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macrolides have the potential to cause phospholipidosis but that
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Interactions of Macrolide Antibiotics (Erythromycin A, Rox-
thromycin, Erythromycylamine [Dirithromycin], and Azithromy-
in) with Phospholipids: Computer-Aided Conformational Anal-
sis and Studies on Acellular and Cell Culture Models. Montenez,
.-P., Van Bambeke, F., Piret, J., Brasseur, R., Tulkens, P. M. and
ingeot-Leclercq M.-P. (1999). Toxicol. Appl. Pharmacol. 156,

29–140.

The potential of 14/15 membered macrolides to cause phospho-
ipidosis has been prospectively assessed, and structure–effects
xamined, using combined experimental and conformational ap-
roaches. Biochemical studies demonstrated drug binding to phos-
hatidylinositol-containing liposomes and inhibition of the activ-

ty of lysosomal phospholipase A1 toward phosphatidylcholine
ncluded in the bilayer, in close correlation with the number of
ationic groups carried by the drugs (erythromycin A < roxithro-
ycin < erythromycylamine < azithromycin). In cultured cells

fibroblasts), phospholipidosis (affecting all major phospholipids
xcept sphingomyelin) was observed after 3 days with the follow-
ng ranking: erythromycin A < roxithromycin < erythromycylam-
ne < azithromycin (roxithromycin could, however, not be studied
n detail due to intrinsic toxicity). The difference between eryth-
omycylamine and azithromycin was accounted for by the lower
ellular accumulation of erythromycylamine. In parallel, based on
methodology developed and validated to study drug–membrane

nteractions, the conformational analyses revealed that erythro-
ycin A, roxithromycin, erythromycylamine, and azithromycin

enetrate into the hydrophobic domain of a phosphatidylinositol
onolayer through their desosamine and cladinose moieties,
hereas their macrocycle is found close to the interface. This
osition allows the aminogroups carried by the macrocycle of the
iaminated macrolides (erythromycylamine and azithromycin) to
ome into close contact with the negatively charged phosphogroup
f phosphatidylinositol, whereas the amine located on the C-3 of
he desosamine, common to all four drugs, is located at a greater
istance from this phosphogroup. Our study suggests that all
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his effect is modulated by toxicodynamic and toxicokinetic pa-
ameters related to the drug structure and mainly to their cationic
haracter. © 1999 Academic Press

Macrolide antibiotics (erythromycin A and related drugs)
sed extensively worldwide due to their perception as safe
ffective antibiotics against a broad range of infections ca
y Gram (1) organisms as well as a series of intracell
athogens (Legionella p., Chlamydia spp.. . .) for which there

s only a limited number of alternative treatments. As w
rganic bases, macrolides accumulate in the lysosom
ucaryotic cells (Carlieret al., 1987, 1994; Tulkens, 1991 f
eview), raising potential concerns for toxicity. We inde
emonstrated that azithromycin, a dicationic macrolide w
igh degree of accumulation and retention in tissues (Fouet
l., 1990), causes a typical lysosomal phospholipidosi
ultured fibroblasts (Van Bambekeet al., 1996, 1998). Thi
ype of alteration has been previously reported for the so-c
mphiphilic cationic drugs (Kodavanti and Mehendale, 19
nd for aminoglycoside antibiotics (Aubert-Tulkenset al.,
979). These drugs were shown to bind to negatively cha
hospholipid bilayers at acidic pH (Laurentet al.,1982) and to

nhibit the activities of lysosomal phospholipases by neu
zing the surface negative charges (Chunget al.,1985) required
y these enzymes for optimal activity (Mingeot-Leclercqet al.,
988). Since azithromycin was also shown to interact
cidic phospholipids and to inhibit lysosomal phospholip
Van Bambekeet al., 1996, Montenezet al., 1996), we hav
xamined in a prospective way the potential of other ma

ides to also induce a phospholipidosis. By combining a c
uter-aided conformational analysis with a series of ex
ental approaches using acellular models and cultured
e present here a detailed molecular description of the i
ctions of macrolides with negatively charged phospholi
nd an insight on their potential effects toward the lysoso
atabolism of phospholipids. For this purpose, we have stu
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130 MONTENEZ ET AL.
wo monocationic macrolides (erythromycin A and roxith
ycin) in comparison with azithromycin and another di

onic macrolide, erythromycylamine. These derivatives,
ected to allow to draw structure side-effects consideration
as done successfully in the past for aminoglycosides [B
euret al., 1984; Mingeot-Leclercqet al., 1991; Kotretsouet
l., 1995]), show a similar overall structure, but with so
pecific structural differences in comparison with azithrom
Fig. 1). All four drugs indeed carry an aminofunction on

FIG. 1. Structural formulae of the macrolides investigated. The circle
ll lie in a narrow range (8.1 to 9.5) so that they are fully ionized at the ly

he historical convention adopted for erythromycin (Wiley,et al., 1957; Harri
djacent to the lactonic oxygen (the IUPAC nomenclature used for sys
olecules are characterized by a lactonic macrocycle substituted in Po
mino)-b-D-xylo-hexopyranosyl]). Erythromycin A and roxithromycin (9-[O-(
asic function on their macrocycle (theN atom substituting C-9 in roxithrom

hese drugs are therefore monobasic. Erythromycylamine ((9-S)-9-deoxy-9-am
a-azahomoerythromycin A; [Bright,et al., 1988; Djokic,et al., 1988]) both
-9 in erythromycylamine and an endocyclic tertiary amine in azithromyc
zithromycin and erythromycylamine are therefore dibasic. Erythromy
ethyl-9-(S)-N,11-O-oxazine-erythromycylamine).
-
-

as
s-

n

f the two sugars (desosamine) attached to the macroc
rythromycylamine and azithromycin both possess an a

ional aminofunction on their macrocycle at almost the s
osition but of a different nature (a primary amine attache

he C-9 in erythromycylamine and an endocyclic tertiary am
n azithromycin). In comparison, erythromycin A and roxith

ycin are both monocationic, but the latter possesses a
ulky side chain attached to C-9 in place of the ketogrou
rythromycin A. All four drugs are in current clinical us

umbers point to the aminofunctions central to the present study, the pKas of which
omal pH ('5). The numbering of the atoms in the macrocycle shown here fo
al., 1965) and counts them counterclockwise starting from the carbonyl
atic chemical names would count atoms clockwise from the lactonic ol

on 5 (ans) by anaminatedsugar (b-D-desosamine [39,49,69-trideoxy-39-(dimethyl-
ethoxyethoxy)methyl]oxime erythromycin A; [Chantotet al.,1986]) carry no
is not ionizable in a physiological pH range, being part of aN-oxime function);

