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Abstract 0 The interaction of gentamicin with monomolecular
films of a series of biologically important lipids spread on an aque-
ous buffered subphase was studied. The surface pressure, =, of
these films was determined by the Wilhelmy plate method as a
function of surface area, A, and 7—A curves were constructed.
Changes in the 7—A characteristics in the presence of gentamicin
were used as a measure of antibiotic—film interaction. No interac-
tion was observed between gentamicin and films of cholesterol, egg
lecithin, dipalmitoyl lecithin, phosphatidyl ethanolamine, stearyl
alcohol, and bovine ceramides at all pH values studied. Stearic
acid films showed no interaction with gentamicin at pH 5. At pH 7
and 8, a small increase in pressure (~3 dynes/cm) was noted. A
dramatic increase in surface pressure was observed in the presence
of stearyl aldehyde films ranging from approximately 9 dynes/cm
at pH 7.2 to 23 dynes/cm at pH 8.4. This effect was attributed to a
Schiff-base reaction between the nonprotonated primary amino
groups on the gentamicin molecule and the stearyl aldehyde. Fur-

ther evidence was provided by the fact that the addition of glucose
(which has been reported to participate in Schiff-base formation
with amines) to the subphase inhibited the stearyl aldehyde—gen-
tamicin interaction. Sucrose did not show a corresponding effect.
The addition of sodium bisulfite, which reacts with aldehydes to
form a-hydroxysulfonic acid, also inhibited the gentamicin-stearyl
aldehyde interaction. It is postulated that Schiff-base formation is
a step in the in vivo transport of gentamicin across the membrane
of sensitive organisms.
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Gentamicin is a water-soluble aminoglycoside anti-
biotic derived from the micromonospora family and
is active against both Gram-negative and Gram-posi-
tive bacteria. The gross structures of the gentamicin
components (I) were recently reported (1). The bio-
logical activities of the three gentamicin components
are essentially identical (2).

Gentamicin, in common with the other members of
the kanamycin family, exhibits some interesting bio-
physical properties. It does not transport to any sig-
nificant degree across the membranes of the GI tract,
as evidenced by the fact that less than 2% absorption
has been observed following oral administration!. In
contrast, gentamicin does cross some specialized
membranes; e.g., it penetrates the aqueous humor of
the eye (3), passes the placental barrier and into the
amniotic fluid (4), and transports across the otic
membrane (5). Furthermore, since the site of gen-
tamicin antibacterial action is at the ribosomal level
(6), it clearly must penetrate the bacterial membrane.

The mechanism by which gentamicin transports
across bacterial and other membranes, however, has
not been firmly established. Its solubility characteris-
tics and its negligible oil-water partition coefficient
(7) preclude dissolution or partitioning into lipoidal
membranes. Its relatively large molecular size pre-
cludes transport through water-filled pores or chan-
nels, as has been postulated for some simple cations
and anions. Therefore, it appears that its transport
must involve, at least as a first step, some specific in-
teraction with a cell membrane component.

Studies with other aminoglycoside antibiotics in
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which an interaction with bacterial cell membranes
has been demonstrated (8) support this postulation.
However, the specific sites on the membrane in-
volved in the antibiotic—cell membrane interaction
have not been identified, nor has the role of specific
membrane lipids in this process been established.

This investigation examined the potential partici-
pation of membrane lipids in the transport of gen-
tamicin across cell membranes. Monomolecular films
were selected as the membrane model, because they
provide a relatively simple, well-defined, oriented
structure with some similarity to biomembranes. In
addition, they allow for modification of composition
of both the “membrane” (i.e., the film) and the sub-
phase on which the film is spread. Furthermore, nu-
merous studies have demonstrated that there is a
correlation between the interaction of many drugs
with monomolecular films and their biological activi-
ty (9).
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Figure 1—Surface pres-
sure-surface area curves of
stearic acid at pH 7.0, alone
(O) and in the presence of 1
15 | X 10~* M gentamicin (®).
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EXPERIMENTAL

Gentamicin base? was obtained as a mixture of active compo-
nents Cq, Cia, and Cs. Stearyl aldehyde® (purity >99%) was ob-
tained as a solution in carbon disulfide. The stearic acid, stearyl
alcohol4, cholesterol3, L-a-dipalmitoy] lecithin4, and egg lecithin®
were obtained chromatographically pure. Cerebrosides®, ceram-
ides®, and phosphatidyl ethanolamine?, extracted from bovine
brain, and sucrose dipalmitate’ were used as obtained. Dextrose
USP and sucrose USP were crystallized from boiling water. All in-
organic chemicals used were reagent grade, and all organic solvents
were of spectrophotometric grade. The water used was prepared by
double distillation from an all-glass apparatus.

