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Schacht (Schacht, J.  (1976) J.  Neucochem. 27, 1119-1124) demonstrated that neomycin, an amina~lycoside a~ltibiotic, 
hinds with high affinity to phosphatidylinnsitol 4,5-hisplmsphate (PIPe). We investigated the binding of neomycin to 
P iP  e by making ciectrophoretic mobility measurements with multilamellar bilayer vesicles and surface potential 
measurements with monolayers. The bilayers and monulayers were formed from mixtures of PIP 2 and egg pbusphati- 
dylcholine (PC) in 0.1 M KCI at pH 7. Neomycin does not bind to PC; 10 -a  M neomycin affects neither the zeta 
potential of PC vesicles nor the surface potential of PC monolayers. In contrast, 10 -6 M neomycin reduces the 
magnitude of the zeta potential of PC/PIP2  vesicies (5, 9, and 17 tool% PIPe) and the surface potential of monolayers 
(17 tool% PIPe) to <50% of their initial values. The eluctrophoretic mobility results indicate that neomycin forms an 
elcctronentral complex with PIPe; high concentrations ( >  10 -4 M) of neomycin reduce the zeta potential of the 
P C / P I P  2 vesicles to zero. We could describe our data with the Gouy-Chapman.Stern theory assuming the intrinsic 
association constant of the I :  1 neomycin-PIP z complex is 10 s M -  t. Neomycin is widely used in cell biology to 
interfere with the generation of second messengers; wc discuss the relevance of our results to these studies. Specifically, 
10-6 M neomycin binds > 50% of the PIP 2 in a bilayer or monolayer but 10 - s - 1 0  -3 M neomycin is required to affect 
the turnover of PIP 2 in permeahilized platciets, mast cells, and sea urchin eggs. This result is consistent with a 
hypothesis that most of the PIP s in the inner leaflet of these plasma membranes is not accessible to neomycin because 
it is associated with proteins. 

Introduction 

Many .;nvestigators have reviewed the evidence that 
phosphatidylinositol 4,5-bisphosphate (PIPe), a poly- 
anionic lipid located on the cytoplasmic surface of 
plasma membranes, is the source of two second mes- 
sengers [1-14]. Schacht and co-workers have used a 
number of different techniques to show that neomycin, 
a polycationic aminoglycoside antibiotic, binds strongly 
and relatively specifically to PlP e . For example, 
neomycin increases the turbidity of an aqueous disper- 
sion of polyphosphoinositides [15], it can be coupled to 
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glass beads and used to purify PiP 2 [16,17], it lowers the 
phase transition temperature of vesicles formed from a 
mixture of phosphatidylcholine, PC and PIP 2 [18]. it 
changes the surface pressure of monolayers containing 
PiP 2 [19-22], and causes release of carboxyfluorescein 
from PC/PIP2 vesicles [23]. 

Neomycin has been used to perturb the turnover of 
polyphosphoinositides in cells [15,24-34]. Experiments 
with neomycin on permeabilized cells are particularly 
informative because the free concentration of drug in 
the cytoplasm is known. These experiments reveal that 
different concentrations of neomycin are required to 
affect PIP, turnover in different cells. For example. 
neomycin is a potent inhibitor of a-thrombin-stimu- 
lated polyphosphoinositide-specific phospholipase C, 
PLC, in isolated platelet membranes; 10 -5 M neomycin 
produces a rapid drop to 50~ of the control activity 
followed by a slower rate of decline [35]. However, 
0.3-10 -3 M neomycin is required to inhibit the PLC in 
permeabilized mast cells [36] and 10 -3 M is required in 
sea urchin egg fragments [371. 
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Neomycin can also affect exocytosis [38,39] and other 
cellular processes [40]. McLaughlin and Whitaker [39] 
suggested that high concentrations of neomycin ( > 10-3 
M) may inhibit the ability of  calcium to induce exocyto- 
sis by adsorbing to the membrane and decreasing the 
magnitude of the negalive electrostatic surface poten- 
tial; neomycin binds to monovalent lipids such as ph¢~- 
phatidylinositoi (Pl) as well as to PIP 2. Furthermore, 
neomycin acts as an anion exchanger at high concentra- 
tions, binding lP 3 and ATP as well as PlP 2, another 
effect that complicates its use as a specific tool to study 
the role of  inositol phospholipids in intracellular signal- 
ling [41]. Finally, high concentrations of neomycin can 
induce calcium release and stimulate GTPases in per- 
meabilized piatelets [42,44]. Quantitative information 
about the binding of neomycin to PIP 2 is essential if 
neomycin is to become a useful tool for cell biologists. 

