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Determining the kinetics of membrane pores from patch clamp data without
measuring the open and closed times
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We present a new and very time saving way to determine kinetic rate constants from patch clamp data by
using the correlation functions utilized in analyzing experiments with photon correlations.

In a patch clamp experiment a small micron
sized piece of cell membrane is sealed into a
micropipette. Pores in the membrane are con-
stantly fluctuating open and closed. If there is an
electrochemical gradient across the membrane, a
small, but measurable current can be observed
flowing through a transitorily open pore. Since
only one or a few pores will be in the piece of
membrane held by the pipette, these current events
appear as roughly square shaped quantized pulses.
Typically, a pore might open once in 100 ms for a
duration of about 10 ms during which time about
100000 ions, or about 1 pA will flow through the
pore across the membrane. These techniques are
comprehensively reviewed in a recent book [1].

If a pore has only one closed and one open
state, then it may be represented by the reaction

ko
closed = open

c

where k and k_ are the rate constants for opening
and closing. These rate constants contain im-
portant information about the pores. For example,
they can be used to determine the difference in
energy AE between the closed and open states of
the pore, namely

ko/k.=exp(—AE/RT)
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- where R is the gas constant and T the absolute

temperature.

Currently, the way to determine k&, and k_ has
been to examine the current as a function of time
and ascertain when the pore was open and when it
was closed. Then the length of each of these events
is measured and a frequency histogram is plotted.
It has been shown [2] that the distribution of open
times of the pore is given by

P,(1) =k exp(—k.t)

and the distribution of closed times is given by
Po(t) = ko exp(— k1)

Thus, by fitting these functions to the frequency
histogram measured from the data, £, and k_ can
be determined.

However simple in theory, this method is sub-
ject to many practical problems. The recorded
current signal is often quite noisy, much work
and /or complex algorithms are needed to identify
the current events that correspond to the pore
openings. Moreover, transitions between the open
and closed states that appear as only partial due to
the limited frequency response of the electronics
are very difficult to differentiate from background
noise, and there is a possibility that faulty inter-



pretation of such events might affect the analysis.

We present here an entirely different way of
analyzing the current signal, F(¢), from a patch
clamp experiment. In this new method it is not
necessary to reconstruct the open and closed events
in the data record in order to determine k_ and k..
Instead, the current values as a function of time,
stored in the computer can themselves be analyzed.
As we show below, certain statistical properties of
the signal can then be used to evaluate k_ and k.
Hence, this new method yields &, and k_ without
the judgements needed to separate square events
from a complex signal. Thus, this new method
cannot be biased by possible faulty interpretations
from the recorded current signal.

This new method is a new adaptation of
mathematical techniques previously only used to
analyze photon correlations [3,4]. Let the current
fluctuation around the mean, f(¢), be defined by
f(t)=F(t)— (F(1)), where () denotes the time
average over the observation period 7, that is,

(F(r)y =Ty [7 F(rdr,
=0
The correlation functions are then given by

g (1) = LFONS+ DDA

and

g2(7) = [ F(OVLC+ D /A

These correlation functions can be understood
in the following intuitive way. The deviations f(¢)
of the signal around its mean value are first raised
to some power, n. Then f"(¢) is shifted in time by
a delay 7. Then at each time, the original and
shifted signals are multiplied and the results of
those multiplications are then summed. If the de-
lay time 7 is short compared to the pore kinetics,
that is the opening and closing of the pore, then
the current f(¢ + ) will correlate with that at f(1).
Thus the average of the fluctuations { f(¢)f(t + 7))
and (f2(¢)f%(t+ 7)) will be high and so g,(7)
will be nearly equal to 1 and g,(+) will be greater
than one. On the other hand, if the delay time 7 is
long compared to the pore kinetics, then the cur-
rent f(t + 1) will correlate only weakly with that at
f(z). Then the fluctuations {f(¢)f(¢r+ 1)) will
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average nearly to zero while the square of those
fluctions { f2(¢)f*(¢ + 7)) will be nearly equal to
(fAH)Y(f(t)). Hence, g,(7) will be nearly equal
to zero while g,(7) will be nearly equal to 1. Thus,
the change of g,(7) from 1 to 0, and g,(7) from
some higher value to 1, with increasing 7 provides
information about the time scale of the pore kinet-
ics.

