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INTRODUCTION

Some chemical reactions involving biomolecules are known to be accompanied
by measurable changes in electric properties. The binding of long-chain fatty
acids and similar ligands to human serum albumin (HSA) is one such reaction;
a change in the dipole vector of the protein has been documented.'

We have used this property to develop a new probe to study the kinetics of
these binding reactions.

The probe consists of a measurement of the dielectric properties of a reacting
mixture, made by recording the response in real time to a single electric pulse.
This technique has the advantage of providing several parameters from each mea-
surement, which, in the experiments we are reporting here, provided us with
simuitaneous access to two separable measures of reaction progress. This re-
sulted in identification of two distinct steps in the binding reaction.

The observations are made on rapidly mixed solutions of HSA and ligand,
with use of stop-flow methods. Each observation requires the recording of data
for an interval of 20-50 usec, and is repeated at intervals from | msec to 20 sec
after mixing,.

SINGLE-PULSE DIELECTRIC RELAXATION MEASUREMENT

Ever since Debye’s classical explanation® of the mechanism by which polar
molecules orient in an electric field and the subsequent discoveries in the 1940s*
that many protein molecules in solution behave in an electric field very nearly
like polar molecules of an ideal gas, it has been only a matter of time and tech-
nology before the orientation of biologically important molecules could be ob-
served as it happens—in real time.

By a Fourier transformation one can go from a description of a system re-
sponse in the frequency domain to a description in the time domain, and, as
Dr. Wada has pointed out (Husimi and Wada®) in the context of his very excellent
method of applying a burst of pseudorandom noise, any transient signal that
contains as Fourier components the relevant parts of the frequency spectrum, will,
in principle, yield the same information as the traditional frequency scan.

Of course the business of finely tuning a test circuit one frequency at a time
provides an enormous, useful redundancy in the desired information, allowing one
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to amplify the wanted signal greatly while eliminating almost all nonsystematic
error.

One reduces this desirable redundancy when one reduces the number of times
one repeats the essential features of the test wave shape; one loses in signal-to-
noise ratio, and consequently in accuracy, as one shortens the measurement time.
Dr. Wada’s method, which he will be discussing later, strikes an excellent balance
between speed and accuracy.

The method we have developed consists of applying a single square pulse of
the order of 20-50 usec duration, essentially limiting the measurement period
to the response time of the sample. In so doing we sacrifice further the ability to
filter out noise. but, as it turns out, the information yield is still quite satisfactory
for a number of purposes. '

We expect the usefulness of the single-pulse method to be primarily in three
categories of experiments: 1) those in which it is difficult to maintain the physical
environment constant for steady state measurements; 2) those where intentional
changes in the sample are induced, and repeated single-pulse measurements are
made to observe the resultant sample changes; and 3) those where the pulse itself
may cause sample ““damage” and one has essentially only one shot at making a
measurement. Our present use of the method is in a system of category 2).

DESIGN, THEORY, DATA PROCESSING

The pulse method involves first of all a choice of pulse shape. The square pulse,
or Heaviside function, has a spectral density inversely proportional to the fre-

FiGURE |. Schematic of bridge
arrangement for single-pulse re-
4 sponse measurement of dielectric

V(t) . ‘

relaxation of a sample placed be-
tween electrodes (see  text tor
definition of symbols).

Vi

quency, and thus is uniform on a log frequency scale. This corresponds most
closely to the customary and most efficient sampling density used in frequency
scans for obtaining Debye dispersion curves, and so it becomes the pulse shape of
choice.

One seeks next to maximize the proportion of response signal that reveals de-
sired information, and one does this by balancing out what might be called the
base-line capacitance and conductance of the sample in a bridge arrangement.