Unfortunately, this information is not available in 
the literature. One cannot describe satisfactorily the 
binding of neomycin to monolayers or bilayers contain- 
ing PlP 2 with a Scatchard analysis or any other analysis 
that uses a Langmuir adsorption isotherm and assumes 
both the surface and the drug are electrically neutral. 
The biological and model membranes used in most 
studies bear a n¢.t negative charge and neomycin has a 
charge of about +4  at pH 7 (see below). These electro- 
static effects car, be large. 

For example, phosphatidylserine, PS, comprises about 
15~ of the lipids in a human erythrocyte and is con- 
fined to the inner or cytoplasmic monolayer [45-47]. 
Gouy-Chapman theory predicts and experiments con- 
firm that a bilayer comprised of 30% PS in 0.1 M KCI 
has a surface potential of  about - 6 0  mV [48]. This 
potential falls in an approximately exponential manner 
with distance from the surface with a space constant 
equal to the Debye length, which is about 1 nm in a 0.1 
M salt solution [49-51]. If we assume neomycin is a 

point charge with a valence of +4 ,  the Boltzmann 
relation predicts the concentration of neomycin in the 
aqueous phase at the surface of the membrane is four 
orders of magnitude higher than the concentration in 
the bulk aqueous phase! 

The available experimental evidence suggests the 
potential is negative at the cytoplasmic surface of the 
human erythrocyte [52,53]. Cations that are normally 
present in the cytoplasm, such as magnesium ions, will 
bind to PS and reduce the magnitude of the surface 
potential [54], but we anticipate that the potential at the 
cytoplasmic leaflet of  most plasma membranes will be 
more negative than - 1 5  mV, a potential that should 
concentrate neomycin at the surface by an order of 
magnitude. The simplest way to take these electrostatic 
effects into account is to describe the surface potential 
with the Gouy-Chapman theory of the diffusc double 
layer and to describe the adsorption of neomycin to 
PIP 2 in the membrane by a Langmuir adsorption iso- 

therm. This approach is sometimes referred to as the 
Gouy-Chapman-Stern theory [55,56]. We wanted to test 
experimentally if the Gouy-Chapman-Steru theory could 
be used to describe the binding of neomycin to PIP 2 in 
bilayers and monolayers. The theory can describe ade- 
quately the ad.~orption of monovalent [48,57] and diva- 
lent [54] cations to bilayer membranes and can even 
describe the adsorption of the polyvalent cations 
gentamicin and spermine to !)11)2 in membranes [58]. 

We used two different techniques. We made electro- 
phoretic mobility measurements on multilamellar 
vesicles and surface potential measurements with an 
ionizing electrode above a monolayer. 

Theory 

if  we assume the charges on the PC/PIP2 vesicles are 
all at Ore membrane/solut ion in(efface and the inositol 
moieties do not protrude from the surface and exert 
hydrodynamic drag, we can calculate the value of the 
zeta potential, ~', from the measured value of the elec- 
trophoretic mobility, u ,  using, the Helmholtz-  
Smoluchowski equation [55,59-61]: 

= nu./Eoe r ( l )  

where ~ is the viscosity, e 0 is the permittivity of free 
space, and • r is the dielectric consen t  of  the aqueous 
phase. In  fact, the charges on the monoester phosphates 
of PiP 2 are probably located about 0.5 nm from the 
surface and the inositol groups probably exert hydrody- 
namic drag. These effects will act in opposite directions 
[62] and they may approximately cancel. We do not use 
a theory that incorporates these effects [63-65] because 
we do not have direct experimental informatiou about 
the location of the charges and the orienta:ion of the 
headgroup. 

The zeta potential is the potential at the hydrody- 
namic plane of shear. For simplicity, we assume the 
plane of shear is at the surface of the PC/PIP  2 vesicles. 
Thus, the zeta and surface potentials we calculate from 
the theoretical model described below are identical. 

We measured the electrostatic potential above 
PC/PIP  2 and PC monolayers with an ionizing electrode. 
To deduce the potential above the PC/PIP2 monolayer 
due to charges, we assume the two monolayers have 
identical dipole potentials. This assumption was tested 
experimentally. 

