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Summary. The kinetics of the hemocyanin channel con-
ductance transitions in black lipid membranes have been
studied in two different ways. In one method, voltage-
jump current-relaxation experiments were performed with
membranes containing many channels (10%+10%. The
steady-state conductance-voltage curves obtained are S-
shaped and the slow kinetic processes (1-100 sec) for the
approach to steady-state can be fitted by three exponen-
tials. The three time constants were found to depend on the
actual applied voltages, but not on the past history (pre-
conditioning voltages). In the other method, membranes
with one single channel were used and the spontaneous
discrete fluctuations of conductance at constant voltage
were analyzed. Slow fluctuations occur between four con-
ductance levels with the lower ones preferred at high posi-
tive voltages. The voltage dependence of the conductance
of each level and of the transition rates has been mea-
sured. A tentative model for the gating mechanism is
suggested, which associates each conductance level to a
configurational state of the channel and considers the
transitions between them as a Markow jump process.

Key words hemocyanin channel - planar bilayer mem-
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Introduction

Hemocyanin are respiratory copper proteins of
large molecular weight representing more than
909, of the proteic content of the hemolymph
of a number of invertebrates [26]. Following
the finding that the hemocyanin extracted from
the keyhole limpet Megatura crenulata mark-
edly increases the ionic conductance of bilayer
lipid membranes [21], evidence has been ob-
tained that at least three different molluscan
hemocyanins form ionic pores in lipid bilayers
[1, 3, 14].

Little so far is known about the structure of
the channel until now. Hemocyanin molecules
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in solution at pH 7.0 are hollow cylinders with
length and external diameter both about 30 nm
[26], but the channel is probably due to a
different structure. An electron-microscopy
study on the interaction of keyhole limpet he-
mocyanin with different artificial lipid systems
has been reported recently [13] and suggests
that the possible channel-forming structure is a
proteic annulus about 7 nm in diameter, pro-
truding into the solution for about 3 nm and
with a central pool of staining of 2-nm diam-
eter, which may be related to the ionic path-
way.

Two major problems arise from the study of
the ion conductance through the hemocyanin
channel, as well as any other: which gating
process is able to modulate the conductance
and by which conduction process do ions move
across the open pore? Both aspects have been
investigated for the channel formed by the Me-
gatura crenulata hemocyanin. The open channel
was found to be permselective to cations with-
out discrimination among them [2]. Its con-
ductance is a sublinear function of the salt con-
centration and shows a pH dependence that
reminds the titration of the protein in free so-
lution [16]. Binding of divalent cations to the
hemocyanin channel [15], as well as to the free
protein [9] has been found. All these properties
have been explained assuming that the channel
bears a negative fixed charge and a part of this
charge resides in a negative site which can bind
divalent cations as well as small monovalent
cations like Li* and H* [17]. Furthermore the
voltage-dependent conductance of many-chan-
nel membranes was demonstrated to arise from
two characteristics of the individual channels:
fluctuations between at least four conductance
levels with voltage-dependent dwell time in
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each state and voltage-dependent conductance
of the single levels themselves [12].

In this paper we dedicate our attention to
the above-mentioned discrete conductance
changes reporting on their kinetics. Two meth-
ods have been followed: voltage-jump current-
relaxation experiments with many-channel
membranes and analysis of discrete spon-
taneous conductance fluctuations with single-
channel membranes. The time-course of con-
ductance fluctuations in a single channel shows
a rather complicated pattern of transitions;
nevertheless we try to consider only slow fluc-
tuations determining the voltage dependence of
their transition rate constants as well as the
voltage dependence of the conductance of each
single level. From these data, assuming a ten-
tative four-states model for the hemocyanin
channel and according to the general treatment
suggested by Neher and Stevens [20] for mul-
tistate systems, we are able to predict the ob-
served voltage dependence of both steady-state
conductance and slow relaxation times of the
many-channel membranes. The interest of this
kind of approach to the hemocyanin channel
has been recently pointed out in a review by
Latorre and Alvarez [11], and it is worth not-
ing also that several natural channels such as
Na*-channel of nerves [4], ACh receptor chan-
nel [8] and K* channel of sarcoplasmic re-
ticulum [10], have been found to be multistate
channels.

