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Incorporation of Megatura crenulata hemocyanin into planar phospholipid bilayers results in the formation 
of ionic channels whose conductance can be directly measured. We have studied the effects of the pH on the 
electrical properties of these channels in the presence both of a K2SO 4 solution, at high and low 
concentration, and of a KCI one. We have found that the conductance of the channel depends on the proton 
concentration following a positive titration curve, i.e., increasing sigmoidally with the pH at all the 
concentrations used; at any given pH, it additionally increases sublinearly with the concentration of the salt. 
The sublinear conductance-concentration dependence can be reverted to an almost linear one by the addition 
of suitable amounts of an indifferent cation such a tetramethylammonium to keep the ionic strength constant. 
The current-voltage curve of the channel, which is strongly voltage-dependent, is shifted along the voltage 
axis towards negative values by an increase in the proton concentration. Calcium ions have similar effects. 
The selectivity of the channel for cations over anions is strongly pH-dependent in the case of a KC! solution, 
being lost at pH 4.5, but is almost invariant in a K2SO 4 solution. All experimental results are interpreted 
assuming the existence of a mechanism of voltage gating of the channel and of discrete negative charge fixed 
near its mouth. This charge can be neutralized by specific binding either of H + or of Ca 2+ ions. The 
dissociation constants from the channel found for these two ions are consistent with those given in the 
literature for the hemocyanin protein and indicate that carboxyl groups a n d / o r  histidines are involved in 
forming the negative charge of the pore. 

Introduction 

Megatura crenulata hemocyanin is a well-known 
and well-studied pore former. Despite the obscure 
physiological implications of this property, if any, 
it is now well established that hemocyanin, the 
oxygen transporter in many phila of invertebrates, 
can form ionic channels through black lipid mem- 

* To whom correspondence should be addressed. 
Abbreviations: Bistris, 2-[bis(2-hydroxyethyl)amino]-2-(hy- 
droxymethyl)propane-l,3-diol; Mes, 4-morpholineethane- 
sulfonic acid. 

branes [1,2] as well as unilamellar liposomes of 
large size [3]. Morphological studies have indicated 
that M. crenulata assumes in the presence of lipid 
structures the shape of an annulus with an external 
diameter of about 7 nm and a central pool of stain 
roughly 2 nm wide, which is attached perpendicu- 
larly to the lipid surface and protrudes for about 3 
nm into the external solution [4]. This structure is 
not commonly observed when the protein is in 
solution and is in fact supposed to be characteris- 
tic of the ionic pore. 

The electrical properties of the pore have been 
extensively studied [5-8]; they include a sublinear 
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conductance-concentration relationship, cation 
selectivity and voltage dependence and make this 
pore an interesting model of natural channels oc- 
curring in excitable cells. We have previously pro- 
posed a model for this channel which couples free 
diffusion through the pore, of the type given by 
the Goldman-Hodgkin-Katz (GHK) equation, with 
the effects of a negative charge fixed on the chan- 
nel which produces a local ion concentration quite 
different from that of the bulk [7,8]. On the other 
hand. Cecchi et al. [5,6] have proposed a single-file 
single-ion occupancy three-barrier two-site model 
of the channel which could also predict its electri- 
cal properties. To test whether our hypothesis of a 
negative fixed charge on the pore is tenable, we 
have now studied extensively the effects of the pH 
upon the conductance of the channel, both at high 
and low concentrations. As pointed out by Linde- 
mann [9], a channel obeying the G H K  equation 
with titratable fixed charges at its mouth is always 
expected to show a positive titration curve, i.e., its 
conductance should increase with the pH, while a 
multibarrier multisite pore is expected to show a 
positive titration curve at low channel occupancy 
but a negative one at high values of channel oc- 
cupancy, i.e., in the region of saturation. We have 
indeed found a positive titration curve of the 
hemocyanin channel conductance at all the con- 
centrations used (0.01-0.5 M) and with different 
electrolytes, confirming the idea of a fixed charge 
being present and of G H K  diffusion. 

We have also found that the selectivity of the 
channel for cations over anions decreases upon 
decreasing the pH in the case of KC1 and is lost at 
pH 4.5, i.e., near the isoelectric point of the pro- 
tein. Similar behavior has been observed previ- 
ously by others studying the channel formed by 
porin, the matrix protein from the outer mem- 
brane of Escherichia coli, and attributed also in 
that case to the presence of a negative fixed charge 
on the pore [10,11]. We can show here that our 
model can be successfully used to describe the pH 
and also the Ca2+-dependence of the channel 
properties, assuming that the negative charge is 
composed of binding sites for protons and divalent 
cations. 

We have estimated the dissociation constants 
for these two ions and found pKH+= 5.4 and 
pKc,2+= 2.4-2.7. It is worth noting that a similar 

673 

pH and Ca 2+ control has been observed in the gap 
junctional conductance and that dissociation con- 
stants ranging pKH+ = 7.3 and pKca2~ = 3.25-3.45 
have been estimated for this natural channel 
[12,13]. Even more similar dissociation constants, 
pKH+ = 5.8 and pKca2+ = 2.0-2.6, have been mea- 
sured by Kostyuk and co-workers [14], studying 
the Ca 2+ channel of the mollusc neuron mem- 
brane. We think that, once more, the hemocyanin 
channel proves to be a valuable tool with which to 
explore general mechanisms of transport which 
can be shared by other physiological systems. 

