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Relaxation Kinetics of Glutamate Dehydrogenase Self-Association

by Pressure Perturbation’

Herbert R. Halvorson

ABSTRACT: The kinetics of self-association for beef liver
glutamate dehydrogenase (EC 1.4.1.3) have been measured
by using pressure perturbation in both the time domain and
the frequency domain by monitoring scattered light intensity.
The kinetic behavior is entirely consistent with the random
self-association model proposed by Thusius et al. [Thusius, D.,
Dessen, P., & Jallon, J. M. (1975) J. Mol. Biol. 92, 413-432].
The activation volume AV? for association is estimated to be

Beef liver glutamate dehydrogenase (EC 1.4.1.3) (GDH)'
exists in solution as a molecule of 336 000 molecular weight,
each molecule consisting of six apparently identical polypeptide
chains. These molecules of GDH self-associate to form a
concentration-dependent statistical distribution of rodlike
aggregates, with a single equilibrium constant describing the
addition of a unit to a growing chain. This phenomenon has
been studied extensively and is covered in recent reviews
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positive, and it is shown that this provides further corroboration
of the molecular mechanism advanced by these same authors.
A rapid shift in scattered light intensity is attributed to
preferential interaction between the phosphate anion and the
protein, proceeding with a positive volume change (2-5
mL/mol of phosphate). A description of the instrument
developed for this study is also included.

devoted to GDH (Sund et al., 1975; Eisenberg et al., 1976).
Although the mode of the interactions has been well char-
acterized as a linear indefinite (or isodesmic) self-association
by a variety of equilibrium techniques, equilibrium mea-
surements, of course, leave the question of mechanism un-
resolved. For GDH self-association, it would be interesting
to know if any particular oligomeric species plays a special
role in the self-association process. The initial stopped-flow
kinetic measurements (Fisher & Bard, 1969) showed uniphasic
kinetics, suggesting the existence of but a single kinetic in-
teraction. A more detailed temperature-jump study (Thusius
et al., 1975) corroborates Fisher’s observation and points out

! Abbreviations used: GDH, bovine liver glutamate dehydrogenase
(EC 1.4.1.3).
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the mechanistic implications of the way in which relaxation
times vary with total protein concentration. The self-asso-
ciation equilibrium for GDH is consistent with two quite
different kinetic schemes (Thusius, 1977): sequential indefinite
self-association, in which growth of a chain proceeds solely
by the addition of monomers, and random indefinite self-
association, in which growth occurs by the combination of any
oligomers. The random scheme predicts the observation of
the single elementary relaxation. The sequential scheme
predicts the occurrence of an infinite relaxation spectrum
which, because of degeneracy and relative amplitudes, would
be interpreted as a single relaxation. The way in which re-
laxation rates vary with total protein concentration supports
the random indefinite self-association model. In dealing with
such a polydisperse system one must make simplifying as-
sumptions, and for the temperature-jump studies just men-
tioned, the assumptions pertain to the distribution of enthalpy
changes among the interactions. Although the assumptions
are reasonable, it is not inconceivable that a different dis-
tribution of the enthalpy changes and a different kinetic
scheme might have led to the same observation. If there truly
were heterogeneity in the interactions, it is unlikely that an
independent thermodynamic property, volume, would be
distributed in the same way as enthalpy. The pressure per-
turbation study reported here therefore provides strong
substantiation for the random model. It also provides ad-
ditional mechanistic information not revealed by other
techniques.

The kinetics of protein self-association reactions have been
studied previously by pressure-jump light-scattering experi-
ments (Kegeles & Ke, 1975; Davis & Gutfreund, 1976; Tai
et al., 1977; Kegeles, 1978). These experiments have entailed
monitoring the exponential response to a single rapid com-
pression or decompression of 100 atm or more. Because of
the relative insensitivity of most chemical systems to pressure,
the resulting perturbation of the equilibrium is comparable
to that occurring in a typical temperature jump of 5 °C. For
many systems this is a simple and direct way to obtain the
desired kinetic information. In other cases, however, it may
be desirable to avoid the elevated pressures and large jumps
because of concerns about protein stability or a desire to
produce only a minute perturbation of a very cooperative
transition. Clegg et al. (1975) have used repetitive, small (less
than 10 atm) pressure perturbations, with signal averaging
techniques, to study order—disorder transitions in lipid vesicles
and proteins. I have built a similar instrument and applied
it to the self-association of GDH. Although the need for a
small perturbation is not great in this particular case, the
capability is important for study of other, more cooperative
polymerizations such as those which are displayed by flagellin,
myosin, actin, tubulin, or deoxyhemoglobin S.

