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PARTIAL PURIFICATION AND CHARACTERIZATION OF
AN Ls -NADP: ISOCITRATE OXIDOREDUCTASE
FROM EMBRYONIC CHICK LIVER
INTRODUCTION

The enzyme isocitrate dehydrogenase catalyzes the oxidative

decarboxylation of Ls-isocitrate when in the presence of a divalent
cation (Mg

+2

or Mn

+2

) and an oxidant (NAD or NADP). The overall

reaction probably proceeds in a sequential manner involving two sepa-

rate reaction mechanisms. Presumably the initial reaction would be
the oxidative dehydrogenation of Ls-isocitrate to form oxalosuccinate.
The oxalosuccinate would then be decarboxylated to form a-ketoglutarate as the final product (17, 18, 19, 46, 60). There is evidence

that if oxalosuccinate is formed as an intermediate, then it remains
bound to the enzyme until after the decarboxylation reaction (44, 54,
60, 70).

There are three electrophoretically distinguishable isocitrate
dehydrogenase enzymes present in animal tissue (6, 40, 42). These

enzymes differ in their intracellular localization as well as their
cofactor requirement. One enzyme is found exclusively in the mitochondria and requires NAD as its cofactor (6, 25, 49).

This enzyme

differs from the other two isocitrate dehydrogenase enzymes in:
(1) Km value of the enzyme-substrate complex, (2) pH optimum and
(3) stability (49). The NAD enzyme no doubt functions primarily in

the tricarboxylic acid cycle to furnish the NADH that is required

for the synthesis of ATP (25).

The other two isocitrate dehydrogenase enzymes require NADP
as their cofa ^.tor and are found both in the mitochondria and the supernatant tractions (6, 49). These enzymes differ in their tissue and in-

tracellular localization (6, 31).
The main function of the mitochondrial NADP-isocitrate dehydrogenase enzyme is not known. It has been suggested that in

certain cases the mitochondrial NADP-enzyme may supply the reducing capacity necessary for the synthesis of ATP (51). This
would require a method to utilize NADPH for the reduction of NAD,

for example a transhydrogenase enzyme (51, 66). The NADH could
then be used for the oxidative phosphorylation of ADP.

There are bacteria which contain high levels of a transhydrogenase enzyme (52).

The primary role of the NADP-isocitrate dehydro-

genase in these bacteria may be to maintain a sufficient supply of
NADPH for use in the production of ATP.

The major function of the supernatant isocitrate dehydrogenase
enzyme also is not completely understood (1). It has been postulated

that this enzyme is a source for NADPH used in certain important
reductive synthetic processes, such as lipid synthesis (1, 4, 39, 46, 69).

Thus the isocitrate dehydrogenase enzymes play an important
role both in energy production and in the generation of the reduced
pyridine nucleotide coenzymes. The control of the activity of these

enzymes may therefore be essential in order to maintain metabolic

stability. This possibility has stimulated several investigations of

the physical structure of these enzymes, particularly with respect
to potential mechanisms of control (10, 17, 56),

The NAD enzyme has been purified and characterized from a
variety of different sources (10, 49, 50, 55, 56, 57). It is subject to

the complex allosteric control of a number of metabolically important substances, including citrate, AMP and ATP (2, 50, 55, 56).
This would be expected for an enzyme which was postulated to play
a key role in metabolic regulation (20, 30, 55, 56, 61).

The initial interest in the isocitrate dehydrogenase enzymes
focused mainly on the NAD enzyme and few of the NADP enzymes

were purified and characterized. The preliminary investigations
of the NADP-isocitrate dehydrogenase enzymes had been mainly

kinetic analyses of crude tissue homogenates or partially purified
enzyme preparations at best,
Until recently, only the pig heart NADP-isocitrate dehydrogen-

ase had been purified to such an extent that its molecular weight could

be estimated reliably. A molecular weight of about 6.0x

104 for

the native enzyme was confirmed by several investigators (17, 45,
59) although they made no attempts to dissociate the enzyme into

smaller molecular weight units.
The first indication that the NADP-isocitrate dehydrogenase

enzymes might be composed of subunits came as the result of a
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systematic electrophoretic analysis of mouse supernatant NADPisocitrate dehydrogenase enzymes (31). Tissue homogenates were

examined from several different strains of mice and it was found
that the enzyme existed in two electrophoretically different forms.
The forms were strain specific so that the mice could be divided
into two groups according to which form of the enzyme they possessed.

When mice with different forms of the enzyme were cross-bred, their
progeny had three electrophoretically distinguishable forms. There
was one form corresponding to that of each parent and one intermedi-

ate form. This led to the proposal that the enzyme was composed
of two electrophoretically identical subunits.

This suggestion of a subunit structure for the mouse enzyme
may have prompted the recent purification and structural characterization of a number of NADP-isocitrate dehydrogenases (12, 14, 34, 35,
41).

The enzyme isolated from pig heart was one of the enzymes of

interest (41). It was again confirmed that the native enzyme indeed
had a molecular weight of 6. 0 x 10 4 , but in addition it was shown that

the enzyme was dissociated into smaller molecular weight units
when in the presence of 6.5 M urea or 1% sodium dodecyl sulfate.
In 6.5 M urea the enzyme had an apparent minimal molecular weight
of about 3.2 x 104. In 1% sodium dodecyl sulfate it had an apparent
sedimentation coefficient of about 2.3 S. These data led to the conclusion that the native pig heart enzyme was composed of two
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hydrodynamically identical subunits.

Another NADP-isocitrate dehydrogenase enzyme has been

highly purified from the bacteria Bacillus stearothermophilus (34).
It has an apparent molecular weight of about 9. 0 x 104 in its native
form with an apparent sedimentation coefficient of about 5.5 S. In
the presence of 6 M guanidine hydrochloride containing 6 mM dithio-

threitol, this enzyme was dissociated into smaller molecular weight
units of about 4.5 x 104. It was suggested that this enzyme also was
composed of two hydrodynamically identical subunits.