We calculated the theoretical curves for the effect of 
neomycin on the zeta and surface potentials from the 
simplest possible model. We related the surface poten- 
tial, ~o, to the charge density, a, with the Gouy-Chap- 
man theory: 

sinh( e ~ , o / 2 k T  ) ffi o / ( 8 n e o e f k T  ) 1/2 (2) 



where e is the magnitude of the electronic charge, k is 
the Boltzmann constant, T is the temperature, and n is 
the number concentration of monovalent ions in bulk 
aqueous phase [55,56]. We ignore the screening effect of 
the neomycin ions, a reasonable assumption under our 
experimental conditions. Neomycin changes the surface 
and zeta potentials by binding to PIP 2. We use the 
following mass action or Langmuir adsorption iso- 
therm: 

N + PiP2 ~--- N -  PiP2 (3) 

K = {N- PiP 2 }/{P|P~ }[N(O)I 

where K is an intrinsic association constant, the braces 
denote a surface concentration, and [N(0)] is the con- 
centration of neomycin in the aqueous phase at the 
surface of the membrane. Our experimental results sug- 
gest a neomycin ion of valence z+ combines with a PIP 2 
molecule of valence - z _  to form an electroneutral 
complex. (Neomycin probably displaces hydrogen and 
potassium ions bound to PIP 2 to form the neutral 
complex.) Thus the s,lrface charge densit}; o, is the 
product of  the surface concentration of PlP 2 and its 
valence, - z _  {PIP2 }. 

PIP 2 binds hydrogen and potassium ions, which re- 
duce the net negative charge of PIP 2 from its maximum 
value of - 5 [58]. We choose the valence or net charge 
on PIP 2 to fit the value of the zeta potential of the 
PC/PIP  2 vesicles in he absence of neomycin. (A more 
detailed analysis provides a slightly different and pre- 
sumably more correct estimate for the valence of PlP 2 
[58].) We determined the valence of neomycin by titra- 
tion experiments with a pH glass electrode. To simplify 
the analysis, we assume that the charge on neither 
neomycin ions in the diffuse double layer nor PIP 2 
molecules in the membrane are affected by the surface 
potential of  the membrane. In other words, we assume 
the binding of hydrogen and potassium ions to PIP 2 is 
not affected by the average surface potential of  the 
membrane. 

We calculated the concentration of neomycin at the 
surface of the membrane, [N(0)], from the Boltzmann 
relation: 

IN(0)! = l N( o0 )lexp( - z + e~o / kT  ) (4) 

We combined Equs. 2, 3 and 4 to predict the theoretical 
curves illustrated in the figures. 

Materials and Methods 

Neomycin sulfate was purchased from Boehringer 
Mannhcim Biochemicals (Indianapolis, IN), egg phos- 
phatidylcholine (PC) from Avanti Polar Lipids, Inc. 
(Birmingham, AL) and the triammonium salt of  phos- 
phatidylinositol 4,5-bisphosphate (PIP2) from Calbio- 
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chem (La Jolla, CA). We confirmed that the PC used 
for the monolayer experiments was uncharged by mea- 
suring the electrophoretic mobility of multilamellar PC 
vesicles. Potassium chloride was roasted in a quartz 
crucible at 600 ° C  before use. Chloroform and methanol 
were spectrophotometric or HPLC grade. Water was 
purified with a MiUipore Super Q System (Bedford, 
MA) and subsequently bidistilled in a quartz apparatus 
(Heraeas-Schott, Hanau, F.R.G.). 

Electrophoret ic  mobi l i t y  measurements .  As described 
in detail elsewhere [54,58] we used a Rank Bros. Mark I 
machine (Bottisham, Cambridge, U.K.) to measure the 
effect of neomycin on the electrophoretic mobility of 
multilamellar PC/PIP  2 vesicles formed in an aqueous 
solution containing 0.1 M KCI buffered to pH 6, 7, or 8 
at 25°C with 1 mM Mops. The chloroform...colution of 
PC/PIP  2 was evaporated rapidly as described elsewhere 
[58]. The total concentration of lipid in the 7 ml sample 
was normally about 0.1 mg/mi ,  but was reduced to 0.01 
m g / m l  for the ,experiments with 10 -6  M neomycin to 
prevent loss of antibiotic from the aqueous phase. 