Experimental Procedure

Materials. GDH was obtained from Sigma (type IV).
After dialysis, solutions were clarified by centrifugation and
used without further purification. Other chemicals were
standard reagent grade. For all experiments reported here the
buffer was 0.2 M potassium phosphate and 1 mM EDTA, pH
7.2. Concentration of GDH was determined spectrophoto-
metrically [A4,;," ™/™L = 0.97 (Olson & Anfinsen, 1952)].
Light scattering was monitored at 400 nm.

Pressure Perturbation Instrument. The design of the in-
strument parallels that of the instrument developed by Clegg
& Maxfield (1976) in its essential features. Figure 1 is a block
diagram of the configuration for measurements in the fre-
quency domain (dispersion). A pressure wave sinusoidal in
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FIGURE 1: Block diagram of pressure relaxation instrument.
Monochromatic light isolated from a Xe arc impinges on a short
cylindrical cell. Alternate positions of the detector allow the monitoring
of transmitted light or light emitted at 90°. Pressure is varied by
driving a piezoelectric stack with the output of a programmable power
supply. A variable-phase variable-frequency function generator
synchronizes the pressure perturbation with the phase-sensitive
detector/integrator. For time-domain experiments (not shown) the
power supply is programmed with a square wave and the detec-
tor /integrator is replaced with a digital signal averager.

time is generated by driving a stack of piezoelectric ceramics
(LTZ-1, Transducer Products) with the high-voltage output
of an operational power supply (OPS-2000, Kepco). The
power supply in turn is driven by a variable-frequency, var-
iable-phase function generator (HP-203A-001, Hewlett-
Packard) which provides all the necessary timing information
for the circuitry. The sample, contained in a short cylindrical
optical cell (synthetic sapphire, Adolf Meller Co.) is illu-
minated with monochromatic light (H-20 holographic grating
‘monochromator, Jobin-Yvon) from a 150 Xe arc (Osram) in
an Oriel housing, powered by a constant-current power supply
(XL 150, O.L.1.S.). Light scattered at 90° is detected with
an EMI 9558QB end-on photomultiplier tube in a PPI
62/3A27 combination photomultiplier tube housing/pho-
tometer amplifier. Conversion to detection of fluorescence
(emission filter) or transmittance (in-line observation) is
simple. A reference photomultiplier tube samples the incident
light, giving the capability of removing most of the lamp
fluctuations. The difference between the two photomultiplier
signals is taken with a Keithley 301 operational amplifier. A
calibrated semiconductor bridge pressure transducer
(XTM-1-190-500, Kulite Semiconductor Products, Inc.)
monitors the pressure within the cell.

When the instrument is operated in the frequency domain,
it employs fairly standard techniques of phase-sensitive de-
tection and amplification in a homemade dual-channel device
(Bentz et al., 1974; Mathis & Buck, 1976). Instead of the
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usual active filter, this circuit employs a gated integrator in
the final stage. This approach obviates the attenuation of the
signal to root mean square level and the difficulty of filtering
out low-frequengy ripple—two major problems with traditional
lock-in techniques under these conditions (low signal and low
frequency, respectively).

For kinetic measurements in the time domain, the pie-
zoelectric stack is driven with a square wave, producing
repetitive transient signals. The output of the Keithley 301
is then supplied to a digital signal averager (Tracor-Northern
507A), where successive transients are accumulated until a
satisfactory ratio of signal to noise is achieved. The oscilloscope
display is then photographed.

The enhancement of the ratio of signal to noise differs for
the time domain and frequency domain techniques and is
treated separately and more completely under Results. The
extent to which random noise is reduced increases as the square
root of the number of cycles. Sudden jumps in lamp intensity
resulting from arc wander can be disastrous, but the differ-
ential measurement greatly reduces the influence of more
minor (and more common) fluctuations. Smooth variations
in lamp intensijty (drift) will influence the total amplitude only,
with no effect on rates or the fractional amplitudes of part
processes.