The film balance used to study the surface pressure-surface area
(r—A) characteristics of the films was described previously (10).

The temperature of the subphase was maintained at 25 £ 0.1°
by circulating water from a constant-temperature bath through a
water jacket around the trough.

The lipids were placed on the surface of the subphase, using a
micrometer syringe® capable of delivering volumes as small as
0.001 ml. The spreading solvent for the lipids was n-hexane, ex-
cept that benzene was the spreading solvent for sucrose dipalmi-
tate, cerebrosides, and ceramides. To allow for complete evapora-
tion of the spreading solvent, &6 min was allowed before manual
compression was initiated. After each compression, 15 sec was al-
lowed to elapse before the next surface pressure measurement was
taken.

Mixed monomolecular films of various mole fractions of egg leci-
thin and stearyl aldehyde were prepared by adding the appropri-
ate quantities of each component to the surface. The number of
film molecules was kept constant.

The interaction of gentamicin with the films was studied by the
following procedures. Gentamicin (1072 or 10~¢ M concentration)
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was dissolved in the subphase (0.01 M phosphate buffer at con-
stant ionic strength and various pH values), and the various films
were spread over this subphase. Differences in the 7—A character-
istics of pure films and films in the presence of drug were deter-
mined and used as a measure of drug-film interactions.

RESULTS AND DISCUSSION

Cholesterol and the phospholipids, egg lecithin, L-a-dipalmitoyl
lecithin, and phosphatidyl ethanolamine, represent components
that constitute a major fraction of the lipid constituents of cell
membranes. None of these materials, when spread as monomolecu-
lar films, showed any significant interaction with gentamicin (1 X
10~4 or 1 X 1073 M concentration) over a pH range of 4-8.4. Bo-
vine ceramides and stearyl alcohol also exhibited no interaction
with the antibiotic under similar conditions.

These data demonstrate that gentamicin does not interact non-
specifically with lipid films and support the contention that gen-
tamicin does not transport into bacterial membranes via a parti-
tioning mechanism.

Since gentamicin is a base, the interaction with an acidic film
was explored next. Stearic acid was selected as the model system.
At a gentamicin concentration of 1 X 10™* M, no interaction was
observed with the stearic acid film over a pH range of 5-8. At 1 X
10~3 M, an increase of about 3 dynes/cm at all areas per molecule
was observed at pH 7 (Fig. 1) and similarly at pH 8. No interaction
was observed at lower pH values. Thus, it appears that, as the ion-
ization of gentamicin is partially depressed within the physiologi-
cal pH range, some film—antibiotic interaction does occur.

The natural cerebrosides, which are mixtures of galactolipids,
also exhibited an interaction with 1 X 10-3 M gentamicin (Fig. 2)
of about the same magnitude as was observed with the stearic acid
film. Since the cerebrosides differ from the previously studied
ceramides (which showed no interaction) only by the addition of a
galactose sugar moiety, it appears that the observed interaction is
specific and is dependent on the presence of this sugar residue.

However, when sucrose dipalmitate was spread, no interaction
with gentamicin was observed. This finding indicates that the free
aldehydic functiop of 'the galactose residue is essential for the in-
teraction.

To investigate this*possibility further, the interaction of gen-
tamicin with stearyl aldehyde films was studied. The 7—A curves
of stearyl aldehyde films spread on a subphase in the absence of
gentamicin were identical throughout the pH range of 6-8.4. In the
presence of 1 X 103 M gentamicin, a dramatic interaction was ob-
served, and the extent of this interaction increased regularly with
increasing pH (Fig. 3). A similar, but reduced, interaction was ob-
served at 1 X 1074 M.

Thus, it is evident that the reaction not only is dependent on the
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Figure 2—Surface pressure-percent trough area curves of
cerebrosides at pH 7.0, alone (O) and in the presence of 1 X
10~ M gentamicin (®).
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Figure 3—Surface pressure-surface area curves of stearyl
aldehyde, alone at pH values of 6.0-8.4 (O) and in the presence
of 1 X 10~* M gentamicin at pH values of 7.2 (®), 7.6 (),
8.0 (#), and 8.4 (A).

presence of an aldehydic function in the film but also on the de-
gree of protonation of the primary amino groups on the genta-
micin and that the observed film-antibiotic interaction is the re-
sult of a Schiff-base interaction between these two functional
groups.