Mono layer  measurements .  We used a 10 cm diameter 
teflon petri dish (Savillex Corp., Minnetonka, MN) as a 
monolayer trough. The 100 ml aqueous subphase con- 
tained 0.1 M KCI and either 1 mM or 10 mM potassium 
phosphate buffered to either pH 7.0 or 8.0. We made 
both gravimetric and phosphate measurements [66] to 
determine the concentration of lipid in the chloroform 
solutions; the two techniques gave identical results. The 
neomycin sulfate stock solution was titrated to the 
appropriate pH before addition to the subphase and the 
pH of the subphase was measured at the end of the 
experiment. The monolayer was spread using a Drum- 
mond microdispenser (Broomall, PAL). Monolayers were 
formed from a chloroform solution of either PC or a 
5 : 1 mole: mole PC/PIP2 mixture. We added lipid such 
that each molecule occupied an average area of 0.66 
nm 2, 0.52 nm 2, or we added an excess of lipid. We 
measured the surface potential with a 20/tCi gold-coated 
americium-241 ionizing electrode (NRD Inc., Grand 
Island, NY) positioned 2 mm above the surface with a 
micromanipulator. A silver-silver chloride electorde 
(Annex Research, Costa Mesa, CA) maintained the 
aqueous subphase at ground potential. The potential 
difference was measured with a Keithley (Cleveland, 
OH) 616 digital electrometer using a voltage follower. 
Shifting the electrode horizontally over the surface of 
the monolayer did not change the potential, which 
suggests the ionizing radiation did not significantly de- 
grade the iipids. Addition of chloroform without lipid 
did not significantly change the surface potential. The 
aqueous subphase was stirred with a teflon-coated mag- 
netic stir bar. A metal shield around the trough reduced 
the a.c. noise. The apparatus was enclosed with plexi- 
glass to reduce contamination of the monolayer and 
oxidation of the lipids [67]. Nitrogen was introduced 
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in to  the perspex box  th roughou t  the exper iment  a n d  the  
relative humid i ty  was  moni tored ,  o 

W e  began  a n  exper iment  b y  first measur ing  the 
potent ia l  above  the aqueous  subphase .  We asp i ra ted  the 
surface  unt i l  we ob ta ined  a s table reading,  a p rocedure  ~-~ 
tha t  of ten required several hours .  W e  then spread  the  

z 
mono laye r  a n d  wai ted unti l  the potent ia l  aga in  reached 
a s table  value, a p rocedure  tha t  required 1 0 - 3 0  rain. ~40 
The  noise level was  < 2 mV. W e  a d d e d  neomyc in  to the 
subphase  a n d  recorded the new s table  potent ia l .  A t  the  
e n d  o f  the exper iment  we aspi ra ted  the  mono laye r  a n d  
aga in  recorded the  potent ia l  above  the subphase .  W e  -6° 
a lso  replaced the  aqueous  subphase  a n d  recorded  the  
potent ia l .  I f  the initial  a n d  final  values o f  the  potent ia l  
measured  in the absence  o f  a l ipid mono layc r  differed 
b y  more  than  15 mV, we rejected the experiment .  The  
potent ia l  usual ly  dr i f ted  abou t  5 m V / h .  

Results  

Schacht  et  at. [68] showed tha t  neomycin  does  no t  
af fect  the surface  pressure  o f  a PC monolayer ,  which  
suggests  it  does  no t  b ind  to  PC. W e  conf i rmed  this 
suggest ion b y  showing  tha t  10 -3  M neomycin  affects  
ne i ther  the  zeta potent ia l  o f  PC muhi l amel l a r  vesicles 
n o r  the sur face  potent ia l  o f  PC monolayers  (0.1 M KCi  
a t  p H  7; d a t a  not  shown).  