Materials and Methods 

Black lipid membranes were prepared by the 
usual technique [15] on a circular hole, 0.5 mm in 
diameter, drilled in a Teflon septum separating 
two aqueous solutions. The lipids used were either 
saturated egg phosphatidylcholine (PC) more than 
99% pure, purchased from P.L. Biochemicals, or a 
mixture of this phosphatidylcholine with bovine 
brain phosphatidylserine, Gold Label from 
Calbiochem, P C/P S  2 : 1 (w/w); both lipids were 
dissolved in n-decane to a final concentration of 
45 mg/ml.  Electrolytes were prepared from twice- 
distilled water using the best grade reagents availa- 
ble from Carlo Erba, they were buffered either by 
5 mM Tris-H2SO 4 for pH values ranging from 6 
to 8 (buffer A), by 5 mM Mes-KOH, for pH 4-6  
(buffer B), or by 10 mM Bistris-HC1 in the experi- 
ments where chloride salts were used (buffer C). 
Tris, Mes and Bistris were all purchased from 
Calbiochem. Small amounts of EDTA were also 
present to eliminate traces of divalent cations, 
which strongly interact with the channel [7]; in the 
experiments with CaSO 4 the concentration of Ca 2 ÷ 
given is that in excess of the EDTA present. M. 
crenulata hemocyanin, Calbiochem A grade, nomi- 
nally 100 mg/ml,  was stored at - 2 0 ° C  in 50% 
glycerol. Before each experiment it was diluted to 
10 mg/ml  and dialysed overnight against the bath 
solution. Small amounts of this sample were added 
to one compartment only, cis side, at least 15 min 
after complete blackening of the membrane, to a 
final concentration ranging from 1 to 10 /~g/ml, 
depending on the concentration and the pH of the 
solution. Two AglAgC1 electrodes were used to 
apply voltage and to measure membrane current; 
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they were connec ted  to the solut ions through agar  
br idges  conta in ing  2 M KC1. Current  f lowing 
through the membrane  was conver ted  to vol tage 
by a virtual  g round  opera t iona l  ampl i f ier  ( A D  515 
K) with a 1 • 10 8 $2 resistor  in paral le l  to a 2 p F  

capac i to r  in the feedback loop, and  recorded on a 
x-t strip chart  recorder.  App l i ed  voltages, which 
were c lamped  by  the vir tual  g round  configurat ion,  
had  the cis compar tmen t  as the reference, and 
currents  were def ined posi t ive when cat ions  flowed 
into the same compar tment .  Exper iments  were 
pe r fo rmed  at room temperature .  

Single channel  conduc tance  was evaluated by  
the height of the current  steps observed at a f ixed 
voltage (usually - 4 0  mV) dur ing the incorpora-  
t ion of  the first 10 -60  channels.  Ins tan taneous  
current -vol tage  curves were ob ta ined  apply ing  
short- l ived voltage pulses (dura t ion  0.3-0.5  s) of  
different  ampl i tudes ,  s tar t ing f rom a zero rest ing 
potent ia l .  The ra t ionale  for these procedures  and 
the correct ions  needed to take into account  the 
format ion  of  new channels  dur ing the measure  
have been fully descr ibed in previous works [7,8]. 
Several (2 -5 )  1 / V  curves were recorded dur ing  
each exper iment  and  then averaged. The experi-  
ments  were repea ted  two to four  times. Selectivity 
exper iments  were pe r fo rmed  as follows: a b lack  
l ipid membrane  was p repared  separa t ing  two sym- 
metrical ,  low-concent ra t ion  solutions;  the con- 
cent ra t ion  of the trans compar tmen t  was then 
raised and hemocyan in  was added  to the cis corn- 
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Fig. 1. Instantaneous current-voltage curves of a hemocyanin 
channel at different pH values of the solution. In the inset are 
shown the corresponding conductance-voltage curves. Symmet- 
rical solutions containing different K2SO 4 concentrations have 
been used: (a) 10 mM, (b) 50 mM and (c) 500 mM; they were 
buffered using either buffer A (open symbols), or buffer B 
(closed symbols). Membranes were comprised of a 2 : 1 PC/PS 
mixture. Each curve is the mean of 2-5 I/V tests obtained 
during the same experiment. Solid lines are drawn according to 
the two-state model, Eqns. 1 and 2, with I = G. V. The values 
of the four parameters GA, GB, Zg and V 0 for a best fit were 
found by a least-squares procedure and used to build up Figs. 
2, 3 and 8. 

pa r tment ;  voltage ramps  were appl ied  to the mem- 
brane  and the I / V  curve was recorded on a X-Y 
p lo t te r  dur ing the incorpora t ion  of the prote in;  



curves recorded at successive times had increasing 
slopes due to the insertion of new channels during 
the course of the experiment; their intercept indi- 
cated the point at which I = O. The abscissa of this 
point, with respect to that in the absence of the 
membrane,  obtained by breaking the black lipid 
membrane at the end of the experiment, was called 
the reversal or zero-current potential. 