-erythromycin A; [Masseyet al., 1970]) and azithromycin (9-deoxo-9a-meth
ssess a basic aminofunction in their macrocycle (a primary amine subs
(Position 9a; this position is also referred to as Position 10 in some nomclatures)
mine is commercialized as its prodrug dirithromycin (inset; (R)-methoxyethoxy
d n
sos
s,et
tem
sititr
2-m
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131INTERACTIONS OF MACROLIDES WITH PHOSPHOLIPIDS
linics and is still widely used under a large number of gal
orms. Roxithromycin (Chantotet al.,1986) is one of the firs
cid-stable macrolides developed for human use and is la
sed in Europe and South America. Erythromycylamine, o

nally described by Masseyet al. (1970), is used nowadays
ts prodrug dirithromycin (Luger and Maier, 1979; Counteet
l., 1991) in several countries. Azithromycin (Brightet al.,
988; Djokic et al., 1988) is now used worldwide as
ffective drug for most indications of macrolides, includ

ong-term prophylaxis of intracellular infections in AIDS p
ients.

MATERIALS AND METHODS

omputer-Aided Conformational Analysis

This study was made for all four antibiotics as well as for the prodrug
f erythromycylamine, dirithromycin. We used data obtained by X-ray c

allography to calculate the initial conformers of each drug since it mak
asier to obtain an energetically stable conformation during the optimiz
rocedure (Brasseuret al.,1982). For erythromycin A and erythromycylami
e used the coordinates of the parent molecules clarithromycin (6-dehyd
-methoxy-erythromycin A) andN-(2-ethyl-1-butyl)erythromycylamine (Kir
t al., 1990), respectively, which were directly available from the Cambr
tructural Database (Cambridge Crystallographic Data Center, 12 Union
ambridge, England) as refcodes WANNUU and JICYUP, respectively
ata were put in Hyperchem 5.0 software compatible format and modifi
btain erythromycin A, and 9 (S)-erythromycylamine and dirithromycin, r
pectively. For azithromycin and roxithromycin, we used theinvertedvalues
long one axis of the stereostructures stored in the Cambridge Stru
atabase as refcodes GEGJAD and FUXYOM, respectively (it app

ndeed that the values contained in the Database yielded conformation
ematically opposite to those of the genuine compounds; this problem,
elates to a technical mistake, was kindly pointed out to us by Dr. H.A. K
li Lilly Research Laboratories, Greenfield, Indiana; see Sheldricket al.,1995
nd Montenezet al., 1996 for an explanation concerning azithromycin;
xplanation has been received so far concerning roxithromycin). Macr
ere considered both under their protonated and unprotonated forms. T
ne corresponds to that encountered in acidic lysosomal environment
acrolides are accumulated (pH' 5) since the pKa’s of all groups are

omprised between 8.1 and 9.5. It was modeled by adding hydrogen ato
ach of the amino functions and by giving 1 (erythromycin A, roxithromy
r 2 (erythromycylamine, dirithromycin, azithromycin) positive charges to
hole molecule. The distribution of these total charges on the individual a
as performed using the CNDO procedure of Hyperchem 5.0. The m
sed for calculation and orientation of the isolated molecules at a lipid/

nterface and for construction of mixed monolayers drug:phosphatidylin
as been developed and reviewed in Brasseur (1990). It takes into acco

nterface properties with the dielectric constant increasing linearly from 3
o mimic a biological membrane along an axis perpendicular to the pu
nterface. The total conformational energy of the isolated molecule wa
ulated as the sum of London-van der Waals’ energy of interaction
lectrostatic interaction, the potential energy of rotation of torsional an
nd the transfer energy of atoms or groups of atoms from a hydrophobic
ydrophilic phase (Brasseur, 1990). The values of the transfer energietr)
sed were similar to those determined experimentally (Brasseur, 1990
ydrophobic (Epho

tr ) and the hydrophilic (Ephi
tr ) transfer energies of a give

onformation are the sum of all transfer energy changes associated w
ransfer of an atomi from one to the other phase (Brasseuret al., 1986;
rasseur, 1990). At each step of the minimization procedure, the molecu
riented with the line joining the hydrophilic and hydrophobic centers pe
icular to the interface. The hydrophilic center (CW

phi) was defined as CW
phi 5 S
c
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ydrophobic center located in the hydrocarbon domain was defined
imilar equation, except that the negative transfer energies associated
ydrophobic atoms are taken into account. The hydrophobic/hydrophilic
nce is defined as log (S Epho

tr /S Ephi
tr . The distance between the hydrophobic

he hydrophilic centers is defined as |CW
pho 2 CW phi|. The energy of interactio

etween the drug and lipid molecules is the sum of the London-van der W
nergy of interaction, the electrostatic interaction, and the transfer ene
toms or groups of atoms from a hydrophobic to an hydrophilic phase (
eur, 1990). The method used has proven useful for the description
nteraction of several other drugs with membranes (aminoglycosides,

ycin, ethidium bromide, antimycotics, propranolol, various alcohols
onophores [Brasseur, 1990], and azithromycin [Montenezet al., 1996]). A
atisfactory agreement between the conclusions obtained by the applica
he methodology used here and those obtained from neutron diffraction,
iffraction, and polarized infra-red spectroscopy studies has been repor

ipids (Brasseuret al., 1981), ionophores (lasalocid A; Brasseuret al., 1982),
nd peptides (Brasseuret al., 1990). Detailed information on computer p
rams and on their characteristics is available from their author (R.B., E
rasseur.r@fsagx.ac.be).

