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S U M M A R Y  

When hemocyanin is added to a black lipid film, the conductance increases 
in discrete steps. For negative potentials the single step conductance is constant, 
but for positive potentials the step conductance appears to decrease as the potential 
increases. At high positive potentials the conductance fluctuates between several 
levels. These data suggest that, in lipid membranes, hemocyanin conducts ions through 
discrete channels. The voltage-dependent conductance observed at high levels of 
conductance seems to be a consequence of the properties of the conductance of the 
single channel. 

Hemocyanin is the characteristic blood pigment of gastropods, cephalopods, 
molluscs and crustaceans. Its molecular weight is greater than 1 000 000 and it carries 
copper atoms that combine with oxygen [1, 2]. It has been shown that this substance 
causes dramatic changes in the electrical properties of black lipid films. Electrical 
conductance increases as much as six orders of magnitude and is voltage depen- 
dent [3]. 

Excitability-inducing material, a protein of still unknown structure [4], and 
the polypeptide antibiotic alamethicin [5] also induce voltage-dependent conduc- 
tances when interacting with lipid membranes. In both cases, this voltage-dependent 
conductance arises via independent statistical units called channels or pores [6-9]. 

The voltage dependence of the excitability-inducing material and the alame- 
thicin conductances are similar to the voltage dependences of comparable parameters 
for natural electrical excitation. These characteristic shapes seem to be a feature of 
all electrical excitation processes. 

In this paper, we examine the nature of the voltage-dependent conductance 
induced in thin lipid films by hemocyanin. 

All experiments were done in oxidized cholesterol membranes formed using 
the brush technique [10]. KCI solution (0.1 M) buffered at pH 7 was used in all 
the experiments. Lyophilized keyhole limpet hemocyanin, 99.9 % pure, was purchased 
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from Calbiochem, dissolved in 0.1 M KC1, pH 7, at a final concentration of I mg/ml 
and stored at 4 °C. Membrane potential was measured with a pair of Ag/AgCI 
electrodes connected to a high input impedance differential amplifier. Another pair 
of electrodes was used to provide and to measure current. The sensitivity of the 
current-measuring circuit was up to 10 pA/V. The system is capable of responding 
to a step current change of 10 pA in 1 ms. For higher currents the response time was 
proportionally shorter. Positive potentials are defined to correspond to cation flow 
into the compartment containing hemocyanin. 

When small amounts of hemocyanin are added to an oxidized cholesterol 
membrane the current increases in discrete steps. When one side of the membrane is 
held at 100 mV negative with respect to the hemocyanin-containing side, lower trace 
of Fig. 1, the value of the unit conductance step is 2 • 10-1 o f2-1. The upper trace in 
Fig. 1 is the current recorded when the membrane potential is held at ÷100 mV. 
There are two significant differences between this record and the one shown in the 
lower part of Fig. I. The first is that the unit conductance step has a smaller value, 
approx. 0.9 • 10-1 o ~-~-1 The second difference is that the conductance relaxes back 
through intermediate levels of conductance. At low positive polarizations, interme- 
diate levels of conductance are seldom seen and behavior is similar to the lower trace 
of Fig. 1. Conductance of the formation step (the conductance change indicated by 
the arrows in Fig. 1) was measured at different potentials. In 0.1 M KC1 and for 
negative potentials, current increases linearly with potential and an average conduc- 
tance of (2.04-0.2) • 10-1 o O- 1 for the hemocyanin unit was calculated. For positive 
potentials, the apparent conductance of the formation step decreases as potential 
increases (see Fig. 3A). 

When large amounts of hemocyanin have been incorporated into the black 
lipid film, the current response to step changes in potential can be examined at high 
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Fig. 1. Current steps arising when small amounts  of  hemocyanin are added to a bilayer. Hemo- 
cyanin concentration, 2 • 10-8 g/ml. Upper trace was obtained at q- 100 mV, lower trace was obtained 
at --100 mV. In the upper trace, formation steps of  approx. 9 pA are seen, followed by small on-off 
steps. The lower trace shows two larger formation steps of  approx. 20 pA. Membranes were formed 
in 100 mM KC1, pH 7. Temperature,  26 °C. 
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Fig. 2. The response of  the hemocyanin-induced current in a membrane containing a large amount  of  
hemocyanin when the potential is suddenly changed from zero to -:20, ±40,  ! 60. ± 8 0  and ~ 100 
mV. Hemocyanin concentration, 2 • 10 -6 g/ml. 

levels of conductance. This is shown in Fig. 2 for both positive and negative poten- 
tials. Conductance remains constant in the negative potential range. After a sudden 
change of potential, the current at the very beginning of the pulse is smaller for 
positive than for negative potentials. For potential higher than ~ 30 mV, steady-state 
conductance in a membrane with many hemocyanin units is generally obtained between 
3 and 4 min after the potential is applied. If  the current is measured at these times, 
the current vs voltage curves show the characteristic negative resistance which was 
first described by Pant and Conran [3]. This region always appears in the positive 
quadrant between --30 and +70  mV. 