Materials and Methods

Black lipid membranes (BLM) were obtained by the usual
technique [24] using oxidized cholesterol prepared by us
following the procedure of Tien [25] with cholesterin and
n-octane (Fluka puriss.p.a.).

The Teflon sept, separating the two compartments
had a circular hole of about 1-mm diameter.

Control experiments were performed also on painted
phosphatidylcholine (PC) n-decane, 50 mg/ml, BLM and
on bilayers obtained by the apposition technique [19]
with a mixture of 509 phosphatidylethanolamine (PE)
and 50% phosphatidylserine (PS). PC and PE were from
P.L. Biochemicals, more than 99 % pure, and PS was a gift
of Dr. A. Gorio, Fidia Research Laboratories, Abano Ter-
me. All experiments were performed at room tempera-
ture, ranging from 20 to 23 °C, using electrolytic solutions
of 01 M KCI (Carlo Erba RPE) buffered at pH 7 with
10 mM Bistris (Sigma). One mm EDTA was added to the
solution to eliminate traces of divalent ions which were
shown to strongly influence channel properties [15].

Megatura crenulata hemocyanin, A grade in 50 % glycerol,
was purchased by Calbiochem and stored at -—-20°C.
When the BLM was completely formed, small amounts of
a 3.3 mg/ml stock solution were added to the bathing
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solution, on one side only, reaching a final concentration
of about 10 pg/ml for many-channel membranes and 0.2
pug/ml when single channels were expected to appear.
Membrane conductance was measured under voltage-
clamp conditions, where the voltage was supplied by a
function generator or a variable battery and the bilayer
was connected to the external circuit by four Ag/AgCl
electrodes. Membrane current and voltage were measured
with current-to-voltage transducer and differential am-
plifier, respectively. Very low bias operational amplifier
(Analog Devices 515-K) were used and the feedback loop
for the current-to-voltage conversion was a 10% Q resistor
shunted with a 50-pF capacitor. Both output signals were
recorded on a chart recorder and on an FM magnetic
tape recorder.

During the experiments with many-channel mem-
branes the I~V converter was substituted by a commer-
cial clectrometer (Keithley 616) in order to change the
current range more easily.

Single-channel records have been analyzed off-line
connecting the FM recorder to a SILENA S-27 multi-
channel analyzer in the Pulse Height Amplitude mode
(PHA) through a linear switch (SILICONIX DG 201) that
chopped the signal at 1000 Hz. Current resolution was
0.1 pA per channel. The result of PHA analysis is a spec-
trum containing a number of peaks whose positions repre-
sent one current level and whose areas represent the frac-
tion of time spent by the system on that level [14].

In many-channel experiments, the actual current val-
ues were corrected for a continuous increase due to a
virtually irreversible channel-formation process. This was
made starting the measurements when the number of
channels was such that the current drift could be consid-
ered small and linear and therefore it could be easily
subtracted. The protein-containing compartment was tak-
en as the reference for the current and voltage signs.

Protocol for Single-Channel Experiments

As shown in Ref. [12], single hemocyanin channels exhibit
several conductance values for positive potentials, but
only one for negative applied voltages. This fact rules out
the possible interpretation that the several conductance
levels observed at positive voltage (see, for example, Fig. 4)
are due to several different channels, and allow us to
make single-channel experiments with the following pro-
cedure:

a) Protein incorporation was carried out clamping the
membrane at —50mV so that the channel always ap-
peared in its maximum conductance state.

b) Once a channel was formed (in our conditions a
current jump of about 170 pS, a factor 10 above the bare
membrane, was observed), the solution of the protein-
containing compartment was quickly, but gently, substi-
tuted with a fresh protein-free solution in order to prevent
further incorporation. The perfusion apparatus we used
was similar to that described by Miller and Rosenberg
[18], who give an efficiency of more than 99 %. With this
procedure, single-channels lasting some hours have been
obtained.