Another bacterial NADP-isocitrate dehydrogenase, which was

isolated and purified from Azotobacter vinelandii, had a molecular
weight of about 8.0 x 104 (14). Exhaustive attempts to dissociate

this enzyme in 6 M guanidine containing 10 mM dithiothreitol failed.

It was concluded that in this case, the enzyme existed as a single
polypeptide chain with a molecular weight of 8.0 x 104.

Yet another NADP-isocitrate dehydrogenase enzyme, for which

a subunit structure was suggested, was partially purified from embryonic chick liver (12). The purified enzyme had a specific activity

of five to ten units (specific activity = change in optical density at
340 mu, per minute per mg of protein). This represented about a
25 -fold purification of the enzyme.

Characterization of this enzyme by sucrose density-gradient
centrifugation and by gel filtration indicated the existence of two
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interconvertible molecular forms. These forms possessed marked
differences in enzymatic activity, stability toward heating and molecu-

lar size.
In the presence of a "high ionic strength" buffer (0.2 M TrisHC1 buffer, pH 7. 4 containing 0. 42M ammonium sulfate) the enzyme

had an apparent molecular weight of 1. 5 to 1.6 x

105

(as determined

by gel filtration) and a specific activity of five to ten units. The
enzyme in this buffer system was stable to heating for one hour at
46° C.

When the enzyme was dialyzed against a "low ionic strength',

buffer (0.05 M Tris-HC1 buffer, pH 7. 4) the apparent molecular

weight of the enzyme decreased to 8.5 to 9.8 x 104 and its specific
activity was decreased to one to two units. Heating the enzyme for
one hour at 46° C in this low ionic strength buffer resulted in a total

loss of activity. The enzyme could be protected against heat inactivation by the additon of 8 mM isocitrate to the buffer (24).
If ammonium sulfate was added to the dialyzed, unheated enzyme

solution (to a final concentration of 0. 42 M), the specific activity
immediately doubled and the enzyme was stabilized against heat inactivation. The addition of the ammonium sulfate also increased

the relative amount of larger molecular weight components of the

solution (as determined by sucrose density-gradient ultracentrifugation). It was presumed therefore that some of the enzyme had been

reconverted to the larger molecular weight form by the increase of
the ionic strength of the buffer.
The techniques which were used to obtain these molecular weight

estimates relied upon the substrate specificity of the enzyme. Although these techniques are useful for the characterization of enzymes

in heterogeneous protein mixtures, the reliability of the results is
sometimes questionable.

Physiologically, the function of this embryonic NADP-isocitrate

dehydrogenase enzyme may be, at least in part, the production of
NADPH for use in fatty acid synthesis (4). If this should be the case,

then the control of the activity of the enzyme may be necessary for
the normal development of the embryo.

Enzymatic control in embryonic development may be expressed

merely as a change in enzyme level or, more dramatically, as a
complete change of enzyme pattern (3, 9, 27, 33, 36, 42, 63). An inter-

esting example of enzymatic control during embryonic development

has been shown for the lactate dehydrogenase enzyme of the embryonic
rat heart (27, 33, 36), It was found that during the embryonic develop-

ment of the heart there was a gradual shift in isoenzyme pattern
from the M-type to the H-type lactate dehydrogenase. This shift

may be caused by or at least reflect the metabolic changes which
occur during the development of the rat heart.
A possible control mechanism for the embryonic chick liver

supernatant NADP-isocitrate dehydrogenase was suggested by the
previous author (12). He had shown that the molecular weight as

well as the specific activity of the enzyme was a function of the ionic
strength of the buffer. Thus the activity of the enzyme could be

controlled through the ionic strength of the buffer. It was specu-

lated that under physiological conditions a small molecule, perhaps

the enzyme's substrate, could similarly control the enzymatic activ
ity.
The following model may be proposed which would permit the

rapidly responsive environmental control of the enzymatic activity
of this enzyme under physiological conditions. The enzyme would

be synthesized as the low molecular weight form, or subunit. These
subunits would establish a rapid, reversible equilibrium with the high

molecular weight form, or aggregate. This equilibrium would be in
favor of the dissociated subunits until such time that large amounts
of NADPH were required, during nerve myelination for example. At

this time an increased level of a metabolite, etc., would cause the
subunits to coalesce into the more active aggregates. These active
aggregates would then supply the potential to produce the necessary
increased levels, of NADPH. Similar models for enzymatic regulation
have been suggested for the glucose-6-phosphate dehydrogenase enzyme found in lactating mammary glands (38) and for some of the

lactate dehydrogenase enzymes (29, 30).
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It is the purpose of this thesis to attempt further to define the
physical properties of the embryonic chick liver supernatant isoci-

trate dehydrogenase enzyme. This was accomplished primarily by
refined molecular weight determinations of the enzyme in the presence of both high and low ionic strength buffers. In these buffers the

enzyme was reported to be predominately in a high or low molecular
weight form.

The enzyme was purified further, to a specific activity of 45-50
units (specific activity = the change in optical density at 340 mil per

minute per optical density unit at 280 m4). Molecular weight estimates were then obtained from sedimentation equilibrium and sedi-

mentation velocity ultracentrifugation experiments carried out in an
analytical ultracentrifuge.
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MATERIALS

Eggs and Embryos

Hy-Line 950-A eggs were obtained from Jenks Hatchery,
Tangent, Oregon. The eggs were incubated in a Jame sway Model

252B incubator with an automatic turner which was set for two hour

intervals. The eggs were incubated at wet and dry bulb temperatures
of 86° F and 990 F, respectively. All embryos came from eggs that
had been incubated for 18 consecutive days.
Chemicals

NADP (sodium salt) and DL-isocitric acid (trisodium salt) were
obtained from Sigma Chemical Company. Hydroxylapatite gel and
Bic-Gel CM-100 were from Bio- Rad Laboratories. Crystalline am-

monium sulfate (enzyme grade) was from Mann Research Labora-

tories. All other chemicals were of "reagent" grade and were obtained from commercial sources.