The stainless steel bomb, which contains the piezoelectric
stack, the optical cell, and the pressure sensor, was not
thermostated in these experiments, although that capability
now exists. Instead, its large thermal mass [7 kg, with a
specific heat of 0.1 cal/(g deg)] was relied on to maintain the
experimental temperature at room temperature (20 °C). Since
the pressure-jump experiment is adiabatic rather than iso-
thermal, it is appropriate to consider the validity of this as-
sumption. Adiabatic heating of the sample is described by
(6T/op)s = aT/pc, which for water at 20 °C becomes 1.5 X
107 deg/atm. This effect is insufficient to sensibly perturb
the chemical system and is canceled over each complete cycle.
Cumulative electrical heating is diminished by the small power
factor for the piezoelectric stack, which behaves like an almost
pure capacitance. At 2 kV the dc current is less than 1077 A,
which for a 1-Hz square wave (50% duty cycle) is equivalent
to about 107 cal/cycle. The net resistive heating over 2000
cycles would be less than 107* °C.

Theory. The principles of relaxation kinetics are familiar:
by effecting a small perturbation of a chemical system at
equilibrium, the rate at which the system relaxes to the new
equilibrium conditions can be analyzed by using greatly
simplified kinetic expressions (Eigen & de Maeyer, 1963, 1973;
Bernasconi, 1976). The observed intensity can be expressed
as

Iy = HeM,,

where I, is the observed (static) intensity of scattered light,
¢ is the mass concentration of macromolecule, M, is the
weight-average molecular weight of the solute, and H is the
familiar “instrument constant”

H = 2x?n¥(dn/dc)? / (NgA*r?)

Since only small departures from I, are measured, it is le-
gitimate to ignore the virial terms. The amplitude resulting
from a small perturbation ép is given by

i = Iy(d In Iy/dp)dp

Measurements can be performed in the time domain (transient
techniques) or the frequency domain (stationary techniques).
Transient techniques (“jump” experiments) are characterized
by an effectively instantaneous change in the perturbing
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FIGURE 2: Phasor representation of frequency-domain pressure
perturbation. The real axis is defined by the pressure perturbation.
Physical response iy, lies on the real axis, whereas chemical response
icnem 1S delayed by phase angle ¢. The photomultiplier tube responds
10 Iignar, the vector sum of iy and igp.,. Phase-sensitive detection
resolves Jgg,) into its two orthogonal components /g and ig. The dashed
line is the locus of i, as a function of frequency.

variable, followed by an exponential decay in the observable
to the new equilibrium. The stationary techniques (absorption
or dispersion experiments) typically use a sinusoidally mod-
ulated perturbing variable, so the position of the equilibrium
becomes a function of time. As the perturbation is swept or
scanned from low to higher frequency, the observable signal
is attenuated and shifted in phase. The relations are con-
veniently visualized in a phasor representation. Figure 2 il-
lustrates a hypothetical pressure-modulation experiment on
a self-associating system with a positive volume of association,
by using scattered light as the observable. Each vector
represents the amplitude and phase angle of a particular
harmonic oscillation of angular frequency w, with the real axis
being defined by the perturbation. The physical response to
the perturbation is effectively instantaneous and lies on the
real axis. The signal depicted i, would pertain to an increase
over the dc level due to the finite compressibility of the solvent.
Changes in solvation producing changes in the refractive index
increment would lead to positive or negative amplitudes for
Iphys: The chemical response lags behind the perturbation by
phase angle ¢ = tan™' (w7), the finite rate precluding in-
stantaneous response. This “chemical compressibility” leads
to a negative amplitude in the signal /., because a positive
volume change means that an increase in pressure drives the
system to lower M, (less scattered intensity). The photo-
multiplier tube sees isgn,y, the vector sum of ipnys and ichem.
Depending on the relative magnitude of i, the apparent
phase angle can deviate markedly from ¢. Resolving iggq, into
its two orthogonal components i and /g with phase-sensitive
detection avoids this problem since i, contains no contribution
from iy The dashed line indicates the locus of iy, as a
function of frequency (Cole—Cole plot). When /g and /g are
displayed as functions of frequency (Figure 3), conventional
dispersion curves result.