Results 

Instantaneous current-voltage (I /V) curves of 
hemocyanin-doped membranes bathed by a sym- 
metrical KzSO 4 solution are shown in Fig. 1 as a 
function of the pH and for three different con- 
centrations of the electrolyte. The I /V  curves have 
been obtained with membranes containing many 
channels, but for the presentation in the figure 
they have been scaled to the current that would 
flow through a single channel, making use of the 
single-channel current measured at a fixed voltage 
by the height of the incorporation steps. The pro- 
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cedure to obtain these I /V  curves is given in 
Materials and Methods and has been described in 
great detail in previous works, also [7,8]. Each I /V 
curve is markedly non-linear and is also pH-de- 
pendent; in fact, increasing the pH has the effect 
of increasing the slope of the curve in the negative 
voltage region. This behavior is qualitatively the 
same at all three KzSO 4 concentrations, but com- 
paring curves at the same pH one can notice that 
the slope in the third quadrant increases also upon 
increasing the electrolyte concentration. Conduc- 
tance-voltage (G/V) curves corresponding to the 
same experiments are shown in the inset of each 
panel. The G/V curves show in each case a typical 
sigmoidal shape, which allows us to extrapolate 
two asymptotical conductance values for the he- 
mocyanin channel, one for high negative voltages, 
which we call GA, and one for high positive poten- 
tials, G a. One can see from Fig. I that both these 
values decrease when the pH is decreased at a 
constant K : S O  4 concentration, and that they in- 
crease with the salt concentration at a constant 
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Fig. 2. High and low conductance of the hemocyanin channel, G A and GB, obtained extrapolating from the G/V curve at high 
negative and high positive applied voltages, respectively. They are plotted as a function of the K2SO 4 concentration for different 
values of the pH of the solution. Each point is the mean value+ S.D. out of 2-4 different experiments like those shown in Fig. 1. 
Buffers used were either buffer A, (open symbols) or buffer B (closed symbols). Half-filled symbols are means of experiments done 
with both buffers. Membranes were comprised of the PC/PS mixture. Solid lines are drawn according to the electrostatic model, 
Eqns. 3 to 8. The values of the parameters which have been used are: ~rr2/I = 3 pm; a(A) = 0.41 nm; a(B) = 0.53 nm; N = 3.8; 
pKH+ = 5.4. 
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Fig. 3. High and low conductance of the hemocyanin channel, G A and G B respectively, as a function of the pH of the solution at 
different values of the K2SO 4 concentration. Open, half-open and closed symbols and all other experimental conditions as for Fig. 2. 
Solid lines are drawn according to Eqns. 3-8  with the parameters given in Fig. 2. 
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Fig. 4. Instantaneous I /V  and G/V curves of a hemocyanin channel. (a) Experimental conditions as for Fig. lb, except that 
membranes  were comprised of pure PC. Open and closed symbols for buffers A and B, respectively. (b) Same as part a but using 100 
m M  KCI buffered by buffer C as bathing solution. Membranes were comprised of PC/PS.  Solid lines in both parts are least-squares 
adaptations of Eqns. 1 and 2, and the parameters found are plotted in Figs. 5 and 9. 
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Fig. 5. High and low conductance of the hemocyanin channel, G A and G a, respectively, as a function of the pH of the solution either 
for a PC membrane bathed by 50 mM  KESO 4 (a) or for a P C / P S  membrane bathed by 100 m M  KCI (b). Experimental conditions are 
the same as for Fig. 4. Solid lines are drawn according to the electrostatic model, Eqns. 3-8,  with the parameters reported in Fig. 2. 

pH. The values of G A and G B are shown in Fig. 2 
as a function of K 2SO4 concentration for different 
pH values. Both increase nonlinearly with the con- 
centration, showing a decreasing slope; in all cases, 
the conductance is higher, the higher the pH. 
Conversely, in Fig. 3 we have presented the same 
two quantities as a function of the pH, for the 
three concentrations used. At all salt concentra- 
tions they show a sigmoidal dependence on the pH 
of the solution which is reminiscent of a simple 
titration curve. The experiments presented until 
now have been performed using membranes com- 
prised of a P C /P S  mixture, which are negatively 
charged. To investigate whether the black lipid 
membrane surface charge has an effect on the 
hemocyanin channel conductance, we have re- 
peated the experiments at the intermediate con- 
centration also using membranes comprised of pure 
PC, which should be neutral. I / V  and G~ V curves 
obtained in this way at different pH values are 
shown in Fig. 4a. They follow the same qualitative 
behavior of the preceding experiments, and a com- 
parison with Fig. 1, panel b, indicates that no 

substantial change is introduced by the surface 
charge of the membrane. As a control, the same 
type of experiments have been performed also 
with a KC1 solution (Fig. 4b) using PC/PS  mem- 
branes, to investigate the possible effects of the 
different anion. Once more, S-shaped G/Vcurves 
resulted and the conductance was shown to be 
dependent on the pH of the solution, decreasing 
when this was decreased at every applied voltage. 
The two asymptotical conductance values, G A and 
G B, are reported in Fig. 5 both for the case of a 
the KESO 4 solution with neutral, PC, membrane 
and for the case of the KCI solution with the 
charged, PC/PS,  membrane as a function of the 
pH. In all cases, they depend on the pH in a way 
which is quite similar to that already shown in Fig. 
3. 