11

METHODS

Buffer Systems

The 0.05 M Tris-HC1:(NH4)2SO4 buffer consisted of 6.05 grams

of Tris dissolved in one liter of glass distilled water adjusted to pH
6. 8 containing 55.5 grams of ammonium sulfate. The 0.05 M Tris-

HC1 buffer was prepared in the same manner as the 0.05 M Tris-HC1:
(NH4)2 SO4 buffer except for the omission of the ammonium sulfate.

The 0.02 M Phosphate buffer consisted of 2.91 grams of
NaH PO4 H2O dissolved in one liter of glass distilled water and
2

adjusted to pH 7. 3. The 0. 04, 0.08, 0. 09, 0. 10 and 0. 14 M Phos-

phate buffers were similar to the 0.02 M Phosphate buffer except
they contained 5.64, 10.94, 12. 42, 13.8 and 20 grams of NaH2PO4H20

respectively.
Column Chromatography

The Sephadex G-200 was allowed to swell in glass distilled water

at 90-95° C for at least five hours. After cooling to room temperature, the gel was equilibrated with the 0.05 M Tris-HC1:(NH4)2504

buffer at 2-4 C. The column was packed and used according to the
manufacturer's recommendations (48), with the hydrostatic head
maintained at 10-15 cm throughout the packing and elution of the
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column.

The average flow rate for the column was about 10 ml per

hour. The Sephadex G-25 was treated in a similar manner except

that the hydrostatic head was adjusted (as dictated) to maintain a
flow rate of about 10 ml per hour.
The Bio-Gel CM-100 was prepared by swelling the gel in the

0.02 M Phosphate buffer under a vacuum at room temperature for

about 48 hours. The gel was then equilibrated with the 0.02 M
Phosphate buffer at 2 -4° C. The column was packed according to

the manufacturer's suggestions (7), with a hydrostatically induced
flow maintained at 4-8 ml per hour throughout packing and elution.

This column was not reused due to the shrinkage of the gel in solutions of high ionic strength.
The hydroxylapatite was equilibrated with the 0.08 M Phosphate
buffer at 2-4o C under vacuum for about 24 hours. The columns were

packed and used according to the manufacturer's directions (7), using

hydrostatic pressure to maintain a flow rate of about 5-15 ml per
hour. A large amount of the 0.08 M Phosphate buffer was passed
through the columns immediately prior to the application of the
samples.
Enzyme Purification

The enzyme was isolated from the livers of approximately 30

dozen chick embryos. Each liver, with its associated gall bladder,
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was carefully removed so that the gall bladder was not ruptured. The

gall bladder was immediately separated from the liver, intact, and
discarded. The remaining liver was immersed in ice-cold homogen-

izing medium where the tissue was collected until the dissections
were completed.

The liver was then drained over cotton gauze for about three
minutes prior to homogenization. It was homogenized in small amounts
by adding five grams of liver (wet weight) to 50 ml of ice-cold homogenizing medium and homogenizing in a Potter-Elvejhem type glass

homogenizer, using a motor driven, loose fitting teflon pestle. The
homogenization was for about one minute at a moderate speed. The
homogenizing medium consisted of a 0.05 M Tris-HC1 buffer, pH 6.8
containing 0.25 M sucrose and 4 mM EDTA.

The homogenates were combined and centrifuged at 600 x

for 30 minutes to remove the unbroken cells, cell debris and cell
nuclei. The resultant supernatant was centrifuged for 30 minutes at

10,000 x lz to sediment the mitochondria. The remaining supernatant
was then centrifuged for at least two hours at 30,000 x E. using a SS-34

rotor. The sediment was discarded.
All preparative centrifugations were done with a Sorvall Model

RC-2 automatic superspeed refrigerated centrifuge at a temperature
of 2-4o C. Subsequent centrifugations were for 15 minutes each using

the SS-34 rotor at 30,000

All of the remaining fractionation
All
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procedures were conducted in a cold room at 2-4° C.
Crystalline ammonium sulfate was then added to the 30,000 x

supernatant to bring the final concentration to 40% saturation. The
salt was added in small, equal amounts (approximately 7% of the total)

over a period of two to three hours. The solution was stirred constantly but no attempt was made to control the pH of the solution.

The percent of ammonium sulfate saturation refers to the percent
saturation at 25o C, although the fractionation was performed at
2-4o C. This method of adding ammonium sulfate was used whenever

the ammonium sulfate concentration of a solution was increased.

The 40% saturated suspension was centrifuged, the precipitate
discarded and ammonium sulfate added to the supernatant to a final
concentration of 75% saturation. The resultant precipitate was re-

moved from solution by centrifugation and its total volume was estimated by comparison with water in an identical centrifuge tube. The
precipitate was then suspended in a sufficient volume of the 0.05 M
Tris-HC1 buffer to give a solution 10% saturated with ammonium

sulfate, assuming that the original volume of precipitate was equivalent to a 75% saturated solution. This amounted to about 200 ml of
buffer.