Analysis of experiments in the time domain generally follows
the treatment developed for single transients. Particularly
when dealing with slow relaxations, it can be advantageous
to truncate the decay before it reaches the equilibrium value
in order to collect more transients at the expense of decreased
amplitude. The complete expression for the signal observed
from a single normal relaxation? is

T l-eTlim _ gt Tp
ToT, 1+ el T

y= yO e—l/'r
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FIGURE 3: Dispersion curves for ig and ig. The real component is
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FIGURE 4: Relaxation of GDH (10 mg/mL) in the frequency domain.
Points are the means (£SE) of 10 measurements. Solid lines are
theoretical curves for a process with an amplitude of 24 mV and a
relaxation time of 32 ms. See text for a discussion of data at 20 Hz.

where 7 is the chemical relaxation time, 7, is the time constant
for the exponential change in pressure, and T is the duration
of the perturbation (half the period of a square wave). These
corrections for finite rise time and truncated decay were not
required in the experiments reported here.

Results

Frequency Domain. A representative dispersion curve is
shown in Figure 4. The theoretical curves were obtained by
first defining the amplitude with a Cole—Cole type plot and
then assigning the maximum in ig to-1/7. This yields a re-
laxation time of 32 ms. The fit appears adequate, although
least-squares treatment was not employed. The data at 20 Hz,
not used in estimating 7, illustrate a point to be derived from
Figure 5, which represents the relative discrimination of the
amplifier/integrator. The signal entering this device contains
noise components of many frequencies w; besides the com-

2 This corrects a minor typographical error in eq 15 of Clegg & Maxfield
(1976).
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FIGURE 5: Response of phase-sensitive detector and gated integrator
to inputs of differing ratios to the operating frequency. Inset: power
spectrum of environmental noise showing 1/, interference, and “white”
noise.

FIGURE 6: Relaxation of GDH (5.8 mg/mL) in the time domain (2048
transients). The optical signal is inverted by the difference amplifier,
so the initial pressure drop (6 atm) produces an increase in the scattered
intensity. The half-period of the square wave is 244 ms (f = 2.05
Hz). Amplitudes of the two traces are arbitrary.

ponent at the operating frequency Q. The output voltage is
derived by full-wave rectification (at frequency Q), followed
by integration over one complete cycle at the same frequency.
The contribution of noise at frequency w; to the output voltage
is expressed as

ne 20/9
N; = J; sin (w;t) dr — -I;l/ﬂ

and it is the absolute value of this function, normalized to unity
at €, which is depicted in Figure 5. Not all noise frequencies
are equally attenuated. When operating at 20 Hz, line fre-
quency (60 Hz) is the first odd harmonic and it is not ef-
fectively removed. Accordingly, the values of iq and iy at this
frequency are strongly influenced by the phase relation between
the pressure perturbation and the line voltage. The greatly
increased uncertainties in the mean values at this frequency
arise from a ratio of interference frequency to operating
frequency which is not exactly 3. This produces beating. The
data at 17.5 Hz (60/17.5 = 3.4) illustrate the ability of the
analyzer to discriminate against a strong noise component
under more favorable conditions. Although not shown here,
even more striking effects are seen in the vicinity of 8 Hz, since
the dominant noise frequency is 120 Hz (120/8 = 15). The
presence of 1/f or flicker noise and the finite low-frequency

sin (w;t) dr
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FIGURE 7: Fraction of the total change in optical signal due to the
relaxation amplitude vs. total protein concentration. Points are
experimental results, and lines are theoretical as described in the text.

lobe for the analyzer response combine to preclude mea-
surements much below 0.05 Hz. This is a general problem
with techniques in the frequency domain, particularly when
the ratio of signal to noise is low.

Time Domain. The results of a typical transient (time
domain) experiment are shown in Figure 6. Although white
(random) noise is suppressed as the square root of the number
of repetitions, the relative contribution of interference noise
will be enhanced if its frequency is a harmonic of the frequency
of the square wave. These harmonics become closely spaced
at low operating frequencies, leading to the appearance of
“ringing” in the signal. Continued averaging of more tran-
sients cannot eliminate this from the record, so operating
frequencies must be chosen carefully.

Another feature of the pressure-jump relaxation pattern is
the presence of a fast process (following the time course of
the perturbation, 7, = 2 ms) with an amplitude of the same
sign as the relaxation proper. Although this phenomenon was
not noted in temperature-jump studies on this system (Thusius
et al., 1975), similar effects have been seen in pressure-jump
experiments with a-hemocyanin and attributed to changes in
solvation involving larger volume changes than enthalpy
changes (Tai et al,, 1977). Preferential interaction of GDH
with phosphate has been noted to increase the refractive index
increment (Gauper et al., 1974). If this is the underlying cause
of the fast process, then the preferential interaction between
the two components proceeds with a net increase in volume.
Such behavior would be consistent with removing the phos-
phate anion from “normal” aqueous solution to a region where
less electrostriction would be obtained, i.e., in the immediate
proximity of the protein molecule.