_ _~ .~ _~ - - . ~  
JQq~[~OMVCIN] tU} 

Fig. 1. The effect of neomycin on the zeta potential of PC/PIP. 
muhilamellar ves;Aes. The zeta potential was calculated fi~m tli~ 
measured value of the electrophoretic mobility using Eqn. 1. The 
aqueous phase contained 0.1 M KCI buffered to pH 7.0 with 1 mM 
Mops. The net charge on PiP 2 in the absence of neomycin was chosen 
to fit the prediction of the Gouy-Chapman theory (Equ. 2) to the 
initial value of the zeta potential and was - 2, - 1.8 and - 1.4 for the 
20: l (tool/moll (squares), t0: l (circles) and 5 : l (diamonds) vesicles, 
respectively. The valence of neomycin is 4.5 at pH 7. The curves 
illustrate the predictions of the Goay-Chapman-Stem theory, a com- 
bination of Equs. 2. 3, and 4. with the intrinsic association constant 
for the complex between neomycin and PIP 2 equal to l0 s M- t. Note 
the simple theory describes adequately the data obtained at all surface 

concentrations of PIP 2 and all neomycin concentrations. 
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Fig. 2. The effect of neomycin on the zeta potential of 10: l (tool/tool) 
PC:PIP 2 vesicles formed in 0.l M KCI, l mM Mops at pH 6.0 
(triangles), 7.0 (circles) and 8.0 (inverted triangles). The curves are the 
predictions of the Gouy-Chapman-Stecn theory (Eqas. 2, 3, and 4) 
with the intrinsic association constant for the complex of neomycin 
with PIP, equal to l05 M - *. which describes the pH 6.0 and 7.0 data, 
and 3-16'* M -t ,  which describes the pH 8.0 data. The valence of the 
PiP 2 molecules in the aby, coce of neomycin was assumed to he -1.8 
in all cases and the valence of the neomycin ions, as determined by 
titration experiments with a glass electrode, was 5.2, 4.5 and 3.0 at pH 

6, 7, and 8. respectively. 

Fig.  1 i l lustrates the effect  o f  neomycin  o n  the  zeta 
potent ia l  o f  mui t i l amcl la r  P C / P I P  2 vesicles. No te  tha t  
10 -6  M neomyc in  has  a large  effect  o n  the zeta po ten-  
tial. "Ibis concen t r a t i on  o f  neomyc in  reduces the zeta 
potent ia l  to  < 5 0 ~  its initial  value, ind ica t ing  tha t  
> 5 0 ~  o f  the  P IP  2 molecules  in the  b i layer  have  been 
neut ra l ized  b y  neomyc in  (see Eqn.  2). H igh  concen t ra -  
t ions  o f  n e o m y c i n  cause  the  zeta potent ia l  to  a p p r o a c h  
a value  o f  zero asymptot ica l ly ,  suggest ing neomycin  
fo rms  a n  e lec t roneut ra l  complex  wi th  P IP  2. The  curves 
in Fig. 1 i l lustrate  the  predic t ions  o f  the G o u y - C h a p -  
man-S te rn  theory,  a s suming  tha t  neomycin  fo rms  a n  
c lec t rnneut ra l  1 : 1 complex  wi th  P IP  z with a n  intr insic 
associa t ion  c o n s t a n t  o f  105 M - ' .  The  theory  is highly 
oversimplif ied,  bu t  is capab le  o f  descr ib ing  qual i ta t ively  
the d a t a  ob t a ined  a t  the  three surface  concen t ra t ions  o f  
P IP  2. This  ag reemen t  between theory  a n d  exper iment  is 
cons is ten t  wi th  o u r  a s sumpt ion  the ant ib iot ic  fo rms  a 
1 : 1 complex  wi th  the lipid. 

Eig. 2 fl~ustrates that  neomycin  b inds  less s t rongly  to  
PIP  2 a t  p H  8 t han  a t  p H  7 o r  6. It b inds  less s t rongly  a t  
a lkal ine  p H  for  two reasons.  First,  neomycin  has  fewer 
posi t ive cha rges  a t  a lkal ine p H  a n d  is concen t ra ted  less 
in the aqueous  di f fuse  doub le  layer  (see Eqn.  4). If  we 
ignore  a n y  possible  b ind ing  o f  chlor ide  ions to  neomy-  
cin,  o u r  t i t ra t ion  d a t a  (no t  shown)  suggests neomycin  
has  a cha rge  o f  z+ = 5.2, 4.5, a n d  3 a t  p H  6, 7, a n d  8, 
respectively; a t  ac id  p H  it bears  a m a x i m u m  o f  six 
posi t ive charges .  Second,  the  intr insic associat ion con-  
s tan t  o f  neomyc in  wi th  PIP  a is lower  a t  p H  8 than  7 or  
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Fig. 3. The effect of neomycin on the surface potential of a 5:1 
(tool/tool) PC/PIP 2 monolayer. The aqueous subphase contained 0.1 
M KCI, l mM phosphate (pH "/.0). The average area/lipid was 0.66 
nm z (open diamonds) or 0.52 nn~ (filled diamonds). Identical results 
were obtained with an average atea of 0.52 nm 2 and with excess lipid. 
The curve is the prediction of the Gony-Chapman-Stern theory with 
K = 10 s M - t; it is identical to the lower curve in Fig. L Note that the 
same theoretical expression ~..~n describe adequately both the mono- 