Ammonium sulfate was again added to the enzyme solution
to a final concentration of 40% saturation. The salt concentration

was then raised by 5% increments until the enzyme barely began to
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precipitate (approximately 50% saturation). Enzyme solubility was
monitored by centrifuging one ml aliquots of the solution and deter-

mining the residual enzymatic activity of the supernatants,

The entire suspension was then centrifuged, the sediment discarded and the ammonium sulfate concentration of the supernatant

again increased by 5% increments until most of the enzyme was precipitated (about 65% of saturation). The suspension was centrifuged

once again, the supernatant discarded and the precipitated enzyme
solubilized in 20-30 ml of the 0.05 M Tris-HC1 buffer. This solution
was dialyzed against two liters of the 0.05 M Tris-HC1:(NH4)2SO4

buffer for at least 24 hours.
After dialysis, the enzyme solution was passed through a 1.9 x
24 cm Sephadex G-25 column to remove particulate and lipid material.

The enzyme was collected from the column as a bulk fraction with

minimum dilution and it was stored in this solution at 2-4° C until it
could be purified further. If an appreciable precipitate developed on

storage, the solution was clarified by centrifugation prior to further
fractionation.

A 5-10 ml aliquot of this solution was next applied to a 2.8 x 75
cm. Sephadex G-200 column and the enzyme was subsequently eluted

with the 0.05 M Tris-HC1:(NH4)2SO4 buffer at a rate of 9-12 ml per
hour. The eluant was collected in 3-4 ml fractions. The fractions

were assayed and the most enzymatically active were pooled.

The
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fractions from all of the columns were collected with an Isco Model

A fraction collector using the "time" mode of operation.
The maximum volume which could be conveniently fractionated

by this Sephadex column was about 10 ml, therefore the enzyme solution was divided into two or more approximately equal aliquots.

The active fractions from each aliquot were saved until all could be
combined and concentrated together. The solution was concentrated
by adding ammonium sulfate to a final concentration of 65% saturation,

removing the precipitated enzyme by centrifugation and solubilizing

the precipitate in 6-10 ml of the 0.05 M Tris-HC1 buffer.
This solution was dialyzed against two liters of the 0.05 M
Tris-HC1 buffer for two hours, followed by two to four hours dialysis

against two liters of the 0.02 M Phosphate buffer. After dialysis,
the enzyme solution was diluted to 20-30 ml with the 0.02 M Phosphate
buffer and immediately applied to a 2.4 x 45 cm Bio-Gel CM-100 column.

Approximately 100 ml of the 0.02.M Phosphate buffer were then
passed through the column followed by about 100 ml of the 0.04 M

Phosphate buffer, both of which were collected as bulk fractions.
Excess buffer was removed from above the column bed before new

buffer was added, care being taken not to disturb the top of the bed.
The enzyme was then eluted from the column with the 0.08 M Phos-

phate buffer and the eluant collected in 3-5. ml fractions.
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The enzymatically active fractions from the Bio-Gel CM-100
column were pooled and applied directly to a 1. 9 x 24 cm hydroxyl-

apatite gel column. Approximately 100 ml of the 0.08 M Phosphate
buffer were passed through the column followed by about 100 ml of

the 0.09 M Phosphate buffer, both of which were again collected in
bulk.

The enzyme was eluted from the column with the 0.10 M

Phosphate buffer and the eluant collected in 2-4 ml fractions.
The most enzymatically active fractions from the column were
pooled and dialyzed against two liters of the 0.02 M Phosphate buffer
for about 24 hours. The enzyme solution was then concentrated by ap,

plying the solution to a 1.1 x 6 cm hydroxylapatite column. The enzyme was eluted from the column with the 0.14 M Phosphate buffer and

collected in small fractions (0. 25 to 0.50 ml) which were assayed and
the most enzymatically active pooled. The pooled fractions were
dialyzed two hours against the 0.05 M Tris-HC1 buffer followed by
several hours dialysis against the 0.05 M Tris-HC1:(NH4)2SO4 buffer

containing 4 rriM. EDTA. The enzyme at this state of purity had a
specific activity of 45-50 units and was the enzyme which was used

exclusively in all the structural studies.
Enzyme Assay

Enzymatic activity was detected as a change in optical density
which accompanied the reduction of the NADP in the assay solution.
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The optical density changes were measured at 340 mil, with a Beckman
Model DU spectrophotometer in conjunction with a Gilford Model 220

optical density converter attachment. The Gilford was equipped with

an automatic cuvette changer set for five second intervals. The optical density changes were recorded with a Leeds and Northrup
Speedomax H recorder.

The assay solution consisted of 2.9 ml of a 0, 05 M Tris-HC1
buffer, pH 7. 4 at room temperature containing 4 ilmoles of DLisocitrate, 2 p.moles of MnC12 and 2 moles of NADP. The reaction

was initiated by the addition af 0.1 ml of the enzyme solution and
was allowed to continue for about two minutes. The enzymatic ac-

tivity was calculated from the initial rate of NADP reduction and was

expressed as the change in optical density at 340 mµ per minute per
optical density unit at 280 mil. All assays were performed at room

temperature.
Ultracentrifuge Techniques

Sedimentation equilibrium and sedimentation velocity ultra-

centrifugations were used to estimate the molecular weight of the

enzyme in a variety of buffer systems at temperatures of 4o C and
20

C.

The buffer systems included the 0.05 M Tris-HC1 buffer,

the 0.05 M Tris-HC1:(NH4)2SO4 buffer, the 0.05 M Tris-HC1 buffer
containing 8 mM isocitrate, the 0.05 M Tris- HC1:(NH4)2SO4 buffer
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containing 5 mM NADP and a 0.05 M Tris -HC1 buffer (pH 7.4 at

room temperature containing 8 mM isocitrate). This last buffer

was used exclusively for the ultracentrifugations which were run at

a temperature of 20° C.
The enzyme was dialyzed against the appropriate buffer at the

appropriate temperature for at least 12 hours immediately prior to
centrifugation. The corresponding dialysates were used as reference

solutions in the centrifugations.
The ultracentrifugations were done in a Spinco Model E analyti-

cal ultracentrifuge which was equipped with a RTIC temperature con,

trol unit, an electronic speed control and a photoelectric scanning
system. The optical systems were previously aligned and focused

(21) and no adjustments were made. The light source was on a pivot
which allowed convenient and rapid conversion between interference

and Schlieren optics. Sapphire windows were used routinely for all
centrifugations.