¢) Current records were obtained applying voltage
steps of different amplitudes, in clamp conditions, lasting
about 10 min. Between one pulse and the other the chan-
nel was kept to —50mV for some seconds, in order to
completely open it and to control the total conductance of
the system so that it did not change during the measure-
ment, ie. the bilayer always contained only one channel.



G. Menestrina et al.: Kinetics of the Hemocyanin Channel

The Multistate Model

Previous work on the gating properties of the hemocyanin
channel suggested the existence of a multistate confor-
mational mechanism [12]. Our intention here is to outline
a model of channel gating following the general treatment
described by Neher and Stevens [20] where channels are
considered as multistate systems which can exhibit tran-
sitions according to Poisson processes. In this section we
set forth the postulates upon which the model rests and
we give the equation that expresses the average response
to perturbations in terms of state conductances and tran-
sition rates. The assumptions of the model are:

1) The channel is inserted into the bilayer with a fixed
orientation.

2) Channels are considered identical and mutually in-
dependent entities.

3) Each channel has » distinguishable states, as-
sociated to n conductance levels.

4) Transitions between these states are Poisson pro-
cesses, ie. the probability of going from state i to j during
the interval At approaches @;At as At approaches 0. For
such a process the distribution of dwell times for each
state is expected to be exponential.

5) The a;, which represent the transition rates, are
assumed to depend on several factors such as voltage,
temperature, type and concentration of the electrolyte,
etc., but not on time or the past history of states occupied.
They can be conveniently arranged in a matrix A(V),
where the vector V contains all the relevant variables
upon which A depends. In this paper only the voltage-
dependence of A will be investigated.

The dynamics of the channel will be described by the
state vector x(f) whose j-th entry is the probability to find
the channel in state j at time f. A completely standard
mathematical treatment of the kinetics of multistate chan-
nels [6] leads to the following equation relating the state
vector at time ¢ with that at time zero, once fixed V:

x()=¢e®x(0) (1)

where the matrix B is simply related to the transition rate
matrix A by

bij':ajiv (j:‘:i)
and
by=—13 a, (=1,..,n). 2

[AVE 3

Equation (1) may be more conveniently rewritten, ac-
cording to the spectral theorem of linear algebra, as a
power series:

x()=2 " ECx(0) 3)

where the A% are the eigenvalues of B and the E® are the
projectors onto the eigenvectors corresponding to the A
These quantities can be obtained by standard diagonaliza-
tion techniques applied to B. Because of the definition of
B all its eigenvalues are less or equal to zero at least one
being null. Therefore we put A1=0,

The mean conductance 7 of the channel may be ex-
pressed as

7O=y-x(1) 4)
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where y is a vector whose component y, represent the
conductance of the i-th state of the channel.
Making use of Eq. (3), Eq. (4) becomes:

7=y [EVx(0)+} ¢ EVx(0)],
(i=2,...,n) (5)

where the first term between parentheses represents the
steady-state part of the solution whereas the summation
represents the transient one, —1/A9=1; being the time
constants of the process.

Results
Voltage-Jump Current-Relaxation Experiments

When small amounts of Megatura crenulata he-
mocyanin are added to the reference side of a
black lipid bilayer clamped at a negative volt-
age, the membrane conductance increase in
discrete steps of practically constant size which
have been attributed to the formation of open
channels [1].

When the voltage across a many-channel
membrane is suddenly changed the current
quickly follows it then it keeps flat or slowly re-
laxes to lower values depending on the applied
voltage (Fig. 1a). The time course of the current
during the relaxation processes, as it results
from Fig. 1¢ and d, can be reasonably well de-
scribed by the sum of three exponential com-
ponents implying a kinetic scheme for the chan-
nel closing with at least three steps [22].