The function g,(r) is a normalized version of
the autocorrelation function which is often used in
signal analysis [S]. The Fourier transform of the
autocorrelation function is the power spectrum,
the amount of power in the signal at each
frequency. Thus, g,(7) contains similar informa-
tion to that found in the power spectrum, that is, it
1s sensitive to the power of the fluctuations of the
current at different frequencies. On the other hand,
the function g,(7), used in photon correlations to
measure the light intensity, is here sensitive to the
statistical distribution of those fluctuations. For
example, if the signal has fluctuations that have a
Gaussian distribution, that is, if the probability of
observing any signal level f is given by

P(1) = (12 S (D) ) exo( = 1272 S (D)

then it can be shown [6,7] that g,(7)=1+
2[g,(7)]?. If that condition is met, then g,(7) and
all the higher correlation moments are known
functions of the mean and g,(7); thus, g,(7) for
n > 2 do not provide additional informationabout
the statistical properties of the signal that is not
already contained in the autocorrelation function
g1(7). However, the f(¢) of a membrane pore has a
distribution of current fluctuations that is highly
non-Gaussian; the current through the pore is
either zero (pore closed) or equal to its full channel
conductance level (pore open). Thus g,(7) is not
equal to 1 + 2[g,(7)]?, and so g,(7) can yield very
important additional information about the kinet-
ics of the pores.

To learn what g,(r) and g,(7) might tell about
the pore kinetics we simulated the action of the
pores. A fluctuating pore was modeled by a finite
difference calculation evolved in time steps 47 =1
ms. At each time step we chose a random number
R on the inveral 0 < R < 1. If the pore was closed
and R <k At, we open the pore. If the pore was
open and R < k_At, we close the pore. By varying



134

k, and k_ we found that: (1) the slope of In[g,(7)]
vs. 7 is equal to —(k, + k_) and (2) that g,(0) is
approximately equal to k /k, (for k,<k,) or
k,/k. (for k > k_). These numerical results are
consistent with analytical results, Several authors
[8-10] have shown that

SO+ 7))y =<2 (1)) exp| = (ko + k) 7]
and in the appendix here we show that
8200y = (S (1)) /(2 (1))

= [ke/ko+1/Cke /) /1K /R

which is approximately equal to k /k, (for k, <
k.)york,/k (for k >k ).

Thus, both from our numerical pore simulation
and from analytic derivations we found that g,(7)
and g,(7) yield two independent equations for
k,+ k. and k_/k,. Hence, knowing g,(7) and
g,(7), one can solve for k, and k_. The procedure
is first to determine, for example by least squares,
the slope S of In[g,(7)] vs. 7. As shown above
S = ~(k, + k.. Second, since g,(0)= (B +
1/B%)/(1 + 1/B) where B = k_/k, this equation
can be solved to find B as a function of g,(0). This
is most easily done by iterating B, ,, = g,(0)(1 +
1/B,)—1/B} starting with the initial B, = g,(0)
and continuing until | B, ., — B, | is within the
desired accuracy, for example, less than 1077,
These results can be combined to find k, =
~S/(1+ B) and k_= Bk, assuming k, <k . (If
the pore is more often open than closed; that is if
k,>k, thenk = —-S8/(1+ B)and k,= Bk_.)

In order to test whether g,(7) and g,(7)
evaluated from experimental data can indeed relia-
bly determine k, and k., we used the above
numerical simulation to provide test data where k
and k_ were known. Then we analyzed these data
with the new method to see of we could recover
the correct values for k&, and k.. The table shows a
comparison of the values of k, and k. used in
generating the simulated f(z) with the values of &k
and k_ calculated from the functions g,(7) and
g>(7). In these examples, the integrals were
evaluated over 20000 time steps, or 7 = 20 s, using
an extended Simpson’s Rule [11].

We also tested this new procedure on data from
patch clamp experiments that we have performed

on the rabbit corneal endothelium [12], the single
layer of epithelial cells that line the inside of the
cornea. Seals were obtained using Boralex pipettes
and the currents measured with a Dagan 8900
patch clamp amplifier. The data were recorded on
an FM tape recorder and digitized at 5 kHz. The
computations were done on a PDP 11 /34. The
rate constants were evaluated by: (1) manually
measuring the open and closed times and calcu-
lated the frequency histograms (which took most
of one day to do), and (2) by this new method
(which took 6 min). From method 1 we found that
k,=13 s ! and k =130 s~', while method 2
yielded k, =13 s~ ! and k., =107 s~ ".