Sedimentation equilibrium experiments were performed according to the methods of Yphantis (64, 67), using a six-channel shortcolumn equilibrium type centerpiece (5). Initial protein concentrations

varied from about 0.08 to 0.02% and a column height of about 3 mm
was used (0, 1 ml of solution). The initial protein concentrations in

a given compartment were kept as constant as possible for all of the
equilibrium centrifugations. The interference optical system was
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used to observe the protein distribution and the inclusion of a base
fluid in the sample compartments was deemed undesirable.
The centrifugations were run at speeds of 20, 000 and 24, 000

rpm at temperatures of 4 and 20o C. In order to attain equilibrium

more rapidly, especially at the lower temperature, the technique
of "overspeeding" was often utilized (32).
A Kodak Type 77A filter was placed directly above the light

source to isolate monochromatic light and the interference fringe
patterns were recorded on Kodak Type II-G spectroscopic glass plates.
A "baseline" photograph was normally taken before the centrifuge

reached running speed and was used to correct for fringe displace-

ments caused by aberrations in the optical system. Another photograph was taken about 20 hours after the initiation, of the experiment

and at 4-6 hour intervals thereafter until the protein distribution
attained equilibrium.

The fringe displacements resulting from the protein concentration were measured on a Nikon Model 6C microcomparator following
the method of Yphantis (67). The data were analyzed with the aid of

a Control Data Corporation 3300 computer (22). The values of /n j(r)

and (r 2-r

2)

were calculated for each set of data points, where (r m)

and (r) were the radii from the axis of rotation to the meniscus and

to the point where the fringe deflection, j(r), was measured. The
j(r)is were expressed in terms of net fringe displacement and
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2
(r-r

2

) =Pr 2in square centimeters. The weight-average molecu-

lar weight, Mw(r), the number-average molecular weight, Mn(r),
and the z-average molecular weight Mz(r), were then computed at

each radius (r) and plotted as a function of the relative protein con-

centration, j(r), at these radii (Figures I to IV).
The Mn(r), Mw(r) and Mz(r) were obtained by a computer pro-

gram which gave the number-, weight- and z-average molecular
weights at any point in the solution column, using a quadratic fit over

a pre-set region around each point (r) to obtain these averages.
j(r)
Mn(r) = Sigma

where

k

j(r)dr 2

+k

[3 Mw(a) -Mz(a)]

Sigma

2

and the integral is taken from point (a) to point (r)
d [i n j(r)]
d(P r 2)

Mw(r) = Sigma

Mz(r) = M
Sigma =

).

1

d [I nMw]
+d [fn j(r)]

2RT
(1-_vp)w2

The partial specific volume, (V), was assumed to be equal to
0.74 and the density of the solution (p) was taken to be equal to the
density of the solvent. (R) was the universal gas constant. 8.314x107,

22

(T) was temperature in degrees Kelvin and (w) was the angular veloc-

ity in radians per second.
Sedimentation velocity centrifugations were run at a speed of
60, 000 rpm at 20° C in the 0.05 M Tris-HC1 buffer, pH 7. 4 at room

temperature containing 8 mM isocitrate. A standard 12 mm, double
sector, epon-type centerpiece was used, with the initial protein concentrations ranging between 3.0 and 10.0 mg per ml. A Kodak Type
77A filter was again placed above the light source and the Schlieren

optical system was used to observe the sedimentation of the protein.

The Schlieren refractive index gradient curves were recorded on
Kodak metallographic photographic glass plates. Photographs were

taken automatically at four or eight minute intervals until the boundary

had traversed at least one half of the cell.
The Schlieren concentration gradient curves were measured

with the Nikon microcomparator. Each gradient was measured at
20-40 points, which were approximately equally spaced along the

radial axis and which were " representative" of the gradient curve,
The data were again analyzed with the aid of the computer (23).

The second moment of each gradient curve was calculated by numer-

ical integration using "Simpson's Rule."
Ser2dc

/dr

dc/dr
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The values of (dc/dr) were obtained directly from the gradient

curves after correction for magnification, (r) was the distance from
the axis of rotation in centimeters and (r') was the value of the second
moment of the gradient curve about the axis of rotation measured in

centimeters.
The sedimentation coefficient (S) was obtained from the slope

of the line fit to the f n (r') vs. (t) plot (Figure VII)
(

S=

)}

1

w

2

d(t)

Sedimentation velocity centrifugations were also conducted with

the dilute solutions, approximately 0.8 mg per ml, which had supplied
the material for the equilibrium centrifugations. These solutions
were kept at the temperature used for the corresponding equilibrium
centrifugation for the duration of the equilibrium experiment. The
sedimentation velocity centrifugation was conducted as soon as pos-

sible after the termination of the corresponding equilibrium centrifu-

gation at the same temperature used for the equilibrium experiment.
The initial protein concentrations used for these velocity experiments
was equivalent to the highest concentration employed in the compar-

able equilibrium experiment.

These sedimentation velocity centrifugations were also run at
60, 000 rpm using the 12 mm double sector centerpiece. The

24

migration of the protein was observed and recorded as an adsorption
boundary at 280 mµ using the photoelectric scanning system. Scans

were taken automatically at four or eight minute intervals, at the
intermediate scan speed at a chart speed of 5 cm per minute.
Sedimentation coefficients were obtained from the slopes of the

n(r) vs. (t) plots, where (r) was the distance from the axis of rotation to the center of the adsorption boundary in centimeters and (t)
was the time in minutes (Figure V) (58). The center of the adsorption boundary was taken as the midpoint between the maximum and
minimum adsorption (11).