The analysis of each current time course
allows us to obtain both the steady-state con-
ductance and the time constants of the relax-
ation. Steady-state conductances have been nor-
malized dividing the actual conductance for
that at —50 mV, that is the conductance of the
open pore. When plotted against the applied
potential, these follow a sigmoidal curve (Fig. 2)
whose shape does not depend on the number of
channels in the membrane (results from dif-
ferent membranes with different total number
of channels are superimposed in Fig. 2), in
agreement with previous findings that the chan-
nels are mutually independent.

The three time constants as a function of
the applied potential are shown in Fig. 3a. All
the relaxation times are different from zero only
in the region of positive potentials and at least
the two slower values show well-pronounced
maxima located in the same voltage range
where the steady-state conductance presents its
maximum negative slope.

Furthermore the time constants seem not to
depend on the total number of channels, at
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Fig. 1. Current relaxation after voltage jumps from holding voltages V;, to test voltages V,.. (@) Variation in test voltages.
The holding voltage was —50mV in all cases. (b) Variation in holding voltages. The test voltage was +100mV in all
cases. (c), (d) Half-logarithmic plots of digitized traces representative of experiments (@) and (b), respectively. The points of
the upper part are the half logarithmic plot of the relaxation amplitude I—I* versus ¢, where I* is the steady-state

_current. A single exponential fitting accounts only for the last part of the Figure (largest points), and represents the slow
relaxation process. Faster relaxation processes have been resolved (lower parts) with the same procedure after subtracting
the slower ones. All the experimental curves could be fitted with the function

I=I +1 e ], e ], e,

Since only time constants are under investigation current is expressed in arbitrary units in the Figure
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Fig. 2. Steady-state conductance-voltage relation. Com-
piled data from four membranes, with each set normalized
to its maximum conductance. The solid curve is the pre-
diction of the model presented through the text

least in the limit of the large error bars shown
in Fig. 3. These are due to the fact that while
repetition is good during the same measure-
ment, some difficulties were encountered when
we tried to compare data from different mem-

branes. The same kind of difficulties have been
reported also in similar studies on the EIM
channel [7].

A series of experiments have been done in
order to verify if relaxation times depend on
the starting potential or, in other words, if the
process possesses some kind of “memory”. The
results are shown in Figs. 1b and 3b and dem-
onstrate, in the limits discussed above, that the
relaxation times are independent on the precon-
ditioning potential and depend only on the ac-
tual potential.

Discrete Conductance Fluctuations
in Individual Channels

Records of current time-course through indi-
vidual hemocyanin channels in membranes
clamped at different voltages have been ob-
tained, following the procedure described in
Materials and Methods, and a few examples are
shown in Fig. 4. We can immediately observe
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Fig. 3. Voltage dependence of relaxation time constants. (a) Variation in test voltage. The relaxation times were measured,
under the conditions of Fig. 1(a), by a least-square fitting method as shown in Fig. 1(c). Each point represents the mean of
4 to 8 determinations taken from three different membranes. Error bar is iwice the s.b. The dashed lines represent the

. 1 ; . . .

theoretical values of the t; computed as —m wwhere A9 are the eigenvalues of the matrix B defined in the text. (b)
i

Variation in holding voltage. The relaxation times were measured under the conditions of Fig. 1(b). The experimental

points which are the mean of 3 to 4 determinations on one single membrane, show the independence of the time