In order to understand the role of the ionic 
strength in determining the conductance-con- 
centration relationship we have studied the hemo- 
cyanin channel in PC membranes at a fixed pH 
(7.0) in the presence of varying amounts (0.01-0.2 
M) of K2SO 4 either alone or with the addition of 
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GA (circles) and GB (squares) as a function of the K2SO 4 
concentration either in buffer A alone, empty symbols, or in 
buffer A plus amounts  of te t ramethylammonium sulfate to 
keep the SO 2 -  concentration constant at 0.2 M (filled sym- 
bols). Membranes were comprised of pure PC, other experi- 
mental conditions as in Fig. 2. Solid lines are drawn according 
to the electrostatic model, Eqns. 3-8, with the parameters listed 
in the legend of Fig. 2. 

enough tetramethylammonium sulfate to keep 
constant the SO42- concentration to 0.2 M. Tetra- 
methylammonium sulfate has been chosen because 
both ion species in this salt are almost impermeant 
through the channel; we have indeed measured a 
maximum pore conductance of 5 pS in the pres- 
ence of 0.2 M tetramethylammonium sulfate, in 
good agreement with the value of 1.8 pS reported 
by Cecchi et al. [16] for the case of 0.05 M 
tetramethylammonium sulfate. The results of these 
experiments are shown in Fig. 6. As in the case of 
PC / PS  membranes, the conductance concentra- 
tion curve is strongly sublinear in the presence of 

Fig. 7. Instantaneous G/V curves of a hemocyanin channel 
under the same experimental conditions as in Fig. la,  but  with 
different amounts  of C a S e  4 added symmetrically to the bath- 
ing solutions: (a) 0.25 mM; (b) 0.5 mM; (c) 9 mM  and for two 
values of the pH: 5.0 and 7.0. Open symbols, buffer A; closed 
symbols, buffer B. Solid lines are least-squares fit of the 
two-state model, Eqns. 1 and 2; the best fit parameters are 
plotted in Fig. 10. 
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K 2 S O  4 alone, but is converted to an almost linear 
one by the addition of the indifferent cation, tetra- 
methylammonium. 

In order to see whether the pH can also affect 
the selectivity of the channel between anions and 
cations, we have measured the reversal potential of 
hemocyanin-doped membranes placed between 
asymmetrical solutions both of K2SO 4 and of KC1 
at different pH values. The results, obtained fol- 
lowing the procedure given in materials and Meth- 
ods, are reported in Table I. A negative voltage, 
corresponding to a substantial cation selectivity, 
has been measured in the case of the K2SO 4 
solution, which was almost independent of the pH, 
whereas in the case of the KC1 solution a negative 
value was found at pH 7.0 but decreased upon 
decreasing the pH, becoming practically zero at 
pH 4.5. Finally, we have performed experiments 
adding small amounts of CaSO 4 to a 10 mM 
K2SO 4 solution in which P C / P S  membranes have 
been prepared. We have then added hemocyanin 
and we have recorded single-channel conductance 
and instantaneous I / V  curves. The relative G / V  
curves, normalized to the single-channel conduc- 
tance, are shown in Fig. 7 for three different C a  2 + 

concentrations. It  was found that even small 
amounts of Ca 2+ can depress the channel conduc- 
tance, for example, 0.25 mM Ca 2+ reduces the 
maximal conductance of the channel to about 
one-third of its normal value (compare Figs. 1 and 
9). Even when divalent cations are present, the pH 
exerts its control on the channel conductance, as 
can be seen comparing the G / V  curves obtained at 
pH 7.0 and those at pH 5.0: in all cases the 
conductance is lower the lower the pH. 

Discussion 

To explain the nonlinearity of the I / V  curve of 
the hemocyanin channel and its dependence on 
the composition of the bathing solution, a model 
has been previously proposed by us [7] which 
assumes that the channel bears a negative fixed 
charge near its mouth, that it possesses two con- 
formations in an electric field and that ions diffuse 
freely through it. The model has then been com- 
pleted [8], in order to explain the effects of Tb 3+ 
and Ca 2+, which are well known ligands of this 
protein, including in it the possibility of specific 
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binding of certain cations to the channel. We will 
show here that this same model, after proper adap- 
tations, can explain also the findings presented in 
this paper. 

The two-state model 
The first assumption we make, in order to ex- 

plain the sigmoidal shape of the G~ V curve of the 
pore, as shown in Fig. 1, is that the channel can be 
described by a simple two-state gating model, of 
the type discussed, for example, in Ref. 17; in this 
case the conductance, G, of the channel can be 
written: 

G ( v )  = c .  + [ c A -  C . ] p ( V )  (1) 

with 

p(V) = 1/[1 = exp z~e(V- Vo)/kT ] (2) 

where G A and G a are the conductances of the 
channel in the states A and B, respectively, Zg is 
the valence of the gating charge, e is the elemen- 
tary charge, V the applied voltage, p represents 
the probability of occupancy of state A, and V 0 is 
the inflection voltage of the sigmoidal conduc- 
tance, i.e., the potential at which p = 1/2.  