layer and vesicle data, 

6; the theoretical  curves in Fig.  2 were d r a w n  with 
associat ion cons tan t s  o f  10 s, l 0  s, a n d  3 - 1 0 4  M - l  a t  
p H  6. 7, a n d  8, respectively *. 

W e  note  in pass ing  tha t  the zeta potent ia l  o f  the 
PC/P IP2  vesicles does  no t  ,depend signif icant ly o n  p H  
for  6 < p H  < 8 (Fig.  2). However ,  3 t p - N M R  measure-  
ments  demons t r a t e  tha t  PIP  2 b inds  a b o u t  one  p r o t o n  
less a t  p H  8 than  a t  6 [58,69]. A po ta s s ium ion p r o b a b l y  
replaces the  b o u n d  p i o t o n  tha t  comes  of f  PIP,  when  the 
p H  increases f rom 6 to 8. 

Fig. 3 i l lustrates the  effect o f  neomycin  on  the surface  
potent ia l  o f  a PC /P IP2  monolayer .  W h e n  the average  
a rea  occupied  b y  the  l ipids is 0.66 n m  2, approx imate ly  
the a rea  occupied  b y  a l ipid in a b i layer  m e m b r a n e  [70], 
the difference between tht,' measured  surface  potent ia l  
o f  the l i p i d / w a t e r  a n d  a i r / w a t e r  surface  is V(PC/  
PIP,,) - V ( H 2 0  ) = A V ( P C / P I P 2 )  = 365 _+ 12 m V  
( + S . D . .  n =  5) a n d  V ( P C ) -  V(HzO)= AV(PC)=415 
+ 8 mV (n  = 12). The  large  posit ive potent ia l  above  the 
PC monolayer  mus t  be  due  to  dipoles  because  PC has  
n o  net  charge  a n d  a PC vesicle fo rmed in a KC! o r  
NaCI  solut ion a t  p H  7 does  not  move in a n  electric 
field. The molecular  or igin o f  this d ipole  potent ia l  is 
unknown;  it could  arise f rom or iented  wate r  molecules, 
f rom carbonyl  oxygens  o r  f rom some o ther  g roup .  If  we 
assume the dipole  potent ia l  o f  the P C / P I P  2 mono laye r  

* We acknowledge that it would be mote correct to write a series of 
Boltzmann relations, one for each charged form (e.g.. valence = 6, 
5. 4 etc.) of neomycin. Joel Cohen (personal communication) 
analyzed this problem and showed that the use of an average 
valence and a single Boltzmann relation to calculate the total 
concentration of polyvalent cation at the membrane solution inter- 
face is surprisingly accurate for potentials less than kT/e = 25 mY. 
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is the same as the PC mono laye r  *, the surface  poten-  
tial due  to charges  is A V ( P C / P l P 2 ) - A V ( P C ) = A A V  
= - 50 mV. Fig. 3 il lustrates tha t  neomycin  reduces the 
magn i tude  o f  this surface  potent ial .  No te  that  10 -~ M 
neomycin  has  a s ignif icant  effect on  the potent ial .  (We 
can  ob ta in  reliable measurements  a t  low neomycin  con-  
cen t ra t ions  using a monolayer  because  there is n o  sig- 
nif icant  loss o f  neomycin  f rom the aqueous  phase  on to  
the monolayer . )  The  curve is the predic t ion  o f  the 
G o u y - C h a p m a n - S t e r n  theory with the same intr insic 
associa t ion cons t an t  used to descr ibe the zeta potent ia l  
da ta ,  105 M - i .  The  theory provides a qt:alitative de-  
scr ipt ion o f  the da ta .  