For purposes of analysis, the sample is specified in terms of its conductance, G,
its frequency-independent capacitance, Cp: and dispersion components *i* of in-
crement C; and relaxation time, 7;. One aims to balance out Cy and Gy by setting
the balance arm capacitance and conductance to estimates of these values, C, and
G,. Fixed and equal low resistances R make up the other two bridge arms, as in
FiGurg 1. In this arrangement, the input signal is a step function &_; (using the
notation of Ref. 6) of amplitude V).
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The circuit of FIGURE | may be solved in the frequency domain. The response
V(t) in the time domain to a signal Viy&_, is then obtained by multiplying
the frequency response by the spectral density (jw)™'. where j is the unit imag-
inary and w the angular frequency, and obtaining the Fourier transform of the
resultant quantity. For the case of a single relaxation component (C,, 1), one
obtains

2
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9 can be thought of as a relaxation time of the fixed quantities alone.
For two components of increment '} and (, and time constants r; and 7,,
one obtains
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where 8, are the roots of
08+ RE -7 =0
and
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R =14+ T/ + (C; + CH/(Cy + Cy)
Q=T+ W/irg + (Cy1y + Cur)/(Cy + Cy)

and 7¢is defined as in (1).
Some simple response characteristics can be described. The value of V (0),
at time ¢ = 0, is always determined by the balance of C, and Cy, and if these
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Figure 2. Calculated response curves in the time domain and (above) corresponding
Debye dispersion curves in the frequency domain for the same parameters. Time domain

data calculated from Equation 2: (4 = Cy = 100 pF for all cases. — -- = no relaxation
components, 19 =34 pusec, ~------ = widely separated dispersion regions, () =
Cy = SpF, 7 = .025 psec, 73 = 2 usec, 79 = 340 usec: —— = simulated data for globular
proteins, ¢} = C3 = 5 pF, 7p = 333 usec, 73 = | usec, 79 = 3.4 usec; and - = single
relaxation time, ¢ = 10 pF, 7 = | usec, 79 = 3.4 usec. Arrows indicate relaxation times

or relaxation frequencies.

are equal, the response always begins at the origin (FIGURE 2). At large times,
V(t — =) approaches the asymptotic values 1/2 (G, — Go)/(G4 + Gy). If
there is no dispersion, it approaches this asymptote exponentially with the time
constant 7y (dash — dot curve).

If there is one dispersion region, and 7, << 79, one observes first the polariza-
tion due to molecular orientation, the effect of which is to increase the sample
capacitance with time. This is followed by the asymptotic approach to V (=).

FIGURE 2 contains three simulated-response curves in both time and frequency
domains for systems with dispersion. The dotted line represents the case in which
71, 72 (arrows) and 7y are widely separated; this response function is a sum of
three exponential decay terms (2), and thus the separation of the relaxation do-
mains is qualitatively different from the corresponding separation obtained in
the frequency domain, where the response is a sum of Lorentzian terms. The
other two response curves shown correspond more nearly to the dispersion prop-
erties of globular proteins, where 7, and 7, span at most one decade, and where
the solution conductance at best gives a value of 7y somewhat larger than the
molecular relaxation times.
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FIGURE 3(a) shows experimental time domain response data from a sample of
HSA. Such data can be fitted by a one- or two-relaxation time representation
directly, using Equations | and 2, respectively.

If one is interested in fitting such data with a more complicated model, in-
volving more than two relaxation times, or a continuous distribution of relaxation
times as in Cole-Cole’ equation,

€1

e(w) = ¢ + (3)

1 + (jwr)*
the lack of linear additivity of relaxation components in the time-domain re-
sponse functions poses great computational difficulties. In Equation 3, ¢ is the
dielectric constant, ¢ the solvent dielectric constant, ¢ the dielectric increment,
and « is a number between 0 and 1.

Fitting to such more complicated models can be done by computing a Fourier
Transform® of the time-domain data, and obtaining from that, by straight for-
ward algebraic manipulation, a conventional Debye representation of dielectric
increment in the frequency domain, of which the real part is shown in FIGURE 3(b).
The transformed data can then be fitted in the frequency domain where relax-
ation components add linearly. The two principal drawbacks to this method are
1) the ability to assign appropriate weighting factors to the various portions of
data is largely lost, and 2) the transformation almost always requires extensive
interpolation and extrapolation of the actual data, which is difficult to do without
biasing the information.