We have used a two-state model for the channel 
even if we could not resolve discrete fluctuations 
between the two conformations because, as pointed 
out by Lai~ger [18], proteic channels are able to 
undergo very fast conformational transitions, with 
lifetimes in the picosecond to nanosecond range, 
well beyond the time resolution of electrophysio- 
logical measurements. In such a case, only a time- 
averaged conductance can be observed at any ap- 
plied voltage. 

We have fitted our experimental G / V  curves to 
Eqns. 1 and 2 and we have obtained the best 
values of the four parameters GA, GB, zg and V 0 
by a least-squares procedure. It is found that all 
these parameters depend upon the electrolyte com- 
position, i.e., pH, concentration and ionic com- 
position of the solution. It is our aim in the 
following to discuss these variations and to de- 
scribe them in terms of simple models. 

GA and GB: the electrostatic model 
As we have previously indicated [7,8], the cation 

selectivity, see Table I, sublinear conductance-con- 
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centration curve (Fig. 2) and pH-dependence (Fig. 
3) of the hemocyanin channel suggest that a nega- 
tive charge fixed on the protein plays an important 
role in its conductance properties. We can con- 
sider the channel as a cylindrical pore of radius r 
and length l filled with aqueous solution where 
ions can move as in the bulk, but whose mouths 
are placed at the surface of a macroion, the chan- 
nel itself, which bears a net fixed charge, Q. In this 
case, we have a concentration of ions at the pore 
mouth which is quite different from that in the 
bulk, counterions being in large excess over coions. 
Accordingly, the channel conductance can be writ- 
ten as [19]: 

~r  2 
G,~ = ~ G i ( a  ) = Y ~ - w i z i e C i L ( a ) ~ , , L ( a )  (3) 

i i 

where the index i identifies all the ion species 
present in the solution, the final conductance being 
the sum of the contributions due to each ion 
species; r and l have been defined above; w, and 
z~ are the conventional mobility and the valence of 
the ion species i; C~L and ~',L are the local con- 
centration and local activity coefficient of the ion i 
at the pore mouth. The index, a, can be A or B, 
and consistently Eqn. 3 represents the conduc- 
tance of the channel in state A or B. 

TABLE I 

HEMOCYANIN C H A N N E L  SELECTIVITY 

Reversal potential, Vr¢ v, of the hemocyanin channel under 
asymmetrical solution conditions; trans-side activity higher 
than the cis-side one. Experiments were performed using 
P C / P S  membranes bathed either by KzSO 4, two left-hand 
columns, or by KCI, the right-hand columns. Experimental 
(exp) values were measured as indicated in Materials and 
Methods, whereas theoretical (theo) values have been calcu- 
lated according to the electrostatic model, by Eqn. 9, making 
use of the parameters listed in Fig. 2. The reversal potential 
corresponding to an ideal cation selectivity would have been 
- 3 4 . 8  mV for the K2SO 4 solution and -49 .5  mV for the KCI 
one. The buffer used is indicated. 

Buffer pH K2SO 4 KCI 

(Vrov)oxp (Vr~v),heo (Vr~v),p ~Vr~),h°o 
A 7.0 - 3 2 + 1  -34 .8  - 3 6 + 2  -46 .5  
A, B 5.8 - 3 0 + 2  - 3 4 . 2  - 2 2 + 3  - 3 9 . 6  
B 4.5 - 2 7 + 3  -31 .1  2 + 3  -10 .8  

To evaluate the local concentration of the ion 
species i, i.e., C~L, one has to take into account the 
surface potential due to the channel charge, which 
we call ~b L, hence: 

CtL (o r )  = Cio e x p ( -  ziet~L(Ol)//kT ) (4) 

where Cio is the bulk concentration of the ion i, k 
and T have their usual meaning and the other 
symbols have been defined above. The local activ- 
ity coefficient, Tic, has also to be evaluated for 
each ion species. To this purpose we have used a 
published general expression for the activity coef- 
ficient of single ion species which is valid up to 
very high concentrations, i.e., eqn. 89 in Ref. 20. 
According to recent studies on counterion con- 
densation at the surface of polyelectrolytes [21,22], 
we have introduced the local ionic strength, defined 
a s :  

I, = '2E C, c zi z (5) 
i 

into the expression for the activity coefficient, to 
achieve a more realistic value. 

The potential, 6c ,  can be calculated using the 
simplest possible expression for it, i.e., the Debye- 
H~ckel potential at the surface of a macroion of 
charge Q [23]: 

Q 1 
~bL(a) = ~ (1 + x a ( o O ) . a ( a  ) (6) 

where c is the dielectric constant of water, X the 
Debye-Hi~ckel coefficient and a is the closest pos- 
sible approach distance between the ions of the 
solution and the charge of the macroion. We have 
allowed the parameter  a to be different in the two 
states A and B, since they correspond to two 
different conformations of the channel. The use of 
the Debye-Hi~ckel expression for the potential, 
Eqn. 6, may be questioned, since we are dealing 
with large local potentials and high local con- 
centrations. Nevertheless, one should notice that, 
despite the severe approximations used to derive 
it, the Debye-Hi)ckel potential has proved to give 
quite accurate predictions on the properties of 
electrolytic solutions when compared to recently 
developed exact theories, even at very high bulk 
concentrations [24] as well as at high local poten- 
tials. Furthermore, we feel that a search for a 



better expression for the potential, though possi- 
ble, is unnecessary for the point to be made here, 
i.e., that sublinear dependence on the salt con- 
centration, selectivity and pH-dependence of the 
hemocyanin channel conductance can be explained 
by a negative charge fixed on it. 