Relaxation curves were analyzed by plotting semiloga-
rithmically points taken from the photographs and drawing
a line through the points at longer times. “Curve peeling” was
used to verify that the fast process occurred at the same rate
as the perturbation. The fraction of the total amplitude caused
by the slow phase was derived from the same plot. This
information is presented in Figure 7.
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FIGURE 8: Reciprocal of the square of the relaxation time vs. total
protein concentration. Experimental points are from measurements
in the time domain (O) or frequency domain (®). Where relaxation

times differ at the same concentration, the slower process always
corresponds to the higher equilibrium pressure.

Random indefinite self-association (Thusius et al., 1975;
Thusius, 1977) can be regarded formally as a dimerization
reaction between sites available for interaction, S, to form a
bond or tight interaction, B,

k./4

2S——8B
kq

where the numerical factor arises from statistical consider-
ations. As a consequence of this formal dimerization, the
familiar transformation

(I/T)Z = 4kadet + de

can be applied to test the concentration dependence of the
experimentally observed rates and to derive the rate constants
in the absence of ancillary information. The relaxation data
are presented this way in Figure 8, which shows the equiv-
alence of the time domain and frequency domain techniques.
From the slope and intercept, I determine k, = 1.5 X 10¢ M™!
s and kg = 5 s7!, equivalent to values determined earlier
(Thusius et al., 1975).

Since each pressure-jump experiment gives two relaxations
(at different pressures) and the rate at the higher pressure is
consistently slower, the activation volume for self-association
can be estimated from the pressure dependency of the rates.
Differentiation of the expression for the relaxation time yields

Aln(1/7)

1
- + 27/ —
AV = [l + (k?)AV® - RT A

Under the conditions of these experiments the thermodynamic
volume change for association is +24 mL/mol (Heremans,
1975) and k4 is 5 s7!. The result, AV,* = +350 £ 150
mL/mol, presents immediate implications as to the nature of
the transition state and the mechanism for the self-association
process.

Discussion

The results obtained here on the kinetics of GDH self-
association provide substantial corroboration for the random
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indefinite associate model of Thusius et al. (1975). If the
interactions in this system were truly heterogeneous, it would
be quite unlikely that both AV and AH would be distributed
$0 as to give an apparent single exponential decay (Figure 6)
through degeneracy. The concentration dependence of the
relaxation times shown in Figure 8 argues strongly against any
special role for the monomer in the kinetic mechanism.
Further insight into this system is provided by a closer con-
sideration of the results in Figure 7 and 8.

Since the self-association occurs more slowly than a dif-
fusion-controlled process yet the subunits must encounter one
another in some diffusion-limited manner, it is helpful to
consider a slightly more detailed kinetic scheme

1S=S,—=B

where, as before, S represents a site available for interaction
and B represents a bond or tight interaction. S, represents
an encounter pair produced by the collision of two hydrated
sites. Step 1 proceeds at a diffusion-limited rate, while the
unimolecular conversion in step 2 is much slower, akin to the
mechanism for ligand—metal complex formation (Eigen &
Tamm, 1962). Since S and S, represent heterogeneous
molecular populations, one cannot speak meaningfully of a
single diffusion-controlled rate constant for step 1, but it is
possible to estimate that the relaxation time for this step should
not exceed 100 us, which is significantly faster than the
perturbation. Such a mechanism is consistent with all that
is known about GDH self-association.