constants from the voltage from which a jump is made. Dashed lines and error bars have the same meaning as in part (a)
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Fig. 4. Current fluctuations in a single-channel membrane. Current records after a jump from —50 mV to the indicated
potential in membranes containing only one channel. (a) Folded membranes of PE/PS; (b) painted membranes of oxidized
cholesterol. After the jump the channel is in the open state, then fluctuations between several levels occur. The four
fundamental levels have been indicated with arrows and labeled Ist, 2nd, 3rd and 4th in order of decreasing conductance
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Fig. 5. Time evolution of the state vector. Current records
of the kind shown in Fig. 4 were analyzed with an MCA
in PHA mode (see Materials and Methods). Spectra were
taken during successive periods of time; six 30-sec in-
tervals and six 60-sec intervals were analyzed. Three ex-
amples of the spectra obtained are shown in part (b) and
illustrate the time evolution of the population of the dif-
ferent levels, at the indicated potential. Normalized data
are reported in the diagrams of part (a) where each point
represents the fraction of time spent by the channel in a
certain level, during a measuring time indicated by the
horizontal bar. In other words if we indicate with <, the
area under the i-th peak of one spectrum of part a each
point of part b represents t,/y’ 7,. The solid lines represent

the theoretical time course of x,(t) (Eq.5 of the text).
Measurements from two or three different membranes
have been averaged

from the Figure that relaxations, till now stud-
ied in many-channel membranes, arise from
transitions of the channel between several con-
ductance levels. Immediately after the potential
is changed, starting from its more conductive
state, the channel begins oscillating back and
forth between different conductance levels up to
a steady state in which the lower levels are
more and more preferred as the membrane po-
tential is increased in the positive range.

The experiments with single-channel fluc-
tuations allow us to obtain the state vector
both in steady conditions and during the tran-
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Fig. 6. Voltage dependence of the steady-state vector.
PHA has been performed on the steady-state part of cur-
rent records of Fig. 4. Steady-state conditions are claimed
after a period corresponding to at least three times the
slowest time constant of Fig. 3(g). Output spectra were
normalized as in Fig. 5(a) to give the fraction of time
spent in each level by the channel in steady conditions
and reported in the Figure. Average data from two to
three different membranes. Solid lines represented the four
components of the state vector x,(f} computed for ¢
=350 sec

- 25 ¢} 25 50 75 100

sient evolution by measuring the dwell times in
each conductance level. This was done by feed-
ing long records of current, similar to those of
Fig. 4, into a pulse height analyzer and record-
ing the time spent in each 0.1 pA window on
the current axes as described in Materials and
Methods.

Figure 5 represents a few examples of this
kind of study during the relaxation process
which follows a stepwise increase of the applied
voltage from —50 mV to different final volt-
ages. In part b of the Figure we have directly
reproduced the outputs of the analyzer whereas
in part a the same kind of data were normal-
ized giving the evolution of the fraction of time
spent in each level, that is of the components of
the state vector.

Applying the same kind of analysis to the
steady part of the current records we could
measure the dependence of the steady-state vec-
tor on the applied voltage. This is shown in
Fig. 6 where we have reported normalized data
which give the probability of occupancy of each
level vs. potential.

Single-channel current records were also
analyzed by hand to give both the conductance
of each state and the transition rates between
them. In Fig. 7 the voltage dependence of the
conductance of each individual level, that is of
the components of what we call the conduc-
tance vector, is shown. At least the first three
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levels are non linear, confirming previous re-
sults [12].
Transition rates were computed as [7]:

nij
Y ©

u

where n;; are number of transitions from state i
to j and t;(u) is the u-th dwell time in state i.
Some problems arose in the determination
of n;; and ¢; due to the fact that two kinds of
fluctuations with different time scales were ob-
served (see inset of Fig. 8). In a first analysis we
considered all the transitions, but this led to
time constants of the order of seconds, about
ten times too fast compared both to many-
channel and single-channel kinetics. In a sec-
ond analysis we considered only the slow tran-
sitions which occur between the four more evi-
dent levels and the results we obtained are
shown in Fig. 8 where transition rates have
been reported as a function of the applied volt-
age in a half-logarithmic plot and fitted by
straight lines. In order to test if the transitions
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between different conductance levels are Pois-
son processes, we have built up the distribu-
tion of dwell times for each state and a few
examples are shown in Fig. 9. Each histogram
shows the cumulative sum of the number of
events of duration longer than t, plotted as a