The observed sedimentation coefficients were corrected to

water at 200 C, using the viscosity corrections n/n H20 = 1.01 and
n 20 /n = 1.7 (23).
4

These S20 ,

w

values were tabulated in Table II

together with the observed (S) values.
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RESULTS

The recovery and purification at each step of a generalized
scheme of enzyme purification are given in Table 1. All of the steps

in the purification procedure resulted in the distribution of the protein
throughout a large number of fractions. This distribution was a func-

tion of the net charge, solubility, adsorption characteristics, size,
etc. of the proteins. Since the enzyme protein was not distributed
equally among the fractions, only those fractions which contained a
sufficiently large amount of enzymatic activity were pooled and saved

for further fractionation. Therefore a decision had to be made concerning the level of enzymatic activity which was sufficiently large
to be saved. This decision was based on several considerations and

was different for each enzyme preparation. Hence Table 1 is merely
an approximation of the degree of purification and percent recovery
which may be expected from each purification step.

Results from the sedimentation equilibrium experiments are
given in Figures I, II, III and N. The Yphantis technique of high

speed equilibrium centrifugation provided a sensitive test for protein
homogeneity as well as supplying an estimate of the minimum molecu-

lar weight protein in the enzyme preparation. Figures I and II represent the weight-average molecular weight, Mw( ), as a function of the

relative protein concentration, j(r), for the enzyme in the five
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Table 1. Enzyme purification

Purification Step

Volume
ml

Protein

Specific

mg

activity

1.

10, 000 x

supernatant

1, 000

18, 000

0. 20

2.

30, 000 x g supernatant

980

8, 500

0. 40

3.

First ammonium
sulfate fractionation

250

1, 500

O. 80

4.

Second ammonium

20

1, 000

1. 0

sulfate fractionation
5.

Sephadex G-200
column eludate

70

300

3. 0

6.

Bio-Gel CM-100
column eludate

50

10

30. 0

7.

Hydroxylapatite
column eludate

40

5

40. 0

8.

Hydroxylapatite
concentrated eludate

1

5

40. 0
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12.0

11.0
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different buffer systems employed. Three different enzyme concentrations were examined in each buffer system. Although the enzyme
displayed some heterogeneity as evident from the dependence of

Mw(r) on j(r), this variation was small (9.0 x

104

to 1.15 x 105).

Figures III and IV present the weight-, number-, and z-average
molecular weights, Mw(r), Mn(r) and Mz(r), again as a function of

the relative protein concentration, j(r). The disparity between these
different molecular weight averages for a given enzyme concentra-

tion and buffer system is quite small, lending further credence to
the postulation that the enzyme preparation was nearly homogeneous.
These molecular weight distributions were also independent of the

temperature and buffer systems examined.

The data obtained from the photoelectric scanner are summar-

ized in Figure V as Q n(r) vs. (t) plots, where (r) was the distance
from the axis of rotation to the center of the adsorption boundary in

centimeters and (t) was the time in minutes. These data were used
primarily to estimate the size of the major component of the enzyme
solution in the buffer systems which were used for the equilibrium

ultracentrifugations. The observed, uncorrected sedimentation

coefficients ranged from 3.28 to 6.12 S for the buffer systems and
temperatures which were employed. The relative homogeneity of
the samples could also be estimated from these data.
Figure VI represents "typical" photoelectric scans taken about

1.90

1.85

LID

20

40
t

60

Figure V Sedimentation velocity of the enzyme as a function of the buffer systems. Initial protein concentrations were approximately 0. 8 mg per ml.

12

Infnutts

ra trial ax is
Figure VI Sedimentation velocity data obtained from the photoelectric scanner after 12 and LIS minutes of
centrifugation.
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eight and 48 minutes after the centrifuge had reached running speed.

In all instances examined, there was only one discernible boundary.
This would preclude the presence of large amounts of material which
had sedimentation coefficients significantly different from that of the

majority of proteins in the solution.

The results obtained from the Schlieren gradient curves are

presented in Figure VII as I n (r') vs, (t) plots, where (r') was the
value of the second moment of the gradient curve about the axis of

rotation in centimeters and (t) was again the time in minutes. The
observed, uncorrected sedimentation coefficients ranged from 5.61
to 6.00 S for the protein concentrations which were employed. Figures VIII and IX respectively depict the data obtained from the con-

centration gradient curves for the 10 mg per ml protein concentration
at about 12 and 60 minutes after the centrifuge had reached running
speed. The Schlieren "peaks" were nearly symmetrical and again

there was only one discernible "peak" present for all of the conditions
examined, attesting to the relative homogeneity of the enzyme protein.
The observed sedimentation coefficients which were calculated

from Figures V and VII are tabulated in Table 2. The sedimentation
coefficients corrected to the viscosity of water at 200 C, (S20
20 w had

a range from 6.12 to 6.38 and are included in Table 2. The concentration dependency of the sedimentation coefficient is illustrated in
Figure X as a plot of the

S20 w

vs. the protein concentration

1.56

1.85

144

1.83

1.81

1.80

10

20

Figure VII Sedimentation velocity of the enzyme as a function of protein concentration.
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Table 2. Sedimentation coefficient

Scanner Data
Buffer

Observed (S)