We also s tudied the effect o f  neomycin  on  the surface  
potent ia l  o f  monolayers  fo rmed with ei ther excess lipid 
o r  with lipids spread  to occupy  a n  average a rea  o f  0.52 
n m  2. W e  ob ta ined  s imilar  results in bo th  cases, an  
observa t ion  cons is tent  with ou r  surface  pressure mea-  
surements  tha t  indicate  the min imum area  occupied  b y  
a lipid in these monolayers  is > 0.52 nm 2 (da t a  not  
shown).  The  surface  potent ia l  o f  these PC monolayers  
was  AV(PC) = 450 mV, which agrees with the range  o f  
values in the l i terature  [71-73] .  The  surface  potent ia l  o f  
these P C / P I P ,  monolayers  was  AV(PC/PIP2)=395 
mV. Thus ,  decreas ing  the surface  a r e a / l i p i d  f rom 0.66 
to a b o u t  0.52 n m  2 p roduces  a relatively large ( 3 5 - 4 0  
mV) change  in AV(PC) a n d  AV(PC/PIP2) but  a rela- 
tively small  (5 mV) change  in AAV = - 5 5  mV. Fur the r -  
more,  neomycin  h a d  a s imilar  effect o'~ the surface  
potent ia l  o f  the two P C / P I P ,  monolayers  (Fig. 3), a 
result  cons is tent  with ou r  hypothesis  tha t  neomycin  
forms 1 : 1 complexes  with PLP,. 

Discussion 

O u r  results con f i rm the previous observat ions  of  
Schach t  a n d  his co-workers  tha t  neomycin  b inds  with 
high aff ini ty  to PIP:.  The  electrophoret ic  mobil i ty  re- 
sults i l lustrated in Fig. 1 suggest  tha t  neomycin  forms 
a n  e lect roneutra l  complex  with P I ~ ;  high concen t ra -  
t ions o f  neomycin  cause  the mobi l i ty  to a p p r o a c h  zero 
asympto t ica l ly  a n d  d o  not  reverse the charge  o n  the 
vesicles. We can  descr ibe  the d a t a  ob ta ined  with vesicles 
fo rmed with different  P C / P I P  2 rat ios (Fig. 1) with the 

* We assumed the dipole potential of the PC and Ihe PC/PIP: 
monolayers were identical to deduce that the charges on PIP, 
produced a diffuse double layer potential of -50  inV. We checked 
this assumption in the following manner. We know that high 
concentrations of neomycin reduce the zeta potential to zero (Fig. 
1). Thus the change in the surface potential above a monolayer 
produced by high concentrations of neomycin should equal the 
initial value of the diffuse double layer potential produced by the 
charges on PIP:. We obtain the same number using both ap- 
proaches about -50  mV for a PC/PIP, monola~er with 17 mol~ 
PIP., (see Fig. 3), which supports our assumption that this con- 
centration of PiP, doe_ ~ not. significantly affect the dipole potential 
of a PC membrane. 
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Gouy-Chapman-Stem theory using the same value for 
the 1 : 1 neomycin :PlPe intrinsic association constant, 
105 M -1. Thus our results are consistent with our 
assumption that neomycin forms a 1:1 complex with 
PIP 2. A recent N MR study is also consistent with this 
assumption [741. In contrast, zeta potential meagure- 
ments suggest neomycin hinds in a co-operative manner 
to monovalent anionic lipids such as phosphati- 
dylinositol, PI, I39]. Similar results were obtained with 
phosphatidyiserine~ PS, and phosphatidylglycerol, PG 
(data not shown). The binding of neomycin to PC/PI ,  
PC/PS, and P C / P G  vesicles depends on the surface 
concentration of monovalent negative lipid in the ves- 
icle and the results imply that one neomycin forms a 
positively charged complex with more than one nega- 
tively charged fipid [39]. 

We used two different techniques to study the bind- 
ing of neomycin to PIP e because different artifacts arise 
in making electrophoretic mobility and monolayer 
surface potential measurements. For example, the effect 
of  neomycin on the surface potential of  the PC/PIP  e 
monolayer (Fig. 3) could be due to neomycin changing 
the dipole rather than the double layer potential. How- 
ever, the electrophoretic mobility does not respond to 
changes in the dipole potential and similar results were 
obtained with mobility measurements (Fig. 1). 