xperimental Studies

Antibiotics. Erythromycin A was supplied by Abbott S.A., Louvain-L
euve, Belgium as the lactobionate salt (powder) used for parenteral a

stration to humans (Erythrocine). The other antibiotics were supplied as
or investigational purposes (roxithromycin by Erfa S.A., Brussels, Belg
on behalf of Hoechst-Marion-Roussel S.A., Brussels, Belgium]; azithrom
y Pfizer Mack Pharm. Dev., Illerstissen, Germany; and erythromycyla
s its 9-N, 11-O-oxazine prodrug derivative [dirithromycin], by E. Lilly & C

ndianapolis, IN). Erythromycin A (as lactobionate salt) was readily w
oluble and was therefore directly dissolved in the appropriate buffer or
ell culture medium at the desired concentrations and used as such. Th
ntibiotics, supplied as bases, are not readily water soluble and the foll
rocedures were therefore adopted. For experiments with liposomes, for
e wanted to avoid the presence of residual organic solvent that could

he structural organization of the lipids, the free bases were first dissolv
.1 N HCl at a concentration of 25 mg/ml, brought to pH 5.4 with NaOH,

hen diluted to the desired concentrations in 40 mM acetate buffer pH 5.
ell culture experiments, roxithromycin and dirithromycin were first disso
n ethanol, and azithromycin was dissolved in dimethylsulfoxide, at a co
ration of 25 mg/ml. This solution was thereafter diluted at least 100-fold i
nal culture medium (we checked on the basis of trypan blue exclusion
hat the residual amounts of ethanol or dimethylsulfoxide did not affec
iability). For erythromycylamine, all final solutions were left for 3 h atroom
emperature before use to allow more than 90% hydrolysis of dirithromyc
rythromycylamine (t1/2 ' 40 min [Kirst et al.,1995]) prior to inclusion in th
ell culture medium or in the biochemical assay mixtures. For all drugs,
olutions were prepared for each series of experiments. All concentration
o the free base of each drug.

Other products. Egg yolk phosphatidylcholine and wheat germ phos
idylinositol (grade 1 products) were obtained from Lipid Products (Nr Red
.K.); bovine brain sphingomyelin and cholesterol were obtained from S
hemical Co. (St. Louis, MO); radiolabeled phosphatidylcholine (1-pa

oyl-2 [1-14C]-oleoyl-sn-glycero-3-phosphocholine; 52 mCi/mmol) was
ained from Amersham International plc (Amersham, U.K.). Other rea
ere obtained from E. Merck AG (Darmstadt, Germany) and were of an

cal grade.

Assay of macrolides. Because of lack of a radiolabeled form of eryth
ycylamine, all four drugs were assayed by a microbiological techniqu

ake of consistency throughout the present study. We used the dis
ethod withBacillus subtilisas test organism (Grove and Randall, 1955
rief, paper disks (0.25 inch diameter, Becton Dickinson, Cockeysville,
oaked with 20ml of cell lysates (or appropriate standards) were placed o
urface of a Neomycin Assay agar Antibiotic medium 11 (Becton Dickin
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132 MONTENEZ ET AL.
oncentration in samples was then calculated by comparing the diame
rowth inhibition to that of the standards using linear regression and int

ation. The method had a lower limit of detection of 1 mg/liter, a coefficien
ariation of 4.5% (calculated on 18 samples made in triplicate), and an int
epeatability of a same standard of 1.8% (n 5 4, each assay being made
riplicate).

Preparation of liposomes. Small unilamellar vesicles (SUV) made
holesterol, phosphatidylcholine, sphingomyelin, and phosphatidylin
molar ratio of 5.5:4:5:2) were prepared by sonication in 40 mM acetate b
t pH 5.4. As described previously (Mingeot-Leclercqet al.,1988), a lipid film
as prepared by solvent evaporation in a round-bottomed flask, hydrate

he buffer for 1 h in a nitrogen atmosphere, and thereafter submitted to
ycles of 2 min sonication at 40 W in an ice bath. The final suspension
entrifuged at 200g during 10 min to eliminate the titanium particles relea
rom the ultrasonic probe. Each preparation was used within 2 days.

Determination of phospholipase A1 activity (phospholipid 1-deacylase, E
.1.1.32). Assay was made toward 1-palmitoyl,2-[1-14C]oleoylphosphatidyl
holine included in liposomes (140 mCi/mol of phosphatidylcholine; total
oncentration, 15.7 mM) using the method described in Laurentet al. (1982).
he enzyme source was a soluble extract of purified rat liver lysoso
ctivity was defined as the net amount of labeled substrate converte
-lysophosphatidylcholine. The latter was separated from phosphatidylc
y thin-layer chromatography using chloroform:methanol:acetic acid:w
25:15:8:4) as mobile phase, and the corresponding parts of the gel we
nd used for radioactivity determination using scintillation counting.

Binding of macrolides to phospholipids. This was investigated by equ
ibrium dialysis toward liposomes using a Dianorm apparatus (Dianorm
te, München, Germany), consisting of sets of twin cells with a 250ml volume
filled with 200 ml only to allow for a permanent mixing upon cell rotatio
eparated by a Diachema flat dialysis membrane (MW cutoff 5000). Dia
as performed for 5 h at37°C under constant rotation at 4 rpm (Van Bamb
t al., 1996). Determination of the free antibiotic concentration was mad
icrobiological assay (see above) of the content of the liposome-free cha

he concentration of antibiotic in the liposome-containing chamber (fre1
ound) was then calculated from the difference between the amount o
etected in the liposome-free chamber and the total amount of drug intro

n the system (this method had been validated previously for azithromycin
espect to both the time needed to reach equilibrium and drug recovery
ambekeet al., 1996]). The initial drug concentration was set up at 120mM

n all cases, and the composition and the total lipid concentration of lipos
ere the same as that used for the assay of phospholipase A1.

Cell culture and collection. Primary cultures of rat fibroblasts were o
ained by trypsinization (0.25% trypsin in Ca21 and Mg21-free Hanks’ solution
t 37°C; Tulkenset al., 1974) of eviscerated 18-day-old embryos of preg
ats of (Wistar strain; Animalerie facultaire of the Universite´ Catholique de
ouvain, Brussels, Belgium). Cells were collected by centrifugation (200g; 20
in) and washed two times with DMEM medium with 10% fetal calf ser
ultures were seeded with 105 cells/cm2 of growing surface. After 7 day
onolayers were disrupted and cells were detached with 0.1% trypsin in
hosphate-buffered saline (0.15 M NaCl, 2.7 mM KCl, and 3 mM Na2HPO4–
H2PO4; pH 7.4) and subcultured at a density of about 53 104 cells/cm2.
ultures were performed in a 5% CO2 atmosphere using a DMEM mediu
upplemented with 10% fetal calf serum. Cells were used at the first subc
nce reaching confluency (4 to 7 days). At the end of the incubation p
ith the macrolides, the cell sheets were washed four times with ice-cold
.9%, collected by scraping in NaCl 0.9%, and subjected to vigorous sh
nd brief sonication to achieve complete disruption. The cells’ homoge
ere stored at220°C until used for microbiological or biochemical assa
otal cell protein was assayed by the Lowryet al.’s (1951) technique usin
erum albumin as standard.