The addition of glucose (1 X 10~* M) into the subphase partially
inhibited the film-antibiotic interaction while the addition of su-
crose did not. This effect apparently was the result of a competi-
tion between the stearyl aldehyde and the aldehydic function of
the glucose for the dissolved gentamicin. Sucrose, which does not
have an available aldehydic function, cannot participate in this
competition.

Sodium bisulfite, when added to the subphase, also inhibited
the gentamicin—film interaction, apparently because of its ability
to interact with the stearyl aldehyde via the formation of an a-
hydroxysulfonic acid.

While free fatty aldehydes have been identified as natural com-

ponents of various tissues (11-14), it is likely that they constitute °

only a small fraction of the lipid portion of cell membranes. There-
fore, the effect of the addition of an “inert” lipid to the monomole-
cular film on the gentamicin-aldehyde interaction was deter-
mined. Egg lecithin was selected since it had shown no interaction
with gentamicin and was representative of the phospholipid frac-
tion of biomembranes. Mixed films of stearyl aldehyde and egg lec-
ithin (mole fraction ratios of 3:1, 1:1, and 1:3) were spread, and the
interaction with gentamicin was determined.

It can be seen in Fig. 4 that at a mole fraction ratio of 3:1 the in-
teraction of gentamicin appears to be reduced over that observed
with the stearyl aldehyde alone, as evidenced by the relatively
small expansion of the 7—A curve at low pressures. At high pres-
sures, a condensation effect can be seen, suggesting that material is
being lost from the interface. At a 1:1 mole fraction ratio, some ex-
pansion is also observed at low pressure, although less than that
observed for the 3:1 system. At high pressures, however, the con-
densation effect is more pronounced.

At a 1:3 mole fraction ratio (Fig. 5), the condensation effect is
still more pronounced and occurs at all surface pressures. Further-
more, it is most evident at the higher pH value (pH 8.0), a condi-
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tion under which the gentamicin-stearyl aldehyde interaction ap-
proaches a maximum,

Thus, it appears that egg lecithin does not inhibit the gentami-
cin—aldehyde interaction but rather influences the ability of the
resultant Schiff base to remain at the interface. This effect may be
the result of the difference in the comparative strength of the in-
teraction between neighboring stearyl aldehyde molecules and be-
tween neighboring stearyl aldehyde and egg lecithin molecules.
Thus, if the latter interaction is weaker than the stearyl aldehyde—-
stearyl aldehyde interaction, the increase in hydrophilicity of the
aldehyde as the result of its reaction with gentamicin may lead to
the loss of the product (Schiff base) from an area-determining po-
sition at the interface.

CONCLUSIONS

. The data demonstrate that gentamicin does not interact nonspe-
cifically with cholesterol and phospholipid films and that it does
interact with aldehydic films via Schiff-base formation. In a mem-
brane composed essentially of cholesterol and phospholipids and
interspersed with small amounts of fatty aldehydes, these latter
compounds would serve as a site at which a gentamicin-membrane
interaction might occur. Under such conditions, the increased hy-
drophilicity of the product (Schiff base) and the relatively weak
interaction between the aldehyde and other membrane lipids
would lead to desorption of the Schiff base from the membrane.
This would result in the formation of pores through which intra-
cellular material ‘could leak out and unreacted gentamicin could
enter and interact with the ribosomes within the cell.

While it is recognized that a physical model in itself cannot une-
quivocally elucidate the mechanism of action in a biological sys-
tem, supporting data for this Schiff-base mechanism can be found
in the literature. For example, alkalinization of urine promotes the
activity of gentamicin (15), while n-alkylation of aminoglycoside
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Figure 4—Surface pressure-mean area per molecule of
stearyl aldehyde plus egg lecithin at a 3:1 mole fraction ratio,
alone (O) and in the presence of 1 X 103 M gentamicin at pH
7.0 (®) and 8.0 (m).
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Figure 5—Surface pressure—-mean area per molecule of stearyl
aldehyde plus egg lecithin at a 1:3 mole fraction ratio, alone (O)
and in the presence of 1 X 10~3 M gentamicin at pH 7.0 (®)
and 8.0 (w).

antibiotics dramatically reduces their activity {(16). Both of these
observations correspond with the fact that only an undissociated
primary amino group can participate in a Schiff-base reaction and
with the postulation that such a reaction is necessary for gentami-
cin activity.

In addition, recent work in these laboratories (17) demonstrated
that the addition of a small amount of sodium bisulfite to the
growth media of Escherichid coli reduces the sensitivity of these
organisms to gentamicin. It was postulated that this effect was the
result of an interaction between the bisulfite and membrane al-

dehydes, which made these aldehydes less available to attack by
gentamicin.
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