The decreasing slope of the conductance-con- 
centration relation arises in this model by the 
screening effects of counterions, that is by the 
presence of the coefficient X, which is propor- 
tional to the square root of the ionic strength I L 
[19] at the denominator of Eqn. 6. In fact, increas- 
ing the concentration of the salt decreases the 
potential +e and hence, through Eqn. 4, it de- 
creases the counterion accumulation and the con- 
ductance of the channel with it. The fixed-charge 
model predicts that the conductance-concentration 
relation becomes linear at very high concentra- 
tions. This is exactly what we have observed in a 
previous work using high concentrations of mono- 
valent cations [7]. Additional evidence for the 
fixed-charge model comes from the experiment in 
Fig. 6, where it is shown that buffering the ionic 
strength with an indifferent cation such as tetra- 
methylammonium has also the effect of linearizing 
the conductance-concentration curve. 

We introduce now the pH-dependence in the 
conductance, G, just by assuming that the fixed 
charge, Q, on the channel is composed of a certain 
number of equal sites which can bind protons 
from the solution becoming neutralized. In this 
case we have: 

Q = Q t o t / ( 1  + [ H  + ]/KH +) ( 7 )  

with 

Q,o,  = - N .  e (8) 

where N is the number of negative monovalent 
sites, e is the elementary charge and KH÷ is the 
dissociation constant of the proton from the sites. 
Combining now Eqns. 3-8 it is possible to calcu- 
late the conductance of the channel in both states 
A and B as a function of the pH and of the salt 
concentration for a given set of the model parame- 
ters. This has been done, and by matching com- 
puter-generated theoretical lines with the experi- 
mental points of Figs. 2 and 3, we have found that 
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it is possible to describe the hemocyanin channel 
properties at best with the following choice of the 
parameters: ~rr2/ l  = 3 pm; a (A)=  0.41 nm; a(B) 
= 0.53 nm; N = 3.8; pKu+= 5.4. It is worth dis- 
cussing briefly here the parameter values that we 
have found. The geometrical factor, ~rr2/ l ,  indi- 
cates a pore radius of about 1 ~,, assuming a 
channel length of 10 nm (a plausible length, since 
the channel protrudes about 3 nm at least in the 
cis solution [4]); this radius is less than that found 
by pore size analysis by Cecchi et al. [16], which 
was 2.1-2.4 A; this discrepancy probably indicates 
only that the mobility, W,, of ions into the channel 
is somewhat restricted compared to the bulk solu- 
tion value we have used in eqn. 3. The two Debye- 
Hi~kel parameters, a(A) and a(B), are both in the 
range typical for electrolytes i.e., 3-5 A, and differ 
one from the other by merely 1.2 ,~, indicating a 
small rearrangement of the sites upon the confor- 
mational transition of the protein. 

Interestingly enough, Brooks and Karplus [25] 
have shown recently that displacements of 1-2 .~ 
at a number of residues along the lysozyme peptide 
chain occur with a frequency in the range of 1011 
Hz. This provides the basis for our assumption 
that conformational transitions between the two 
states of the pore can occur so quickly that only an 
average conductance can be measured. The value 
of N indicates that the total charge influencing the 
mouth of the channel is composed by something 
like four sites of valence - 1 .  The presence of a 
negative charge on the channel is a highly tenable 
hypothesis, since it is known that hemocyanin is a 
negatively charged molecule at pH > 4.4 [26]. The 
PKH÷ value found will be discussed in detail at 
the end of this section. 

Since the pore entrance is located at least 3 nm 
apart from the black lipid membrane surface and 
in the center of a 7 nm diameter proteic ring [4], it 
is not likely that it is influenced by the charge of 
the membrane. Hence we may suppose that the 
parameters we have found can describe the chan- 
nel conductance also when neutral membranes are 
used. That this is the case is shown in Fig. 5, part 
a, and Fig. 6, empty symbols. Furthermore, the 
same set of parameter values can describe also the 
pH dependence of the channel conductance in the 
presence of KCI, as shown in Fig. 5, part b, as 
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well as the linearizing effects of the impermeant 
cation tetramethylammonium presented in Fig. 6, 
filled symbols. This means that our model, with 
the parameter values optimized for K2SO 4 solu- 
tions and P C / P S  membranes, can be successfully 
used to predict the results of control experiments 
performed using completely different solution and 
membrane compositions. 

Cation selectivity of the channel arises in this 
model by the fact that cations, which are the 
counterions, are attracted to the negatively charged 
pore, while anions, which are the coions, are re- 
pelled from it. Using a very general expression for 
the reversal potential, Vrev, a s  obtained from the 
Goldman-Hodgkin-Katz  equation [27] we can 
write: 

~ ¢ ' ¢ - ~  k~ jGj]~ , ln~;  ,' (9) 

where G, is defined by Eqn. 3 and the summations 
are extended to all ion species present; a; and a~' 
are the activities of the ions i in the solution at the 
cis and trans side, respectively; the other symbols 
have been already defined. Using Eqns. 3-8  we 
can calculate the values of G i and, by Eqn. 9, with 
the appropriate values of a~ the reversal potential 
Vre v. Table I indicates that our model, with the 
same parameters listed above, not only predicts 
almost exactly the reversal potential found in the 
K2SO 4 solution, for which the parameters have 
been optimized, but also reproduces at least 
qualitatively the pH dependence of V~e v in the 
KCI solution, though a shift of about - 1 0  mV is 
observed between theoretical and experimental 
values. 