The fast relaxation process summarized in Figure 7 does
not arise from step 1 of this mechanism, however, as can be
shown by analyzing the amplitudes. Denoting by A¢, and AV,
the molar changes in light intensity and volume associated with
each part reaction, the fraction of the total amplitude which
occurs in the slow phase can be expressed (Schimmel, 1971;
Thusius, 1972) as

S =[(a¢; - Ag,) X
(AVI - AVz) + A¢2AV24K15 - A¢1AV14K15/(1 +
4K5)]/[(Ag, — Ad)(AV) - AV)) + AP, AV4K s +
A AV, /K]

where s = (V1 + 4K, K,C, - 1)/(K,K,) is the concentration
of free sites. The A¢’s can be expressed as

Ay = 2M2[2H(S,) - H(S)]

A, = 4M12[H(B) - H(S,)]

where allowance has been made for the “instrument constant”
H (or, by implication, dn/dc) to be a function of the degree
of association. Such a formulation is at odds with the well
established idea that the dependence of light scattering on
molecular size stems from interference effects in the solute
particle and accordingly should be insensitive to the minute
change implied for step 2. This implies that

A¢, = 4M’H
A, =0
leading to

AVI 1
AVZ 1 +4K;s

A
AV, K,

The nature of the two steps implies that AV, « AV, and f
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becomes indistinguishable from 1. This is not in accord with
the results shown in Figure 7.

Compressibility of the solvent can be immediately rejected
as an explanation because it would produce a jump opposite
in sign to the relaxation amplitude. A remaining plausible
explanation is a decrease of refractive index increment with
increasing pressure. Since scattered intensity varies as the
square of the refractive index increment, the amplitude ex-
pected is

81 = -21,Dép

where D = -4 In (dn/dc)/ap. The relaxation proper will have
an amplitude (Thusius et al., 1975) of

2KC, AV

or= I°M, + 4KC,RT

=70P

The fraction of the amplitude occurring in the slow phase is
then

G

2:[l>

1AV K
D RT M,

f=
1 AV
+ —_——
1 (4+DRT)M,C

This expression is plotted in Figure 7 for different limiting
values of f, and from the solid line it appears that an ap-
propriate estimate is 0.5 or D = 2.5 X 107,

Preferential interaction of GDH with phosphate has been
noted previously (Gauper et al., 1974) through the effect of
phosphate concentration on the refractive index increment of
the protein. Analyzing their data through the procedures
described by Casassa & Eisenberg (1964) leads to an estimate
of 180 £ 5 mol of phosphate per mol of GDH in 0.5 M
phosphate buffer, pH 6.5. (This represents 30 mol of
phosphate per polypeptide chain, in reasonable accord with
26 mol of NaCl per mol of BSA under similar conditions.)
Using the empirical formulas of Teller (1976) for the accessible
surfaces of proteins, the fraction of the surface which is oc-
cupied by phosphate (0.03) does not differ materially from
the estimated volume fraction of phosphate in the solution
(0.05). Indirect support for the idea that these are nonspecific
interactions comes from the relative insensitivity of the
self-association to the phosphate concentration, d In K/d In
(phosphate) = —0.92 at 10 °C, pH 6.5 (Gauper et al., 1974),
suggesting that only a negligible fraction of the bound
phosphate is linked to the self-association, perhaps involving
specific interactions. (The kinetic uncoupling of the two
processes is established by the experiments reported here.) It
is then reasonable to suppose that these are weak, nonspecific
interactions involving one RT (0.6 kcal) of excess free energy
for each phosphate (Schellman, 1978). In the absence of a
specific binding isotherm, the thermodynamic measure of
binding reduces to

#Zeces) Ri
(X S /

by using the Scatchard formalism (Casassa & Eisenberg,
1964). Assumption of this linear free energy model, ignoring
the 0.7 change in pH, leads to an estimate of 72 mol of
phosphate per mol of GDH for the preferential interaction
under the conditions of these experiments. At this lower
phosphate concentration the excess refractive index increment
is predicted to be 0.0040 mL/g. For a 6-atm perturbation,
the change found experimentally (2.9 X 10 mL/g) is 7.2%
of this, leading to an estimated AV of +3.8 mL/mol of
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phosphate. If the limiting values of f are taken to be 0.4 or
0.6 (dashed lines of Figure 7), the corresponding estimates of
AV become +5.6 or +2.5 mL /mol, respectively. Overall, an
estimate of +2—-6 mL /mol seems appropriate. Although the
total amount of phosphate bound and the associated change
in refractive index increment are estimated with uncertainty,
the estimate of the volume change associated with binding one
phosphate is robust with respect to such error,