20, w

3.90

6.24

8 mM Isocitrate at 4° C

3.99

6.38

Tri s -HC1:(NH4)2SO4

3.28

Tris -HC1 containing
8 mM Isocitrate at 20 ° C

6.12

6.12

Protein

S20,

Tris-HC1 at 4°C
Tris -HC1 containing

Schlieren Data
Buffer

Concentration

w

Tris -HC1 containing
8 mM Isocitrate at 20 ° C

3.12 mg per ml

6.00

Tris-HC1 containing
8 mM Isocitrate at 20 ° C

6.01 mg per ml

5.74

Tris-HC1 containing
8 mM Isocitrate at 20 ° C

10.2 mg per ml

5.61
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6.0

3.0

10.0

12-0

ittillimtters from, inser refrrtnct
Figure VIII Sedimentation velocity data obtained from the Schlieren concentration
gradient curve for the solvent (a and solution (o) after about 12 minutes
of centrifugation.
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El in

12.0

14.0

16.0

18.0

millimeters front, iniwr reference
Figure IX Sedimentation velocity data obtained from the Schlieren concentration gradient curve for the
solvent ( M) and solution () after about 70 minutes of centrifugation.
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Figure X The concentration dependence of the sedimentation coefficient.

10.0
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measured in optical density units at 280 mil). An Son,

of 6.15

was obtained by the extrapolation of Figure X to infinite protein
dilution.

Table 3 is a summary of heat inactivation experiments in some
of the different buffer systems. If the enzyme was subjected to 46° C
for one hour, the enzyme lost approximately 50% of its activity when

it was in the 0.05 M Tris-HC1 buffer. No activity was lost, however,
when the enzyme was in the 0.05 M Tris-HC1:(NH4)2SO4 buffer, the

0. 05 M Tris-HC1 buffer containing 8 mM isocitrate or the 0.05 M

Tris-HC1 buffer, pH 7. 4 at room temperature containing 8 mM iso-

citrate.
Since only small aliquots of the enzyme were used for the heat

inactivation experiments, apparent increases in activity as a result
of heating were likely due to a slight amount of evaporation from
the aliquots.
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Table 3. Heat inactivation
Specific

Specific Activity
after heating

Buffer

activity

Tri s -H Cl containing

52.6

59.2

46.5

37.9

Tris-HC1 at 4°C

35.7

10. 4

Tris-HC1:(NH4)2SO4
at 4° C

41.9

52.3

8 mM Isocitrate at
4° C

Tri s -H Cl containing

8 mM Isocitrate at
20 ° C
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DISCUSSION

It has been previously reported that the embryonic chick liver

.

supernatant NADP-isocitrate dehydrogenase enzyme may exist in

two, separable, interconvertible molecular forms (12). When the
enzyme was in a "high ionic strength" buffer (0. 2 M Tris-HC1 buffer,
pH 7. 4 containing 0. 42 M (NH4)2SO4), it was heat stable and had an

apparent molecular weight of approximately 1.6 x 105. Removal of
the ammonium sulfate by dialysis against a "low ionic strength?' buffer (0.05 M Tris-HC1 buffer, pH 7. 4) converted the enzyme into a
heat labile form which had an apparent molecular weight of approximately 9. 0 x 104. It could be protected against heat inactivation by

the addition of 8 mM isocitrate to this low ionic strength buffer (24).
A model was subsequently proposed to account for this behavior.

It was postulated that the active form of the enzyme was the heat
stable form with a molecular weight of 1. 6 x

105

and that this form

could dissociate into less active, heat susceptible subunits, with
molecular weights of 8.0 x 104. It was assumed that a rapid, reversible, concentration dependent equilibrium would be established
between the subunits and the aggregated forms. Furthermore, this
equilibrium could be displaced by changing the ionic strength of the

buffer system or perhaps by the presence of a small organic mole-

cule, e. g., one of the enzyme's substrates. This model then
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represents an effective means whereby the activity of the enzyme is
rapidly responsive to its environment.

The main purpose of this thesis research was further to clarify
the physical structure of the enzyme, its different forms and their
interactions.
Initial enzyme preparations were prepared by the procedure

as reported by the previous author (12) and were apparently heterogeneous preparations. Characterization of the enzyme in these

preparations was necessarily restricted to experimental techniques
that were applicable to heterogeneous enzyme preparations. These
techniques included sucrose density-gradient ultracentrifugation (43)
and active enzyme ultracentrifugation (15, 16). These methods

proved to be unsatisfactory and were hence abandoned. It was

therefore decided to purify the enzyme to such an extent that more

fundamental and, hopefully, more reliable ultracentrifugation techniques could be utilized.

In the present thesis research the Yphantis (67) technique of
high speed equilibrium sedimentation was used to estimate the molecular weight of the enzyme. This technique was selected because equi-

librium could be reached in a relatively short time (about 24 hours)
and only a small amount of protein was required (approximately 0.2
mg).

The ability to examine small amounts of protein was manda-

tory due to the limited supply of purified enzyme protein available
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(usually less than 5 mg per enzyme preparation).
The convenience of the Yphantis technique was offset to some

extent by its sensitivity to heterogeneity. Heterogeneity was readily
detectable, although the number and molecular weight of the different

proteins present could not be determined from this equilibrium data
alone. Heterogeneous preparations were characterized by a broad

weight-average molecular weight range which was a function of both

the amount and the molecular weight of the different proteins present,

In order to obtain molecular weight estimates of the major
components in heterogeneous samples, additional knowledge about

the sample is required (67). As a supplement to the equilibrium
data, the number and relative amounts of the different proteins may
be estimated from sedimentation velocity ultracentrifugation experiments.
Sedimentation velocity ultracentrifugation experiments were

done in five different buffer systems: (1) the 0.05 M Tris-HC1 buffer,
(2) the 0.05 M Tris-HC1:(NH4)2SO4 buffer, (3) the 0.05 M Tris-HC1

buffer containing 8 mM isocitrate, (4) the 0.05 M Tris-HC1:(NH4)2SO4
buffer containing '5 mM NADP and (5) a 0.05 M Tris-HC1 buffer, pH

7.4 at room temperature containing 8 mM isocitrate. All of these
buffers contained 3 mM EDTA which was added before the pH was
adjusted. The initial protein concentration for these velocity experi-

ments was about 0.8 mg per ml and only one discernible boundary
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was observed in each experiment. The sedimentation coefficient,
S20 w'

had a range from 6.1 to 6. 4 in these buffer systems ( Table 2).