pS
{ 1st
150
L 2nd
100 ¢
r Q
r 3rd +
5
A m
‘5‘0 I ‘ 0 I I 5‘0 ’ mV ’ 100

Fig. 7. Voltage-dependence of the conductance of the four
discrete levels of a single hemocyanin channel. Points are
mean values of measurements on two to three membranes.
Solid lines are least-squares fit to the points with Eq. (9)
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Fig. 8. Voltage dependence of rate constants. The effect of membrane voltage on single-channel rate constants for slow
transitions between the four allowed states is presented in a semilogarithmic plot. Slow transitions have been chosen as
shown by the dotted line in the inset. The rate constants were computed as indicated in Eq. (6) with a total number of
transitions and a total time accumulated from measurements on 1 to 3 different membranes. A mean of 6 transitions and
9 time intervals has been used. Errors bars cover the interval between the minimum and the maximum value observed in
different membranes, while points without bars refer to single determinations. The straight lines shown in the figure are
least-squares fit to the experimental points. Each point was weighted by the number of transitions used to calculate it
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Fig. 9. Accumulated distribution of dwell times. Each plot
shows the histogram of the number of individual dwell
times which are longer than the time indicated by the
abscissa and is computed for the level and the voltage
indicated. The dashed lines are least-squares fit with an
exponential function

function of t;. We have obtained histograms of
this kind for several membrane voltages, with
three different membranes and all these distri-
butions have been fitted with exponential curves
with a correlation coefficient of 0.95+0.03.

Discussion

It is worthwhile starting this section by review-
ing and discussing the five postulates upon
which our multistate conformational model for
the gating properties of the channel is based.
For it, we will make use of the experimental
results presented in this paper as well as of
reference data.

The first assumption, regarding the orien-
tation of the channels in the bilayer, is sup-
ported by the asymmetry of the G—V curves as
was already discussed elsewhere [11]. The sec-
ond assumption, ie. the independent gating of
the channels, is consistent with all experimental
facts till now known [11]. In particular, in this
work we have shown that both G—V curves
and relaxation times do not depend on the
number of channels in the membrane. The fact
that all channels are identical is a reasonable
assumption but not strictly right; in fact single-
channel conductances, for example, show a re-
producible but relatively wide distribution
around a mean value [2].

G. Menestrina et al.: Kinetics of the Hemocyanin Channel

The third assumption is more critical, since
only conductance levels have been directly mea-
sured and their biunivocal association to chan-
nel states is therefore arbitrary, and by means
of kinetic tests we can only verify its consis-
tence.

The last two assumptions concern the tran-
sitions between different states of the channel
We have shown in Fig. 9 that the distribution
of dwell times can be well fitted by single ex-
ponentials as it should be if the switching over
two conductance states may be regarded as a
Poisson process. We have also shown that in
membranes containing many channels the re-
laxation times are unaffected by the initial volt-
age, which is consistent with the fifth hy-
pothesis that the channel is memoryless. A
physical interpretation of the above-outlined
model may be obtained looking at the mem-
brane conductance changes as reflecting chan-
nel gating by macromolecules driven between
different conformational states by membrane
voltage. Thus our system can be represented by
the diagram

a2 aij A(n-1)
— — —

G126y G2C..C 2 €, (7
azi Aji nn-1)

where c¢; are the permitted conformations and
only transitions between neighboring states are
allowed.

Now, we can make use of the model in
order to predict a number of experimental re-
sults. Single-channel measurements permit us to
fill in the transition rate matrix A as well as the
conductance vector y. The first information
gathered from the experimental records regards
the number N of discrete conductance levels
that are the dimensions of A and y. Looking
only at the slow transitions, as pointed out in
the Results, it seems likely that the channel
jumps between four more evident levels. There-’
fore we have assumed that the allowed states of
the channel are four.

