is also completely
consistent with the description given above. Amikacin does
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not introduce any disruption of the lipidic network; the
headgroup neutralization simply increases the cohesion of
the lipid bilayer, which is detrimental to the lytic action of
the enzyme. The larger reaction yield obtained after 1 h in
the presence of amikacin and kanamycins A and B (Figure
7B), compared to the lipid mixture alone, could be due to
the neutralization of the fatty acids produced, delaying the
inhibitive action of the latter. The inhibitory potency of the
two hydrolysis products was demonstrated in a careful kinetic
study by Wells (44). At low concentration, fatty acids
promote the activation of the enzyme, but they become
noncompetitive inhibitors at higher concentrations (45).
Gentamicin, on the other hand, is the aminoglycoside that

inhibited most efficiently the enzyme in the initial stage
(Figure 7A). Carlier et al. (42) also found it to be a more
potent inhibitor of lysosomal phospholipases than any of the
other aminoglycosides investigated in the present study. As
mentioned earlier, gentamicin is not produced byStrepto-
mycesbacteria but byMicromonospora, and it therefore
belongs to a different family. From a glance at the table on
Figure 1, one can see that gentamicins contain more
hydrophobic methyl substituants and fewer hydroxyl groups.
Gentamicin is therefore less likely to simply lay on the
bilayer surface, like amikacin. The higher hydrophobicity
of gentamicin favors a deeper insertion toward the bilayer
interior. The important increase of the lag time suggests
that gentamicin is buried sufficiently deeply to let the choline
and inositol groups interact freely with the solvent. In other
words, the inclusion of this aminoglycoside does not result
in any appreciable disruption of the bilayer surface. How-
ever, a slight reduction of the mean area per phospholipid is
expected to result from the neutralization of PI charges, and
the higher cohesion of the lipid network should give lower
hydrolysis rates. The effect of gentamicin on the hydrolysis
profile is compared in Figure 7A with that of tobramycin,
an aminoglycoside with the same number of ionizable amino
groups and a size similar to that of gentamicin. Unlike the
latter, tobramycin induced a decrease in the lag time. Being
more hydrophilic, tobramycin would remain closer to the
surface and create disruptions of the bilayer surface.
Owing to its amphiphilic character, daptomycin inserts

readily into lipidic bilayers. It was found to induce a
decrease of 5°C of the transition temperature of DMPG,
and of 7°C for DPPC (15). The transition temperature of
our lipid mixture was not altered significantly (Figure 3C).
The transition remained single and as cooperative. Dapto-
mycin molecules are expected to disperse within the lipid
bilayer and stay as far as possible one from another due to
the presence of many charges on each daptomycin peptidic
moiety.
Daptomycin induced the elimination of the lag period

(Figure 8A,+). The multiple aspartate side chains are likely
to increase the affinity of the enzyme for the bilayer and
should therefore favor the activation step of the enzyme. The
effect of daptomycin on the catalytic step was difficult to
predict. On one hand, the lipopeptide was reported to induce
a slight tightening of the lipid interface at the level of the
ester groups (15), which should play against the hydrolytic
step. On the other hand, it also modifies the dynamics of
common acyl chains because of the shortness of the
hydrocarbon chain of daptomycin, which makes the central
portion of the hydrophobic core more disordered (15, 46).

Overall, daptomycin had only a very small effect on the
thermotropic behavior of the lipid mixture (Figure 3C). As
stated above, the hydrolysis was performed under conditions
corresponding to a 50-75% “melted” bilayer because PLA2
is known to attack the lipids at the border between gel and
fluid regions. Since daptomycin does not alter the transition
cooperativity, the size of the cooperative units remains the
same and, consequently, the proportion of lipid molecules
located in the contact zones between different homogeneous
regions is also unaffected. It is difficult to say, however, if
daptomycin perturbs the availability of the phosphatidylcho-
line molecules in the border zones.
In addition to its charge, the shape of daptomycin could

play a significant role in the activation phenomenon. With
its bulky peptidic ring and its single acyl chain, the
lipopeptide resembles an inverted cone, similarly to a
lysophospholipid. It could therefore also promote the
catalytic step by acting as a prong.
Daptomycin also limits the extent of hydrolysis. The final

concentration of products is reduced by approximately 25%.
The negatively charged lipopeptide probably acts as a
noncompetitive inhibitor in the same way as the product fatty
acid at high concentration (45).
The combination of daptomycin with any of our ami-

noglycosides induced the elimination of the latency period
(Figure 8). The affinity of daptomycin for bilayers contain-
ing anionic lipids increases in the presence of gentamicin,
and vice versa (15). This suggests that even in the presence
of aminoglycosides, the insertion of daptomycin creates
defects that promote the catalytic step. In a fluorescence
study, Lakey and Ptak (47) showed that the lipopeptide
penetrates further into phosphatidylcholine bilayers in the
presence of calcium ions, which bind and neutralize the
negatively charged side chains of daptomycin. They also
noticed that the calcium effect was lessened when negatively
charged lipids were added to the zwitterionic phospholipid,
blurring the local negative potential due to daptomycin and
necessary for the capture of the calcium ions.
In our experiments, the initial hydrolysis rates were

particularly high for the more hydrophobic aminoglycosides,
namely, gentamicin and tobramycin (Figure 8A). The
dramatic synergy between daptomycin and gentamicin
(Figure 9, closed triangles) could be explained by a deeper
penetration of the more hydrophobic gentamicin/daptomycin
complex into the bilayer. The complexation with gentamicin
increases the disproportion between the cross section of the
lipopeptide headgroup and that of its acyl chain. Due to its
larger size and more hydrophilic character, amikacin cannot
work as synergistically with daptomycin in enhancing the
enzyme activity. Yet, as seen in Figure 8B, amikacin (closed
squares) and kanamycin B (closed triangles) had very little
effect on the initial hydrolysis rate in the presence of
daptomycin. The differences between amikacin and the two
kanamycins become less important in the presence of
daptomycin.
The results presented here give additional insight into the

behavior of secreted PLA2 and represent a very important
step toward our understanding of the mechanism for the
nephroprotective action of daptomycin. As seen in the
Discussion, the variations observed among the modulatory
effects of the five aminoglycosides studied are directly related
to their chemical structure. The number of charges, the size,
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and especially the hydrophobicity of the substituents of an
aminoglycoside determine its influence on the lag phase, on
the maximal rate, and on the final extent of hydrolysis.
Paradoxically, the aminoglycoside with the highest inhibitory
potential against PLA2 became the best activator when
combined with daptomycin, despite the fact that the lipopep-
tide alone behaves as an inhibitor beyond the enzyme
activation step.
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