Determination of cell integrity during incubation with the antibiotics
his was assessed by the measurement of the release of the cytosolic e

actate dehydrogenase (EC 1.1.1.27), in the culture medium. Activity
of
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ow-speed centrifugation (200g; 10 min) to remove intact cells, and correc
or by the activity found in a sample of the same culture medium unexp
o cells (serum enzyme; this correction corresponded to approximately2

3 of the
ctivity measured in the medium exposed to cells). The activity of the me
as then compared to the activity observed in the cells harvested and dis
s described above, and the release was expressed as the percentage o
ctivity measured in the whole cell culture (cells1 medium).

Determination of the cell antibiotic content and calculation of the appa
nt drug accumulation. The cell drug content was expressed as nmol of
er mg of cell protein, using appropriate calibration of the microbiolog
ssay (see above). To establish whether all cell-associated drug was q

ively detected, we compared the results obtained in the present stu
rythromycin A, roxithromycin, and azithromycin with historical data fr
arlier studies of our laboratory in which antibiotic accumulation drugs
een studied using14C-labeled drugs (results partially reported in Carlieret al.,
987, 1994). No meaningful difference was observed between the two s
ata, indicating that the procedure used was effective and also st
uggesting that no major drug metabolism occurred in the cells used (o
uch metabolites are not retained by cells), since all known metabolites
he macrolides investigated are devoid of antimicrobial activity. To b
mphasize the fact that cells accumulate macrolides to a large extent, w
alculated the ratio of the apparent cellular drug concentration to its ext
ular value (a widely used parameter to assess and compare antibiotics

ulating in cells [Tulkens, 1991]). This ratio was calculated assuming t
g of cell protein corresponds to a cell volume of 5ml (a figure close to thi

alue has been obtained experimentally for cultured fibroblasts in our la
ory [Tulkens and Trouet, 1978]). It must however be remembered tha
acrolides are not homogeneously distributed within the cell (Carlieret al.,
987, 1994). This ratio of cellular to extracellular concentrations is ther
eferred to as anapparentaccumulation.

Determination and analysis of cell phospholipids.Total phospholipid
ere extracted and assayed as described earlier (Laurentet al.,1982) (intraday
oefficient of variation: 1.5% [n 5 20]). Individual phospholipids were sep
ated by thin-layer chromatography on silica gel plates (E. Merck) with
uccessive developments with chloroform:methanol:acetic acid:water (
:4 v/v). The plates were then exposed to iodine vapors and the spot

dentified by comparison with known standards run in parallel. The silic
as scraped from the plates and phosphorus was assayed by the me
artlett (1959) after mineralization in 60% perchloric acid at 210°C for 90
ecovery of phosphorus from the original samples varied between 8
5%.

Statistical analyses. Unless stated otherwise, results presented are
eans6 SD of three independent experiments. When appropriate, a two
naylsis of variance (ANOVA) was performed to compare treatments
ifferent drug concentrations as a function of time. Student’st test was applie
hen comparing data from one experimental point with the correspo
ontrol or with another set of appropriate experimental values.

RESULTS

onformational Analyses

In the first part of this analysis, we determined the con
ation of the five molecules at an hydrophilic/hydropho

nterface. Images are presented in Fig. 2 and the numeric
oncerning the key conformational parameters are liste
able 1 (the data on azithromycin have already been publ

n Montenezet al. [1996], but are reproduced here for sake
omparison). Two key observations were made at this s
irst, the conformation of all five molecules was not marke

nfluenced by the protonation of their aminogroups. Secon
ppeared that the positions and orientations of all four an
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tics (thus excluding the prodrug dirithromycin) at the hyd
hobic–hydrophilic interface were very much akin and m
ally influenced by the number of aminogroups carried by
olecules. Thus, the macrocycle of each antibiotic was la

ocated in the hydrophilic zone, probably in relation with
resence of the three hydroxyl functions at C-6, C-11,
-12 and of the lactonic function (-O-CO-). Accordingly, th
etogroup of erythromycin A, theN-oxime side-chain of rox

FIG. 2. Most probable conformers of the five macrolides studied (
nd sticks models) under their nonprotonated (left) and protonated (

orms, at a lipid–water interface (indicated by the horizontal bar, the
hase being above). The positions of the aminofunctions are pointed
umbered arrows (39 denotes the tertiary amine carried by theb-D-desosamin

all drugs], 9 the primary amine in C-9 of the macrocyle of erythromycyl
ne, [and the corresponding N in its prodrug dirithromycin], and 9a
ndocyclic tertiary amine of azithromycin; see Fig. 1 for structural formu
-
-
e
ly

d

ached to its C-9), and the tertiary endocyclic amine [N-9a] of
zithromycin were all in the hydrophilic region. In contrast,
ladinose and theb-D-desosamine were systematically loca

n the hydrophobic zone for all four antibiotics. In contrast,
s also shown in Fig. 2, the substitution of theN-9 amino and
f the O-11 hydroxylfunctions of erythromycylamine by t
-(2-methoxyethoxy)
thylidene moiety [dirithromycin] caused a marked clockw
otation of the molecule bringing theN-39 tertiary amine of th
esosamine to the interface, while the side-chain itsel
ained in the aqueous phase.
In the second part of the analysis, we constructed m
onolayers of drugs and phosphatidylinositol. As show
ig. 3 for the protonated molecules, these mixed monola
ould be constructed without grossly disturbing the organ
ion of the lipids. This form of drug–lipid assembly was
ery different for the unprotonated molecules (data not sh
ote that the interaction energy of both forms is similar [Ta
]) and all five molecules could be surrounded by almos
ame number of phosphatidylinositol molecules (six to se
ee Table 1) whether protonated or not. The orienta
dopted by azithromycin and erythromycin A allowed
minogroup present on their macrocycles (the endocyclicN-9a

n azithromycin, and theN attached to C-9 in erythromycyl
ine) to be located at a short distance from the negat

harged phosphogroup of phosphatidylinositol, so that it c
asily interact and neutralize it (a similar localization is a
bserved for theN atom of theN-oxime side-chain of roxithro
ycin, but thisN is nonionizable). In contrast, the aminogro

arried by the desosamine was located at a greater dis
rom the negatively charged phosphogroup of the phos
ipid, and therefore not expected to interact significantly wi
note, however, that theN-39 amino function of dirithromycin
the prodrug of erythromycylamine] is located much close
he hydrophilic domain because of the reorientation of
olecule brought by the presence of the methoxyethox

lidene side chain).

xperimental Studies

In these studies, only erythromycin A, roxithromycin, ery
omycylamine, and azithromycin were used for reason
hemical instability of dirithromycin (see Kirst,et al., 1995 for
he rate of conversion of dirithromycin into erythromycylam
n aqueous media).