While keeping in mind that both A and y
may depend on several parameters, in this work
we concentrate only on their voltage depen-
dence and thus we kept constant all other con-
ditions. As shown in Fig. 8 the transition rates
can be represented as exponential functions of
membrane potential, so we can write:

a;;=v;; exp {n;(V=V,)}- (8)

In the half-logarithmic plots of Fig. 8 the
two transition rates a;; and a;; have been fitted
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by straight lines whose slopes are #,; and n;
and whose intersection point is at (V,;;, v;;), so
we have v;;=v,; and V,;=V, ...

In the framework of the gating model, the
observed exponential dependence of the rate
constants means that the free energy barriers
between the different conformations of the
channel depend linearly on the applied voltage.
Such a dependence reflects the interaction of
the electric field with charged groups or per-
manent electric dipoles of the channel-forming
protein. A detailed discussion of the fundamen-
tal electric-field effects on macromolecular sys-
tems with regard to the physicochemical nature
of voltage-dependent biological processes may
be found in Ref. [23].

The two slopes #;; and #; are in general
different, even in the modulus, but for the sake
of simplicity in our model we have assumed
that #;;=n;; as for example in Ref [7]. This
corresponds to the particular case in which
both states of the channel change in energy to
the same extent with the applied field [7]. The
loss of information due to this assumption
would be more apparent in Figs. 3 and 5, but
appropriate tests indicated that dropping this
assumption does not substantially improve the
fit.

Turning to the voltage dependence of the
conductance vector y, expressed by the experi-
mental points shown in Fig. 7, we can observe
that, at least for the first level, the data clearly
follow a sigmoidal curve. The significance of
this curve has been recently investigated in two
works [5, 17].

Due to experimental difficulties, only the
voltage dependence of the first level was studied
in detail; in this work we fitted all the levels
with the same following empirical equation:

7:=G+ 4G, /(1 +exp K, (V—V*) ©)

where G; and 4G, represent, respectively, the
low asymptote and the difference between high
and low ones.

The best fit parameters we obtained have
been reported in the Table. Once we deter-
mined the voltage dependence of both A and 7y,
we were in a position to test the model. This
has been done numerically with the aid of a
computer. The matrix B was deduced from A
(Eq.5), and standard diagonalization pro-
cedures give the A% and E® as a function of
voltage. Therefore the theoretical curves repre-
senting the voltage dependence of the relax-

181

Table. Input parameters for the multistates conformational
model

A: Transition rates matrix

4=V {exp Wij(V_ Voij)}

Vij=Vip=y Vay=V,u=V, "’IZ%(%,‘_W,—,—)

C,2C, C,2C, C,2C,
v (sec™h) 0.013 0.020 0.015
7 (mv-1) 0.073 0.075 0.013
V. (mV) 255 47 60.5

Parameters obtained by least-square fitting to the points
of Fig. 8 with the indicated equation. The values of # are
means of #;; and —#;. Owing to the small number of
events observed, the mean values reported in the Table
should be taken as merely suggestive, as it straightforth
appears examining the error bars of the points in Fig. 8.

y: Conductance vector
ye=G,+ AG/{1 +oxp K,(V— V2)}

1st 2nd 3rd 4th
G (pS) 57.3 44.8 30.3 13.9
4G (pS) 1152 116.9 53.4 40.7
K (mV~-1)  0.047 0.023 0.020 0.034
V¥ (mV) 40.7 18.7 18.4 35.6

Least-square fitting parameters obtained by the points of
Fig. 7.

ation times, of the components of the state vec-
tor and of the mean conductance of the channel
could be plotted and the results could be com-
pared with experimental data as shown in Figs.
3, 6 and 2, respectively. The model allows us to
evaluate also the time evolution of the state
vector; in Fig. 5 a few examples of such calcu-
lations are compared with the measured values.

In spite of the complexity of the channel
behavior and the strong approximation of the
model the accordance between predictions and
data are rather satisfying.

With this work we have tried to give a piece
of information on the kinetics of the he-
mocyanin channel, filling a gap which obstruc-
ted the formulation of models on the molecular
changes involved in the stepwise slow relax-
ation of the channel [11].
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