The sedimentation equilibrium data which correspond to these

sedimentation velocity experiments are presented in Figures I, II,
III and IV. These data show slight increases in the molecular weight

averages, Mn(r), Mw(r) and Mz(r) as the relative protein concen-

tration, j(r), increases. As has been mentioned, this increase results from the presence of a protein or proteins in the sample with
a molecular weight larger than that of the average protein.
The protein concentrations which were examined in these equi-

librium experiments ranged from 0.3 to 5.0 interference fringes.
This may have been below the concentration for which larger molecu-

lar weight components would make a significant contribution to these

averages. Hence the amount and molecular weight of the high molecu-

lar components present in the enzyme preparation cannot be determined from this sedimentation equilibrium data alone.
The inconsistency of the molecular weight averages observed

at low j(r) values is likely due to errors in measuring the fringe
deflections. The reliability, of the Yphantis technique is less at

low protein concentration since the fringe deflections are small and

systematic measurement errors are thus proportionally more significant (67). The sample, however, no doubt contained some protein

with a molecular weight less than 1.15 x 105.
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Nevertheless, this data in conjunction with the sedimentation
velocity data (which showed a single discernible protein boundary)

implies that the molecular weight range for most of the proteins in

this enzyme preparation was rather narrow. Therefore the molecular
weight of the enzyme protein was assumed to be approximately 1.15 x
105.

These equilibrium and velocity data also indicate that the molecular weight of the protein was not significantly altered by the buffer

systems nor temperatures which were used. Neither was there indi-

cation of a rapid, reversible, concentration dependent association
reaction within the concentration range which was studied (67). It

is obvious from Table 3 that susceptibility of the enzyme to heat

inactivation was not directly associated with the molecular size of
the enzyme.
The dependence of the S 20 , w on concentration was evaluated

from the data presented in Table 2 and Figure X. These data are
from sedimentation velocity experiments using different initial

enzyme concentrations (3.0 to 10.0 mg per ml) in the 0,05 M Tris,
HC1 buffer, pH 7. 4 at room temperature containing .8 mM isocitrate.

Figure X shows a slight increase in the observed sedimentation co-

efficient as the protein concentration decreases. Figure X was extrapolated to an S ®20 , w of approximately 6.. 15 at infinite protein dilu-

tion.
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An analysis of these sedimentation velocity data is rather difficult. The velocity experiments at the higher protein concentrations

were run at 20° C, in the 0.05 M Tris-HC1 buffer, pH 7. 4 at room
temperature containing 8 mM isocitrate. The comparable sedimentation equilibrium experiment demonstrates an appreciable amount
of nonideality in the region of high relative protein concentration,

i. e. large j(r). This is manifest by a decrease in the observed
Mw(r) at the larger j(r) values.
Although this nonideal behavior may not invalidate the sedimen-

tation velocity experiments, those experiments in which high protein
concentrations were examined ( Figure VII and Table 2) must be interpreted with due caution. The consistency of the results from the

photoelectric scanner in a variety of different buffer systems (Figure
V and Table 2) would indicate that these results were more reliable.
The scanner experiments involved lower protein concentrations so
that nonideality of the solutions should have been less significant.

It is difficult to compare the results of the present investigation with those mentioned previously (12). Perhaps the different

behavior of the enzyme in the two investigations may be attributed,

in part at least, to the difference in purity of the two enzyme preparations. Failure of the current investigation to observe an alteration
of the molecular weight of the enzyme when the ionic strength of the

buffer was changed may be the result of many factors. Extensive
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purification may have caused an irreversible conformational change

in the enzyme subunits so that they could no longer aggregate. A
structural deformation of the enzyme could have occurred as a
direct result of one of the procedures used in the purification of the

enzyme. Or a small organic molecule may have been responsible
for maintaining conformational stability of the subunits (10, 13, 65).

Most organic molecules of this nature should have been removed
from the enzyme solution during the purification of the enzyme.

Alternatively there may have been an enzymatically inert pro-

tein in the less purified preparations which was capable of association with the enzyme. If this association phenomenon was possible

only in high ionic strength buffers without inhibiting enzymatic activity, then the apparent molecular weight of the enzyme would be

a function of the ionic strength of the buffer system. As the enzyme
was purified by ion-exchange chromatography in low ionic strength

buffers, this inert protein could be removed from the enzyme solution.

From the data obtained in the current investigation it is apparent that the purified NADP-isocitrate dehydrogenase exists in the

active state as a protein with a molecular weight of about 1.15 x 105.
There is no evidence that the enzyme is in chemical equilibrium with

either a smaller or larger molecular form. It is thus unlikely that
the activity of this enzyme is mediated through gross molecular
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alteration under normal physiological conditions. Attempts to dis-

rupt the enzyme into subunits by substrates, high ionic strength
buffers and elevated temperatures (20° C) all failed.
It is concluded then that: (1) the NADP-isocitrate dehydrogen-

ase of embryonic chick liver has a molecular weight of 1.15 x

105

as

measured by high speed equilibrium sedimentation, (2) the protection
against heat inactivation afforded by isocitrate and ammonium sulfate

does not result from the formation of a heat stable enzyme aggregate
and (3) the increase in enzymatic activity induced by ammonium sul,
fate is not accompanied by enzyme aggregation.
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