Any data analysis technique has advantages
and disadvantages. We discuss first some limi-
tations and provide some warnings about the use
of this new technique: (1) Many data points must
be used to evaluate g,(7) and g,(7) in order to
obtain sufficient accuracy in k_ and k. The frac-
tional error decreases slowly, only in inverse pro-
portion to the square root of the number of points
used. For 20000 points of current data, as can be
seen from Table I, the errors are less than about
5%. (2) Since g,(0) has the same value when k_/k
is replaced by k /k ., one must know if k_ is less
than or greater than k_ in order to unambiguously
determine which is which. This can be done by
inspecting the original data to see of the pore is
mostly open (k, > k) or mostly closed (k, < k).
(3) The analysis presented here is limited to patches
with one pore. For patches with two or more pores
the relationship between g,(7) and the rate con-
stants k, and k_ is more complex, and in the limit
of a large number of pores, as the signal becomes
more Gaussian, g,(0) approaches 3 and is not a
function of either k or k.. (4) We have assumed
that the pore has only two states with a single
conductance level when open. Many pores are
indeed more complex than this simple picture. We
believe our method can be extended to include
such cases, although it will become algebraically
more complicated. However, any new method
needs some starting point. To develop and test a
new method the best place to start if at the sim-
pliest and clearest problem, which is what we have
done here. What is encouraging, is that even at
this stage of development, this new method is
useful in analyzing data from a two state pore or



TABLE |

VALUES OF k, AND k. (in s ') FOR 12 DIFFERENT
SIMULATIONS USED TO GENERATE TEST DATA (I)
AND VALUES OF k, AND k_ (in s~ ') FOR THE 12 CASES
IN (I) CALCULATED?® FROM g,(1r) AND g,(7) AS
EVALUATED FROM THE TEST DATA (II).

1 il

1 k., 10 10
k. 20 20

2 k., 10 11
k. 50 50

3 k. 10 11
k. 100 107

4 k, 10 12
k. 200 216

5 k. 20 20
k. 20 20

6 k. 20 21
k. 50 51

7 ko 20 21
k. 100 105

8 k, 20 2
k. 200 206

9 k., 50 51
k. 20 21

10 k. 50 49
k. 50 57

1 ko 50 56
k. 100 108

12 k, 50 56
k 200 223

4]

S, the slope of In[g,(7)] vs. 7 was determined by a least-
squares fit from 7r=0 to 7r=5 ms, and B =
max(k./k,, k,/k.), was solved by iterating

B, =g, (01+1/B,]-1/BL

If ky<k. ko=—S/(1+ B)and k_= Bk,

Ifk >k, k.=—-S/(+ B) and k,= Bk_.

from a multistate pore where the rate constants are
well separated. For example, if the graph of
In[g,(7)] vs. 7 is not a straight line it indicates that
the pore has more than one open and one closed
state. However, if the initial slope from 7=0 is
sufficiently linear before the graph becomes curved,
then if the analysis is limited to small 7, the rate
constants of the faster reaction can be determined.
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(5) We must always remember that we ask Nature,
we don’t tell her. The existence of an automated
algorithm never absolves one from examining the
raw data to be sure that the data does indeed
match the model assumptions of the data analysis.
One should be careful to check for novel features
in the data such as sublevels, brief shuttings, mul-
tiple pore types etc. before committing it to any
data analysis.

On the other hand, the very significant ad-
vantage of this new method is that the pore transi-
tions do not have to be reconstructed out of the
usually noisy signal and it is not necessary to
measure and calculate frequency histograms in
order to obtain the kinetic rate constants. Thus,
this new method represents a substantial saving of
human effort and machine computation time.

We remain indebted to Dr. Herman Cummins
of The City College, New York, who made us
aware of the photon correlation techniques. Mr.
Thomas Grayson helped considerably in perform-
ing the numerical computations. We also thank
Drs. Julio A. Hernandez and Jan P. Koniarek for
their thoughtful comments. This work was sup-
ported by NIH grants EY4264 and EY1080.

Appendix

If the pore has two states, ¢ = closed and o=
open, then the current I flowing through the pore
will be I, =0 and I = I;. The probability that the
pore is closed P,=P(I=0)=k_/(k,+k.) and
the probability that the pore is open P, = P(/ =
1)Y=k, /(k,+ k). (See, for example, Ref. 13.)
The average current is then the expectation value
(IY=1P.+1,P,=1I/(1+B) where B=k_/k,,.
The current fluctuations f with respect to the mean
current are thenf, = 1. — (IY= —1 /(1 + B) when
the poreis closed, and f, =1 — (I>=1I B/(1 + B)
when the pore is open. The moments can then be
evaluated: (f?) = f2P, + f2P, = I’B/(1 + B)?
and (Y =fP. + P =IB(1 + B*)/(1 + B)*.
Thus, £,(0)= (f*)/(f*)* =(B+1/B*)/(1 +
1/B).
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