Inhibition of lysosomal phospholipase A1 in acellular sys
ems. Because previous studies had shown that azithrom
nhibits the activity of lysosomal phospholipases (toward p
hatidylcholine, a major membraneous phospholipid, inclu

n negatively charged bilayers), we examined the behavi
he other drugs in this context. The study was restricte
hospholipase A1, because deacylation of phosphatidylcho

n Position 1 represents the major route of degradation o
hospholipid by lysosomal extracts (Laurentet al., 1982). An

s
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134 MONTENEZ ET AL.
mportant feature in ourin vitro model is the presence
hosphatidylinositol in the bilayer, which needs to be pre

o 18% of total phospholipids or more, together with cho
erol and sphingomyelin, to obtain maximal activity of
nzyme (Mingeot-Leclercqet al., 1988).
Figure 4 shows that all four macrolides inhibit the activity

hospholipase A1, down to a residual value of approximat
5% of that of controls when the drug concentration reach
alue of 400mM. Yet, at lower concentrations, the dicatio
acrolides (erythromycylamine, azithromycin) appear con
rably more inhibitory than the monocationic ones (eryt
ycin A, roxithromycin), with a three- to fourfold difference

C50s (concentrations needed to achieve 50% inhibition
etermined by graphical intrapolation) between these
roups.

Binding of macrolides to negatively charged liposom
ur previous studies have indicated that the inhibition of
ctivity of lysosomal phospholipases by aminated drugs in
xperimental system (viz. azithromycin [Van Bambekeet al.,
996], and the aminoglycoside antibiotics [Laurentet al.,
982]) is related to their binding to the liposomes. We th

ore examined directly the ability of all four macrolides
ffectively bind to the lipid vesicles used for the inhibit
tudies. This binding was studied by equilibrium dialy
etting up the drug concentration at 120mM, i.e., at a value a
hich inhibition is almost maximal for azithromycin and ery

omycylamine but submaximal for erythromycin A and r
thromycin. Figure 5 shows that approximately 18% of er
omycin and roxithromycin was bound to liposomes, whe
he binding of azithromycin and erythromycylamine reac
5 and 50%, respectively (the difference between these
rugs being significant atp , 0.01).

Key Conformational Parameters of the Mac
Interface and in Assembl

Isolated dr

Transfer energy (kcal/mol)
Hydropho

baHydrophobic Hydrophilic

rythromycin A
Nonprotonated 2142.5 45.0
Protonated 2142.5 46.0
oxithromycin
Nonprotonated 2159.6 53.7
Protonated 2159.6 54.7
irithromycin
Nonprotonated 2163.1 50.9
Protonated 2163.1 52.9

rythromycylamine
Nonprotonated 2144.0 47.3
Protonated 2144.0 49.3

zithromycin
Nonprotonated 2150.2 45.2
Protonated 2150.2 47.3
nt
-

a

-
-

s
o

.
e
ur

-

,

-
s
d
o

Studies with cultured cells.In preliminary experiments, w
hecked that cells withstood incubation with each of the m
olides at large concentrations for up to 3 days, using as cr
he release of lactate dehydrogenase in the medium (twic
elease observed in control cells, the latter being,10% of the
otal enzyme activity present in the whole culture system).
ed us to choose 50 mg/liter as a maximum value for roxit

ycin and azithromycin and 250 mg/liter for erythromycin
nd erythromycylamine. We then measured the level of
ccumulation and the cell content in phospholipids after 3
f incubation. Results are shown in Table 2. We first noted
ptake was not saturable in the 0 to 50 mg/liter range sinc
ell drug content was five times larger in cells incubated
0 mg/liter vs those incubated at 10 mg/liter. Second, m
ifferences in accumulation were observed between d
erythromycin A , roxithromycin ' erythromycylamine,
zithromycin). Third, erythromycin A, erythromycylamin
nd azithromycin caused significant increases in cell phos

ipids, although the minimal extracellular concentration ne
ary to induce this effect was markedly different (erythrom

. erythromycylamine. azithromycin). Roxithromycin a
50 mg/liter caused an'50% increase in total phospholip
ontents, but these data are not included in Table 2 sinc
iability of the cells was considered as uncertain at that
oncentration (threefold increase in the release of lactat
ydrogenase over control). To further characterize the i
nce of erythromycin A, erythromycylamine, and azithromy
n the change in cell phospholipid content, we investigate

nfluence of the time incubation at increasing drug conce
ions (Fig. 6). For all three drugs, a steady increase
bserved at each of the largest concentrations investigated
g/liter for erythromycin A and erythromycylamine; 50 m

des as Isolated Molecules at a Lipid–Water
ith Phosphatidylinositol

Drug in mixed monolayer

hydrophilic
ce

Distance between
centers (Å)

No. of lipid
molecules in
the complex

Energy of
interaction
(kcal/mol)

01 0.60 7 2167.1
91 0.48 7 2132.8

73 0.77 6 2186.8
65 0.65 6 2180.1

06 0.36 7 2166.4
89 0.43 7 2191.2

84 0.78 7 2191.4
65 0.71 6 2159.6

21 0.46 6 2184.8
02 0.39 6 2196.2
roli
y w

ug

bic/
lan

0.5
0.4

0.4
0.4

0.5
0.4

0.4
0.4

0.5
0.5
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135INTERACTIONS OF MACROLIDES WITH PHOSPHOLIPIDS
iter for azithromycin). At lower concentrations, no signific
ffect was seen with erythromycin A (apart from a trans

ncrease at Day 1). Erythromycylamine caused a significan
arely time-dependent effect at 50 mg/liter but no effect a
g/liter. Azithromycin caused a time-dependent effect a
g/liter, but almost no effect at 2 mg/liter. The phospho
osis was further characterized by analyzing the respe
ontribution of the main individual phospholipids. Figure
hows the results obtained from cells incubated 3 days
zithromycin at 50 mg/liter. A significant rise was observed
ll phospholipids examined, except sphingomyelin and l
hosphatidylcholine. Yet, the importance of the rise va
arkedly among phospholipids, and, whereas the conte
hosphatidylcholine was clearly the most increased in abs
alue, that of phosphatidylinositol was the most impor
hen expressed as percent of controls. Similar findings
ade when analyzing the phospholipid composition of c

ncubated with 250 mg/liter of erythromycylamine, erythrom
in A, or roxithromycin (but see above for comment about
iability of these cells when exposed to this high concentra
f roxithromycin).