Finally, Eqn. 7 can easily be extended to the 
case that divalent cations bind to the same sites as 
protons on the channel, in order to explain the 
Ca 2+ effects shown in Fig. 7. Assuming that one 
Ca 2+ ion can neutralize two monovalent sites at a 
time, because of its double charge, we have: 

Q = Qtot/(1 +[H + ]/KH+ + [Ca 2+ ]/Kca2+ ) (10) 

where the dissociation constant for the binding of 
Ca 2+ ions, Kca2+, has been introduced. With this 
extension the model can be used to describe the 

channel conductance as a function of Ca 2+ con- 
centration and pH as shown in Fig. 10, upper 
parts, just with the addition of one new parameter, 
i.e., the Ca 2+ dissociation constant, which was 
found to be K c a  2+ = 4 mM. 

z g and V o, the four-state model 
To explain the dependence of the other two 

parameters of the gating model, zg and V o, on the 
pH of the solution we have to generalize the 
two-state model. This can be done, following 
Hanke and Miller [28], assuming the presence on 
the protein of an additional binding site for pro- 
tons whose affinity changes during the transition 
of the channel between the two states A and B, 
but whose occupancy does not modify the conduc- 
tance of each state. This site is not necessarily 
near the ion pathway but must be accessible from 
the solution. As we have already shown [8], this 
results in the introduction of a four-state model: 

K1 
B A 

KBH+ $~ t~ KAH+ (11) 
BH+ AH+ 

where KAH+ , KBH+ are dissociation constants of 
the protons from the channel in state A and B, 
respectively, and K 2, K 1 are equilibrium con- 
stants for the conformational transition of the 
pore between the two configurations when protons 
are and are not bound to the site, respectively. 
Calling p ( V )  the probability of the channel to be 
in one of the electrically indistinguishable A states, 
one can write: 

(1+ {[a + I/KAH* } ' )  p(v) G (12) 
1 - p ( V )  0 + { ~  ] / ~ S H : } ~  

where we have introduced a Hill coefficient, n, to 
allow for cooperative binding of more than one 
proton to the site. In general, the equilibrium 
constants can be voltage-dependent: 

K, (V) = K, (0) exp( - q,V/k T ) (13) 

where i can be 1, 2, A or B and q, has the 
meaning of a true gating charge when i = 1, 2. 
whereas it can be written as 

qi = zSi (14) 
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for the case i = A, B, with z, the valence of the 
binding ion and 8i the fraction of the potential 
felt by the ion at the binding site in the configura- 
tion i. 

According to Ref. 28, an apparent gating charge 
can be calculated also for this model, whose va- 
lence is given by: 

*_T [ / ; l p  
zg'°bs- e [dV ~ -P]Jv -vo  (15) 

and finally the voltage V 0 of the inflection point 
can be calculated resolving eq. 12 with p = 1/2:  

1 = K] (Vo) (1 + { [H+ ]/KAH+ (I /°)  } :)) (16) 
( 1+  { [ u  ÷ 1 /~ ' . . +  ( t o ) }  

Analytical solutions for Zg.obs and V 0 are not easily 
found for the general case, but, as we have already 
discussed, it is possible to find some useful ap- 
proximations with wide ranges of applicability 
[8,29]. Using these approximations we have gener- 
ated the solid lines in Fig. 8 and we have com- 
pared them with the experimental data for the 
K 2 S O  4 solutions at different concentrations. We 
have found that a good fit is obtained with the 
following choice of the model parameter: n = 2; 
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K1(0 ) = 14.9; qt = 1.15e; PKAH+(0 ) = 5.4; 8A = 0; 
pKBH÷(0 ) = 6 . 4 ;  8B  = --0.25. The value of n = 2 
indicates that two protons are bound cooper- 
atively by the site, the affinity constant being 
10-times larger in state B than in state A; the site 
turns out to be located at the surface of the 
channel in configuration A, since 8 A = 0, while it 
feels one-fourth of the applied potential in config- 
uration B, the negative sign of 8 B indicating that 
it is located at the trans side. As shown in Fig. 9, 
the model predicts correctly the variations of Zg,obs 
and V 0 with the pH of the solution, and without 
adding any new parameter, also in the control 
experiments made in KC1 or in K2SO 4 but with a 
neutral membrane. 