The slopes of the data points in Figs. 1, 2 and 3 agree 
with the values of  the slopes predicted by the Gouy- 
Chapman-Stern theory. This agreement implies that no 
significant discreteness-of-charge or Esin-Markov effect 
occurs [48]. Of course, our model is highly oversim- 
plified. A more sophisticated model would account for 
the binding of hydrogen and potassium ions to PIP 2 [58] 
and the competition between neomycin and these ions 
for binding sites on PIP e . Furthermore, the charges on 
the monoester groups of PIP e might not be at the 
membrane/solut ion interface and the finite size of 
neomycin should be considered in a more realistic model 
[75]. In the absence of detailed molecular information 
about these parameters, the simple Gouy-Chapman- 
Stem model would appear to provide the best available 
description of the adsorption of neomycin to PiP2 in 
bilayer membranes. 

What is the relevance of our results to cell biologists 
and biochemists interested in the generation of second 
messengers from PiP e in biological membranes.'? PS and 
other anionic phospholipids produce a negative electro- 
static potential at the cytoplasmic surface of most 
plasma membranes. For example, the human erythro- 
cyte has about 30~ PS on its inner monolayer. PS 
should produce a surface potential between - 3 0  and 
- 60 mV (see Eqn. 2), depending on the free concentra- 
tion of magnesium [54] and spermine [76] in the cyto- 
plasm. A recent study suggests the surface potential of 
the cytoplasmic leaflet of the human erythrocyte is - 40 
mV under physiological conditions [53]. We anticipate 

that the cytoplasmic leaflet of  most biological mem- 
branes will have a surface potential more negative than 
- 1 5  mV. These surface potentials will attract neomycin 
ions, which have a valence > 4 at pH 7, to concentra- 
tions that are at least one order of magnitude higher 
than the bulk aqueous concentration (see Eqn. 4). PIP e 
is present only at trace concentrations (about 1~ in 
human erythrocytes) in the plasma membranes of most 
cells and the binding of neomycin ( < 10 -4 M) to PIP e 
will not significantly change the charge density and 
surface potential of  these membranes. In other words. 
the charge density and surface potential of the erythro- 
cyte membrane are determined mainly by the surface 
concentration of the monovalent anionic lipid phos- 
phatidylserine ({PS}). Low concentrations of neomycin 
( <  10 -4 M) will not affect {PS} significantly. Thus, if 
all the PIP z in a biological membrane is free, one should 
be able to describe the adsorption of low concentrations 
of neomycin to PIP2 with a simple Langmnir adsorptic.: 
isotherm. Eqn. 3. Of  course, the surface potential of  
these membranes will affect the adsorption, as indicated 
by the combination of Eqns. 3 and 4. If the surface 
potential is - 1 5  mV, 10 -6 and 10 -5 M neomycin 
should bind 50~ and 90~, respectively, of the PIP 2 in 
the plasma membrane and might be expected to inter- 
fere with the turnover of PIP 2 and the generation of 
second messengers. In platelets, 10 -5 M neomycin does 
interfere with the production of second messengers [35]. 
In mast cells and sea urchin eggs, however, 100-fold 
higher concentrations of neomycin are required [36,37]. 

It is not clear why high concentrations of neomycin 
are required to block the turnover of PIP e in many 
plasma membranes. One possible explanation is that 
most of  the PIP 2 in these biological membranes is 
bound to positively charged regions of intrinsic proteins 
that are close to the membrane, / solution interface. There 
are several independent, albeit indirect, lines of support 
for this explanation. First, a simple electrostatic calcula- 
tion indicates that a strong association should occur 
between PIP2 and the positively charged regions of 
proteins (McLaughlin, unpubfished). More importantly, 
Anderson and Marchesi [77] observed experimentally 
that PIP 2 binds to giycophorin, which has several posi- 
tive residues near the cytoplasmic surface of the mem- 
brane. Furthermore, most of the PIP 2 in erythrocytes 
[78] and WRK-1 mammary tumor cells [79] is somehow 
compartmentalized in a metabolically inactive pool and 
Muller et al. [78] suggested i'~ may be bound to proteins. 
Finally, we (McDaniel, Hubbell and McLaughlin, un- 
published) have attached covalently a fluorescent probe 
onto PIP e and demonstrated that membrane-bound, 
cationic, molecules associate with PIP e. Thus, the avail- 
able evidence is consistent with a hypothsis that much 
of the PiP 2 in plasma membranes is associated electro- 
statically with positive regions of intrinsic proteins. The 
biological significance of any electrostatically induced 
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