Fig. 3A shows the voltage dependence of the relative conductance of the 
hemocyanin formation step. Relative conductance remains constant at negative 
potentials and decreases as the potential increases. Fig. 3B shows the voltage depen- 
dence of the relative conductance in a membrane with many hemocyanin units. 
Conductances are measured at different times after the potential steps are applied. 
When negative potentials are applied the relative conductance remains constant, but 
for positive potentials a time-variant, voltage-dependent conductance is seen. 

The experimental value of 2- 10-10 O-1 for the maximum conductance of the 
hemocyanin unit in 0.1 M KCI corresponds to a flow of about 1.2. 108 ions/s across 
the membrane for a driving force of 100 mV. By comparison, the transport rate of the 
complex formed by K + and a valimomycin carrier is 2 • 104 ion/s [11]. Thus the ion 
fluxes are too large to be accounted for by a carrier mechanism. This indicates that 
the increase in membrane conductance when hemocyanin is added to the bathing 
solution results from the formation of channels through the membrane. 

Further conclusions about the properties of the hemocyanin channel can be 
drawn for Figs 3A and 3B. Similarity of the single-channel and many-channel 
conductance vs voltage curves at 2 ms indicate the independence of separate channels. 
The instantaneous conductance in many-channel membranes is voltage independent, 
indicating that the maximum conductance state of the channel is ohmic. The channel 
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Fig. 3. (A) Voltage dependence o f  the  relative conductance  o f  the hemocyan in  fo rmat ions  steps. 
For  negative potentials,  the step height  is a linear funct ion  o f  m e m b r a n e  potential .  A regression line 
was calculated us ing the least squares  method.  Relative conductance  is the ratio o f  the observed step 
height  and  the  conduc tance  calculated f rom the regression line. At  least 10 steps were measured  
at  each m e m b r a n e  potential .  The  solid line connect ing the  points  is the  2-ms curve shown  in B. T ime 
response o f  the  current  measur ing  sys tem 1 ms.  (B) Voltage dependence o f  the relative conductance  in 
a m e m b r a n e  with m a n y  hemocyan in  channels.  Conductances  were measured  at the  t imes indicated 
in the figure. Relative conductance  is defined as the ratio o f  the observed conductance  and  the average 
conduc tance  obtained at negative potentials.  The  charging t ime o f  the  circuit was 10/~s. 

must be undergoing fast conductance transitions from maximum to intermediate 
levels of conductance when positive potentials are applied. This can explain the shape 
of  the conductance vs voltage curve shown in Fig. 3A. These fast transitions will be 
not seen in the single channel measurements due to bandwidth limitations of the 
current-measuring system. Although the number of levels and their voltage depen- 
dences have not yet been adequately resolved, at later times, for positive potentials, 
the channels assume different lower conductance levels (cf. Fig. 1). The transitions 
to these lower levels is responsible, at least in part, for the decrease in conductance 
with increasing potential shown in Fig. 3B for many-channel membranes. 
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Al though  appa ren t  similari t ies exist between the exci tabi l i ty- inducing materiar  
and  the hemocyanin  character is t ics  in black lipid films, there can be no question that  
their  modes  o f  ac t ion are quite different in several respects. (a) F o r  hemocyanin  (Fig. 3A ) 
the conductance  vs vol tage curve at 2 ms is s t rongly voltage dependent ,  whereas,  under  
identical  condi t ions ,  the current  vs voltage re la t ionship for the single exci tabi l i ty-  
inducing mater ia l  channel is ohmic  [6]. (b) The early current  rectification shown in 
Fig. 2 is not  present in exci tabi l i ty- inducing mate r i a l -doped  membranes .  (c) Fo r  
s teady-s ta te  measurements ,  exci tabi l i ty- inducing mater ia l  shows two well defined 
negative resistance regions,  for  both  posit ive and negative potent ia ls  [12]. Hemo-  
cyanin,  on the other  hand,  has only one negative resistance region (for positive poten-  
tials). Fo r  negative potent ials ,  the conduc tance  is cons tant  over the complete  voltage 
range tested (Fig. 3B). (d) The hemocyan in  channel  conductance  saturates  at high 
electrolyte concent ra t ions  (0.8-1 M KCI),  in cont ras t  to the exci tabi l i ty- inducing 
mater ia l  channel  where the conductance  increases l inearly with concent ra t ion  up to  
1 M KCI [13] (Latorre ,  R., Alvarez,  O. and  Diaz,  E., unpubl ished results). 

A quest ion may be asked regarding  the puri ty  o f  the hemocyanin  p repara t ion ,  
and  if the hemocyanin  itself is the active componen t  or  if a con taminan t  at the level o f  
0.1 ~ is causing the conductance  changes. Current ly  we have obta ined  identical  
conductance  characteris t ics  for  the hemocyanin  channel  using three different commer-  
cial batches.  Fur the rmore ,  hemocyan in  ob ta ined  by direct crystal l izat ion from snail 
b lood has given the same results. This is noteworthy,  since the b lood of  inver tebrates  
does not  contain  apprec iab le  amoun t s  o f  o ther  proteins.  
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