The source of this volume increase could lie in either or both
of two processes. As the phosphate ion and the protein
molecule become associated, some of their hydration shells
could be shared, and the resulting release of bound water would
increase the thermodynamic volume of the system. This would
involve perhaps 2-6 water molecules per phosphate ion.
Alternatively, there should be some neutralization of charge
as the phosphate ion is brought from bulk solvent to the more
nonpolar milieu in the immediate vicinity of the protein
surface. The volume changes suggest 10-25% of the effect
associated with removal of one formal charge. There are
important subtleties in considering preferential interaction.
Foremost is recognizing that the interaction is described in
terms of components of the solution, that is, entities whose
concentration can be independently varied, not in terms of ion
binding. To avoid playing too freely with this important
distinction, it is useful to consider “phosphate” as representing
a hypothetical molecule whose properties reflect the mole
fraction of total phosphate which is K,HPQ, or KH,PO,. For
example, from molar and ionic volumes tabulated by Millero
(1972), it is possible to estimate molar volumes of 25.7 and
38.1 mL/mol, respectively, for these two species. At pH 7.2
and 0.2 M, the phosphate component has a “molar volume”
of 28.8 mL/mol. Assigning the volume change for the
preferential interaction to the phosphate component means that
the “bound phosphate” has a “molar volume” of 32.6 mL/mol.
This represents a distribution of species that, at 0.2 M total
phosphate, has a pH of 6.6. Another way of viewing the
situation, perhaps more illuminating, is that the phosphate
component in bulk solution is best described as K, ;sH, »sPO,,
whereas in the vicinity of the protein, it behaves more like
K,.44H;56PO,, and it is in this way that we are seeing the
volume of ionization for phosphate and electrostrictive effects.
The net effect is to bring protons to the protein. This de-
scription is simplistic in its neglect of the charge on the protein,
about which little can be said other than that the sign is
negative at this pH.

A temperature jump of 5 °C would produce about the,same
change in the refractive index increment (Gauper et al., 1974),
but the amplitude of the relaxation proper would be 25-30
times greater, making it difficult or impossible to see the fast
process (Thusius et al., 1975). Alternative explanations might
be sought in the decrease in pH (~0.002) induced by a 6-atm
increase in pressure, although this would imply an unusually
strong dependence of preferential interaction or solvent re-
fractive index upon pH. The similar effects observed by
Kegeles and co-workers (Tai & Kegeles, 1971; Tai et al., 1977)
occurred with a-hemocyanin in acetate buffer, ruling out
behavior unique to phosphate (or GDH) as an explanation.
Their proportionately smaller fast process would be consistent
with the smaller volume of ionization for acetate, but no
quantitative conclusion can be drawn from the single relaxation
curve (Figure 2 of Tai et al., 1977).

It is unsatisfying to have no better direct evidence for this
proposed explanation, particularly when considering the
relatively poor agreement at low concentration. Three factors
conspire against a more stringent test by varying the phosphate
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concentration. First, the predominant effect of the resulting
change in the refractive index increment will be to change each
amplitude proportionally. Second, the self-association
equilibrium depends on ionic strength, leading to changes of
the slow amplitude with salt concentration. Third, preferential
interactions are far weaker than stoichiometric binding (the
molar ratio of phosphate to GDH is approximately 50 000),
making it difficult to alter significantly the extent of per-
turbation. The instability of GDH in other buffers, such as
Tris, precludes study in such media. Detailed studies of the
effect of pH and ionic strength on the kinetics (now in
progress) will help to clarify the picture.

The unusually large activation volume is readily interpreted
with the aid of a simple model for the transition state between
the encounter pair, S,, and the formed interaction, B. If the
encounter pair involves the collision of the hydration layers
and the interaction requires the approximation of the protein
surfaces, then the intervening water molecules must leave that
region before the proteins can move together. Each water
molecule so implicated contributes its molar volume (18
mL/mol) to the activation volume, and it appears® that some
20 water molecules play such a kinetic role. Thusius et al.
(1975) have suggested, from considerations of the entropy
changes, that 24 water molecules are released in the association
equilibrium. From the effect of pressure on the self-association
equilibrium (Heremans, 1975), one can likewise infer the
involvement of 25-30 water molecules. The smaller number
found from the kinetic experiments may be an insignificant
difference, although it is more likely that the dissolution of
the hydration shell is not a totally concerted process. The
previously determined activation parameters (Thusius et al.,
1975) then become AH* = 0.75 kcal/mol, AS* = 1 cal/(mol
deg), and AC,* = 15 cal/(mol deg) for each water molecule.
In the absence of structural information about the interface,
these parameters cannot be sensibly dissected further to
describe the hydration of nonpolar vs. polar groups.