DISCUSSION

The present data show that macrolide antibiotics have
otential to interact with negatively charged phospholipid

,

f
ho-
rus

FIG. 4. Inhibition of the activity of lysosomal phospholipase A1 by
acrolides toward phosphatidylcholine included in negatively charged

omes (cholesterol:phosphatidylcholine:sphingomyelin:phosphatidylino
olar ratio 5.5:4:5:2; final concentration in total lipids, 15.7 mM). The o
ate shows the activity as percent of the value recorded in the abse
ntibiotic. The abcissa gives the drug concentration (main scale), togethe

he molar ratio between the drugs and phosphatidylinositol (lower s
esults are the means6 SD of three independent determinations. The i
hows the drug concentration causing a 50% inhibition of the enzyme a
IC50) for each macrolide, expressed inmM and in mg/liter.
FIG. 3. Mixed monolayers of phosphatidylinositol and macrolides
rythromycin A; R, roxithromycin; D, dirithromycin, Ea, erythromycylami
, azithromycin) under their protonated form. The orientation and mod

epresentation of the drugs are essentially those used in Fig. 2. The ph
ipid molecules are represented as skeleton only, except for their phosp
tom. The position of the drug ionizableN is shown by the horizontal bars
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136 MONTENEZ ET AL.
ayers, to bind to liposomes, and to inhibit the activities
ysosomal phospholipases in acellular systems. Moreove
ata confirm and extend previous data obtained with azi

FIG. 5. Equilibrium dialysis of macrolides against negatively char
iposomes. Drugs (initial concentration, 120mM) were placed on one side
he dialysis membrane (left chamber) and liposomes (concentration in
ipids, 15.7 mM; same composition as in Fig. 4) on the other side (
hamber). The diagram pictures the drug content of the two chambers
eaching equilibrium (buffer, liposome-free chamber; liposomes, lipos
ontaining chamber). The abcissa shows the drug concentration actuallmea-
uredin the left chamber (plotted leftward), and thecalculateddrug concen
ration in the right chamber (plotted rightward) (see Materials and Meth
esults are the means6 SD of five independent experiments. Statist
nalysis: the Scheffe test disclosed a significant difference between e
ycylamine and azithromycin (p , 0.01) and between these two drugs
rythromycin and roxithromycin (p , 0.001).

TAB
Cellular Accumulation of Macrolides and Change in Total P

Drug

Extracellular
concentration

(mg/L) (mM)
Cellular

(nmol/mg

rythromycin A 10 13.6 0.846
50 80.5 3.986

250 402.5 n.
oxithromycin 10 11.9 1.606

50 60.0 7.606
rythromycylamine 10 13.6 1.536

50 68.0 7.436
250 340.0 n.

zithromycin 10 13.3 5.376
50 67.0 28.126

a See Materials and Methods.
b p , 0.01 (Student’st test).
c p , 0.001 (Student’st test).
n.d., not determined; n.a., not applicable.
f
ur
o-

ultured fibroblasts. This study thus provides a basis for d
ating structure–effect relationships in this context, stres

he importance not only of a dicationic character but also o
pecific localization of these charges when the drugs int
ith a negatively charged monolayer.
At first glance, the position and orientation adopted
acrolides in a phosphatidylinositol monolayer (as well as
f the isolated molecules with respect to the hydropho
ydrophilic interface) may seem unlikely because it means

he N-39 aminogroup is placed in the hydrophobic domain
pparently surprising position. Generally speaking, the re
f a conformational analysis need to be carefully comp
ith independent experimental data for validation. In the
f azithromycin, Montenezet al. (1996) demonstrated, by31P
uclear magnetic resonance spectroscopy, that the drug
cts with the phosphate heads of phospholipids, and, by
escence polarization studies, that it effectively penetrates
egatively charged bilayer spanning across the hydroph
ydrophilic interface. Beyond these considerations, the pr
tudy actually strongly suggests that the position of a macr
t a hydrophobic–hydrophilic interface is largely dictated

he properties of the macrocycle. This cycle has no f
ydrophobic and hydrophilic regions (e.g., in a phospho

Brasseur,et al., 1984] or in a cationic amphiphile likebis-b-
diethylaminoethylether) hexestrol [Mingeot-Leclercqet al.,
989]), which is denoted by the fact that the hydrophobic
ydrophilic centers of all molecules studied are very clos
ach other (,0.8Å). The position of the macrocycle at t

nterface is not easily modified, as demonstrated by the be
or of roxithromycin (which carries a methoxyethoxymeth

tal
t
ter
e-

].

ro-

2
spholipid Content in Fibroblast Cells after 72 h Incubation

Drug accumulation

Change in total phospholip
content (% of control

values)
tent
tein)

Apparent cellular-
to-extracellular

concentration ratioa

3 12.56 0.5 956 4
3 11.86 0.4 976 4

n.a. 1566 2c

0 23.66 1.4 956 2
4 22.56 1.3 976 1
9 22.56 1.3 1016 3
8 21.86 1.7 1216 1c

n.a. 1746 3c

4 85.16 2.2 1376 6b

6 89.26 2.1 1746 6c
ho

con
pro

0.0
0.1

d.
0.1
0.4
0.0
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137INTERACTIONS OF MACROLIDES WITH PHOSPHOLIPIDS
-oxime side chain; it is however modified in dirithromyc
robably by the simultaneous presence of a secondary a
ttracting this part of the molecule to the aqueous phase a

FIG. 6. Time evolution of the cellular content in total phospholipids of
nd azithromycin. The drug extracellular concentrations are given in ea

imes larger than those of azithromycin). Results are expressed as perce
NOVA detected a significant effect of the time of incubation (p , 0.001), dr
.001). Scheffe’s test showed that a significant increase in total phospho
.01) for erythromycylamine from Day 1 at concentrations$ 50 mg/liter (p ,
.01 for 10 mg/liter andp , 0.001 for 50 mg/liter).