To test the consistency of our fitting procedure, 
we have verified that indeed, for a given set of 
model parameters, the function p(V) that can be 
calculated from the two-state model, Eqn. 2, with 
the approximate values of Zg,obs and V 0 obtained 

from Eqns. 15 and 16 coincides with the four-state 
expression given by Eqn. 12, at least within our 
experimental resolution. Finally, Eqn. 12 can be 
extended to the case that Ca 2÷ ions also bind to 
the same site, competing with protons. Assuming 
that one Ca 2+ ion saturates the site, which other- 
wise can bind two protons, we obtain: 

p(V)  ( 1 +  {[H+ ] /KAH + }2+ [Ca2+ ]/KAca2+ ) 
K1 

I - p ( V )  (I+{[H+]/KBH+ }2+[Ca2+]/KBca2+) 

(17) 

Fig. 10, lower part, shows that just introducing 
two new parameters, i.e., the dissociation con- 
stants KACa2+(0) and KBCa-'+(0), the model can 
predict consistently also the values of Zg obs and V 0 
found in the experiments at different Ca 2+ con- 
centrations. In the course of this discussion we 
have introduced a number of dissociation con- 

TABLE I1 

C H E M I C A L  N A T U R E  OF THE BINDING SITES ON THE HEMOCYANIN C H A N N E L  

Comparison between the affinities for protons and calcium ions of different sites. Upper part: pK  values for the binding of H ÷ and 
Ca 2+ to various functional groups which are commonly found on proteins. Middle part: pK  values for the binding of protons (two 
groups have been distinguished) and calcium ions to hemocyanins from different species. Lower part: pK  values for the binding of 
H + and Ca 2 + to the sites on M. crenulata hemocyanin as obtained in this work studying the instantaneous G/V  curves. The first 
three rows are best-fit parameters obtained using the four-state electrostatic model presented in this work; for the meaning of the 
symbols see the text. The last t4:o rows are the best values we have found using the three-barrier two-site model (TBM) proposed by 
Cecchi et al. [5] and refer to sites 1 and 2, respectively. 

pK  H + pKca2* Ref. 

Functional group - O -  7.2 1.5 14, 30 
- S -  8.4 - 

 N-N \'~/ 6.0 - 

- C O O -  2.4 1.3 
( - C O O ) 2  4.3 3.0 

Jasus Edwardsii hemocyanin - C O O  3.6 - 26 

 (N-N \'~/ 6.3 - 

1.9 
3-3.7 

Levantina Hierosolima hemocyanin 
Panulirus interruptus hemocyanin 

M. crenulata hemocyanin 

TBM 

G A, G B 5.4 2.4 
Zg,ob~, V 0 A 5.4 2.7 

B 6 .4  5 .4  

site 1 5 4.5 
site 2 6.3 2.3 

32 
33 
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stants from the channel: three for protons and 
three for calcium ions. The values we have found 
for these constants, fitting our model to the ex- 
perimental data, are reported in Table II and 
compared to dissociation constants of the same 
ions from different functional groups which are 
commonly found on proteins [30]. Our values are 
consistent with the involvement of carboxyl groups 
a n d / o r  imidazolium ions of histidines in the 
chemical composition of the binding sites. This 
interpretation is reinforced by comparison of the 
pK values found for the binding of protons to 
these two groups on a hemocyanin molecule, mea- 
sured by potentiometric titration [26]; our data are 
indeed intermediate between the two, indicating 
the probable involvement of both groups. They 
are also consistent with the finding that chemical 
modification of histidine residues on M. crenulata 
hemocyanin reduces the conductance of the chan- 
nel and changes its voltage-dependence [31]. Table 
II shows also that the dissociation constants for 
Ca 2÷ ions we have found here are in the range of 
those measured by other workers on different 
hemocyanins with various techniques [32,33]. Fur- 
thermore, in a previous work, in which chloride 
salts have been used, we have estimated a stability 
constant for the binding of Ba 2+ to the channel 
which was half that of Ca 2÷ [34], a ratio which is 
in good agreement with the values measured in a 
number of organic and inorganic salts of these 
two divalent cations [35]. 

A different transport mechanism through the 
hemocyanin channel has been proposed by Cecchi 
et al. [5,6] to explain its saturation and selectivity 
properties. They introduced a three-barrier two-site 
energy profile of the pore and used the Eyring 
absolute rate theory to calculate ion transport 
through it, assuming also single-ion-occupancy and 
single-file motion. We have used this same model 
and we have found that, provided one allows for 
competition between K ÷, H + and Ca 2+ ions for 
the occupation of the same channel binding sites, 
it is indeed possible to describe with this model 
also the I / V  curves presented in the present paper. 
Anyway, this model requires a much larger num- 
ber of parameters than the one presented here; in 
fact, the whole energy profile of the pore, eight 
parameters, has to be redrawn for each different 
ion and, in addition, at least the values of the two 

energy minima and of the central barrier must be 
adjusted with the electrolyte concentration [5]. A 
local potential has to be added to these energy 
values, in order to describe their concentration-de- 
pendence, which is almost the same as that intro- 
duced in our model by Eqn. 6, and has to be 
attributed to a local negative charge. Furthermore, 
from the depth of wells 1 and 2 in the energy 
profile it is possible to calculate the pK values for 
the dissociation of the different cations from the 
two sites of the channel and these values also 
turned out to be quite similar to those we have 
found with our model, as shown in Table II. The 
main conclusions from the two models are hence 
much the same, but we may notice that the model 
presented here is also capable of predicting a 
pH-dependence of the selectivity of the channel 
between anions and cations (see Table I) which is 
otherwise not possible using the three-barrier two- 
site model, at least in the simple form so far 
presented [5,6]. For these reasons, we feel that the 
multistate model presented in this work is a valid 
alternative to the more classical energy profile 
description of the channel. 
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