Pressure perturbation relaxation studies are seen to provide
unique information on macromolecular interactions as well
as to corroborate conclusions drawn independently via other
techniques. Volumes of reaction are every bit as ubiquitous
as heats of reaction, so most processes can be perturbed di-
rectly. When the direct volume change is vanishingly small,
the reaction of interest can be coupled with a rapid responsive
reaction to provide the requisite kinetic information, as is
commonly done in temperature-jump studies. When optical
detection is used, there are almost no constraints on solvent
composition (ionic strength, for example).

An additional advantage of this instrument, also pointed out
by Clegg et al. (1975), arises from the use of small pertur-
bations, despite the ensuing difficulty in measuring the small
signals. A key feature in the popularization of relaxation
techniques is that rate equations of any order can be linearized
for a sufficiently small perturbation of the equilibrium. When
dealing with highly cooperative systems, particularly those with
high apparent molecular order, the allowable perturbation
becomes quite small (Bernasconi, 1976). The problems in-
volved in measuring the resulting small signals are obvious and

3 In this context it must be mentioned that, although the experimental
estimate of AV* is significantly different from O at the 0.95 level by the
1 test, the 0.95 confidence interval for AV* is 350 £ 430 mL/mol.
Accordingly, the conservative interpretation of these results is that only
the sign of AV* has been determined. Arguments based on the magnitude
of AV* must be regarded as tentative until more precise estimates become
available. What is at question is not the general validity of the simple
model presented but rather the degree to which the expulsion of the
hydration layer is a concerted process.
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pressure perturbation lends itself well to the required signal
averaging techniques. Perhaps less obvious is the ease with
which very small perturbations can be applied. For GDH with
AV =25 mL/mol and AH = 5 kcal/mol, a 1.0-atm pressure
jump is equivalent to a temperature jump of 0.03 °C. The
pressure-volume work of 25 (mL atm)/mol would perturb the
free energy by 0.6 cal/mol, and the experiment would ap-
proach the realm of fluctuation kinetics.

Despite the attractive features of techniques in the frequency
domain (simplicity and economy of instrumentation and
analysis), this approach does not prove sufficiently powerful
for studying systems with small signals and slow relaxations.
It may be more valuable in studying other kinds of interactions,

Added in Proof

Information recently obtained from Dr. K. A. Heremans
(personal communication) suggests that AV* is about +10
mL /mol. His estimate (to be published in detail elsewhere)
derives from experiments specifically designed to measure this
parameter (temperature jump at 1-600 atm) and must be
regarded as being more precise than that obtained in this work.
The mechanistic implication is that surface water molecules
are displaced more or less independently.
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Ion Binding to Cytochrome ¢ Studied by Nuclear Magnetic

Quadrupole Relaxation®

Thomas Andersson,* Eva Thulin, and Sture Forsén*

ABSTRACT: The enhancement of the 3*Cl- transverse relaxation
rate on binding of chloride ions to oxidized and reduced
cytochrome ¢ has been studied under conditions of variable
sodium chloride concentration, temperature, pH, sodium
phosphate, iron hexacyanide, and sodium cyanide concen-
tration. The results revealed the presence of a strong binding
site(s) for chloride in both oxidized and reduced cyt ¢, with
a higher affinity in ferrocytochrome ¢. Competition exper-
iments suggest that these sites also bind iron hexacyanide and

Eucaryotic cytochrome c is a small protein, composed of
103-113 amino acid residues, having an iron porphyrin co-
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phosphate. Cyanide binding to the iron in ferricytochrome
¢ at alkaline and neutral pH was shown to decrease the binding
of chloride. The pH dependence of the 33Cl- relaxation rate
has been fitted by using literature pK values for ionizable
groups. No indications of Na* binding to oxidized and reduced
cytochrome ¢ have been observed by using 2?Na* NMR. Our
results suggest that chloride is bound near the exposed heme
edge and that the surface structure or dynamics in this region
are different in the two oxidation states.

valently attached to the protein. The biological role of cy-
tochrome c is to receive electrons from cytochrome ¢; and in
turn deliver them to cytochrome oxidase (Dickerson &
Timkovich, 1975). The crystal structure of tuna cytochrome
¢ has been determined for both oxidation states (Swanson et
al., 1977; Takano et al., 1977; Mandel et al., 1977), and no
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