FIG. 7. Patterns of phospholipids (LPC, lysophosphatidylcholine;
phingomyelin; PC, phosphatidylcholine; PS, phosphatidylserine; PI, pho
idylinositol; and PE, phosphatidylethanolamine) in fibroblasts incubated
ng 72 h in the absence of drug (closed bars) or in the presence of 50 m
zithromycin (hatched bars). The increase of phospholipid content is also
s percent of control value above each bar. ***p , 0.001 by the Student’st test

n comparison with the matching control.
ine
of

methoxyethoxyethylidene side chain positioning it clos
he hydrophobic zone). Finally, the transfer energies of the
olecules are very similar, whether protonated or not, ind

ng that the role played by the ionizable nitrogens is prob
inor compared to that of other parts of the molecule, at
mong the compounds studied. This quite surprising obs

ion has been validated for azithromycin by simulation stu
sing virtual molecules with a demethylated desosam
hose adopt a strikingly different conformation and orie

ion, with the protonated primary amine penetrating deep
he hydrophilic zone. This suggests that the positioning o
-39 aminogroup of azithromycin in the hydrophobic dom
hould be largely due to the masking of its positive charg
he two methylgroups (Montenezet al., 1996).

Since the overall positions of the molecules are similar
ifference in amounts of drug bound to bilayers and inhibi
otencies toward lysosomal phospholipase A1 has to depend o

he specific nature of the interactions each macrolide
stablish with key parts of the phospholipids (we have
ddressed here the possibility of a direct interaction of
rugs with the enzyme since this was largely ruled out by
revious studies showing no inhibition of phospholipase1
hen assays are made on detergent-dispersed substrat
ambekeet al., 1996]; the possibility of forming ternary com
lexes drug–phospholipids–enzyme cannot however be
issed). We suggested earlier that azithromycin inhibits p
holipase A1 activity toward phosphatidylcholine embedded

oblasts exposed to increasing concentrations of erythromycin, erythromyine,
panel (note that the concentrations of erythromycin and erythromycylamne are five
f control values. Statistical analysis was as follows: for all three macrolides, a two-way
oncentration (p , 0.001), and a combined effect of these two parametersp ,
s was obtained for erythromycin from Day 1 at a concentration of 250 mliter ( p ,

.001) and for azithromycin from Day 2 at concentrations$ 10 mg/liter (p ,

,
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138 MONTENEZ ET AL.
egative surface charges necessary for optimal activity o
nzyme (Van Bambekeet al., 1996). In this context, th
ifference in inhibitory potencies observed here between
ono- and dicationic macrolides appear related to their d
ntial ability to position one of their aminogroup close eno

rom the phosphogroups of phosphatidylinositol. Thus,
onformational analysis and the binding studies predict th
acrolides should be inhibitory if tested at sufficiently la

oncentrations but that those that can position an aminog
lose to a phosphogroup should be much more potent in
ors. Properties of the aminated functions other than
imple location or number could, however, play a role in
espect. For example, the strength of the basic function
lso affect the interaction with phospholipids. We must

ake into account the fact that the apparent pKas of the amino
roups in interaction with the lipids may be very different fr

hose of the drug in solution (Chunget al., 1985) (determina
ion of this pKa could be checked by combination of t
ell-shaped D-pH diagram with the Henderson-Hassel
iagram [see Kra¨mer and Wunderli-Allenspach, 1996 f
ethodology and details] or by2H NMR spectroscopy). Bu
hatever the exact basicity of amines, it remains that al
acrolides currently used in clinics possess the same am
roup on their desosamine, making structure–activity rela
hips studies unrealizable. At this stage, we can therefore
ompare the properties of the amines substituting C-9 in e
omycylamine and in position 9a of azithromycin, respectiv
he fact that no major differences were observed in the in

tory potential of these molecules toward phospholipase1

uggests that the presence of a positive charge near the
hate heads rather than the exact nature of this cation is c

n this context. A maximal inhibition is indeed obtained for
our drugs for a drug:phosphatidylinositol ratio of'0.2 for the
onocationic macrolides and of only'0.1 for the dicationic
acrolides, suggesting that a charge per charge neutraliz

s the important factor for inhibition. This point should
owever, further investigated since we do not know how m
hosphatidylinositol is accessible in our system to both
acrolide and to the phospholipase A1 so that an absolu

toichiometric ratio cannot be calculated. The lack of lab
ompound has unfortunately prevented us from perform
etailed kinetic studies of the comparative binding of ma

ides to liposomes, but an interesting development, achie
ith the available material, would be a direct measure o

eduction of the surface potential of the vesicles in the pres
f the antibiotics.
If the in vitro data are now used to appraise the situa

revailing in the cultured cells, it becomes clear that the ex
f the phospholipidosis observed with the different macrol

s related both to their capacity to accumulate in cells (tox
inetic parameter) and to their intrinsic inhibitory poten
oward lysosomal phospholipases (toxicodynamic param
he lysosomal nature of the phospholipidosis described
as been demonstrated for azithromycin (Van Bambekeet al.,
e
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rue for the other macrolides. Phospholipase A1 plays the majo
ole in the lysosomal breakdown of phosphatidylcholine,
ain structural phospholipid that is indeed found in the lar
xcess. The preferential increase in phosphatidylinositol

ent on a relative basis may indicate a faster turnover of
hospholipid, or a differential effect on its specific catab
athway, two issues that may be experimentally addre
uantitative estimations are in agreement with these co
ions. Since the largest part of macrolides accumulated in
s in the lysosomes (Carlieret al.,1994), it is clear that the dru
oncentrations reached within these organelles are suffici
ause enzyme inhibition. Interestingly enough, the exce
hosphatidylinositol and phosphatidylserine found in c
atches almost mole for mole the amounts of macro

tored, which would reinforce our conclusion that negati
harged phospholipids probably constitute a key targe
acrolides. The comparison of erythromycylamine w

zithromycin is instructive in this respect since it demonstr
hat the less marked phospholipidosis obtained in cells
his antibiotic, compared to azithromycin, essentially res
rom its specific toxicokinetic properties (lower accumulatio
he present study offers no simple explanation for this di
nce (see Carlieret al.,1987; de Duveet al.,1974 for a mode
nd a discussion of the accumulation process of weak or
ases in cells and lysosomes), which nevertheless poin
otentially interesting developments, since it predicts that
ring macrolide accumulation may be one way to reduc
otential toxicity. In contrast, the differences in phospho
osis caused by roxithromycin and erythromycylamine ap
ore related to their toxicodynamic characteristics (intri
bility to inhibit phospholipase activity). Putting all these
ervations together leads us to the conclusion that the pr
ity of a given macrolide to cause phospholipidosis mus
nderstood as a conjunction of its ability to accumulate into
ells and to inhibit phospholipase activity.
Moving from the mere discussion of the data, we sug

his study may open a series of potentially useful perspec
irst, it reinforces our earlier proposals that lysosomal br
own of phospholipids could be regulated by the amoun
egatively charged phospholipids present in the memb
egregated within these organelles. While drugs would ap
s exogenous modulators, endogenous modulators migh
xist. Second, the approaches used here could be use
eveloped to better prospectively assess the potential
ffects of existing and future macrolides, including in som

heir specific uses beyond those envisaged by conven
oxicological approaches (Van Bambekeet al., 1998, for in-
tance, demonstrated that prolonged incubation of fibrobla
xtracellular concentrations of azithromycin similar to th
xpected to be observed in AIDS patients treated forMyco-
acterium avium intracellulareinfection caused an easily d

ectable phospholipidosis). Third, our study, together with
f Montenezet al. (1996), also suggests that metabolites
earingin vivo (and especially theN-demethylated derivative
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rämer, S. D., and Wunderli-Allenspach, H. (1996). The pH-dependen
the partitioning behaviour of (RS)-[3H]propanol between MDCK cell lipi
vesicles and buffer.Pharm. Res.13, 1851–1855.