The electronics used in making these measurements were custom-designed
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to permit programming of pulse width, repetition rate, and data-sampling times.
The bridge output is amplified and sampled at intervals of 200 nsec, converted to
digital form with 8-bit accuracy, and stored in a memory for later retrieval and
processing.

OBSERVING [ON IMMOBILIZATION AND BINDING IN REAL-TIME

Our initial interest in the ability to make these extremely fast measurements
of dielectric relaxation was in its application to kinetic studies of the reactions
between human serum albumin and small molecules.

The steady state dielectric properties of serum albumin solutions have been
well characterized,**"'! and in particular it is known that the dielectric increment
is markedly altered by the binding of fatty acids.'

The equilibrium constants of such binding have been studied by chemical
methods'*'"? and, for the first several moles of fatty acid bound, are of the order
of 10'M ', This extremely tight binding accounts for the difficulty in completely
defatting this protein.'*'® These and other observations'®'® have supported the
view that two or three of the primary sites for fatty acid and certain other organic
ligands are in a portion of the albumin surface which is interior to the molecule
in its normal, or N, form. Studies of the N-F transition, induced by lowering the
pH to approximately 4, are consistent with the hypothesis that this interior sur-
face becomes more accessible to the solvent in the F-form, accounting for the rela-
tive ease with which in vitro defatting occurs at lower pH values.

In our current research we use the electric pulse as a probe of the changes oc-
curring in the albumin molecule as free fatty acid is suddenly made available for
binding. This condition is created in a stop-flow apparatus, which is conventional
in design,' except that after the albumin solution and the solution of fatty acid
come together, the mixture is observed in an electrode chamber instead of in the
customary optical cell.

Our mixing cell with electrode chamber (FIGURE 4) has a mixing time of <2
msec., mixing volume = 40 ul, electrode chamber volume = 14 gl, and a cell
constant = 14.8cm.

Our HSA was obtained as a reworked fraction V2 from the Blood Fraction-
ation Laboratory of the Michigan Department of Public Health, Lansing, Mich-
igan. It contained a maximum of 3, nonalbumin proteins, and less than 5°, of
dimer, as characterized both by ultracentrifugation and by gel filtration.

The protein is first defatted by the method of Ref. 21, using XAD-2 resin,
and a speeded-up technique for bringing the protein to defatting pH and returning
it to pH 5 immediately on exit from the resin column. The defatted protein is
found to be labile, and to denature if left at low pH longer than several hours.

Numerous technical problems are associated with the introduction of long-
chain fatty acids into the protein solution, related to the fact that these ligands are
micelle-formers in water. Consequently also the assignment of such quantities as
the free ligand concentration is not straightforward.

We have obtained results from stop-flow mixtures of albumin solutions with
1) dispersions of oleic acid in 10% Ethanol-water mixtures, 2) solutions of sodium
oleate, and 3) solutions of the more soluble ligand, N-acetyl tryptophan. Sim-
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ilarities in the binding of fatty acids and of N-acetyl tryptophan were reported by
Dintzis.?

In each experiment, one obtains a time-domain response curve such as is
shown in FIGURE 3(a) immediately upon stopping of the mixture of HSA and
ligand solution in the electrode chamber; one then repeats the application of a
pulse and recording of a response curve in a digital memory, at various intervals
during the course of the chemical reaction; i.e., the binding of the ligand.

From the series of response curves we routinely calculate values for the pa-
rameters Gy, Cp, Cy, 7y, C, 73, and we can also obtain by Fourier Trans-
formation a Cole-Cole parameter « in the r; component of increment. How-
ever, Cg, 71, and 7, are assumed not to be parameters of the reaction, and C,
and C; are not even under the best circumstances' determinable separately with
great certainty.

As reaction-sensitive parameters, we thus obtain the total increment C,, =

W ruatinum
[l correr
W eress
(G xec-r
[ rerLon

ONE INCH

FIGURE 4. Schematic cross section of stop-flow dielectric cell. Reactants enter at the
two Luer fittings at the right, mix in a complex T mixer in the Teflon* sandwich (details
of mixer configuration not shown), and pass to the piatinum electrode chamber.

C, + (3, and Gy; these, in fact, provide us with the ability to monitor simul-
taneously two different events involved in the reaction.