aurent, G., Carlier, M. B., Rollman, B., Van Hoof, F., and Tulkens, P. (19
Mechanism of aminoglycoside-induced lysosomal phospholipidosis:In vitro
andin vivo studies with gentamicin and amikacin.Biochem. Pharmacol.31,
3861–3870.

owry, O. H., Rosebrough, N. J., Farr, A. L., and Randall, R. J. (1951). Pr
measurement with the Folin phenol reagent.J. Biol. Chem.193,265–275.

uger, P., and Maier, R. (1979). Molecular structure of 9-deoxy-11-deox
11-(imino(2-(2-methoxyethoxy)ethylidene)oxy)-(9S)-erythromycin, a new
erythromycin derivative.J. Cryst. Mol. Struct.9, 329–338.



Luke, D. R., and Foulds, G. (1997). Disposition of oral azithromycin in

M W.

M ica
olin

M , M
ctur
tam
rge

M , R
eriv

pos
ith

M . M
ma
ided

P neti

S , N.

(1995). Structure of 9-deoxo-9a-N-[N9-(4-pyridyl)-carbamoyl]-9a-aza-9a-
a-aza

T

T n of

T umu-
asts.

V on-
ed in
s of

V ., and
ycin

V y-
,

W rck,
my-

140 MONTENEZ ET AL.
humans.Clin. Pharmacol. Ther.61, 641–648.

assey, E. H., Kitchell, B., Martin, L. D., Gerzon, K., and Murphy, H.
(1970). Erythromycylamine.Tetrahedron Lett.2, 157–160.

ingeot-Leclercq, M. P., Laurent, G., and Tulkens, P. M. (1988). Biochem
mechanism of aminoglycoside-induced inhibition of phosphatidylch
hydrolysis by lysosomal phospholipases.Biochem. Pharmacol.37, 591–
599.

ingeot-Leclercq, M. P., Schanck, A., Ronveaux-Dupal, M. F., Deleers
Brasseur, R., Ruysschaert, J. M., and Tulkens, P. M. (1989). Ultrastru
physico-chemical and conformational study of the interactions of gen
cin andbis(beta-diethylaminoethylether)hexestrol with negatively cha
phospholipid bilayers.Biochem. Pharmacol.38, 729–741.

ingeot-Leclercq, M. P., Van Schepdael, A., Brasseur, R., Busson
Vanderhaeghe, H. J., Claes, P. J., and Tulkens, P. M. (1991). New d
tives of Kanamycin B obtained by modifications and substitutions in
tion 6‘‘. II. In vitro and computer-aided toxicological evaluation, w
respect to interactions with phosphatidylinositol.J. Med. Chem.34, 1476–
1482.

ontenez, J. P., Van Bambeke, F., Piret, J., Schanck, A., Tulkens, P
Brasseur, R., and Mingeot-Leclercq, M. P. (1996). Interaction of the
rolide azithromycin with phospholipids. II. Biophysical and computer-a
conformational studies.Eur. J. Pharmacol.314,215–227.

uri, S. K., and Lassman, H. B. (1987). Roxithromycin: A pharmacoki
review of a macrolide.J. Antimicrob. Chemother.20(B), 89.

heldrick, G. M., Kojic-Prodic, B., Banic, Z., Kobrehel, G., and Kujundzic
l
e

.,
al,
i-
d

.,
a-

i-

.,
c-

c

homoerythromycin A and conformational analysis of analogous 9
15-membered azalides in solide state.Acta Crystallogr., Sect. BB51, 358–
366.

ulkens, P. M. (1991). Intracellular distribution and activity of antibiotics.Eur.
J. Clin. Microbiol. Infect. Dis.10, 100–106.

ulkens, P. M., Beaufay, H., and Trouet, A. (1974). Analytical fractionatio
homogenates from cultured rat embryo fibroblasts.J. Cell Biol. 63, 383–
401.

ulkens, P. M., and Trouet, A. (1978). The uptake and intracellular acc
lation of aminoglycoside antibiotics in lysosomes of cultured rat fibrobl
Biochem. Pharmacol.27, 415–424.

an Bambeke, F., Gerbaux, C., Michot, J.-M., Bouvier d’Yvoire, M., M
tenez, J. P., and Tulkens, P. M. (1998). Lysosomal alterations induc
cultured rat fibroblasts by long-term exposure to low concentration
azithromycin.J. Antimicrob. Chemother.42, 761–767.

an Bambeke, F., Montenez, J. P., Piret, J., Tulkens, P. M., Courtoy, P. J
Mingeot-Leclercq, M. P. (1996). Interaction of the macrolide azithrom
with phospholipids. I. Inhibition of lysosomal phospholipase A1 activity.
Eur. J. Pharmacol.314,203–214.

assault, A. (1987). Lactate dehydrogenase. InMethods of Enzymatic Anal
sis, Volume III/Enzyme I Oxydoreductases, Transferases(Bergmeyer H. U.
Ed.), pp. 118–126. VHC Publishers, Weinheim, RFA.

iley, P., Gerzon, K., Flynn, E. H., Sigal, M. V., Jr, Weaver, O., Qua
U. C., and Monahan, R. (1957). Erythromycin. X. Structure of erythro
cin. J. Am. Chem. Soc.79, 6062–6069.


	FIG. 1
	MATERIALS AND METHODS
	RESULTS
	FIG. 2
	TABLE 1
	FIG. 3
	FIG. 4

	DISCUSSION
	FIG. 5
	TABLE 2
	FIG.6
	FIG. 7

	ACKNOWLEDGMENTS
	REFERENCES