Gy, the solution conductance, changes as an ionic species becomes relatively
immobilized by binding to a large molecule.

Ciot, the total increment of capacitance due to molecule orientation, gives an
indication of the extent to which the reaction has proceeded to its final equi-
librium state.'

In FIGURE 5 are shown the values of Cyy as a function of time after stop-flow
mixing, calculated from a sequence of pulse-response curves obtained during the
reaction of HSA with a solution of equal molarity of N-acetyl-DL-tryptophan.
Also shown are results from a control mixture of HSA and water. There are sev-
eral possible explanations of the data from | sec to 20 sec, which will be eluci-
dated in further experiments. In this report we have analyzed the data up to 1 sec
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FIGURE 5. Dielectric Increment as a function of time after mixing in a stop-flow cell
(FIGURE 4). (8) = Solution of HSA (LHA76QE1), 66.1 g/l in water, mixed with solution
ImM N-Acetyl-pL-Tryptophan in water, at 0°C, Gy = 6.2 umho/cm; (o) = Control,
same HSA solution mixed with water, Gg = 5.1 umho/cm.

in terms of a reaction assumed to be separable from the longer-time event. As
such, using the initial (high) C,,, and the 1 sec (low) value of C,, as parameters
reflecting an unreacted and a reacted state for the HSA molecule, we obtain in
FIGURE 6 a graphical representation of the extent of reaction as a function of time,
indicating a good fit to first-order kinetics with a rate constant of (3 + 1/2) sec™".
This result, unexpected to be sure, becomes understandable in the light of the
other information from the same sequence of pulse responses. The value of Gy, not
presented graphically because it would be a straight horizontal line, is virtually
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FIGURE 6. Data of FIGURE 5 from 1 = 0 to 7 = | sec, displayed as a fraction of protein
remaining in the high dielectric increment state. For this calculation, the assumption was
made that the decline in dielectric increment after 1 sec is a separable decay.
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invariant with time after the first data point, having a value oniy slightly dif-
ferent from that for the control experiment, and far lower than the total con-
ductance of the unreacted mixture that can be estimated from calculations based
on the conductance of free ligand. This is a relatively complicated calculation,
involving the degree of ionization of the ligand and the extent of pH buffering
by the protein, but the conclusion is clear, that by the time of the first measurement
virtually all free ligand has been immobilized, suggesting that it has been bound
by the protein, but not yet in the configuration that it reaches at equilibrium.

The inference from the conductivity data is that the time constant of the
initial binding step is less than 1 msec, giving a second-order rate constant k >
10°M ~'sec™". This suggests a diffusion-limited first step. With ligand and protein
already in place, it is to be expected that the subsequent step be of first-order
kinetics, as indeed the data suggest.

These experiments have also been done with oleic acid as ligand, and the same
general kinetics are evident.

CONCLUSION

The pulse-response technique described has demonstrated that the binding of
N-acetyl tryptophan and oleic acid by HSA takes place in at least two steps, the
first occurring quite rapidly, producing a complex that removes the ligand from
the free state but does not involve the characteristic change in dipole moment
associated with the final bound state. Presumably, the ligand has found its al-
bumin molecule and attached itself to one of the more accessible low-aflinity sites.

Following such an attachment is a second, much slower step, with first-order
kinetics, during which the ligand and the protein rearrange their configuration,
perhaps involving an opening and reclosing of the N configuration, after which
the ligand has been bound at the more interior, high-affinity site.

These conclusions are very much consistent with all that equilibrium studies
have revealed about the binding of fatty acids to HSA. They are indeed a con-
firmation of the view of two distinct types of binding sites.

It should be noted that the experiments on the albumin-fatty acid system done
thus far are quite limited, and still allow for various interpretations.

Many obvious variations on the experiments described can now be done, and
may help develop a better understanding of the functioning of the primary or-
ganic binding site or sites on HSA.

The pulse-response method has proved its feasability and its usefulness as a
probe of chemical processes. It is our hope that it will also prove versatile enough
to access other systems to dielectric measurement, systems too fragile or too
changeable to hold still for steady-state measurements.
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